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Magnetic Resonance Imaging (MRI) is a fast growing medical imaging technique.
Biomedical engineers will find more and more opportunities in this field. There is a
growing demand of an effective teaching system for training engineering students to learn
principle knowledge and have hands on experience for MRI. The objective of this
research project is to cast a MRI teaching demonstration system in the laboratory
environment and assist student to learn MRI through interactive simulations in the
Internet accessible learning environment.

The first part of the work is to customize the newly installed EFNMR (Earth Field
Nuclear Magnetic Resonance) system in the Bioimaging Lab to demonstrate nuclear
magnetic resonance (NMR) phenomenon, NMR relaxation and T;/T, weighted contrast
mechanisms under laboratory environment. This demo is performed in the Earth’s
magnetic field with a low field coil probe. Procedures to acquire and optimize MRI
signal, estimate/calculate T; and T, values are presented. Relaxation time T;/T, weighted
images are also presented.

The second part is to build two graphical user interface (GUI) platforms to simulate the
magnetic resonance imaging reconstruction process. Assuming an ideal noiseless

condition is setup and the Magnetic Resonance signal intensity is proportional to the
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image pixel intensity. The GUI-based simulation provides students online demonstrations
of combined resonance signal, K-space construction, and FFT used to decompose signal

from frequency domain back to spatial domain in an interactive fashion.
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Chapter 1 Introduction

Magnetic Resonance Imaging (MRI) has been a clinical application for only the past few
decades, but the evolvement of the technique has been over a century [1]. The remarkable
works by many great scientists from different fields have contributed to the development
of MRI. Nikola Tesla invented the Tesla coil in 1891 [2]. Irish physicist Sir Joseph
Larmor who lived in the 19" century explained the famous Larmor equation [3]. The year
1946 was an important time for MRI. In this year, the nuclear magnetic resonance signal
was discovered independently by Felix Bloch and Edward Purcell [4-6]. Another
important time for MRI is year 1974, Paul C. Lauterbur and Peter Mansfield
independently figured out the method to get the spatial information of the nuclear
magnetic resonance signals originated within the sample [7, 8]. This invention is the
foundation for converting NMR signal to two-dimensional magnetic resonance imaging.
In 1975, Richard Ernst used the Fourier transform method to rapidly reconstruct an image
from nuclear magnetic resonance signals [9, 10]. This method is the basis of today’s

reconstruction algorithm.

With the above theoretical basis, the first commercial Magnetic Resonance Imaging
(MRI) scanner was produced by FONAR in 1980s. This non-invasive, non-ionizing
radiation imaging modality has had rapidly developed in the last thirty years. This high
soft-tissue resolution imaging technique is able to not only provide anatomical
information but also functional information. With the special advantages, Magnetic

Resonance Imaging (MRI) is widely applied, including tumor detection [11],
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cardiovascular MR [12], anatomical and functional imaging of brain [13, 14], two and
three dimensional MR angiography [15, 16], real time imaging [17] and so on. MRI is
now a routine examination in hospital. According to the data from the European
Magnetic Resonance Forum (EMRF), it is estimated there are about 10,000 MRI units in
USA. This number is still growing. At the same time, opportunities in this field are

plentiful.

MRI results from integration of multidisciplinary knowledge and combination of multiple
techniques. For example, the hydrogen spinning is a quantum mechanics property which
involves knowledge in the quantum physics field. The nuclear magnetic resonance signal
is a physicochemical phenomenon which involves the knowledge of physical chemistry.
The Tesla coil used in MRI is an induction coil which involves the knowledge in the
radio technology. Magnetic field gradient technique to map the MR signal distribution
involves the knowledge in electromagnetic field. The mathematical transformation
method used for magnetic resonance signal analysis and image reconstruction. Besides,
the principle of MRI also includes some complicated process and abstract concepts. Such
as, the relaxation process is a complex quantum physics phenomenon in proton particle
scale. Another complex process is the imaging pulse sequence, which is referred as the
tool to acquire the MR signals. K-space is the abstract notion that describes the middle
state between MR signals and reconstructed image. The multidisciplinary knowledge,

complicated process and abstract concepts make MRI a complex system. [6, 18-20]

MRI is not only a complex system but also with a huge market. More and more engineers,

physicists, chemists and scientists in other fields are involved in MRI’s research,

www.manaraa.com



application and manufacture. So there is a demand: how to get an effective training
system for such a complex system? We all know that MRI is a million valued price of
equipment. It is impractical to have a learner be trained with a real one. So simulation is
the alternative method. For example, many institutes have produced MRI tutorial website

with pictures and animations to show the principles of MRI.

Our hypothesis is that an accessible interactive system will be more effective than
conventional demonstration. In this research project, the work is committed to cast an
interactive MRI simulation system in the laboratory environment to help the engineering
students learn the basic principles of MRI. This MRI simulation system consists of
hardware and software systems. For the hardware system, a coil probe that works on the
Earth’s magnetic field is utilized. The system is a very low cost substitute of real MRI.
Students can easily access this device in the laboratory and perform real nuclear magnetic
experiments on it. For the software system, an easy to use graphical user interface based
on MATLAB is designed to simulate the MR signal processing and reconstruction
process. The combination of these two forms an effective way to demonstrate the

principles of MRL

The thesis is arranged as follows. In chapter 2 a brief overview of the basic concepts of
MRI is provided. Chapter 3 provides the introduction of the components and working
principles of the Hardware system. In chapter 4, an Earth’s magnetic field nuclear
magnetic resonance (EFNMR) system was set up in the lab environment. Base on this
EFNMR system, several MRI experiment was carried out, include MR signal acquisition,

relaxation time parameter measurement, and the simulation of relaxation time weighted
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images. This is a good MRI technique education demo in the laboratory which is easily
accessible to the students. Chapter 5 describes the work of by developing a visual and
easy to use graphical user interface system to provide an interactive platform that helps
students understand related magnetic resonance imaging principles and concepts.
Magnetic field gradients that provide the spatial information, pulse sequence that used to
acquire the MR signals, k-space that contains all the received data and Fast Fourier
Transform (FFT) that used as the reconstruction algorithm are the most important
concepts in magnetic resonance imaging. The GUI interactive platforms will simulate all

these important concepts.

In the last chapter, we conclude that this research project focuses on developing a broadly
covered and easy understanding MRI education platform for students, which can lead to

an enhanced and faster absorption, comprehension of the relative concepts of the MRI.

www.manaraa.com



Chapter 2 MRI Background Introduction

Magnetic Resonance Imaging (MRI) is a noninvasively imaging technique that can
produce tomographic images from human or other biological systems. MRI images are of
high quality and rich information content. Relative researches have shown that with
appropriate operation the magnetic field of clinical MRI has no harmful effects to human
body [21-23]. With these advantages, MRI is a valuable tool in biological and medical

fields.

Figure 2. 1 MRI produced by GE.

How does Magnetic Resonance Imaging work? In brief, the patient is placed in a strong
and homogeneous magnetic field. A radiofrequency (RF) pulse and a gradient field
around the patient are then applied to selectively excite the interested region of the patient.
Received MR signals are collected and organized in a “spatial- frequency- space” called
K-space. Through the DFT processing to the K-space data, the tissue structure in the

interested region can be reconstructed and other useful information can also be revealed

[18, 19, 24].
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Magnetic Field

Magnetic Resonance Imaging (MRI) requires a strong and uniform static magnetic field.
There are mainly three types of magnets used to generate magnetic field: permanent
magnets, electromagnets and superconducting magnets [25]. Permanent magnets are
composed of materials that produce their own persistent magnetic fields; electromagnets
produce magnetic field by the moving charges and current; superconducting magnets are
electromagnets that be cooled down to near absolute zero (0° Kelvin or -270 C°) to
achieve no resistance situation [26]. Most commercial MRI scanners nowadays use the

superconducting magnets to provide the magnetic field.

Figure 2. 2 Superconducting magnets.

The superconducting MRI magnet is produced by the wires which are wound in spiral
coils. The cooling system is made up by liquid helium and liquid nitrogen. Liquid helium
is the coolant for coils. Liquid nitrogen prevents the liquid helium coolant from boiling
away by insulating the liquid helium coolant from any heat exchanging with the outer

environment. As the spiral coils of superconducting magnets have no resistant and there
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is no energy loss, large currents can be achieved producing a very strong magnetic field.
The unit of magnetic field strength is gauss (G) or tesla (T), and 1T equals 10* G. The
magnetic strength of commercial superconducting magnets range from 1.0T up to about
11.4T, comparing to the less than 0.4T magnetic field of a permanent magnet. However,
depending on the application, different field strength is chosen. Most clinical using MRI

scanners use a 0.5 to 3.0T magnet field strength [27].

