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ABSTRACT 

Magnetic Resonance Imaging (MRI) is the only known radiological modality 

that provides a diagnostic cross sectional images non-invasively in virtually any 

orientation without patient repositioning. The principles ofMRI are based on Bloch's 

equations, which describe the behavior of proton molecules in the presence of a 

magnetic field. There are many interesting areas where MRI has contributed, such as 

perfusion and diffusion studies, MR angiography, cardiac studies as well as therapeutic 

applications in cancer treatment. 

In this dissertation two MRI related topics were investigated. First, a computer 

program was developed to simulate virtually any MRI pulse sequence. The phase 

encoding gradient pulses are also included which has proved to be very useful in 

predicting image artifacts and contrast behavior. The second is the application of MRI 

in guiding ultrasound surgery. A detailed study was perfonned on the sensitivity of 

MRI parameters to temperature changes. In-vivo studies were also perfonned on seven 

Greyhound dogs and twenty five rabbits. Temperature elevations were successfully 

depicted using MRI. Computer simulations were also used to study the effects of 

changing temperature during image acquisition. 
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CHAPTER 1 

MRI PRINCIPLES AND CONCEPTS 

1.1 Historical Review 

Magnetic Resonance Imaging (MRI) is one of the newest techniques in 

diagnostic radiology. The development of this innovative imaging modality has been 

made by many scientists in the fields of engineering and physics. Aside from 

magnetism and electromagnetism development, there are few discoveries which can be 

considered as giant steps leading to the assembly ofin-vivo MR image: 

• The development of a method for measuring nuclear magnetic moment is considered 

to be the first step in discovering nuclear magnetic resonance. 1.1. Rabi and his 

colleagues studied space quantization [1,2] and then in 1938 built an apparatus to 

measure the Larmor frequency in known magnetic fields [3-5]. The apparatus 

consisted of three magnets configured to produce two inhomogeneous magnetic 

fields of oppositly directed gradients and a region of strong homogenous magnetic 

field in the middle. A beam of the material of interest was shot through the set of 

magnets and focused on a detector. The different states of nuclear moments are 

decoupled in the homogenous region. An oscillating field perpendicular to the 
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homogenous field is applied. When the frequency of the applied pulse was close to 

the Larmor frequency, the molecule is no longer focused on the detector by the 

inhomogeneous field and the observed intensity diminishes. The group at Columbia 

University was able to accurately measure the nuclear moments of Lithium and 

Florin using this apparatus. Bloch and Alvarez extended this work to measure the 

Neutron's magnetic moment [6]. 

Two groups, Bloch, Hansen and Packard [7-9] working at Stanford University, 

and Purcell, Torrey and Pound at Harvard University [IO], published their progress 

results in Physical Review early in 1945. Both groups were working independently in 

what is currently known as nuclear magnetic resonance (NMR). 

The group at Harvard developed a NMR resonant cavity made of a short section of 

coaxial line loaded heavily by a plate. The cavity was filled with paraffin and 

immersed in a strong static magnetic field. A radio-frequency magnetic field was 

applied perpendicular to the static magnetic field. The group noticed a reduction in 

the output of the cavity at the resonance frequency. A value of2.75 nuclear 

magnetons was calculated for the proton magnetic moment. This value was very 

close to the value obtained by the technique developed by Rabi. 

The group at Stanford, on the other hand, was working on "Nuclear Induction". 

When a substance is placed in a constant magnetic field, a small paramagnetic 
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polarization will form. An applied oscillating field perpendicular to the magnetic 

field will force the polarization to precess around the varying field. As the frequency 

of oscillation reaches the resonance frequency, a signal is produced in a pick up coil 

nearby the sample. The measured signal level was larger than the thermal noise 

signal. Bloch found that the ratio of the magnetic field to the resonance frequency 

was constant at various field strengths. This relationship is the widely known 

"Larmor relation" and agreed with results obtained in Rabi's experiment of the 

proton magnetic moment. 

. Bloch and Purcell introduced the concept oflongitudinal (Tl) and transverse (T2) 

relaxation times [8,11]. They found that Tl of water is on the order of few seconds 

and that T2 is on the order of hundreds of milliseconds. Felix Bloch and Edward 

Purcell shared the Nobel Prize for Physics in 1952 in recognition of their discovery. 

As a result of Purcell's and Bloch's experiments, two different schemes ofNMR data 

acquisitirJn were developed: continuous wave excitation and pulsed rf excitation. The 

formt. is based on slowly sweeping the strength of the static magnetic field while a 

sample is irradiated with continuous rf field. The latter consists of applying pulsed rf 

excitation with a fixed static magnetic field. 

• E.L. Hahn suggested the use of a 180 degree rf pulse to refocus transverse 

magnetization which leads to echo formation. This technique is known as spin echo 



and was presented for the first time in 1955 [12]. Meiboom and Gill then modified 

the technique to measure nuclear relaxation times [13]. 
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• The next important step in the development of the MRI technology came in 1966 

when Richard R. Ernst and W.A. Anderson of Varian Associates explored the 

applications of Fourier transform techniques to magnetic resonance spectroscopy 

[15,16]. The authors described the application of a repetitive sequence of rf pulses 

and derived the expression of the steady state magnetization. Ernst described the 

optimum flip angle, "Ernst angle", in his paper [18]. Actual use of the Fourier 

transform, however, was most valuable when presented with the use of repetitive rf 

pulses. The authors demonstrated also the use of averaging on a sample of 

hexafluoro-benzene as three spectrums were compared. These included a spectrum 

obtained using a single scan collected in 350 seconds and two spectrums formed by 

applying 25 pulses, 1 second apart. The 25 spectrums were added together to obtain 

an improved sensitivity of 6.5 times without the use of analog filter and improved 

sensitivity of 8.5 times when such a filter was used. Other researchers have 

discussed the use of averaging techniques to improve the signal to noise ratio (SNR) 

[19]. 

In 1971, Dr. Raymond Damadian of the State University of New York suggested the 

use of nuclear magnetic resonance measurements to discriminate between malignant 

tumors and normal tissue [20]. Dr. Damadian reported an increase in relaxation 
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times for the hepatoma relative to normal liver relaxation times. The results were the 

first to introduce NMR in medicine. 

. The principles ofNMR were now established, and Dr. Paul C. Lauterber is credited 

for the formation of the first NMR image in 1973 [21]. He used a gradient of 

magnetic field to obtain a projection of a sample. Dr. Lauterbur then rotated the 

sample to obtain projections of the sample from different angles. X-ray computed 

tomography was a newly introduced topic at the time [22] floating with promises. 

Filtered back projection was used to reconstruct the acquired data. Dr. Lauterbur 

used filtered back projection to reconstruct the final magnetic resonance image 

shown in his paper [21]. Fourier Zeumatography was then introduced by various 

researchers [23]. The phase encoding became popular to encode the sample, and a 

2D-Fourier Transform is then used to reconstruct the MR image. A complete and 

detailed discussion of this subject is presented by Hinshaw [35]. 

. In 1978, two teams of researchers at EMI, a British electronic company, announced 

the development of the first whole-body experimental NMR scanner. Clinical 

experiments began in 1981 to explore the clinical potential of magnetic resonance 

imaging. 

MRI is superior to other imaging modalities for many reasons. Firstly, this 

technique is non-invasive and provides images with more versatile contrast than X-ray 
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CT images, e.g. this is the only modality that can present images with gray/white matter 

contrast. Secondly, it is possible to obtain thin sections in virtually any orientation 

without the need to reposition the imaged object. 

Pulse sequences are still under investigation and development. The clinical 

applications and evaluations of pulse sequences are still at early stages and much work 

is necessary to optimize imaging parameters and develop clinical protocols. 

Therapeutic application of MRI is still under study and has a potential for cancer 

treatment. Figure (1-1) contains a historical survey summarizing the events that led to 

the discovery of MRI starting with Rabi's experiment in measuring the magnetic 

moment. 



Rabi's experiment (1938) 
Measured the magnetic moment 

Computers (Sixties) 

CT-XRA Y (1970) 
Filtered Back Projection 

EMI to produce 

Purcell's experiment ( 1944) 
if Absorption at resonance frequency 

Hahn's experiment (1956) 
Measured relaxation times 

Ernst & An erson (1966) 
Applications of fourier transform to pulsed N 

Figure 1.1 A brief historical review of the progress towards MRI technology. 
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1.2 Principles of Resonance 

Ampere and Weber postulated theories related to the presence of the 

gyromagnetic effect late in the nineteenth century. As a direct application of their 

hypothesis, the presence of a nuclei that possesses a net magnetic moment in a 

magnetic field creates a torque causing the nuclei to precess about the magnetic field. 

The asymmetric distribution of charges within the nuclei leads to the production of 

electric currents, known as dipoles. The dipoles can exist in two states, either parallel or 

anti-parallel to the applied static magnetic field. A number of these dipole can be 

represented by a single magnetization vector. A radiofrequency pulse at the appropriate 

Larmor frequency will cause some spins to flip from their low energy state (parallel to 

the magnetic field) to the anti-parallel high energy state. This produces a tilt in the net 

magnetic moment off the magnetic field axis. 

The spin system, once excited, will relax under the effect of two different 

mechanisms, longitudinal relaxation (Tl) to its original low energy state as well as 

transverse relaxation (T2) in the transverse plane due to spin-spin interaction. Felix 

Bloch [8,9] described the dynamic spin system mathematically by a set of differential 

equations. The next few pages will discuss in more detail Bloch's equations and several 

major effects they describe including the gyromagnetic effects, the phenomena of 

resonance, and the relaxation phenomena. Bloch's equations are the basis tor the 
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simulation programs developed for this dissertation. These programs will be fully 

described in chapter two. 

1.2.1 Bloch's equations 

Felix Bloch presented a set of equations in his work during the mid forties [7-9]. 

The author considered the sample as a black box characterized by the constants Mo, Tl 

and T2 of the sample. The author then defined M(t) , the magnetization vector 

representing the set of spins, as the response of the sample to an applied stimulus H(t), 

electromagnetic field. The behavior of the magnetization M(t) is governed by the 

equation: 

~ ~~ ~ ~ ~ 
dM = Mx H _ (Mr x +My Y) (M:-Mo) z 
dl Y n n 

The single equation contains three different equations, one for each component of the 

magnetization. The equation can be expanded in a matrix fonn and we obtain the 

follo\\-ing: 

[ 

dM. ~ 1 [~~ ~] r -Mr ~ 1 dl X X Y z n x 
dMy~ _ My~ 
dr Y - Y Mx My M= + - n Y . 
dM:~ H H H. l M:-Mo~ dr Z x y. --n- z 
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The final three equations will then be: 

~% =y{MyH;:-M;:Hy}-ri 

where Mx, My and Mz are the three components of the magnetization vector. Hx, Hy and 

Hz are the three components of the applied magnetic field. Mo, Tl and T2 are the proton 

density, longitudinal relaxation time and transverse relaxation time of the sample. 