In practice, the main magnetic field is not homogeneous enough. An auxiliary magnetic
field is applied to compensate for the inhomogeneity of the main magnetic field. This

auxiliary magnetic field is produced by another set of coils which called shim coils [18].

In a typical MRI scan, the patient lies inside the spiral coils that constitute the
superconducting magnet. The direction of the main magnetic field is along the

longitudinal axis of the patient.

RF Coil

The function of Radiofrequency (RF) coil is either for Magnetic Resonance (MR) signal
excitation or for MR signal detection [18]. By applying an alternating electric current
through the RF coil, another magnetic field B1 will be generated. The B1 magnetic field
is very small in magnitude comparing to the main magnetic field. Its direction is along
the transverse axis of the patient that lies in the MRI, such that the magnetic field B1 is

perpendicular to the external main magnetic field.

The alternating electric current that is applied to the RF coil will be turned off in a few

microseconds or milliseconds to terminate the B1 magnetic field. The B1 magnetic field
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also oscillates in the particular frequency, which is ranged in the radio frequency [28].

This brief magnetic field also called Radio Frequency pulse (RF pulse).

Magnetic Resonance (MR) Signal

Unlike other tomographic imaging modalities, such as Computed Tomography (CT),
Positron Emission Tomography (PET) and ultrasound imaging, in which imaging signal
is produced by the external signal sources or particular substances like radioactive
isotopes for PET, the detected signal in Magnetic Resonance Imaging (MRI) is coming
from the exited substances of the tested object itself [18]. Dominant substance in human
body is hydrogen atom [29]. For most MRI studies, the detected signal is emitted by

hydrogen nuclei [18].

The nucleus is the center of an atom, composed of protons and neutrons. In quantum
mechanics, nucleus, protons, and neutrons all have a fundamental characteristic property,
spin. Spin is the movement that the particle rotates around its own axis. Atoms that have
odd atomic weights and/ or odd atomic numbers (odd number of protons, neutrons, or
proton plus neutrons) are considered as the signal source in Nuclear Magnetic Resonance
Imaging, because of the “unpaired” phenomenon [26]. Hydrogen nucleus is a single
proton which is positive proton. This positive charged spinning particle can produce a
magnetic field, like a tiny bar magnet. This tiny bar magnet will align itself always along
the direction of the external magnetic field, which is called the magnetic dipole moment
(MDM) [26]. Briefly, unpaired spinning nucleus has magnetic dipole moment (MDM),

which is the physics basic for MRI.
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particle

Figure 2. 3 A charged spin.

Besides, with the present of the external magnetic field, the hydrogen nuclei will not only
rotate around their own axis but also their MDM will rotate around the axis of the

external magnetic field. This phenomenon is called precession.

A

i

Figure 2. 4 A charged spin precessing along the external magnetic field.

The precession rate of these MDM is called precession frequency in unit of cycles per
second. This frequency is directly proportional to the external magnetic field [26]. The

relationship is presented by the Larmor Equation:

where o is the Larmor frequency of the MDM in unit of radians per second, y is the

gyromagnetic ratio of this nucleus in unit of radian per second per tesla (s"'*T ), and B,
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is the strength of the external magnetic field in unit of Tesla (T). For hydrogen, its
gyromagnetic ratio is 42.6 MHz/Tesla. Under a 1.5 Tesla magnetic field, its precession

frequency become 64MHz [26].

In human physiology, water is the major constituent of the human body, which accounts
for two-thirds of the total weight for a normal adult [29]. Each water molecule has two
hydrogen atoms. Every hydrogen nucleus possesses a magnetic dipole moment (MDM).
In the natural state, the huge number of magnetic dipole moment (MDM) in the body is
random distribution. When a strong external magnetic field presents, the MDM will be
aligned along the direction of this main magnetic field. The accumulation of these MDMs
is called net magnetization, presented by My, which is in the same direction as the

external magnetic field.

When the patient is lying in the strong and homogeneous external magnetic field, the
direction from the head to foot is along the Z axis longitudinally. Every hydrogen proton
MDM is processing along the Z axis and the net magnetization M, is also in the Z

direction. The X and Y axis direct in the transverse plane.

i

\J N/

Figure 2. 5 The reference frame system. The Z axis refers to the longitudinal direction. The X-Y plane refers to

the transverse plane.
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At this moment, the RF pulse is applied to the patient and its direction is in the X-Y plane.
The frequency of the RF pulse is tuned to equal to the precession frequency of the
hydrogen MDM, then resonance occurs. These MDMs will begin to rotate along the RF

pulse. The net magnetization M, will be tipped down to the X-Y plane.

Mo

Bo

7

B
X "' RF pulse

Figure 2. 6 The excitation RF pulse with resonance frequency is applied perpendicular to the external magnetic

field Bo. The net magnetization Mg will be tipped down to the X-Y plane by the RF pulse.

The flip angle « is the angle to which the net magnetization M, is tipped down relative to

the Z axis, which defined as the flow equation:

a=y*Blxt Eq.2

Where v is the hydrogen gyromagnetic ratio, B1 is the strength of the RF magnetic field
generated by the RF coil and t is the duration of the RF pulse [26]. From the equation,

the flip angle is directly proportional to the amplitude and duration of the RF pulse.
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Longitudinal Axis
Magnetization

Transverse plane

Figure 2. 7 The flip angle «a reflects the degree to which the net magnetization be flipped down relative to the
longitudinal axis.

If o equal to 90 °, the net magnetization My is tipped in the X-Y plane. This pulse is
known as 90 ° RF pulse. Another important pulse is 180 ° RF pulse, which invert the net
magnetization My to the opposite direction. Pulse sequence is the combination of these

two pulses.

Mxy is the transverse component of the net magnetization MO in the X-Y plane. While
application a 90 * RF pulse, Mxy will equal to net magnetization M0 and the longitudinal

component of the net magnetization My in the Z axis will decay to zero.

In a few microseconds, the RF pulse is terminated. The perturbed magnetization is
recovering to the prior state. The re-growth of the longitudinal magnetization Mz is called
longitudinal relaxation or T; relaxation, and the decay of the transverse magnetization

Mxy is called transverse relaxation or T, relaxation.
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Longitudinal Axis
Magnetization

-
Transverse plane

Figure 2. 8 The first figure shows the re-growth of magnetization along the Z axis (from blue to red). The second

figure shows the decay of magnetization in the X-Y plane (from red to blue).

T, and T, are time constants. T;, also known as spin-lattice relaxation time, refers to the
time used for the Mz magnetization to recovery to 63% of the net magnetization MO (Mz
magnetization that before the application of the RF pulse). T,, also known as spin-spin
relaxation refers to the time used for the Mxy magnetization to decay to 37% of the net
magnetization (Mxy magnetization that before the application of RF pulse). The regrowth
of the Mz magnetization and the decay of the Mxy magnetization are two different but

related processes with different rates, but both of them follow exponential functions.

The decay of Mxy is more rapid than the recovery of Mz, so T; is always longer than T5.

The values of T; and T, are characteristics of the tissue.
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The decay of transverse magnetization Mxy produces the MR signal that is used to form
the MR image. This MR signal can also be received by the RF coil. The MR signal is
illustrated as the figure below. It is an oscillating and decaying signal, called free

induction decay (FID).

Received ‘7-\- o

signal uﬁ Time Receiver
U P-\j‘ B -

Figure 2. 9 The Free Induction Decay (FID) signals are received by the receiver coil.

The magnitude of the MR signal FID is related to the flip angle, the number of nuclear
spins in the sample, the magnetic field strength and others. The decaying time of the FID
is depending on the degree of field inhomogeneity. The FID signals from every parts of

the whole body are collected simultaneously.

Magnetic Resonance Gradient System

The main function of magnetic resonance gradient system is to provide the spatial
information of these signals. This system commonly consists of three orthogonal gradient
coils. The magnetic field produced by these gradient coils is varying in space called
magnetic field gradient. The gradient strength is normally measured in units of milli-tesla

per meter (mT/m). Three magnetic field gradients are slice selection gradient in Z axis
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(Gz), phase encoding gradient in Y axis (Gy), and frequency encoding gradient in X axis

(Gx).