There are two distinct incidences where these equations are essential. The first 

is when the NMR sample is placed in a static magnetic field. It is traditional to take the 

"z" component to be along the applied static magnetic field. The other incidence is 

when an rfpulse is applied at the resonance frequency of the molecule. It is well 

established in classical electromagnetics that any rfpulse consists of both an electric and 

magnetic field [29,30]. An rfpulse at the resonance frequency therefore contains a time 

varying magnetic field. 

The two problems can be solved separately. The first yields a spinning 

magnetization in the transverse plane with a T2 decay and a longitudinal component of 

the magnetization that decays back to the equilibrium magnetization Mo with a time 



constant Tl [35]. These behaviors are described by the following equations: 

Mx(t) = e-tl72 
{ M~cos(root) - M~sin(root)} 

My(t) = e-tl72 
{ M~sin(root) + M~cos(root)} 

M;:(t) = Mge-tm + Mo(l - e-tln ), 
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where Mxo, M/ and Mzo are the initial components of the magnetization prior to the start 

of the NMR experiment and roo is called the resonance frequency and is equal to -2rry H. 

This is also known as the "Lannor equation" . 

In the second situation, we assume a very short rf pulse compared to the Tl and 

T2 values of the sample. This situation is frequently encountered in practice since the rf 

pulses in an MRI experiment are on the order of few milliseconds compared to 

relaxation times which are of the order of few tens of milliseconds or longer. In this 

event we can drop the terms containing the Tl and T2 information. The rotating 

magnetic field can then be expressed as: 

~ { ~ ~} HI (t) = A(t) cos(rot) x + sin(rot) y . 

A(t) is the strength of the magnetic field at time t. 

The total magnetic field that the sample will experience is expressed as: 

~ { ~ ~} ~ H(t) = A(t) cos(rot) x + sin(rot) y + Ho Z 



32 

where co is the frequency carrier of the rf pulse. The total magnetic field can be 

substituted in the original Bloch's equation. We can also select a rotating frame at co 

which will simplify the problem since the applied magnetic field is constant in this 

frame. The solution of Bloch's equation under these assumptions is a rotating 

magnetization around the applied magnetic field. Defining a as the angle between the 

magnetization vector prior to the application of the rf pulse and the magnetization vector 

after the application of the rfpulse (flip angle). The flip angle a can be calculated in 

radians as: 

, 
a = 2rry f A (t)dt 

o 

where y is the gyromagnetic ratio, A(t) is the strength of the applied rfpulse and t is the 

duration of the rfpulse. As a result, one finds that the pulse shape is not important and 

the integral over time is the only important factor in determining the flip angle. 

Bloch's equations are general equations and they describe the behavior ofM(t) in 

the presence of a magnetic field Het). 
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1.2.2 Gyromagnetic effects 

Early attempts were made to visualize the gyromagnetic effects. A simple 

gyroscopic model was assembled and described by Barnett [28], as shown in figure 

(1-2). 

~ .... 

Spring 

Figure 1.2 An illustration describing an experiment prepared by Barnett in 1938 
to illustrate the gyromagnetic effect. The angle between axis "A" and "C" will increase 
(or decrease) such that the spinning ring "R" will coincide with the direction of spinning 
of the whole system about axis "C". 

Let the angle" e "be measured between the axes "A" and "C". Let us also spin 

the ring (R) about its axis "A". We assume the ring and its axis are free to move around 

the axis "B", and the whole structure can move about the axis "C". When we rotate the 

structure around its axis "C", very slowly in order to avoid centrifugal effects, we will 



notice that the angle "9" will increase or decrease in such a way that the spinning 

direction will coincide with the rotation about "C". The angle "9" will continuously 

increase (decrease) until the axis A coincides with the axis "C", ifit were not for the 

springs. 
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To connect the previous experiment with an atomic one, we assume that one has 

a charge distribution such as on the surface of a nucleus. Immersing the nucleus in a 

magnetic field is analogous to spinning the ring about "A". The nucleus will then spin 

about itself, and the angle" 9 " will increase or decrease. The nucleus will align the 

direction of spinning about itself with the direction of the nucleus spinning about the 

magnetic field. 

The rate at which this nucleus will spin (resonance frequency) is related to its 

mass and the electric charge distribution on its surface. The resonance frequency "ro" as 

described in the previous section is linearly proportional to the applied magnetic field 

"H". 

ro = 21ty H 



Figure 1.3 Charge distribution on the surface of a hydrogen nucleus. The 
nucleus will align such that its axis "A" will coincide with the direction of the applied 
magnetic field (axis "C"). 

When the ring "R" is pushed manually off its axis, it will realign itself to the 
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state which it was in prior to the application of the push. The time constant describing 

the rate of its return to equilibrium, is analogous to the longitudinal relaxation time (Tl) 

in an NMR experiment, or the time constant describing the exponential return of the 

molecule shown in figure (1-3) to its equilibrium after the application of an rfpulse. In 

order to relate the transverse relaxation time (T2), the ring can be thought of consisting 

of small pieces of metal tied together in the center. Each piece of metal has its own 

mass. When all the pieces have the same mass, they will all spin at the same rate 

(resonance frequency). On the other hand, if there was a mass distribution of some sort, 
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some of these metal pieces will fall behind causing the metal pieces to fan out. This is 

very similar to what happen after the excitation of a volume of water in a magnetic field 

using an rf power. The proton molecules will interact with each other causing a slight 

modification to the local magnetic field leading to spin dephasing. 

The following table summarizes various molecules and their gyromagnetic 

ratios. Various researchers have attempted in the past ~o obtain an analytical expression 

for the gyromagnetic ratio [4,9,12]. Since the gyromagnetic ratio is dependent on the 

charge distribution on the surface of the nuclei, only approximate values have been 

obtained. 

Since the resonance frequencies of any nuclie depend on the strength of the 

magnetic field, complicated molecules induce an additional magnetic field 

superimposed upon the static magnetic field. It is possible, therefore, to expect that the 

resonance frequency of a particular molecule will be slightly dependent on the chemical 

state in which the molecule is present. As an example, the free hydrogen atom will spin 

3.5 Hz faster per each one MHz than when it is present in fat. Therefore, at 64 MHz 

(most common clinical field strength), the hydrogen nuc1ie will spin 210 Hz slower in 

fat than in free space. 
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NlJ~l~lJS QwmalW~li~ Ra.tiQ (MHz; rr~sla) 

HI 42.57 

C13 10.71 

FI9 40.05 

Na23 11.26 

P31 17.23 

K39 1.99 

Table 1.1 A list of various material and their gyromagnetic ratios. One Tesla is 
10,000 Gauss. The earth's magnetic field is 0.5 Gauss at the equator level. 

In the above discussions, we talked about charge distribution on the surface of a 

spinning nuclie. According to classical electromagnetics [29,30], the moving charge 

will produce an electric current. Faraday's law states that a changing current will 

produce a magnetic field. Assuming that the electric charges are spinning in a small 

circular motion, i.e., a current loop, the magnetic field will be pointing perpendicular to 

that loop according to the right hand rule. The spinning charge can be thought of as a 

magnetic dipole, as shown in the following figure (1-4). 
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Figure 1.4 Charge distribution on the surface of a spinning nuclei will generate 
electric current which in turn will create a magnetic field according to Faraday's law. 
The hydrogen nuclei can be thought of as a magnetic dipole. 

In a volume of water, the nuclei will be distributed in a random fashion 

throughout the volume. When a magnetic field is applied, an energy gap will be present 

between the two energy states (parallel and anti-parallel). The energy gap is dependent 

on the strength of the applied magnetic field. In the earth's magnetic field (0.5 Gauss at 

the equator) the energy gap is so small that thennal energy is sufficient to cause the 

spins to flip from a low energy state to a high energy state. Therefore, the probability 

that a nucleus is pointing parallel to the earth's magnetic field is close to the probability 

of it being aligned in the anti-parallel direction (at room temperature). An increase in 
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the strength of the magnetic field causes the energy gap between the two states to 

increase: 

M:=hv=hyH 

According to Planck's relation, the energy gap is the product of Planck's constant times 

the resonance frequency. Most of the spins will then align themselves along the 

direction of the magnetic field. There is still a finite probability that a spin will be 

aligned anti-parallel to the applied magnetic field due to the presence of thermal energy. 

High energy level (Antiparallel) 

• 
: J,; 

Low energy level (parallel) 

M:=hv=hyB 

Figure 1.5 Energy gap will be created between the two energy levels. A higher 
magnetic field increases the energy gap between the two levels. 



1.2.3 Application of an RF pulse 

In classical mechanics, it is possible to visualize the set of spins as spinning 

vectors. The sum of these vectors may be represented by a single vector denoting 

magnetization Mo . 

Magnetization 

~ 

Figure 1.6 a set of spins can be thought of as vectors, the sum of the various 
vectors is called the magnetization. 

When a radio frequency pulse is applied, the applied energy will cause spins to 
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realign themselves along the direction anti-parallel to the applied static magnetic field. 

During the rf excitation, the net magnetization vector will spiral down to the transverse 

plane as more and more spins flip to the high energy state. This is illustrated in figure 



(1-7). In order to calculate the strength of the rf magnetic field necessary to rotate the 

magnetization vector to the transverse plane (a=rt/2), we can employ the Larmor 

equation. Let to be the duration of an rf pulse and HI be the strength of the 

radiofrequency field. Assuming that the rf pulse is constant in the rotating frame, 

therefore, 

or when (a=nI2); 

10 

a. = 21t)' f Hldt = 21t)'Hl to 
o 

HI can then be calculated as a function of to. 

z 

x 
z 
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Figure 1.7 The application of an rf power causes some spins to flip to a higher 
energy state which will cause the magnetization vector to tip towards the transverse 
plane. Given the length of an rf pulse we can calculate the strength of the pulse to 
obtain a 90 degree excitation. 
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It is possible, using the same idea, to apply rf energy to obtain virtually any 

desired flip angle. Changing either the time duration or the strength of the rfpulse will 

allow complete control of the magnetization tilt. 

It is important to note that the rf pulse has to be applied at the same frequency as 

the Larmor frequency of the nuclei placed in a static magnetic field. Should the rf pulse 

have a slightly different frequency, the rfpulse will be less effective. When the rfpulse 

is not at the resonance frequency the rf pulse will cause the net magnetization to spiral 

down during a portion of the rf cycle and spiral the magnetization back up in the other 

part of the cycle. The effect of the latter part will negate the effect of the former. 

Depending on how far the rf frequency from the resonance frequency, the net effect may 

not cancel and unpredictable tilt might be expected as a result of the rf excitation. 