The slice selection gradient Gz produces a gradual and linear change in the main
magnetic field along the Z axis from the patient’s head to the foot. From the Larmor
equation, as the external main magnetic field is varying on spatial position Z, the MDM
located from the head to the foot will have different precession frequency, presented by

the below equation [30].

w(z)=y*Bo+Gz*2) Eq.3

Based on the resonance theory, by tuning the RF pulse frequency, we can decide which
part of the patient body to be imaged. The slice selection gradient Gz determines the
Larmor frequency of the transverse image plane of the patient. The thickness of the
transverse plane is altered by changing the range of frequencies of the RF pulse or the
gradient steepness of the main magnetic field. With a greater range RF frequency or a
less steep gradient of the magnetic field, a thicker plane can be selected. The slice
selection gradient in Z axis is only turned on when the RF pulses are applied in the pulse

cycle.

The frequency encoding gradient Gx and phase encoding gradient Gy generate a linear
change magnetic field along the X and Y axis of the two dimensional transverse plane
that have been selected, so the different intensity points within the plane can be located.

The frequency encoding gradient Gx is turned on only when the signal is measured. The
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phase encoding gradient Gy is applied for a short of time during the pulse cycle after the

application of the RF pulse.

In conclusion, the first step is to turn on the slice selection gradient Gx, to activate the
interested slice plane spins and excite the signals; the next step is to encode spatial
information to these signals by frequency encoding gradient and phase encoding gradient.
The application of the magnetic resonance gradient system makes each region of the
patient body experience a unique magnetic field. Based on the Larmor equation, each
region will have a unique precession frequency, which is only related to the location

information.

Pulse sequence

In practice, we need to repeat the RF pulse and the magnetic field gradient to get many
magnetic resonance signals for reconstructing the MR image. The repeatedly applied
sequence of RF pulses, magnetic field gradient and signal data acquisition is called pulse

sequence [18].

Pulse sequence is a key concept of MRI. It directly controls the MR imaging, such as
what information to be shown in the image. Pulse sequence is normally constituted by 90°
RF pulse, 180" RF and some other particular angle pulse based on the application

requirement. 90° RF pulse is the excitation pulse.

The time between the two continuous excitation pulses is called time of repeat (TR); the
time interval from the excitation pulse to the MR signal measurement is called time to

echo (TE). TR and TE are equipment parameters to be justified [26].
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TR

=

Excitation pulse Excitation pulse

Excitation pulse
RF

Figure 2. 10 Time of repeat (TR) is the duration interval between two RF pulses.

The most basic pulse sequences are: partial saturation pulse sequence, saturation pulse
sequence, inversion recovery pulse sequence, RF spins echo pulse sequence and gradient

echo pulse sequence [31].

In the partial saturation pulse sequence and saturation pulse sequence, a sequence of 90 °

RF pulse is used to excite the signal.

.

Figure 2. 11 The partial saturation pulse sequence and saturation pulse sequence are constituted only by 90 ° RF

pulses. The different is the TR parameter.

For partial saturation pulse sequence, the repeat time between 90 ° RF pulses (TR) is
short, so the longitudinal magnetization (T; recovery) is partially recover, and the time
between the 90 ° RF pulse and the measurement of the MR signal (TE) is minimal,
immediately after the application of the 90 ° RF pulse, the signal is measured. In
saturation recovery pulse sequence, the TR is long enough to recover all the longitudinal
magnetization before the application of the next 90 ° RF pulse. After the 90 ° RF pulse,

the maximum recovered signal is measured immediately. By application the partial
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saturation pulse sequence, T; weighted image can be generated. The image generated by

application the saturation pulse sequence is called proton density weighted image.

Inversion pulse rotates the magnetization vector from the direction of the main magnetic
field (the positive Z axis) to the negative direction, for example by using a 180 ° RF pulse
before the application of the excitation pulse. The pulse sequence that uses an inversion
pulse before the first excitation pulse is called inversion recovery pulse sequence. The
time delay between the inversion pulse and the excitation pulse is called the inversion

time (TI).

Imversion pulse
Excitation pulse

TI
RF

Figure 2. 12 The inversion recovery sequence.

Inversion recovery sequence begins with a 180 ° RF pulse. After delay time TI, the first

excitation pulse 90 * RF pulse is applied, then repeat this process with interval time TR.

Last but the most fundamental pulse sequence is the spin echo pulse sequence. The spin
echo pulse sequence is beginning with the excitation pulse that followed with one or
more refocusing pulses. The signal generate by spin echo pulse sequence is called echo.

The time between excitation pulse and echo signal acquisition is echo time (TE).
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130 " RF pulse

Excitation pulse Echo
TE
o / =
RF

Figure 2. 13 A normal single echo Spin Echo pulse sequence. TE is interval between the excitation pulse and echo

acquisition.

The spin echo pulse sequence can compensate the inhomogeneous of the external
magnetic field. By control the TE and TR parameters, the spin echo pulse sequence can

be used to generate T; weighted, T, weighted, and proton density weighted image.
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Chapter 3 The Earth’s Field Magnetic Resonance System

Earth’s Magnetic Field

The Earth’s magnetic field is a dipole field which varies depending on the geographical
position. According to the national geophysical data center (NGDC), in the zone of North
America the magnitude is close to 50 UT. The related research shows that the
homogeneity and the short time stability of the Earth’s magnetic field meet the basic

requirement of NMR imaging [31].

Since 1954, Earth’s field NMR has been used for the demonstration of magnetic
resonance principles and other geophysical research [32]. Recent research of low field
NMR also demonstrated the possibility of obtaining analytical information in the absence
of strong magnetic fields [33, 34]. The Earth’s field magnetic resonance (EFNMR) is a
special case of low field NMR. It has been applied to a broader range including multi-

dimensional imaging [35, 36], high resolution spectroscopy [32, 37].

EFNMR System Components

The Earth’s field magnetic resonance (EFNMR) system consists of three main hardware
components: a coil probe, a digital signal processor (DSP) and a computer. The system is
controlled by the computer that running data processing package Prospa. The Prospa
program includes many macros. The macro provides a platform to configure the timing

parameters of the signal acquisition pulse sequence. Base on the MRI principles, by

20
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configure the timing parameters to control the pulse sequence and complete the

experiment.

Figure 3.1 The probe used in the experiment. It consists of three sets of coil.

The coil probe consists of three set coils that slot together in a bayonet configuration. The
outermost coil is coaxial solenoid, called polarizing coil. If applied with a large current,
polarizing coil will produce an initial polarizing field to enhance the net nuclear
magnetization of the subject sample in the probe. The middle coils are gradient coils.
These coils can generate four sets magnetic field gradients. The X, Y and Z gradients are
applied around the sample for spatial information encoding, the fourth gradient is for
shimming. The inner coil is another coaxial solenoid, called B1 coil. B1 coil generates

the pulse that both excite and detect the magnetic resonance Signals.
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Gradient Coils

B: Coil

Polarization Coil

Figure 3. 2 The three sets of coils: B1 coil, Gradient Coil and Polarization Coil.

The digital signal processor (DSP) is the central control unit between the coil probe and
computer. The connection between DSP and Bl coil form a LCR circuit. B1 coil

frequency is set by tune the capacitance of LCR circuit.

Figure 3. 3 The digital signal processor. It controls the probe.

The flowchart below describes the whole process of a regular EFNMR system
experiment. The DSP is the information exchanger between the computer and the probe.

The DSP receives precompiled pulse programs and parameters from the computer. After
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processing these programs, DSP will send related pulses to the coils of the probe. With
the control of DSP, the probe will acquire the Magnetic Resonance signals at the
appropriate time. Finally, the acquired data will be received by the computer through the

DSP.

Programs Pulses
(Prospa) 2 2 DSP . ? Probe
computer
Data Data

Figure 3.4 The flow chart describes the whole working process of the EFNMR system.

EFNMR Magnetization

In the case of conventional MRI, the high field produced by the superconducting magnets
is able to form a bulk net magnetization in the subject. In the EFNMR system, the Earth’s
magnetic field too weak to form a normal net magnetization. The approach to enhance
the net magnetization is to apply another magnetic field. This magnetic field is generated
by the polarization coil and called polarization pulse. It is many times greater than the

Earth’s magnetic field. Its direction is perpendicular to the Earth’s magnetic field.

A Earth's field

Polarization field

T

Figure 3. 5 The polarization field is applied perpendicular to the Earth’s magnetic field.
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In the EFNMR system, this polarization magnetic field Bp is applied before the excitation
pulse. This polarization magnetic field lasts for several spin lattice time T1. In this

experiment, the polarization duration is about four or five seconds.

At the natural state, most hydrogen nuclear spins are in random distribution. With the
application of the polarization magnetic field, all hydrogen nuclear spins will be oriented

along the direction of the polarization magnetic field.

Figure 3. 6 Hydrogen nuclear spins of the sample in the nature state. They are random direction.
Bp

Figure 3. 7 After the application of polarization field Bp, all spins aligned along the Bp direction.

The ensemble of this re-oriented spins will form a bulk nuclear magnetization in the same

direction of the polarization magnetization. After that, the current in the polarizing coil is
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switched off gradually [31]. Finally the bulk nuclear magnetization will follow the
Earth’s magnetic field. In the experiment, the polarization magnetic field is used to form

the net nuclear magnetization and increase its magnitude for the following processing.

Excitation Pulse

Earth’s magnetic field differs in location. According to the national geophysical data
center (NGDC), for the location of our university (Coral Gables, Miami), the Earth’s
magnetic field strength is about 44.5 YT. The gyromagnetic ratio of hydrogen is 42.576
MHz.T". Based on the Larmor equation (Eq.l)w = y * By, the Larmor frequency of

hydrogen in the Earth’s magnetic field is calculated by:
W= y*By= 42576 MHz.T" x 44.5 yT = 1894.6 Hz

In the Earth’s magnetic field, the Larmor frequency is no longer in the radio frequency
(RF) range but falls in audio frequency (AF) range. The corresponding excitation pulse

generated by the B1 coil is not RF pulse but an ultralow frequency (ULF) pulse.

In the Earth’s magnetic field, the Larmor frequency of hydrogen nuclei is about 1.90 kHz.
Surround electromagnetic noise can easily influence this ultralow frequency signal and
the Earth’s field homogeneity. In order to reduce the external interference and improve
the field homogeneity, we design a wooden stand for the EFNMR probe to keep it few

meters away from the floor and the other electric source.
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Figure 3. 8 The wooden stand that supports the probe.

Pulse Sequence
Pulse sequence plays the key role in magnetic resonance imaging (MRI). The main
function of pulse sequence is to manipulate the magnetization in order to generate the

desired magnetic resonance (MR) signals [31].

Pulse Duration

Pulse
Pulse Sequence

MR signal Measurement

Figure 3. 9 In the EFNMR experiment, configure these timing parameters to control the pulse sequences.

Timing parameters include: pulse duration, TR and TE. Pulse duration is the time that pulse is applied. TR is
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the time interval between two successive pulses. TEis the time interval between the excitation pulse and the

Magnetic Resonance (MR) signal measurement.

In this EFNMR experiment, all pulses are generated by the B1 coil and polarization coil.
The control of pulse sequences is via the configuration of these timing parameters: pulse
duration, TR and TE. For example, 90° pulse and 180° pulse can be generated by

configure pulse duration.

From the perspective of pulse sequence, the MRI experiment process in the Earth’s

magnetic field is as below figure. The direction of the Earth’s magnetic field is along the

Z axis.
Earth's magneth: field /M\ I Pulse Sequence
Polarization pulse Excitation pulse Signal Acquirement

Figure 3. 10 The pulse sequence used in Earth’s field experiment to acquire a signal. The second floor shows the
evolvement of the magnetization direction.

At first, a polarization pulse produced by the polarization coil is applied along the X axis
with duration tpol to generate a bulk nuclear magnetization in the sample. Afterwards, this
nuclear magnetization begins to precess along the Earth’s magnetic field and direct to the
Z axis. With particular time delay, the excitation pulse generated by the B1 coil is

implemented. This excitation pulse is tuned to the precession frequency of the sample
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magnetization. The magnetization is flipped down to the X-Y plane by the excitation
pulse. The flip angle is controlled by the duration of the excitation pulse. Then excitation
pulse is turned off. With a short delay, the magnetization component in the X-Y plane
will be detected. This is considered as the magnetization resonance (MR) signal. The

signal detection process is also completed by the B1 coil.
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Chapter 4 EFNMR Experiment

The low field coil probe was used to cast the Magnetic Resonance Imaging (MRI)
teaching demonstration in the lab environment. This demo includes several experiments:
magnetic resonance (MR) signal collecting, the measurement of relaxation parameters

and the simulation of relaxation time weighted images.

Experimental Samples

As it 1s the hydrogen magnetic resonance (MR) signal that is measured in MRI [38], the
ideal sample is tap water. Besides, another sample with different relaxation property is
also prepared: the copper sulfate solution. Copper ions are paramagnetic ions. The
paramagnetic ions can increase the relaxation rate of the water so that shorten the
relaxation time of the water molecule [39] [40]. These two samples were used to

simulate relaxation time weighted image.

Parameters Initialization
Firstly, the polarization duration of 4 seconds was applied to get the enhanced nuclear

magnetization along the earth’s direction.

Secondly, set the frequency of B1 coil equals the Larmor frequency of the hydrogen spin
in the laboratory environment. An inaccurate B1 frequency can significantly decrease the

signal.

The Prospa program provides macro to measure the accurate resonance frequency of Bl

coil. At first, the Analyse Coil macro from the Prospa program provides the curve of

29
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resonance frequency versus capacitance and the B1 coil characteristics: B1 coil

capacitance = (4.50 = 0.02) nF; B1 coil inductance = (0.3755 + 0.0004) H.

Eesonance frequency vs. Capacitance

2600

-
-
=
=

Frequency (Hz)

2000

1800

6 & 10 12 14 16
Capacitance (nF)

Figure 4. 1 The curve of resonance frequency versus capacitance
Then run the Autotune macro and filled in the B1 coil characteristics, as the figure follow.

€} Find Resonance [i:?_J

Pulze zequence | Acguizition ‘ Proceszing+Display | File Settingz |

B1 zelf cap. [nF) W Repetition time [z IE— w-zhirmn [md) IEI— Pulze amplitude [+] W
B1 cail induc. [H] Im Bp curent [A) IE_ w-ghirn [ IEI_ Pulze duration [mz] IT
Bp duration [z] |4— Z-zhirn [ ID— Echia time [mz] W

Acqg. delay [mz) |25—

Run | Stop | Load | Help | EHpand| Cloze

Figure 4. 2 Autotune experiment
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During the Autotune experiment a series of spin echo pulse sequence with different Bl
pulse frequencies are applied to the sample. The variable B1 pulse frequencies are
realized by tuning the capacitance. Every capacitance value has a corresponding time
domain signal result. A two dimensional (2D) matrix is used to store these time domain

signals. Each row stands for the corresponding capacitance value, as figure below.

Echo Data vs. Tuning capacitance

g | :l ”lllm:llilllllllllll || Al ﬂ Il HIIII (f I‘I‘Illlll | ||.
T ]i;l o

v [l W ll |||H||I IIHI IM ”

=
L]

Capacitance (nF)

L KERE et R L 3 ' ] e e e |
0 20 40 60 80 100 120 140 160
time (ms)

Figure 4. 3 The 2D figure of the Echo Signal versus Capacitance

The principle is only when Bl pulse frequency equals to the Larmor frequency of
hydrogen spin, echo signal is produced. In the above figure, the echo signal is shown as
the colorful region. From the figure, the row value of the colorful region is the resonance
capacitance of B1 coil, which is 15.5 nF. From the curve of resonance frequency versus

capacitance get the resonance frequency of B1 is 1835 Hz.

In this system B1 coil is used to both excite and collect the magnetic resonance signal.

The excitation pulse produced by the Bl coil flips the nuclear magnetization with a flip
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angle a to the transverse plane. The flip angle is defined in (Eq.2) @ = y * B1 x 7. The
flip angle is related to the pulse amplitude (B1) and duration (7). By configuring the Bl
coil transmit gain and B1 pulse duration to set the flip angle to get 90° pulse and 180°

pulse.

Longitudinal Axis
Magnetization

=
Transverse plane

Figure 4. 4 The excitation pulse produced by the B1 coil flips the nuclear magnetization with a flip angle a to the

transverse plane.

Polarizing curent [&] IE_
Falarizing duration [mz) W
B1 frequency [Hz) Iﬁ
Capacitance [nF] Iﬁ
Transmit [B1] gain |4_

Minimum B1 duration [mz] IEI.EE?

MHumber B1 steps |1EI
B1 ztep size [maz] IEI.22?

Figure 4. 5 The parameter set of B1 Duration experiment.

Thirdly, calibrate the tip angle to get 90° pulse and 180" pulse. Run the B1 duration macro
from the Prospa program and filled in the data set as above figure. In this experiment, a

series B1 pulses with constant transmit gain but variable pulse duration were applied to
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the water sample. The resulting transverse magnetizations were detected by the B1 coil.
B1 transmit gain was set to 4. The duration began with 0.227 ms and twice in the next
step till to 2.27ms. The table below is the result of pulse duration and the corresponding
transverse magnetization.

Table 1 The experiment result of different pulse duration and the corresponding transverse magnetization. All

the result transverse magnetization is recorded in the second row.