We can use the classical swing example to visualize this process. Assume there 

is a child playing on a swing. The swing acts like a pendulum and it has a frequency 

that is dependent on the length of the cable holding it and the earth's gravity. If 

someone outside is trying to give the child a series of pushes, he needs to wait for the 

pendulum to be in the same location before he gives another push. Otherwise, the swing 

will be going backward and the pusher will be pushing forward. This could bring the 

swing to a halt. The waiting time, of course, is the inverse of the resonance frequency 

of the swing. 
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1.2.4 Relaxation phenomena 

Bloch's equation describe two different relaxation mechanisms that affect the 

spin system, longitudinal relaxation (T1) and transverse relaxation (T2). Both 

mechanisms result from the spin interaction either with the lattice or with the other 

spins. In the former, when a set of spins is excited by an rf pulse, the net magnetization 

will be tilted from its equilibrium direction by some angle (flip angle), as discussed in 

the previous section. As time passes, the excited spins in the higher energy state will 

start losing their energy to other molecules in a random form. The effect of returning 

spins to their lower energy state is thought of as returning the net magnetization to its 

equilibrium direction (along the applied static field). The time constant "T1 ", therefore, 

describes the rate at which the net magnetization returns to its equilibrium state. 

h fo 
.Y Z. • .Y 
. - -x '. 

~--x 

Figure 1.8 A plot of the longitudinal magnetization. An rfpulse is applied 
causing the longitudinal magnetization to tip to the transverse plane. The longitudinal 
magnetization then relaxes to its steady state direction exponentially with a time 
constant ofT1. 



As can be seen from the figure (1-8), if spins are excited at time t" with a 90 

degree rf pulse, the net magnetization is tilted to the transverse plane. As time passes, 

the spin system relaxes and the net magnetization decays exponentially with a time 

constant (Tl) to its equilibrium direction. 
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Transverse relaxation time (TI) describes the rate at which the spins defocus and 

go out of phase after an rf excitation. Due to local inhomogenieties in the magnetic 

field, a finite frequency distribution of the spin states will occur. Spins precessing at 

these different frequencies dephase. The net effect will be a loss in the coherency of the 

spins. This leads to a loss in the signal. Bloch described the signal loss as exponential 

loss with a time constant defined as the transverse relaxation time (T2) as illustrated in 

figure (1-9). 

Ifwe apply a 90 degree rfpulse at time to, the net magnetization will be 

spinning coherently in the transverse plane. An alternating electric current will be 

induced in the pick up coil. The frequency of the AC current will be the same as the 

resonance frequency of the spins. Due to inhomogenieties created by the spin-spin 

interaction, the spins will go out of phase. This leads to a subsequent loss of signal and 

the vector sum (magnetization Mo) vanishes eventually. 

----- ---- - --------
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Figure 1.9 An rfpulse is applied at time to . The various spins rotate coherently 
at the resonance frequency. Due to local inhomogenieties, a fInite phase distribution is 
spread among the spins which leads to an exponential loss of signal with a T2 time 
constant. 

Different materials have different T1 and T2 values. Many attempts have been 

made to measure these time constants at various magnetic fIeld strengths such as 
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[31,32]. TI values were found to increase when the field strength increases. On the 

other hand, T2 values were found to remain relatively constant over the range of the 

clinically used magnetic resonance (MR) scanners. Other physical conditions such as 

temperature also affect the relaxation times. Temperature increases both TI and T2. 

The presence of metal particles also increases the local field inhomogenieties, which in 

turn changes the relaxation times of tissues. This is the basis of MR contrast enhancing 

agents. Table 1-2 is a summary of various biological materials and theirNMR 

measured parameters. 

M~t~ri~l Ii I2 

Brain; White Matter 390 msec. (585 msec) 90 msec. (85 msec.) 

Brain; Gray Matter 520 msec. (955 msec) 100 msec. (95 msec.) 

Cerebrospinal fluid 2000 msec. (3000 msec) 300 msec. 

Skeletal Muscle 600 msec. (758 msec) 40 msec. (45 msec) 

Fat 180 msec. (284 msec) 90 msec. 

Liver 270 msec. 50 msec. 

Blood 800 msec. 180 msec. 

Table 1.2 Tl and T2 measurements of various biological materials. 
Measurements were performed at 1.0 Tesla magnetic field; 1.5 Tesla data are given in 
the brackets [33,34]. Although the results ofT2 measurements show reduction in T2 
value at higher magnetic field strength, the apparent change is due to variablity in the 
sample and was not proved theoretically or experimentally. 
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1.3 Principles of2D-Fourier Imaging 

Most of the common techniques in MRI are based upon the acquisition of raw 

data, to be Fourier transfomed. Even though the use of the Fourier transform method in 

imaging came after filtered back projection, it has been more popular for two main 

reasons. First, the Fast Fourier Transform (FFT) can be implemented easily with high 

efficiency and speed on any computer. In fact, it is possible to obtain hardwired chips 

to perform the FFTs on the fly. The second advantage to using Fourier transform 

imaging over filtered back projection is the uniformity in sampling. This allows partial 

acquisition of the image. Using Fourier transform properties, one can estimate the rest 

of the data and can reconstruct the MR images with minimal artifacts. 

The typical MR image formation process consists of four main steps: 1) slice 

selection, 2) phase encoding, 3) frequency encoding and 4) image reconstruction. In 

this section of the chapter, I will attempt to explain each of these steps. 

1.3.1 Slice selection: 

One of the major capabilities of magnetic resonance imaging is the ability to 

select thin-slice crossectional images with sub-millimeter slice thicknesses. The 

concept of slice selection comes directly from Fourier theory and the Larmor equation. 
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When a gradient magnetic field is applied along a particular direction, the 

resonance frequency in the sample will be a function of the position along that axis. 

Increased magnetic field yields increased resonance frequency. Because of the gradient 

field, each plane perpendicular to the gradient direction is defined by a unique 

frequency. An rfpulse can be shaped such that a finite width of frequencies are excited. 

Slice selection then is equivalent to a rectangular window centered at the location of the 

image slice of interest and has a width in frequency that is dependent on the desired 

slice thickness and the strength of the applied gradient. 

Numerical example· Assume we have a 1.5 Tesla magnet. The hydrogen resonance 

frequency is then 64 MHz according to Larmor equation and table (1-1). Let us also 

assume that we have applied a magnetic field gradient of 10 mTesla per meter, which is 

equivalent to a gradient of 425 kHz per meter or 4.25 kHz/cm. In this example, we 

assume that we would like to excite a 1 cm slice perpendicular to the applied static 

magnetic field, and 4 cm away from the zero crossing value of the gradient. We need to 

change the rf pulse's resonance frequency by 17 kHz, figure (1-10). The rf pulse must 

then be sinc shaped with a total bandwidth of 4.25 kHz applied at the resonance 

frequency of the slice (17 kHz higher in this example than the center resonance 

frequency of the MR system). 
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49 

z 

Figure 1.10 A slice selected 17 KHz off the center of the magnet set (4 cm) and 
4.25 kHz bandwidth (l cm) as 10 mTeslaimeter magnetic field gradient is turned on. A 

sinc rf pulse having a finite bandwidth can be applied to excite the desired slice. 

The magnetic field gradient can be applied in virtually any direction in space. It 

is also possible to shift the resonance frequency by any desired value which allows slice 

images to be acquired anywhere inside the homogeneous magnetic volume. 

From Fourier theory, a signal and its spectral density are related by the Fourier 

transform: 

+<Xl 

fit) = 217[ J F( 0) )eiCJ)t dO) 
-c:o 



In order to excite the rectangular pulse, we can mathematically define: 

F{co) = { 1,lco-COol <COl} 
0, lco - cool> co 1 

Substituting in the Fourier transform expression, we obtain: 

COo+<llJ 

./(t) = J.. J eicotdro = eicootei'"JI-e,-imJI = sin(COJt) eicoot 
211 211}t lit 

COo-{(JJ 

f(t) is, therefore, a sinc function with a period "T" of (1t/co 1) as illustrated in figure 

(1-11). 

-2.125 kHz 2.125kHZ.~ 

(, 
j
' , \. 

, ' \ 

I ., 

I \ 
j \ 
! ' \ 

\ 
\ 
\ 

, / 
IV 

50 

Figure 1.11 A F ourier Transform pair, a sinc function contains a limited band of 
frequencies. The combination of the bandwidth with the gradient strength allows slice 
selection. 

It is possible, therefore, to control the width of the slice selection by controlling 

the shape of the rf pulse or changing the gradient strength. An increase in the period 

time "T" in figure (1-11) leads to narrowing in frequency bandwidth. Narrower 
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bandwidth allows the selection of thinner slices. An increase in the gradient strength 

has the same effect since an increase in the gradient strength leads to an increase in the 

frequency gradient. Therefore, 4.25 kHz will be spread over a thinner slice than 1 cm. 

It is possible from the previous discussion to expect limits on the slice thickness 

selection in a given system. Since the gradient coils allow a fInite amount of current to 

pass through them, only a fInite gradient magnetic fIeld can be created. The same can . 

be said about the rf amplifIer. Only a fInite amplitude of rf power can be supplied by 

the source, therefore, the duration of the rf pulse may have to be increased in order to 

apply the appropriate rf pulse. 

Phase dispersion along the slice direction is a very important concept and can 

not be overlooked. Once the net magnetization is flipped to the transverse plane, the 

application of a gradient magnetic fIeld for slice selection will lead to phase dispersion 

along the gradient direction. Therefore, it is important to reverse the effect of the 

gradient magnetic fIeld by the application of an opposite gradient for the same period of 

time as described in fIgure (1-12) to refocus the dispersed spins. 

In fIgure (1-12), a set of spins in the transverse plane is represented by lines. 

Immediately after the application of an rf pulse, all the spins are in phase. Due to the 

presence of the slice gradient, the spins dephase rapidly. Little signal can be observed, 

if any, at the end of the gradient pulse, fIgure (1-12a). When a negative gradient pulse 



is applied immediately after the slice selection positive gradient pulse, the spins will 

refocus and a higher signal level can be expected as shown in figure (l-12b). 
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Figure 1.12 The slice selection gradi ent will cause a phase dispersion of spins 
once the magnetization in the transverse plane (a). A negative strength gradient is 
necessary to reverse the phase dispersion and refocuses the spins (b). This technique is 
known as gradient echo formation. 
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There is one other technique that is effective in refocusing the spins and that is 

the spin echo [12]. Defining the echo time (IE) to be the time between excitation of the 

slice and reading out the echo, one waits a period of time (IE/2) before a 180 degree rf 

pulse is applied and waits another period of time (TE/2) prior to echo formation as 

illustrated in figure (1-13). Gradient echo images are based on the concept that the 

gradient magnetic fields are reversed. The inverted gradient pulse will refocus the spins 

and lead to echo formation. 

90 rf 180 rf 

~. I 
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SHee I I I r I " r " TIME , , gradient 
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I \ 
) 

Direction of spinning 

Figure 1.13 Spin echo pulse sequence, a 180 degrees rf pulse is used to flip the 
spins in the transverse plane. 
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The advantage of the spin echo technique over the gradient echo approach is that 

the spin echo refocuses any dephasing that has occurred due to local field 

inhomogenieties. When local inhomogenieties are present, the spins will dephase at a 

much faster rate than T2. The decay time constant is defined as T2* which is calculated 

[55] as: 

1m*=lm+y~ 

where 6B is a measure of the local field inhomogeniety. In a spin echo experiment, the 

spins are flipped and the effects of the local field inhomogenieties are reversed. This 

means that spins which were spinning slightly slower due to field inhomogenieties are 

now spinning ahead of the faster spins. The result is that both sets of spins will catch up 

to each other and an echo will be formed. 

1.3.2 Frequency Encoding 

The frequency encoding procedure is similar to the slice selection method in 

principle. Fourier theory and the Larmor equation are again the basis of this procedure. 

\\tben a gradient magnetic field is superimposed on a static magnetic field, planes 

perpendicular to the applied gradient field will be defined by unique frequencies. All 

excited spins will, therefore, produce signals at their 0\\'11 frequencies (depending on the 

location along the frequency encoding direction). The received signal is simply the sum 



of all of these signals. A Fourier transform can be applied to the received signal, and 

the strength of each of the frequency components is calculated. Each frequency 

component reflects the strength of the MR signal in the plane corresponding to the 

frequency. 
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The basic principles are illustrated in figure (1-14). Assuming there is a square 

phantom and we would like to obtain a projection of it. A gradient magnetic field can 

be applied along the direction of interest. Each plane perpendicular to the gradient will 

be emitting a signal at its unique frequency. The current in a nearby coil is proportional 

to the sum of all these signals. The current signal can be decomposed to its individual 

frequencies (Fourier transformed) and the resultant plot is the projection of the phantom 

along that axis. This procedure was originally presented by Lauterbur [21] as he 

produced the first NMR image. 
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Figure 1.14 A square phantom is placed in an MRI scanner with a gradient 
magnetic field applied along the "x" direction. Each plane along the "x" direction 
produces a signal at its own resonance frequency. A nearby coil picks up all of the 
signal. The produced current can be digitized. The Fourier transform of the digitized 
current waveform is the projection of the sample along the "x" direction. Repeating the 
process at various directions will produce sample projections along each of those 
directions. 

1.3.3 Phase encoding 

The phase encoding process it follows the basic principles described above. It is 

known that frequency is the time derivative of a phase. Therefore, phase is a time 

------------. --------
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integral of the frequency. Ifwe apply a linear gradient magnetic field pulse inside an 

MR scanner for a period of time "ta", spins along the direction of the gradient will 

acquire linearly increasing phases along the gradient direction. A stronger magnetic 

field will cause faster spins (Larmor equation); this yields a bigger phase acquisition 

after the gradient pulse. 

We can repeat the experiment with different magnetic field gradient strengths. 

This will set the phase gradient at different magnetic gradient strengths. Since the 

sample is still in the same location, the two signals received in these two experiments 

differ by a phase factor in each pixel which is dependent on the gradient strength. The 

experiment can be repeated as many times as one wishes to. A steady increment in the 

gradient strength produces different projections of the sample. The various acquired 

lines of the "k" space can then be further processed and an MR image can be 

reconstructed. 

This process can be modeled mathematically as follows. Let the variables k,. and 

Is. be the variables in the tikI! space, and be defined by the expressions: 

I 

kx = y f Gx(t')dt' 
o 
I 

ky = y f Gy(t')dt' 
o 

We also know that: co = 2rry H where the magnetic field has gradients in the transverse 

directions: 



H(t) = Ho + xG;r(t) + yGy{t) 

The phase acquired by a set of spins at time t is the time integral of the frequency and 

therefore, 

t 

~(x,y, t) = f ro(x,y, t')dt' 
o 

t t t 

~(x,y, t) = f 21t'}'Hodt' + x f 21t'}'G;r(t')dt' + y f 21t'}'Gy{t')dt' 
o 0 0 

The signal from the set of spins is the superposition of all the signals emitted by these 

spins, or: 

Set) = I Icr(x,y)e-j~(;rJl,t)dxdy 

or, 

Set) = I Icr(x,y)e-J21t{Ho+xk.+ykyldxdy 

The term Set) is clearly the Fourier transform of the image cr(x,y) modulated at the 

resonance frequency roo. 
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1.3.4 Image formation 

The three basic processes performed in this section are combined together to 

produce the "k" plane (time domain plane) [37-47]. This plane consists of the collected, 

unprocessed data. The two axes are the time axis (data collected during the echo of a 

single repetition time experiment) and the phase axis which takes "N" experiments to 

fill the data along that axis. This approach is a Fourier transform technique that deals 

with a matrix of size N by N. In figure (1-15), two planes are shown the time .plane 

which consists of the raw data collected during an MRI experiment and the frequency 

map which is directly related to the signal strength from each point (pixel) in actual 

space. Each point in the time domain plane is a function of the frequency at which 

corresponding spins are precessing and phase dispersion corresponds to the phase 

encoding gradient applied during the MRI experiment. The increments in the phase ~~ 

along a particular frequency is related to the increment in phase encoding gradient 

strength (~G<» from one repetition time to the other. 

~~ =y~G~to 

where to is the length of the phase encoding gradient pUlse. 

----- --- .. ------ -
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Figure 1.15 Two planes can be recognized, the "k" space and the spatial 
frequency plane. Data is collected in the time domain and the Fourier transform 
produces the appropriate actual image in the frequency domain. 
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In order to obtain the final MR image, the time plane needs to be filled with data 

first and then Fourier transformed to reconstruct the final MR data. There are various 

methods used to fill the time plane or "k" space. The one which was described above is 

the Fourier method of filling the "k" space. The data is acquired in the manner as shown 

in figure (1-16). 

----- -- - ------
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"k" Space 

Figure 1.16 The Fourier method of filling data in the "k" space. To fill this 
space nine separate experiments are necessary, each for one line along the phase 
encoding axis. 
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The other and actually more original method by which "k" space is acquired is 

the filtered back projection method. The data in this technique is acquired radially as 

shown in figure (1-17). The fact that the central data point is collected in each 

experiment when filling the "k" space, schemes have been investigated recently to 

correct for motion artifacts [45,46]. As it is possible to compare the various projections 

and correct for any phase errors caused by motion. 

A new technique called echo planar imaging has recently been investigated 

[40,43,45,48]. During this imaging technique, the whole "k" space is acquired rapidly 
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Time 

"k" Space 

Figure 1.17 Filtered Back Projection, the "k" space is filled radially. This is the 
original method used by Lauterbur to acquire his first MR image. The data is not 
sampled uniformly in a recti-linear grid. Corrections are necessary in order to use a 
Fourier transform to reconstruct the MR image. 

and during a single experiment. This experiment demands a lot from the gradient coils 

since the coils have to switch on and off for encoding the sample rapidly before the 

signal decays due to T2 effects. Various other methods have been proposed that 

suggest less strenuous ways of filling the "k" space. For instance, spiral scan and flower 

scan [49,50] showed some success where the gradient waveforms consist of changing 

amplitudes cosines and sines. These techniques place a lot less stress on the coils than 

when the coils are switched abruptly on and off. It is important to note that all of these 

methods lead to irregular data acquisition of the "k" space. Data correction schemes are 

therefore necessary to produce the final MR image. 
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1.4 Contrast in MRI 

Magnetic resonance imaging (MRl) is the only known radiological modality that 

produces high quality images in virtually any orientation and allows soft tissue contrast 

non-invasively. In x-ray computed tomography, the contrast in the image is dependent 

on tissue absorption of the x-rays. The range of contrast is known from air (non 

absorbent) to bone (opaque, highly absorbing material due to the high density bone 

matrix). On the other hand, MRI contrast depends on three different tissue 

characteristics: proton density (PD), longitudinal relaxation time (Tl) and transverse 

relaxation time (T2). In any MR image acquisition technique, contrast is 

simultaneously dependent on these three tissue parameters. Modifications in imaging 

parameters allow increased sensitivity to one of these parameters. The combined PD, 

Tl and T2 information provide the radiologist with an idea about the nature of the NMR 

sample. 

In a regular spin echo pulse sequence, there are two different imaging 

parameters which actively and collectively determine the MR image contrast. The 

parameters are the repetition time (TR) and the echo time (IE), [see figure (3-5) below]. 

The effect of the simplest NMR tissue characteristic, the proton density, can be 

easily understood. Proton density is a multiplicative factor in every NMR equation. An 

increase in proton density leads to a linear increase in signal intensity, that is more 
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hydrogen nuclie lead to a higher MR signal. Table (1-3) contains a list of various 

materials and their normalized proton density [34]. The proton density in the CSF is 

taken to be one. 

Material Relative Proton Density 

Cerebral Spinal Fluid (CSF) 1 

Spinal Cord 0.75 

Gray Matter 0.9 

White Matter 0.75 

Fat 0.9 

Muscle 0.75 

Table 1.3 A list of various biological materials and their relative proton density. 
All values are normalized to CSF [34]. 

The other two tissue characteristics affect the contrast of an MR image by 

introducing a decay of signal due to T 1 and T2 of the sample. In a simple spin echo 

pulse sequence, the signal decays exponentially with a factor exp( -TE!f2). Therefore, 
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from table (1-2) the dependence of the MR signal on n, for example, for cerebrospinal 

fluid (CSF)/gray matter(GM) in the brain is shown in figure (1-18). 
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Figure 1.18 A plot of the signal intensity as a function of the echo time for GM 
( T2=100 msec) and CSF (T2=300 msec). Contrast between the tissue increases with 
increasing echo time. 

From the previous figure, it can be clearly seen that the signal from CSF in the 

brain will decay slower than the signal from the gray matter. This leads to an increased 

contrast between the two materials as echo time increases. Figure (1-19) is an example 

of two brain images. In the first image (a), a shorter echo time was used (30 ms) and in 

the second (b), a long echo time (70 ms) is used. 
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Figure 1.19 (a) An MR sagittal image of the brain, TE= 30 ms. 
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Figure 1.19 (b) An MR sagittal image of the brain. Increased echo time leads to 
an increased T2 weighting, TE=70 ms. Notice that the increased CSF/gray matters 
contrast. 
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It is essential to notice that although the contrast increases as TE increases, the 

absolute signal intensity decreases. Researchers have defined the contrast-to-noise ratio 

(CNR) through which they account for the change in the ratio of signal to noise level as 

the echo time is increased [51-53]. 