Duration | 0.227 | 0.454 | 0.681 | 0.908 | 1.135 | 1.362 | 1.589 | 1.816 | 2.043 | 2.27

Magnetization  ['855 (902 |80.5 |76 |89 |48.8 |84.7 |83.1 |49.9 |583

Using the Bl duration parameters as X axis and the corresponding transverse
magnetization values as Y axis, the relationship between B1 duration and transverse
magnetization was plot as below figure. The transverse plane magnetization component is
measured as the magnetic resonance signal. With a 90° flip angle, the nuclear
magnetization is fully tipped down in the transverse plane to produce the maximum
signal. With an 180" flip angle, the magnetization is tipped to the opposite direction with

no signal detected.
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Figure 4. 6 This plot is the transverse magnetization VS the B1 Duration.

In the figure, the first maximum magnetization is corresponding the 90" pulse duration,
which is 0.454 ms. The followed minimum magnetization is corresponding to the 180°

pulse duration, which is 1.135 ms.

According to the flip angle equation (Eq.2), if Bl pulse magnitude increase, the
corresponding duration will reduce. In the experiment, if the B1 transmit gain reduced to

2.5, the duration of 90° pulse is 0.868 ms and 180° pulse duration is 1.953 ms.
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Magnetic Resonance (MR) Signal Collecting
In this experiment, the water sample was used to collect the two basic type MR signals:

free induction decay (FID) signal and spin echo signal.

Free induction decay (FID) signal is the observed result from the hydrogen spin system
after a transient 90° pulse. It shows the decay process of magnetization in the transverse

plane.

Folarizing current [4)
Palarizing duration [mz] |4000
B1 frequency [Hz]

Capacitance [hF]

HEELN

Tranzmit [B1] gain

=
-
(]
F

Pulze duration [mz]

Figure 4. 7 The parameter set of FID collection experiment.

The Pulse and Collect macro was chosen to perform the free induction decay (FID)
collection experiment. The parameter set of this experiment is as above figure. With
transmit gain was set to 4 and pulse duration equals to 0.454 ms, the tip angle was set to
90 degree. This free induction decay (FID) collection experiment is carried out using the
basic polarizing pulse sequence. This pulse sequence is a series repeat of polarizing pulse

and 90° excitation pulse. The result FID signal is shown below.
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FID data (Acc: 2)
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Figure 4. 8 The free induction decay (FID) signal get in the project. It shows the decay process of the

magnetization in the transverse plane.

To get the echo signal, both 90° pulse and 180° pulse are implemented. Chosen the Spin

Echo macro from the Prospa program. The parameter set was as below figure.
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Figure 4. 9 Spin echo pulse sequence parameter set.

This experiment used a spin echo pulse sequence which includes a 90" pulse and a

refocus 180" pulse. This 180" pulse refocuses the magnetization in the transverse plane,
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which lead to a re-growth process of signal. This process results in an echo signal. Echo

signal collected by the application of spin echo pulse sequence is shown below.

FID data (Aec: 2)

Signal (p¥)
(=]

0 0.2 0.4 0.6 0.8 1 12
time (s}

Figure 4. 10 The echo signal. It shows the regrowth process after the application of refocus pulse.

Measurements of Relaxation times

The spin-lattice relaxation time T; and the spin-spin relaxation time T, are characteristic

parameters of the sample. They are the primary source of inherent contrast of tissues in

MRI [41].

Spin relaxation time parameters are very important material property. They are wildly
used in medical research such as human blood study [42], osteoarthritis study [43] and

neurological diseases study [39] and other biological field [44].

In this experiment, we measured T; and T, values of two different materials: water and

copper sulfate solution.
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The Bloch equation [6] is the theory foundation for estimating the values of T; and T5. It
quantitatively describes the time dependent evolution of the nuclear magnetization after
the application of the magnetic field B1 [45]. For MRI, the Bloch equation is as the

below form [24]:

d_szMxB_Mxi+Myj_MZ—MO

X k Eq. 4
dt T, T,

Where, y is the gyromagnetic ratio; M is the nuclear magnetization; B is the applied
magnetic field; T; and T, are relaxation time parameters, M,i + M, j is the transverse
magnetization; M, X k is the longitudinal magnetization; M, X k is the equilibrium

nuclear magnetization.

The solution of the Bloch equation describes the relaxation process of both the

longitudinal magnetization component and the transverse magnetization component [18].
t
M) = M,(0) exp (=) + Mo[L = exp(—t/T)]  ea3
1

Mxy = xy(o)exp(_t/TZ) Eq.6

Eq.5 indicates the relaxation process of the longitudinal magnetization component M,.
Eq.6 indicates the relaxation process of the transverse magnetization component M,,,. In

the project, the above two equations are used to estimate the relaxation time value.
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T{ Measurement

In order to get the nuclear magnetization in the Earth’s magnetic field, a polarization
magnetic field M, will be applied for a particular duration 7,,. From the Bloch equation,
we can get the relationship between the longitudinal magnetization M, and polarization

duration Tp.

M,(t) = My[1— exp(~t,/ Ty)] €q.7

To measure the longitudinal relaxation parameter, chosen the T; B, macro, the parameter
set is as figure blow.
Polarizing curent [&] |6
Minimum polarizing time [ms) |200
Polarizing step size [mz] | 200
Murnber of steps |15

B1 frequency [Hz) |1835
Capacitance [nF] |15.5

Figure 4. 11 The parameter set for T; measurement.

In this experiment, the pulse sequence utilized is:
(Polarization pulse — 90° Pulse — signal acquire)

This pulse sequence is composed by a polarization pulse with variable duration and a 90’
pulse. This pulse sequence was repeated with the gradually increasing duration 7,,. The

corresponding signal amplitude was record. We set its range from 200 ms to 3000 ms, the
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increment is 200 ms. The data record for both water and copper sulfate shown in the

below table:

Table 2 This table shows the resulting magnetization amplitude VS polarization duration. The left column is the

result for water. The right column is the result for copper sulfate solution.

Water Copper Sulfate (660mM)

Duration (ms) Amplitude (uV) Delay (ms) Amplitude (uV)
200 6.7 200 14.0
400 11.8 400 22.9
600 16.3 600 29.8
800 20.5 800 35.1
1000 23.5 1000 40.6
1200 27.4 1200 43.6
1400 30.7 1400 46.6
1600 34.4 1600 49.0
1800 36.3 1800 50.8
2000 40.0 2000 52.2
2200 40.7 2200 54.1
2400 449 2400 54.6
2600 47.0 2600 55.8
2800 48.5 2800 58.3
3000 50.6 3000 56.9

From the data of the above table, the Polynomial interpolation method is utilized to fit the
T; curves of both water and copper sulfate solution. The longitudinal relaxation time
parameters were obtained. The values of T; is 2.5 s for water and 0.86 s for copper

sulfate. The copper ion indeed decreases the relaxation time.
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Figure 4. 12 The plot of T, curves. The red line is water and the blue line is copper sulfate solution.

T, Measurement

To measure the transverse relaxation parameter, chosen the T, macro, the parameter set

is as figure blow.

Pualarizing current [4] IE— A0 pulze duration [mz) W
Folarizing duration [mz] W 180 pulse duration [mz] W
B1 frequency [Hz) Iﬁ Minimum echao time [ms) W
Capacitance [nF] Iﬁ Echo time step [ms] W
Tranzmit [B1] gain |4— Murnber of steps I'IEI—

Figure 4. 13 The parameter set of spin echo pulse sequence for T, measurement.
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For T, measurement, the spin echo pulse sequence is used.
(Polarization pulse — 90 pulse — 180 pulse - signal acquire)

With spin echo pulse sequence, we can get echo signal. We repeated the spin echo pulse
sequence several times with variable echo time 7 and recorded the corresponding echo
signal magnitude. The echo time doubles for every repeat. The echo time ranged from

200 ms to 2000 ms.

The relationship between the echo signal and echo time is shown in the follow equation:

E(t) = E(0)exp(— 15 /T,) Eq. 8

The data record for both water and copper sulfate shown in the below table:

Table 3 This table shows the resulting echo signal amplitude of the different echo time. The left column is the

data result of water. The right column is the data result of the copper sulfate solution.

Water Copper Sulfate (660mM)
echo time(ms) E echo time(ms) E

200 40.5 200 41.1
400 35.6 400 29.6
600 334 600 22.1
800 30.1 800 17.6
1000 26.4 1000 13.2
1200 24.7 1200 10.2
1400 21.8 1400 8.3
1600 19.4 1600 4.6
1800 18.1 1800 4
2000 16.4 2000 33
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From the data of the above table, the Polynomial interpolation method is utilized to fit the
T, curves of both water and copper sulfate solution. The transverse relaxation time
parameters were obtained. The values of T, is 2 s for water and 0.8 s for copper sulfate.