CNR = (SA - Sa)/cr . sqrt(N avg' N Lines), 

where SA and Sa are the signal intensities from two materials A and B of interest. cr is 

the standard deviation of the background signal (noise). Nav!; is the number of averages 

and N Lines is the number of lines in the "k" space. CNR improves with the number of 

averages as well as the number of repetition times used to acquire the image. 

The other point of importance is that the signal for any material will eventually 

decay to zero due to a complete spin dephasing, and the contrast will decrease after a 

certain TE value. Therefore, there will be an optimum TE time at which the contrast 

between two materials is maximum. Various studies have been made to determine a 

criteria for optimum TE selection. The problem remains because it requires an exact 

knowledge ofTl, T2 and PD of the materials of interest. An associated problem also 

arises because an optimum TE for the contrast between two tissues may not be the 

optimum selection for the contrast between two other tissue types. 
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The third important NMR tissue parameter is the longitudinal relaxation time 

(II). In section (1-3-4), (image formation), it was concluded that in an MR image, the 

magnetization is tilted to the transverse plane by the application of an rf pulse. The 

transverse magnetization decays with a time constant (II) to its original direction. The 

recovered longitudinal magnetization at the end of a repetition time (TR) determines the 

level of the MR signal when the next exciting rf pulse is applied. Should TR be 

comparable or longer than the T1 of a sample, the MR signal will be high. In contrast, a 

TR shorter than the Tl of the sample will not allow the magnetization to recover; this 

leads to less MR signal. In figure (1-20), a plot of the signal intensity as a function of 

the repetition time is given. An increased repetition time causes an increased signal 

intensity. Gray matter has a shorter relaxation time (520 msec) than CSF (2000 msec). 

and therefore it appears brighter on short repetition time images, figure (1-21). It is 

important to realize that these same points were made in the discussion relating to the 

T2 weighting. Very long repetition time will cause all of the tissues to recover to their 

original state. Therefore, there is an optimal repetition time to maximize the contrast 

between two tissues as illustrated in figure (1-20). 

----- ~-- - ---~---
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Figure 1.20 MR signal intensity response as a function of the repetition time 
(TR). Gray matter has a shorter relaxation time than CSF, and therefore it appears 
brighter on a Tl weighted image. 

Figures (1-21 a and b) are an example of images acquired using two different 

repetition times 300 and 4000 ms respectively. Using very long repetition times, one 
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allows the longitudinal magnetization to recover to its equilibrium value. Therefore, Tl 

effect will be reduced since relaxation of most of the material has occurred regardless of 

the time constant. Short echo times are used to minimize the T2 effect in the acquired 

MR images. 
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Figure 1.21 (a) Brain images acquired using repetition time of 300 ms. 
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Figure 1.21 (b) Brain images acquired using repetition times of 4000 ms. 
Increased repetition time allows more time for the transverse magnetization to relax to 
its original state. This increases the MR signal from a given tissue. 
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Three dimensional plots of the effect of repetition time (TR) as well as echo time 

(TE) are shown in figure (l-22a). The contrast between two materials gray matter and 

CSF are also illustrated in figure (l-22b). At increased echo times, T2 weighting 

increases and therefore, CSF will look brighter since it has longer T2 value. Increased 

repetition time also reduces the sensitivity to Tl of the material. The combined effect 

can cancel each other and at some selected echo time and repetition time, the contrast 

between the two materials is nulled. 
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Figure 1.22 (a) Three dimensional plot of the effect ofb6th TR and TE imaging 
parameters in MR. 
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Figure 1.22 (b) A plot of the contrast shows that gray matter will look brighter 
than CSF at short repetition times and darker at longer repetition times. Signal 
intensities are normalized to be one for CSF when repetition time is infinite. 

The final MR image is a combination of all of the effects associated with the 

proton density, T1 and T2 parameters. It is not possible to acquire pure proton density, 

T1 or T2 MR images. However, it is possible to enhance one of these parameters. 

Table (1-4) is a list of various tissues and their appearances on T1 and T2 weighted 

images. T1 weighted image refers to image mostly dominated by T1 contrast. T2 
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weighted image refers to an image mostly dominated by T2 contrast, and proton density 

weighted image refers to an image mostly dominated by the proton density contrast. 

I 

Signal Intensity T1 Weighted T2 Weighted 

Brightest (High) Fat CSF or Water 

Darker Marrow 

White Matter Gray Matter 

Gray Matter 

Darker CSF Whit Matter 

Water Fat 

Bone Bone 

Flowing blood Flowing blood 

Darkest (Lowest) Air Air 

Table 1.4 Appearance of various biological tissues on T1 and T2 weighted MR 
images. 
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In table (1-4), air appears darkest in any imaging modality since it has no 

protons to emit a signal. Water is brightest on T2 weighted images because it has the 

longest T2 value. Fat is brightest on the T1 weighted images as it has the shortest T1 

value. Moving blood appears dark since its motion causes the spins to dephase, which 

leads to decreased signal intensity. Certain pulse sequences can be used to compensate 

for such motion artifacts [59]. In figure (l-19b) the CSF appears brighter in the image 

even when it is flowing through the ventricle to the spinal subarachnoid space. The 

pulse sequence in this case is modified to compensate for the phase dispersion resulting 

from the motion of the water molecules of CSF. 

Solids in general have a short T1 and very short T2. Since solids such as teeth 

have a short T1, they are expected to give high signal intensity in a T1 weighted image. 

This is not true, however, since the T2 value is extremely short relative to practically 

achievable TE values which results in a very quick decay of the teeth signal, for 

instance. The only method to enhance the MR signal for imaging the teeth is by using 

ultra short echo times. 

The signal intensity generated by a spin-echo pulse sequence is derived, as will 

be discussed in section (2-10) below, by the application of steady state conditions to the 

Bloch equations. One obtains the expression: 

Signal intensity = Mo exp(-TEff2) [1- exp(-TRfT1)] 
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Examining this equation, one realizes that in order to obtain a proton density weighted 

image with minimal TI and T2 interference, the second and third terms have to be one. 

In other words, we need to use the minimum possible echo time and the maximum 

possible repetition time. The ideal case is obtained ifTE is zero and TR is infinity. 

Neither of these conditions are possible since we need a finite amount of time for 

encoding the "k" space prior to reading the data. The repetition time (TR) can not be 

infinity since we need to repeat the experiment a finite number of times in order to 

collect enough data to reconstruct the MR image. The T2 weighted images can be 

obtained by increasing the echo time. The II weighted images can be obtained by 

reducing the repetition time. 

Similar studies and analyses can be performed on other pulse sequences such as 

inversion recovery, which adds inversion time as an additional parameter, and gradient 

echo imaging, which adds the flip angle as an additional parameter. The sensitivity of 

an MR image to Tl and T2 becomes more complicated when short repetition times are 

used. As the transverse relaxation is (usually) not completely spoiled prior to the 

application of an rf pulse, the newly excited magnetization adds to the existing one 

causing a modification to the received MR signal. The rf pulses and waiting times in a 

sequence manipulate the spin system inside an MR scanner; they can be considered as 

the building blocks for an MR pulse sequence. Combinations of these components can 

be used to create various sophisticated pulse sequences, such as partial flip angle with 



inversion time, to obtain an MR image. The outcomes of complex pulse sequences, 

however, are not reliable and are very hard to predict, since the theory and most of the 

assumptions fail in these cases. 
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1.5 MRI system 

Typical MRI systems consist of four different components: a magnet, a magnetic 

gradient system, a radio-frequency system and a control computer. 

Magnet 
Gradient System 

Computer 

RF System 
~ller 

Figure 1.23 MRI system block diagram. The main four components of an MRI 
system are the magnet, RF system, gradient system and a computer. 

The magnet is the most important part of the system and has the strongest impact 

on an MR system. The magnet causes the spins to align and precess about its axis at the 

Larmor frequency. NMR tissue parameters have been found to be very sensitive to 

magnetic field strength [32]. 

The gradient system is the part of the system that modifies the strength of the 

local magnetic field and leads to a unique definition of the planes along the gradient 

field. The gradient system is used for encoding the space inside the magnetic field as 

------ --- - ----- ---
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discussed in section (1-3). The rfsystem is used to excite spins from a low energy state 

to a higher energy state. This is analogous to tilting the magnetization from the 

longitudinal direction to the transverse plane. The computer system controls both the rf 

and the gradient system via a pulse sequence program. In a typical sequence, an rf 

pulse is applied for a short period of time (milliseconds) during a slice selection gradient 

(G-SIice) pulse, which lasts as long as the rfpulse is on. A phase encoding gradient 

pulse (G-Phase) is then applied and followed by the data acquisition. A third gradient 

pulse is applied during the data acquisition in order to frequency (spatially) encode the 

received signal (G-Read). Figure (1-24) is a plot of a gradient-echo pulse sequence. 

The computer controls the timing of the sequence of events, controls the data 

acquisition, and controls the image reconstruction as well as the display and the 

postprocessing activities. 
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Figure 1.24 A plot of a typical gradient echo pulse sequence with an echo time 
of 11 msec and a repetition time of 19 msec. The experiment is repeated N times to 
acquire an image matrix with N x N elements. 

1.5.1 Magnet 

The magnet design is one of the most difficult and most challenging parts of 

building an MRI system [47,60]. The difficulty arises when we set the standards of 

extreme homogeneity over a large volume to host a human body. Depending on the 

requisite magnetic field strength, various magnet designs have been developed. 

Pennanent magnets are mostly available for lower field MRI scanners ( less than 100 

mTesla). Electric magnets can be ramped up to a few hundred mTeslas. The most 
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common magnets used for MRI systems are superconducting magnets. They have been 

tested up to four Tesla in clinical scanners. 

Figure 1-25, A diagram of an MRI scanner. A donut shaped magnet with a 
gradient coil in the center. The patient is placed into the magnetic field in preparation 
for an MR scan. Typical bore size is about one meter. The length of the tunnel is 
approximately one and a half meters depending on the magnet design. A cutoff-view of 
the magnet is shown in this figure. 

There are sets of advantages and disadvantages which come with each magnet 

selection. High magnetic fields are only possible with superconducting magnets. The 

cost of such a system is high; it requires liquid gases (Helium, Nitrogen or both), and it 

can quench which can cost a lot in terms of money and time to fix. Quenching is a 

process during which the superconducting coil turns resistive. This could happen due 
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to the presence of an air bubble in the cooling media surrounding the cables of the coil. 

Large currents of the order of 1200 Amps are running in the cable. A slight resistance 

in the path would lead to large power dissipation which leads to further temperature 

elevation. The cooling liquids rapidly boil off and the entire magnet could burn. 

Protection techniques have been developed to prevent magnet coils from burning, 

nonetheless, quenching the magnet is a very costly accident. 

The resistive magnets, on the other hand, are relatively inexpensive, can be 

turned off, and are very reliable. Moreover, they do not need any liquid gases for 

cooling. However, these resistive magnets have limited strengths and limited 

homogeneity. They need cooling and quality power supplies with high power 

consumption (50 kW). The permanent magnets are inexpensive, have no power 

consumption, do not need major power supply or cooling, and have no chance of 

quenching. Most important of all, they have good patient access, which is particularly 

good for claustrophobic patients. The disadvantages of the permanent magnets are their 

limited strength and uniformity. The magnetic field distribution can also drift with time 

due to the finite life time of the magnet. 

The host magnet must be large enough to accommodate the gradient coils and 

must leave enough room for an average sized patient. As noted previously, it is 

customary to define the "z" axis as the axis along the static magnetic field. Shimming 

coils of various shapes and sizes are placed inside the magnet in order to improve the 
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homogeneity of the magnetic field within the volume of interest. Homogeneity of less 

than 5 ppm over a 50 cm spherical volume is a reasonable value. This calculates to 

about 320 Hz over such a large volume in a 1.5 Tesla magnet. 

1.5.2 Gradient system 

The gradient system consists of three coils and their power supply. The power 

supply is controlled by the computer; the latter initiates the production of a gradient 

pulse. The three gradient coils are placed such that each of them produces a gradient 

magnetic field perpendicular to the other two [47]. The geometry dictates that there are 

two different gradient designs, one for the "z" direction and the other for the "x" and "y" 

gradients. 

Figure 1.26 A diagram of a typical "Z" gradient coil. 
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The "z" gradient coil consists of two coils as shown in figure (1-26). The same 

current passes through both coils. The coils are arranged so that the magnetic field 

produced by one of the coils opposes the other. In a plane halfway between the two 

coils, the additional resultant magnetic field is zero. The location of the coils is chosen 

so that a linear gradient region is located over the imaging volume. 

Similarly to the "z" gradient, "x" or "y" gradient coils have two opposing 

currents that create opposite magnetic fields. The net magnetic field at a plane in the 

middle is zero. It is very important to notice from the diagram that the produced 

magnetic field is in the "z" direction as shown in figure (1-27). The gradient direction 

(change in the magnetic field) is in the "x" or "y" direction depending on the positioning 

of the coils. The "x" diagram is exactly the same as the "y" gradient coil. Either of 

these coils is rotated 90 degrees about the "z"axis. 
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Figure 1.27 Diagram of "y" gradient coil. 

From classical electromagnetics, changing magnetic fields create eddy currents 

in the material through which the magnetic field is present. In an MRI experiment, the 

gradient continuously switch in order to encode the image. The induced eddy currents 

generate their own magnetic field, which is superimposed upon the applied magnetic 

field. This leads to severe image distortion. Various techniques have been proposed by 

designers to compensate for these induced currents. These include reshaping the 

gradient pulse to compensate for the eddy currents. A newer method has been proposed 

by Bowetel and Mansfield that involves placing an array of actively driven wires on a 



cylinder surrounding the gradient coil [61]. Their technique is known as "Active 

Magnetic Screening". 

1.5.3 RF system 
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The RF system consists of an rf power supply, a coil and the associated tuner 

circuitry. The same coil is usually used for receiving and transmitting the rfpower. 

There is a body coil present in the bore of the magnet. This coil can be used for large 

body samples. It can also be used as a transmitter with a surface coil as a receiver 

placed close to the object of interest. Coils are built in various shapes and sizes to fit 

around the organ of interest. The signal received by an rf coil is proportional to the 

resonance frequency, the transverse magnetization, the NMR characteristics of the 

sample, the quality factor and the filling factor. The filling factor is defined as the ratio 

of rf magnetic energy stored in the sample volume to the total rf magnetic energy stored 

by the coil. The quality factor is defined as the ratio of the maximum energy stored in 

the coil to the average energy dissipated per radian. On the other hand, the noise 

received by the system is proportional to the thermal noise and is dominated by the 

sample resistance. 
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1.5.4 Computer System 

The processes associated with an MRI system that have been described in this 

chapter are rather involved. Accurate timing is essential if high quality MR images are 

to be obtained. All of the MR scanners available in the commercial market place are 

run using computers modified specifically for that purpose. The following is a 

summary of the various characteristics necessary in an MRI computer: 

1. Parallel control of the various gradient and rfsystems as well as the large number 

of peripherals necessary to support patient care. 

2. Parallel acquisition/image reconstruction capabilities. 

3. Large number of fast access memory banks to acquire data quickly. 

4. Sizable hard disk to hold all of the patient information collected during an MR 

scan. 

5. Reliable systems. 

Figure (1-28) is a block diagram of an MR scanner. The magnet site contains the 

magnetic gradient coils, rf coils for receive and transmit as well as small coils to 

improve the inhomogeneity of the static magnetic field. The main computer controls 

the gradient waveforms, rf amplifier as well as data transfer and image reconstruction. 
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CHAPTER 2 

COMPUTER MODELING AND FAST IMAGING IN MRI 

Initial work in Fourier imaging was based on the concept of steady state 

formation. The continuous application of rf pulses leads to the formation of a steady 

state. This phenomena was originally described by Carr in 1958 [14]. Professor Carr 

used the principle that when the steady state is established, the net magnetization prior 

to the application of any rfpulse is the same. He put the rfpulse and Tl,T2 effects in a 

matrix form and explained the received signal in an NMR system with this matrix 

representation. Dr. Ernst later, around 1965, treated the same problem in more detail 

and derived an expression for the steady state magnetization [18]. 

The result of Carr's work was utilized in a clinical MR scanner by Haase and his 

colleagues in the mid 1980s as they introduced the East Low Angle SHot (FLASH) 

pulse sequence [69]. This pulse sequence is also known as Spoiled GRASS (Qradient 

Recalled Acquisition using Steady State). The introduction of this pulse sequence was 

an important step in reducing imaging time as shown in table (2-1). The resultant 

sequence produced images with very interesting contrast characteristics. Further 

development led to the development of various forms of the pulse sequence that 

produced reasonable image quality with modified contrast. In the next few sections, we 

---- --- -- -----
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will derive the steady state equation; describe the various pulse sequences that are based 

on this concept; and describe a computer program developed to simulate these pulse 

sequences. 

The computer program is unique in many aspects. It is the fIrst computer 

program, toour knowledge, based on simulating actual phase encoding gradients. As 

will be discussed later, when short repetition times are used, it takes a considerable 

number of pulses to drive the magnetization into steady state. Since data is acquired 

during this period of time, the received signal will be modulated according to the NMR 

characteristics of the sample. The computer program is the only method of predicting 

this effect on an MR image. At the end of this chapter we will suggest a new pulse 

sequence based on varying the flip angle from one repetition time to another. we will 

also provide some experimental results and compare them with computer simulations. 

~yl~~ S~~Y~n~~ ImS!~in~ lim~ CQnl~l 

Spin Echo few -10 Minutes Proton Density, II or T2 

Gradient Echo Fraction to 5 Minutes 
Combined with slight 

emphasis on T2* or Tl. 

Hybrid scan 
Less than 4 Minutes 

Proton Density, T1 and T2 
(Fast Spin Echo) (Artifacts arise due to the 

nature of the sequence). 

Echo Planar Imaging Less than 100 ms. 
Proton Density, II with 

some T2 effects 

Table 2.1 A list of pulse sequences, imaging time and their possible image 
contrast. 
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2.1 Steady State Free Precession 

The continuous application of rf energy leads to fonnation of a steady-state 

magnetization. In steady state, it is assumed, as shown in figure (2-1), that the 

magnetization prior to the application of an rf pulse is always the same, i.e. M· (n+l) = M· 

(n). Where M- (n+l) is the magnetization vector prior to the application of rf pulse number 

(n+I). 

TR 
( 

Figure 2.1 Two consecutive rfpulses separated by the repetition time (TR). The 
steady state assumption implies that the net magnetization is the same prior to the 
application of any rf pulse. 

We start by defining two matrices, the pulse matrix and the relaxation matrix. 

We assume that the rf pulse is applied along the positive "x" axis in a rotating frame at 

the resonance frequency of the spins of interest. The pulse matrix then is a rotation 

matrix about the "x" axis: 

[ 
1 0 0] 

P = 0 cos(a) -sin(a) 

o sin(a) cos(a) 



When an a degree rf pulse is applied, the x component of the magnetization is not 

affected since the direction of the rf pulse is along the "x" direction. The other two 

components are modified such that: 

M;=M-; 

M; =Mycos(a)-M~sin(a) 

M; = Mysin(a) + M~cos(a), 
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where, Mx +, My +, Mz'" are the three components of the magnetization after the application 

of an rf pulse, and Mx·, My· and Mz· are the three components of the magnetization prior 

to the application of an rf pulse. In figure (2-2), the effect of the rf pulse on the 

magnetization vector is illustrated. Assuming the M· magnetization vector is pointing 

in some direction prior to the application of an a degree rfpulse ,figure (2-2a), the 

three components of the magnetization can then be calculated by taking the projection 

of the vector on each of the three Cartesian axes. Assuming for simplicity, the 

magnetization vector was in the "yz" plane, the rf pulse will cause the magnetization to 

rotate about the "x" axis by a degree. It is possible to visualize that each of the 

components is affected individually by the rfpulse. The new components of the 

magnetization can then be graphically calculated as shown in figure (2-2b). Finally, the 

net magnetization vector can be reassembled and M+ magnetization vector is calculated 

as shown in figure (2-2c). 
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The "x" component of the magnetization will not be affected in any case, since 

the rfpulse is assumed to be applied along the "x" direction. 

z 

(a) 

rfPulse 
------> 

z 

(b) 

y 

(c) 

Figure 2.2 An illustration of the effect of an "x" directed a. degree rfpulse on 
the magnetization. a) magnetization prior to the application of an rf pulse; b) the effect 
of the rf pulse on individual components of the magnetization; and c) reconstruction of 
the magnetization vector from its components. 

The inverse rf pulse matrix can be calculated simply: 

[ 
1 a 0] 

p = a cos(a.) sin(a.) 

a -sine a.) cos( a.) 

The relaxation matrix is defined as R: 
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where ~ = exp (-tff2) and EI = exp( -tffl). The term P(t) is the dispersion angle of 

the spins in the transverse plane [70] due to frequency distribution within the pixel. 