The copper ion indeed decreases the relaxation time.

: : : : : : — — —Pure water

V1) NERERRR b L SRR CuS04
e | ; : : ; : } :

Echao Amplitude
— ] ] (W] [A]
m = m - m

—
[

0 i I i ! i ! !
200 400 GO0 800 1000 1200 1400 1600 1300 22000
Echo time [ms]

Figure 4. 14 The plot of T, curves. The red line is water and the blue line is copper sulfate solution.

Relaxation Time Weighted Effect Image
This experiment is to simulate the contrast mechanism in magnetic resonance imaging

(MRY]) in the Earth’s magnetic field with the low field coil probe.
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Image contrast between two adjacent regions in an image is defined in terms of image
intensity differences [18]. Image intensity is proportional to the nuclear magnetization.
From the Bloch equation (Eq.4), the nuclear magnetization is a multi-parameter function.
However, with special configured data acquisition tool — pulse sequence, we can control
which parameter effect is dominant. If it is T; property dominate called T; weighted
image. This material characteristic parameters weighted image is the basic contrast

mechanism in magnetic resonance imaging [46].

The detected signal is proportional to the nuclear magnetization. In this experiment, the
amplitude of the nuclear magnetization is proportional to the polarization pulse duration.
The magnetization difference between the two samples produced by the polarization
pulse duration is due to the different T; properties. The polarization pulse duration can be

utilized to get the T; effect.
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Figure 4. 15 When polarization duration smaller than 1500 ms will produce the most significance difference of

the signal amplitude. When polarize duration is more than 3000 ms, it tends to have no difference.

From the T; curve, the tendency is that when polarization duration smaller than 1500 ms
the most significance difference of the signal amplitude will be produced. When polarize
duration is growing bigger than 3000 ms, it tends to have no difference. A long

polarization duration value, such as more than 3000 ms, can be used to eliminate T; effect.

The signal difference produced by the echo time is due to the different T, properties.

Echo time is utilized to get the T, effect. Image different due to T, effect is referred as T,

weighted image.
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Figure 4. 16 The smaller the echo time, the less difference. The echo difference between the two samples is

proportional to the echo time. With the increasing of echo time, the difference is increase too.

From the T, curve, the signal different evolve tendency is that: the smaller the echo time,
the less difference. Basically, a small echo time value can be used to reduce the T, effect.

Bigger echo time get the T, effect.

In conclusion, the method to generate relaxation time weighted effect is by manipulation

polarization pulse duration and echo time of the pulse sequence.

In this experiment, Gradient Echo Imaging macro is chosen from the Prospa program. A

basic gradient echo imaging pulse sequence was used to get T; and T, weighted image.
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To get a T; weighted image, polarization pulse duration is set to 1300 ms to enhance the
T, effect and echo time is 210 ms to eliminate the T, effect. The data set is as follow
figure.

Pulze sequence parameters

Palarizing duration [mz] {1300

E1 frequency [Hz] [1835

Phase gradient duration [ms] |60

Echa time [ms] |210

Figure 4. 17 Parameter set for T, weighted image.
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Figure 4. 18 This is the image result to simulate the T, weighted effect image. The FOV of this image is 120%120
mm. Polarization duration is 1300 ms, echo time is 210 ms. In this image, the copper sulfate is brighter than the

water.
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To get a T, weighted image, polarization pulse duration is set to 3000 ms to eliminate the
T, effect, and echo time is 320 ms to enhance the T, effect. The data set is as follow
figure.

Pulze sequence parameters

Palarizing duration [mz] (3000
E1 frequency [Hz] [1835

Phase gradient duration [ms] |60

Echa time [ms] |320

Figure 4. 19 Parameter set for T, weighted image.
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120
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Figure 4. 20 This is the image result to simulate the T, weighted effect image. The FOV of this image is 120%120
mm. Polarization duration is 3000 ms, echo time is 320 ms. In this image, the water is brighter than the copper

sulfate.
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Compare the two figures, in T; weighted image, copper sulfate is brighter than the water,
in T, weighted image, the situation is reversed. Basically, this is the main function of
relaxation weighted image in clinical field, based on the tissue specific relaxation
properties, by manipulate the timing parameters of the imaging pulse sequence, specialist

can get the desired image to have particular tissue enhanced display.
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Chapter 5 Graphical User Interface Tutorial

This part is to build a simulation platform to mimic MRI signal acquisition and
reconstruction process by graphical user interface. The simulation is based on a noiseless
condition. A 2D matrix data set serves the phantom. Data value is then proportional to the
simulate proton density. The GUI-based simulation provides students online
demonstrations of combined resonance signal, K-space construction, and FFT used to

decompose signal from frequency domain back to spatial domain in an interactive fashion.

Magnetic Resonance Signal Tutorial

The first GUI window is about magnetic resonance (MR) signal simulation.

A three by three matrix is configured to simulate the two dimension distribution of
hydrogen spins in the particular cross sectional anatomy plane. The density of hydrogen
spins is directly proportional to the element value in the matrix. An ideal noiseless
condition is assumed in the tutorial, the relaxation process is not considered. Each
element of the matrix produces a MR signal. The combination of these signals is the final
MR signal that is detected [47]. Fourier transform is applied on this combined MR signal
to recover the individual signals [48]. Gradient magnetic field is used to spatial encoding
these magnetic resonance signals [20]. The Larmor frequency of these magnetic
resonance signals will be different according to their location [22]. This spatial encoding
process will be repeated many times to get several signals. These signals fill up the data
space, also referred as K-space [19]. Fast Fourier transform (FFT) approach is used to
reconstruct the MR image [49].

50
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Figure 5. 1 The Magnetic Resonance Signal Tutorial. All simulation in this tutorial is based on the 3by3 matrix.

From the perspective of function, this tutorial GUI is separated into five parts.
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From the perspective of function, this GUI tutorial is separated into five parts. Part A
shows the linear magnetic field gradient (Eq.9). With the application of field gradient (G)

along the matrix, every column will have different Larmor frequency.
w=yY(By+G) = wy+ wg Eq.9

In this tutorial, user can set the base frequency (wgy) of the central column and the
frequency gradient (wg) to simulate the effect of field gradient. Based on the matrix the

user set, the corresponding grayscale image is shown.

The Matrix Sampling time

1001
5 16 9
Base freq
. , g 180
10 |
z 13 8 0
HIMT: narmally, freq
gradient<base greq 27 30 23 E

Freq gradient l

QJE_%O

)

Figure 5. 2 This is Part A of the GUI tutorial. User can set the elements value of the matrix and other
parameters: base frequency, frequency gradient, sampling time. User should notice that the base frequency

should larger than the frequency gradient. The grayscale image is also shown below.

www.manharaa.com




53

Part B simulates the individual signal and the combined signal. Also, the effect of Fourier

transform is shown in this part.

resonance signal

combined resonance signal
100

50

B0

Sum ]-100

Fourier Transform

2500
2000} .
1500 | -
1000 -

500} .

=] |
0 1

0 20 40 60 80 100 120 140 160

Figure 5. 3 This is part B of the GUI tutorial. The simulated magnetic resonance signals and their combination is

shown. Fourier transform is applied to discompose the combined magnetic resonance signal.
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In part B, the first plot is the sampled signal of each column. The magnetic resonance

signal of every point is shown in the follow equation:

signal(x,y) = p(x,y) * e”¥ B+t Eq. 10

p(x,y) stands for the spin density of the particular location (x, y). We assume spin
density of the particular location (x, y) is proportional to the corresponding pixel value. G

—l]/(Bo‘l'G)t

is the magnetic field gradient. The equation e simulates the frequency encoding

process. Every column will have different Larmor frequency.
The second plot is the combined signal of the whole matrix. The mathematic expression

of the combined signal is as the follow equation:

combined signal = J:]- signal(x,y) d,d, Eq. 11

= ffp(x;y) x e~ (BotG)t dxdy

Basically, the combined signal is the sum of the signals from every elements of the

matrix.

At the third plot, user can apply Fourier transform to the combined signal. The Fourier
transform produces the frequency distribution of the individual signals from the
combined signal. So the figure shows the separated spectrums corresponding to every

column

Part C, D and E are mainly to simulate the process of reconstruct the two dimensional

matrix.
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FT of FID

Simulate FID signal acquire St

data domain

reconstruction

reconstruction matrix

218 576 324
684 36 216
72 468 288

Figure 5. 4 These are Part C, Part D and Part E of the GUI tutorial. In Part C displays the simulated magnetic
resonance signal in time domain and frequency domain. Part D is the result of data domain. Part E includes the

reconstructed grayscale image and the matrix.

Part C simulates magnetic resonance signal received from the whole matrix (Eq.12) after
spatial encoding and its Fourier transform result. This process will repeat for three times

with a variable gradient G.
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combined signal = ff signal(x,y) d,d, Eq. 12

= JJ p(x,y) * e~ (Bo+ )t dxdy

These three signals constitute the data space, as shown in part D. In part E, data space is
used to reconstruct the original grayscale image and matrix by the application of Fourier

transform.

Reconstruction Simulation

This GUI allows user to upload any image.

[ project MRI [ESEEEEL X ]

1 Time Domain signal — K_Space
08
BaseFreg

06

04

C Choose your Image Sampling

02 Time
. Load Image ]
0 . ; " . )
0 02 0.4 06 08 1
1 Freq Domain signal
— Reconstruction
0.8
; e
radien
0.6
0.4
a2 plot Reconstr...
0 ; ; ; 7 )
0 0.2 0.4 0.6 0.6 1

Figure 5. 5 This is reconstruction simulation GUI. User can choose the image and play the whole simulation
process with the chosen image. User can see the simulated signal in time domain and frequency domain in the

left side. K-space of the image and the reconstruction result are displayed in the right side.

On the left side, the first plot displays the simulated MR signal of the image in the time

domain. The second plot is the corresponding result in frequency domain after Fourier
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transform. On the right side, the two plots shows simulated k-space and the reconstructed

image.

S Time Domain signal

_——
plot K_space

0 BaseFreg

15

C Choose your Image———— Sampling

0.5 Time
Load Image

0 02 04 06 08 1

180

5
2 Freq Domain signal

15 1 . ,| Freq
Gradient

— Reconstruction

m ==

0 50 100 150 200

Figure 5. 6 This is an example with a stomach image. User can see the simulated signal in time domain and
frequency domain in the left side. K-space of the image and the reconstruction result are displayed in the right

side.
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Chapter 6 Conclusion

Since the principles of magnetic resonance imaging (MRI) are multi-disciplinary, it is
difficult to learn the MRI system. In this research project, a MRI simulation system was
cast in the laboratory environment to help the engineering students learn the basic
principles of MRI. This MRI simulation system includes hardware system and software
system. For the hardware system, an Earth’s magnetic field nuclear magnetic resonance
(EFNMR) system was set up. Base on this EFNMR system, MR signal acquisition and
relaxation time weighted image can be simulated. For the software system, two graphical
user interface based platforms were developed. The first one simulates the magnetic
resonance signal, Fourier transform and magnetic gradient concepts. The second one lets

users upload any image and simulates the two dimensional MRI image reconstruction.

The EFNMR system is a low cost substitute of real MRI, which is easily accessible to
students in the laboratory. Through these experiments on the EFNMR, students can not
only directly visualize the concepts but also practice the MRI knowledge. In the graphical
user interface (GUI), user can adjust the relative input parameters of the MR signals and
see the data space results. Through this interactive way, the tutorial GUI can effectively

help students understand related magnetic resonance imaging principles and concepts.

As the EFNMR system is worked on the Earth’s magnetic field, the pulse frequency is
low and the nuclear magnetization is weak. The electric noises from the surround
environment are high enough to disturb the magnetic resonance signal of this system. The

further work is to design a shielding coil for the coil probe. This shielding coil could
58
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reduce the influence from the surround electric noises. Besides, other MRI experiments
can be designed and realized in the system, such as proton density weighted image. In
this research experiment, we only used the basic sample (water and copper sulfate

solution). More complicated samples can be designed and tested.

The software simulation is based on the ideal noiseless condition in this research project,
no relaxation process is considered. The further work is to simulate the situation with
relaxation process. Besides more materials could be include, such as the simulation of
Bloch equation which is very helpful to understand the evolution of the nuclear

magnetization. Other imaging technique such as half Fourier imaging can be simulated.

All in all, with the further improvement, this MRI simulation system can cover more

knowledge of MRI. This system can be a good tool to learn MRI.
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APPENDIX

Magnetic Resonance Imaging Experiment Manuel

Purpose: To demonstrate the nuclear magnetic resonance phenomenon and relaxation

time weighted contrast mechanism of Magnetic Resonance Imaging.
Equipment: a computer, a spectrometer and a three coil probe.
Samples: tap water and copper sulfate solution (Concentration is 660 uM).

Tasks: 1. To find the Larmor frequency of the water sample. 2. To acquire the nuclear
magnetic resonance (NMR) signal from hydrogen, include free induction decay (FID)
and echo. 3. Try to optimize the quality of the signal. 4. To measure the relaxation

parameters T; and T,. 5. To get relaxation time weighted imaging.

Experiment 1

Analyses B1 coil

O =

| Output location

Sk
I decion | -]

Experiment I
name

Analyse I Stop Help | Cloze

Figure 1 Analyses B1 coil
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1. Choose the “AnalyseCoil” macro. In working directory define the folder you want
to save the experiment results. The format of experiment name is “experiment and
date”. For example, if this experiment is performed on April6th, 2012, its
experiment name should be: AnalyCoil04062012.

2. Press the “Analyse” button to begin the experiment. In the result window, record

the values of B1 coil capacitance and B1 coil induction.

Resonance frequency vs. Capacitance

2800 =

2600 — -

4]

- 2400 -

== 2200

ency (H

Fra

: —T1 - Bl
1300 ~B

T
6 8 10 12 14 16
Capacitance (nF) R

Figure 2 Experimentl result and LCR circuit

3. Briefly describe how the LCR circuit on the right works. The left plot is one of
the results of this experiment, based on it describe the relationship between the

capacitance and resonance frequency of the B1 coil.

Note: in this coil probe, the B1 coil is tuned by this LCR circuit.
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Experiment 2

Find the Larmor frequency
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€2 Find Rescnance LX)
Pulze zequence | Acquizition | Processing+Dizplay | File Settings |
B1 zelf cap. [nF) l— Repetitian time [z] IB— w-shimn () ,EI— Pulze amplitude [v] W
B1 coil nduc. [H] |_ T Bp current [A] IE_ y-zhim [me) ’D_ Pulze duration [ms] IT
Bp duration [z] |4_ Z-zhim [me) ’D_ E cho time [ms] W
Acg. delay [mz] |25_
Fiun | Stop | Load ‘ Help ‘ Expand Cloze

Figure 3 Find Resonance frequency

1. Put the water sample in the coil probe. Choose the “Auto Tune” macro. Fill in the

B1 capacitance and B1 induction values in the window above.

2. You will get the below image. Read out the capacitance value that corresponding

to the most colorful region.

Echo Data vs. Tuning capacitance

m\m‘”m

) w'm:nmuu ”‘" '

{1l ( |

pr . TR

\H Il HIHI (A0
[ I ‘ 1

Capacitance (nF)

Figure 4 Experiment 2 result

www.manaraa.com



67

3. In the result window find the “bl frequency” value that corresponding to the
capacitance value get above. Record these two values.
4. Briefly describe what are the bl frequency value and its relationship with

capacitance value.

Experiment 3

Get the free induction decay (FID) signal

— Pulze sequence parameters
Puolarizing current (4] IE— Mumber data paintz Im Fiun
Folarizing duration [rns] W Acousition delay [mz) |25— o
B1 frequency [Hz] I— Acquigition time [z] |2— ’
Capacitance [hF] I— Repetition time =] IE— Audic
Tranzmit [B1] gain I— MHumber of zcans |2
Pulze duration [mz) I— Dizplay range [Hz] 400 Load
Receive gain |2— Average [ Magnitude [
Shirnz
— Output location e
| =
E:-cg:l[li_lrgent I Cloze

Figure 5 Acquire free induction decay

1. Put the water sample in the coil probe. Choose the “pulse and collect” macro. Fill
in your Bl frequency and capacitance value. The transmit gain is recommended

as 2 and pulse duration can be around 1. The other parameters can be the same.
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2. Click run to perform this experiment, the result is as below.