In an MRl experiment, an rf pulse is applied and then relaxation time is 

observed prior to the application of the next rf pulse. TIlls experiment can be expressed 

in a matrix form using the two matrices P and R and we can obtain the following: 

~+ [ 0 1 where, RMn + 0 is a propagation term during a time period t. 
Mo(l-El) 

Since we are assuming that: M· (n+l) = M" (n)' as well as M+ (n+l) = M+ (n). The 

previous equation can be rearranged and the magnetization vector can be factored out, 

and we have: 

The inverse pulse matrix can be combined with the relaxation matrix to obtain the 

following expression: 
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[ 
1 0 0] [E2COS(~) -E2Sin(~) 0 ] 

D = p-I - R = 0 cos(a) sin(a) - E2Sin(~) E2COS(~) 0 
o -sin(a) cos(a) 0 0 EI 

The D matrix can be rewritten as: 

The determinant of the matrix Dis: 

IDI = (l-E2 cos(~» (cos(a) - E2 cos(~» (cos(a) - EJ)-

(-sin(a»(sin(a»(1-E2 cos(~» - (cos(a)-EJ) (-E2 sin(~» (E2 sin(~». 

= (l-E2 cos(~» (cos2(a)-EJ cos(a)-E2 cos(~) cos(a) + EJ ~ cos(~» + 

= (I-E2 cos(~»(1-EJ cos(a» + (l-E2 cos(~» (-~ cos(~) cos(a) + EJ ~cos(~» 

= (I-E2 cos(~»(l-EJ cos (a» + (-~ cos(~) cos(a) + EJ ~cos(~» 
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= (l-Ez COS(~»(l-El cos(a» + (-E2 COS(~) cos(a) + El ~COS(~» 

= (l-~ COS(~»(1-El cos(a» + ~ (COS(~)(El-COS(a»-~(EI-COS(a» 

= (l-E2 COS(~»(1-El cos(a» + ~ (El-COS(a»(cos(~)-~) 

the detenninant D reduces to : 

JDJ = [l-Ez cos(~)] [l-El cos (a)] - E2 ~-cos(P)] [El-cos(a)] 

The matrix D can be inverted in order to calculate the steady state magnetization 

components immediately after any rfpulse. We can write the inverse matrix in the 

fonn: 

Since the inverse D matrix is multiplied by the longitudinal relaxation matrix in order to 

derive an expression for M+ (n), the first two columns of the inverse matrix D do not 

contribute to this expression: 
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We can calculate the third column of the inverse matrix D: 

DJ3 = ~ sin(a) sin(~) 

DZ3 = - (-sin(a» (l-~ cos(~» 

= cos(a) (l-~ cos(~» - ~ cos(~» + E/ cosz(~) + E/sinz(~) 

= cos(a) (l-~ cos(~» - Ez (E2 - cos(~» 

The three components of the net magnetization in steady-state just after the application 

of the rf pulse are therefore: 

M+ = E2Sin(~)sir(a)M (1 - E ) 
x 101 0 I 

M+ - -sir(a)[I-ElcoS(I3)]M (1 - E ) 
y - 101 0 I 

M+ - coS(a)[I-Elcos(I3)]+El[E2-coS(I3)]M (1 - E ) 
= - 101 0 I 

Multiplying the matrix D with the inverse rf pulse, we can obtain expressions for the net 

magnetization components just prior to the application of an rf pulse in steady state. 

[ 
M- ] [ M+] [1 0 0][ M+ ] M; = p-I ~ = 0 cos(a) sin(a) M; 
M~ M~ 0 -sin(a) cos(a) M~ 
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Finally, the three components are: 

My = M;cos(a) + M;sin(a) 

M- = Mo(1-EJ)sin(a)E2[Er-cos(J3)] 
y IDI 

and 

M; = -M;sin(a) + M;cos(a) 

or, 

There are four different special cases which can be deduced from the previous two sets 

of equations ( magnetization prior to rf excitation and post rf excitation). The four cases 

are summarized in table (2-2) and discussed in detail below. 
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~ in M· ~ in M· CQmm~nls· 

0 Dephased 
The magnetization is dephased at the end of a 
repetition time sequence, (Spoiled GRASS). 

Signal is proportional to new transverse 
magnetization only. 

0 0 
Build up of magnetization (FISP). 

Signal is proportional to new transverse 
magnetization and previous transverse 

magnetization. 

0 Constant 
Buildup of magnetization (F ASn. Signal is 

proportional to new magnetization and previous 
magnetization. 

Constant Constant 
Only build up magnetization (CE-F AST) contribute 

to the MR signal. 

Table 2.2 Summary of four steady states conditions which can be fonned when 
repetitive rf pulses are applied. 

2.1.1. Spoiled-GRASS (FLASH) pulse sequence 

In this pulse sequence a gradient magnetic field is applied at the end of a 

repetition time in order to spoil the spins in the transverse plane [73]. The received 

signal is therefore dependent on the newly excited spins. The pulse sequence is 

illustrated in figure (2-3). Mathematically, the detenninant JDJ can be reduced to: 

JDJ == 1- El cos (a). 
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Spoiling the magnetization is equivalent to running a very long repetition time where 

dephasing is caused by the TI of the material. We can, therefore, set E2 to zero in the 

equations derived above for the magnetization prior or after the rfpulse. The "x" 

component of the magnetization is zero since the sin (~) = O. The transverse 

magnetization is the only component of interest since it is the one producing the signal. 

The signal's sensitivity to proton density, Tl and TI in this pulse sequence is obtained· 

from the resulting magnetization, My, expression: 

Mosin(a)(I-EI) -TElT2· 
l-Elcos(a) e 

An additional factor exp( -TEff2*) is added to this equation to account for the signal 

decay from the rf excitation to the center of the echo. Contrary to spin-echo imaging, 

in gradient echo imaging the gradients are reversed to refocus the spins in the transverse 

plane as explained in section (1-3). This procedure does not correct for any local 

inhomogeniety caused by static field inhomogenieties or by susceptibility effects due to 

tissue interfaces. The procedure does not correct for field changes due to the presence 

of metal particles within the volume of interest either. In spin-echo, a complete 

refocusing of these effects is achieved. The effective time constant TIo is defmed as the 

signal decay time constant due to the T2 effects as well as the effects of any other local 

field inhomogenieties [82]. 
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Figure (2-3) is a plot of the timing for the GRASS pulse sequence. The timing 

and control of the three gradients, the slice selection (G-Slice), phase encoding gradient 

(G-Phase) as well as the read gradient (G-Read) is essential. The analog to digital 

converter (ADC) digitizes the acquired data during the read gradient pulse. The time 

between the center of the fonned echo and the rfpulse is defined as the echo time (TE). 

The pulse sequence is repeated every repetition time (TR) as many times as necessary to 

fill the "k" space and reconstruct the MR image. 

RF TR RF 

G-Slice 

G-Phase 

G-Read 

Figure 2.3 Pulse sequence diagram for GRASS. Notice the killer gradients 
spoil the magnetization at the end of a repetition time. 
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2.1.2. FISP pulse sequence 

In this sequence, the spins are rephased prior to application of the rf pulse and 

after its application. Therefore, when new spins are excited to the transverse plane, 

they add to the existing spins from previous excitations [47,70,72,74]. Setting the value 

of P to zero in either of the expressions for the magnetization prior or after rf excitation 

we obtain the following expressions for the FISP pulse sequence: 

Again a factor is included to account for T2* decay effects during echo time delay. The 

pulse sequence diagram of this sequence is shown in figure (2-4). 



RF TR RF 

G-Slice 

G-Phase 

TE 

G-Read 

Figure 2.4 Timing diagram of the FISP pulse sequence. Notice all spins are 
completely rephased at the end of the sequence as well as at the beginning. 

2.1.3. FAST (ROAST) pulse sequence 
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In this sequence, the spins are dispersed at the end of the sequence. The spins 

however are not equally distributed in every direction. Therefore, there will be a net 

magnetization at the end of a cycle in this sequence. Newly excited spins will add to the 

existing magnetization. The final result can be calculated by integrating over all 
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directions (over 13 from -1t to +7t). An expression can be derived for the magnetization 

[70,71], and the final signal intensity is: 

M = Mosin(u) { 1 + J-cos(ura}e_TElno 

Y J+cos(u) Ja2-b2 

where, and b = [1 + cos(a)]E2 

Figure (2-5) is a timing diagram of the ROAST sequence. No rephasing 

gradients are applied after the echo acquisition. This leaves the spins scattered in every 

direction. The sequence will turn into a GRASS sequence iflong repetition times are 

used since spins would have been given enough time to equally distribute in all 

directions. 
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RF TR RF 

G-Phase 

TE 

G-Read 

Figure 2.5 Timing diagram of FAST pulse sequence. Note the rephasing 
gradients are missing to allow modest dispersion. Complete dispersion will make the 
sequence more like a GRASS pulse sequence. 

2.1.4. CE-FAST pulse sequence 

In a CE-FAST pulse sequence, the spins are rephased after two rfpulses [70,71]. 

The first rf pulse serves as an exciting pulse and the second as a refocusing pulse. The 

effect of spin echo is, therefore, expected. The effective echo time of this pulse 
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sequence is, therefore, (TR+ TE). An analytical expression for the resulting 

magnetization signal strength was derived by Van Der Meulen [70]. It has the form: 

M = Mosin(a){ 1 + [I-COS(a»)t:;-a}e-(TR+TE>tn 
y l+cos(a) Ja2-b2 

where, "a" and "b" are the same parameters used in the FAST expression. 

Figure (2-6) is a plot of two repetition times of the CE-FAST pulse sequence. It 

is essential to examine at least two repetition times to understand the derivation of the 

signal intensity. Spins excited during the first rf pulse will not contribute to the signal 

acquired after TE time since the gradient pulses A will cause spins to dephase. The 

second rf pulse, followed by the gradient pulses will refocus the spins excited using the 

first rfpulse. The echo will then be formed after TR+TE ms. 

It is important to notice that phase dispersion due to local field inhomogeniety is 

partially refocused since the time between the two rf pulses (TR) is not the same 

between the second rfpulse and the center of the echo (TE). 

----- -- ~ ~ --- ---
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, RF I( TR 

G-Slice/ I 

G-phase ' 

." ,...:... 

G-read 
--------------------~-----~ADC 

( 
TE-effective 

( 

Figure 2.6 A timing diagram for two repetition times of the CE-F AST sequence. 

The sensitivity of the magnetization signal to Tl and T2 changes is rather 

compilcated in the GRASS, FISP, FAST and CE-FAST pulse sequences. Moreover, 

none of the experimental results have proved the validity of these steady state 

expressions when short repetition times are used. Many reasons can explain the 

inaccuracy of these equations. The first is that it is not possible to measure Tl and T2 

precisely. Therefore, experimental results can not be properly matched with theoretical 

results. The second and more interesting problem is the steady state formation. During 
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image acquisition, steady state is assumed, and usually the preparatory period, (the 

period during evolution to steady state) is ignored. Since the preparatory period 

depends significantly on the NMR tissue parameters, the steady state assumption is 

invalid and the analytical expressions presented in the above pulse sequences do not 

describe the actual MR experiment. Numerical models are, therefore, essential to study 

the behavior of the spins in such pulse sequences. The actual signal can then be derived 

numerically as will be presented in the next section. 