FID data (Acc: 1)

40

Bignal (W)

[
=
i} I 1

time (5)

Figure 6 Experiment 3 result

3. Try to change the frequency value and capacitance value and analysis the result.
4. Try to change the value of pulse duration and analysis the results. Tip: the pulse

duration parameter determines the time to apply the excitation pulse.
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Experiment 4

Improve the homogeneity of the magnetic field

Autozhim parameters x=1933y=L0565z=1603
Search ’30— % [rnet] | L
range [m) i Run . i
: v (ma) J 30 2
tap -
precizion [méd) 0 z (i) )
5 L4 |
Pulze sequence parameters Stop 2} E
Polanzing curent (4] |6 Mumber data points |16384 - :
2 oy &
Fuolarizing duration [ms] |3000 Acqusition delay [mz] |25 5 E 20
ezel e
B1 frequency [Hz) Acquigition time [g] |2 &
Capacitance [HF) Receive gain |2 5 15 =
Tranzmit [B1] gain Mumber of zcans |1 Load s
Pulze duration [mz] Dizplay range [Hz] {100 | 10 =
Repetition time [z] |8 Average [
: Help .
Output location 3
“whorking
directany | J
E:-:penmen[ II||I IIIII-II-IIIII
et e 0 N o 6 8
[teration

Figure 7 Experiment 4 and result

1. Put the water sample in the coil probe. Choose the

your B1 frequency and capacitance value.

“Auto shim” macro. Fill in

2. Fill in the transmit gain parameter as 2 and choose the pulse duration value that

you think can get the best FID signal.

3. Click run to perform this experiment. This experiment will take about 10 minutes.

You will get a result figure as right figure.
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4. As the experiment finish, repeat the “pulse and collect” experiment to see if the
FID signal is better.
5. Consider how this experiment help improve the FID signal. Briefly describe the

reason.
Experiment 5

Get the B1 duration parameters

@ st ovrton i ST = =
— Pulze zequence parameters
Polarizing current [4] IE Mumber data points |15384 vl Run
Polarizing duration [mz) |4EIEIEI Acqusition delay [mgz) |25
B1 freguency [Hz) I Acquizition time [g] |2 Stop '
Capacitance [1F) I Repetition time [z] |1EI.2
Tranzmit [B1] gain I MHumber of zcans I‘l

Load
Minimum B1 duration [ms) [0.227 Display range (Hz) [100 o2

Mumber B1 steps |1EI Integration range [Hz) |2D

B1 step size [mz) |0.227 Filter v Shimns
Receive gain |2 dwerage [
— Dutput location Help
Wworking
directary I E
E wperiment I Cloze
name

Figure 8 Get the B1 duration parameters

1. Put the water sample in the coil probe. Choose the “B1 Duration” macro. Fill in

your B1 frequency and capacitance parameters and run the experiment.
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FID amplitude vs B, length (Acc: 1)

40

(=]
n

FID amplitude

S —— |
0 0.3 1 155 2 745 3
B, length {ms)

Figure 9 Experiment S result

2. Run the experiment and you will get the result figure as above. Readout the bl
length that corresponding to the first maximum FID amplitude as 90 pulse
duration and the Bl length corresponding to the following minimum FID
amplitude as the 180 pulse duration.

3. With your 90 pulse duration and 180 pulse duration repeat the “pulse and collect”
experiment. Get the results with pulse duration parameter equals to 90 pulse

duration and 180 pulse duration separately. Compare the results and analysis it.
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Experiment 6

Get the spin echo signal

— Pulze sequence parameters

3
4000

Polarizing current [&)
Palarizing duration [msz)
B1 frequency [Hz)
Capacitance [nF)
Tranzmit [B1] gain

90 pulze duration [msz)

180 pulze duration [msz)

Echa time [ms)

LI EET

Receive gain |2—
Mumber data points l@
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— Output lacation

“wiarking I
directany
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Experiment I
name
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Stop

Audio

Shims

Help

Close
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Figure 10 Acquire the spin echo signal
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1. Put the water sample in the coil probe. Choose “spin echo” macro. Fill in your Bl

frequency, capacitance, 90 pulse duration and 180 pulse duration parameters.

2. The echo time value should be bigger than the decay time of FID signal. You can

obtain the decay time of the FID signal from the “pulse and collect” experiment.

€ Set Shims (e S|
Set shim values T E—
‘ — |-
y J [T,
: ~ -
Save Feset Help | Cloze

Figure 11 Deshim process
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3. Click the “Shims” bottom you can get the above figure. Try to change the value of
X or Y or Z by adjusts the slider. This process is called “deshim”.You only need
to change one from X, Y and Z. Then repeat this experiment, compare the results

and analysis it.

4. Click run to perform this experiment and see the result. Figure below is an

example result.

FID data (Acc: 2)

Signal (p¥)

Figure 12 Experiment 6 result
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Experiment 7

To measure the spin-lattice relaxation time T;

T1Bp (with shims)

— Pulze zequence parameters

Polarizing current (&) IE— Tranzmit (B1] gain |4— Acguizition time (2] |1—

I inirmum polarizing time [mz) W 90 pulze duration [ms) l— Repetition time (=] lr
Polarizing step size [mg] W Receive Gain IZ— MHumber of scans |1—
Mumber of steps |'|5— A0-acquisition delay [mz) |25— Integration width (Hz) IED—

B1 frequency [Hz) I— MHurnber of data paints IW, Dizplay range [Hz) W

Capacitance [nF) I Average W Filer W
Magnitude [v
— Output location
‘wiorking Run Load Help
directony I _l
Exﬁ:;n;ent I Stop Shims Cloze

Figure 13 Relaxation time measurement experiment

1. Put the water sample in the coil probe. Choose the “T; B, macro. Fill in your Bl
frequency, Capacitance and 90 pulse duration parameters.

2. Click run to perform the experiment and record the data results. After the
experiment you will get the result figure as below. The below figure provides the
T, value and T; curve of water sample.

3. Change the water sample to copper sulfate solution and repeat this experiment.

Record the T; value for both water and copper sulfate solution.
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Figure 14 Experiment 7 result

Experiment 8

To measure the spin-lattice relaxation time T,
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1. Put the water sample in the coil probe. Choose the “T,” macro. Fill in your Bl

frequency, Capacitance and 90 pulse duration parameters.

{0 T2 (with Shims) l

Pulze sequence parameters

Polarizing current (&) |6

Polarizing duration [ms] 4000

Capacitance [nF]
Tranzmit [B1] gain
Receive gain |2

Output location

90 pulze duration [ms]
180 pulze duration [mz]

B1 frequency [Hz) Minimum echa time (ms) (100

Echo time step [ms] 100 Integration width [Hz] |20
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Humber of data points |16384 -

‘wiorking |
directony

&l

Experiment |
name

Acquisition time (5] |2 Phase o (&
Fepetition time [s] |12 cycle pes
Murnber of szans ’2— Filter [
Average v
Display range [Hz] |50 Magnituds [
Run | Load ‘ Help ‘
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Figure 15 Relaxation time measurement experiment
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2. Before run this experiment perform the deshim process. Click run to perform the
experiment and record the data results. After the experiment you will get the
result figure as below. The below figure provides the T, value and T, curve of
water sample.

3. Change the water sample to copper sulfate solution and repeat this experiment.

Record the T, value for both water and copper sulfate solution.

T2=( jms

0.8

=
=

Attenuation (E/Eq)

0.4

500 1000 1500 2000
t{ms)

Figure 16 Experiment 8 result

Experiment 9

To obtain relaxation time weighted imaging
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— Image parameters

Dimerision Image orientatian IYZ vI Fiun
10

o0 M atrix size |32 |32
an Field of “igw [mm) |1ED |'|2E| Stop

— Pulze sequence parameters

Polarizing duration [ros) I Bandwidth [Hz) |32 Lo
B1 frequency [Hz) I Repetition Time (=] IE
Phasze gradient duration [mz) I Mumber of scans |4 S

Echa time [rns] I Fiter [v  Awverage v
— Dutput locatian help
Working directaory I _I
Cloze

Expenment name |

Figure 17 Gradient echo imaging

1. Prepare a sample compose by two small bottle, one is water and the other is
copper sulfate solution. You have already obtained the relaxation time values of
these two samples.

2. Choose the “Gradient Echo Imaging”. Review the principles of relaxation time
weighted imaging.

3. T; Weighted imaging: base on the T, curve of the two samples choose the echo
time as small as possible to eliminate the T, effect. Base on the T; curve, choose
the polarizing duration value that produce the most significant different between
the two samples. You can also repeat the experiment with different polarization

duration value. The below figure is one example.
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Scan 4 Phase 0

Z (mm)

Figure 18 Experiment 9 result-1

4. T, Weighted imaging: base on the T; curve choose the polarization value that
have the least different between the two samples. Base on the T, curve choose the
echo time that generate the most significant different between the two samples.

You can repeat this experiment with different timing parameters. The below

figure is one example.

Scan 4 Phase 0

7 (mm)

Y (nun)

Figure 19 Experiment 9 result-2
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