2.2 Computer Simulation 

Dr. Hinshaw summarized the analytical solution of Bloch's equation in his 

paper titled" An Introduction to NMR Imaging: From the Bloch Equation to the 

Imaging Equation" in 1983 [35]. He separated the two parts of the MR experiment 

(excitation and relaxation) and treated each of them separately. Dr. Hinshaw solved 

Bloch's equation for the excitation portion in a rotating frame, and he ignored the 

relaxation effects completely. The latter was achieved by assuming that the phase is 

much shorter than any relaxation time for the biological materials of interest, one 

obtains: 

where (O} = 2rry B} and B} is the strength of the applied rffield. 
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Dr. Hinshaw then solved Bloch's equation during the relaxation portion of the 

experiment in the laboratory frame and found that the spins precess about the applied 

static magnetic field at the Larmour frequency. He included the T2 decay as an 

exponential factor to modulate the motion of the spins. The resulting magnetization 

expression is: 



Mx(t) = e-t!12 {Mx(O)cos(coot) - My{O)sin(coot)} 

My(t) = e-tln {Ml(O)Sin( coot) + My{O)cos( coot)} 

M:(t) = Mz(O)e-tln + Mo(l - e-t!ll) 
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In imaging, Dr. Hinshaw and others [18,35] used the previous equations along 

with the steady state assumption described in section (2-1) in order to obtain an 

analytical solution for Bloch's equation. The solution is valid only as long as the steady 

state assumption holds. Relatively long repetition times ( > Tl) cause most of the tissue 

signal to establish steady state at the end of a repetition time. The steady state 

assumption, therefore, is valid in most traditional sequences. However, newer 

generation pulse sequences such as GRASS (FLASH) [69] use a very short repetition 

time. Therefore, steady state is not established for a long time after the continuous 

application of rf pulses. Numerical solution is, therefore, essential in order to obtain a 

better solution to the imaging equations. 

A computer program was written to account for the evolution of the 

magnetization from its initial stages to a steady state condition and its effect on the MR 

image quality. The program uses the equations derived by Dr. Hinshaw in order to 

calculate the effects of the rfpulse application. The relaxation effects are then taken 

into account and the sequence continues. The program was written as the foundation for 

an imaging program. It consists of four main parts: phantom generation, calculations 

of the effects of the gradients, generation of the rfpulse sequence, and then finally 
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calculating the response of the NMR sample defined by the phantom generation 

program. A Fourier transform is applied to the calculated data to reconstruct the MR 

image. In its present state, the program works in one dimension and collects data during 

the application of a phase encoding gradient. A one dimensional Fourier transform is 

then applied to calculate the profile. The calculated profile is compared with the 

original phantom in order to derive a system response to the rf and gradient pulses 

applied during this numerical MR scan. Figure (2-7) is a block diagram of the computer 

program in its present form. 

I Phantom.EXE I Rfgen.EXE J 

rf.dat 

I Disp.EXE I 

Phantom.dat disp.dat 

Phantom.dat Signalf.dat 

For Comparison 

Figure 2.7 Block diagram of the computer program written for simulating an 
MR scan. 
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Both programs rfgen.exe and phantom.exe are very simple Fortran programs 

written to create data files which can be read by the scan program in order to simulate 

the collected MR data. The "phantom.exe" program creates the file "phantom.dat". In 

MRI, the space is digitized into small parts, each is referred to as "pixel". The data file 

"phantom.dat" contains 128 elements each represents a pixel along the numerical 

sample. The "pixel location" then refers to the location of the corresponding pixel in 

space and its order in the data file. Each line in the data file consists of four columns: 

pixel location along the profile, the second is the proton density, and the third and fourth 

are, respectively, the time constants Tl and T2 of the sample at that pixel location. The 

"rfgen.exe" program creates the file "rf.dat". This data file contains four columns: the 

first is the rfpulse number, the second column is the strength of the rfpulse, the third 

column is the relaxation time to follow the rf pulse, and the last column is a flag in order 

to signal the scan program whether the rf pulse is a dummy pulse or data to be 

simulated. 

The "disp.exe" program needs to be executed once to create the data file 

"disp.dat". The full simulation program will assume that a 128 element array is to be 

simulated. This program will calculate the phase dispersion within a pixel that is 

collected after the application of a phase gradient. In imaging, as described in the first 

chapter, various gradient strengths are applied for a fixed period oftime. The effect of 

the gradient is to cause the spins to dephase. The program will calculate the factor by 
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which the magnetization signal will be reduced due to the applied dephasing. The file 

"phase.dat" has two columns, the first indicates the location along the phase encoding 

axis in the "k" space and the second contains the phase factor. The phase factor is 

calculated under the following assumptions: 

• Assume we have applied a phase encoding gradient along the "x" direction of our 

MR sample. The resonance frequency of a pixel is, therefore, modified by the 

change in the magnetic field. 

Assume we also have N number of spins within each pixel. Since there is a magnetic 

field gradient within the pixel, the spins will dephase. The amount of dephasing is 

proportional to the magnetic field gradient strength as well as the period of time 

during which the gradient field is applied. The length of the phase encoding gradient 

is usually constant. Its strength determines the location along the phase encoding 

axis of the "k" space. 

. Assume that the N spins are distributed evenly across the pixel, or equivalently, that 

the dispersion will be uniform across the dispersion angle as illustrated in figure 

(2-8). 



x 

d 

Leads to an increase in the resonance frequency 

Figure 2.8 An "x" directed magnetic field gradient is applied for a period of 
time and leads to phase dispersion within a pixel and a change in the resonance 
frequency of the spins in the pixel. 

Finally, the resulting dispersion factor is : 
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where N is taken to be a constant number of spins in each pixel. Figure (2-9) is a plot of 

the various dispersion factors calculated at different gradient strengths. The dispersion 

factor simulates the effect of phase encoding in an MR scan, and hence, the different 

frequencies along the phase encoding axis of the "k" space. 



71 81 91 101 111 U1 

Phase Encxxfing 

Figure 2.9 A plot of the dispersion factors "DISP.DAT" along the phase 
encoding axis of the "k" space. The dispersion is highest at the higher k values since 
stronger gradients are applied. 

The program "scan.exe" reads in all of the previously created data files and 

calculates the signal that can be received at every "k" space value along the phase 
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encoding axis. It is possible to select the method by which the "k" space is filled. This 

means the user can select continuous filling from negative high frequencies to positive 

high frequency values (normal acquisition); low frequencies first followed by higher 

frequencies. alternating between positive and negative (Centric acquisition) 
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frequencies; or inversely (inverse centric acquisition), where the higher frequencies are 

acquired first followed by lower frequencies as illustrated in figure (2-10). 
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High negative frequencies High positive frequencies 
( LOW F requenaes ) 

Figure 2.10 Phase encoding axis in the "k" space. Three different techniques 
are used in filling the "k" space: normal acquisition (a), centric acquisition (b) and 
inverse centric acquisition (c). The order of data acquisition for each approach is 
labeled in brackets. 

When steady state conditions actually exist, there should be no difference 

between the three schemes illustrated in figure (2-10). The difference will be very 

apparent when the steady state conditions are violated as will be seen in later examples. 

The "scan.exe" program will implement whatever scheme is prescribed in the "rf.dat" 

file. The program will apply the prescribed rf pulse on each pixel in the "phantom.dat" 
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file followed by the prescribed relaxation period until the one dimensional "k" space is 

filled. A one dimensional Fourier transfonn is then applied in order to calculate the 

phantom profile. Figure (2-11) is a flow chart of the program "scan.exe". 
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Figure 2.11 Block diagram of the program "scan.exe". Where Fk is attenuation 
factor, a k is rf flip angle, Pj is relaxation factor in pixel j, CPj is the phase of pixel j, an 
exponential factor is included to account for T2 signal decay during TE. 

Figure (2-12) is a profile of a phantom created by the program "phantom.exe". 

The imaging phantom was tested with a GRASS pulse sequence executed using the 
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simulator. The final result is shown in the same figure. Gibbs artifacts are apparent 

since the original phantom was created with very sharp edges. Materials with the 

shortest T1 appeared brightest as expected since a relatively short repetition time was 

used. 
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Figure 2.12 Phantom profile created using "phantom.exe" program consisting 
of three different materials with three different T1 values (Solid line). The program 
"scan.exe" is executed and the resultant profile is placed on top of the original profile 
(dashed line). A spin echo pulse sequence is used with a relaxation time of 300 ms and 
minimum echo time, TE=IO ms. Notice that, Gibbs artifacts are present due to the 
sharp edges of the assumed profile. Also notice that the material with the shortest T1 
appeared brightest. 

The computer program was tested against actual MR experiments as well as 

anal)'1ical solutions derived using the steady state free precession ~su."Ilption. A human 
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volunteer was used as a subject after the appropriate consent was obtained. Proton 

Density, Tl and T2 values of the brain white matter were calculated using the 

Carr-Purcell-Meiboom-Gill (CPMG) [13,14] technique [see also appendix "A"]. A 

"phantom.dat" file was then created using the measured results. The program 

"scan.exe" was run afterwards multiple times, each run having a different relaxation 

time. The calculated signal normalized to unity when repetition times of four seconds 

were used and plotted normalized against the experimental results and the analytical 

expression derived with the steady state assumption. The results are shown in figure 

(2-13); agreement is satisfactory. 
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Figure 2.13 Results from the computer program correlated well with 
experimental and analytical expectations for a regular spin echo pulse sequence. 
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2.3 Numerical Solution of SSFP 

In section (2-2), a computer program was described which solves Bloch's 

equation during an MR scan. The results of the computer program were verified with 

analytical results and experiments using a known pulse sequence (spin echo) with a long 

repetition time. The long repetition time allowed the spins enough time to relax (steady 

state formation). 

As discussed in sections (2-1) and (2-2), the steady-state assumption fail when 

short repetition times (comparable to Tl values) are used. The following are three 

examples to illustrate the use of this numerical model when the steady state assumption 

is not valid. Firstly, the sensitivity of the signal intensity to flip angle changes in the 

GRASS pulse sequence was investigated. Secondly, a new pulse sequence in which the 

flip angle varies (variable flip angle) from one repetition time to another was 

investigated. Thirdly, the variable flip angle pulse sequence was combined with the 

inversion recovery technique in order to obtain enhanced contrast between tissues. In 

the first example, analytical and numerical results were compared. Numerical and 

experimental results were compared in the other two examples. 
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2.3.1 GRASS pulse sequence 

In section (2-1), an analytical expression was derived for the GRASS pulse 

sequence. A phantom file was created with a material of 400 ms longitudinal relaxation 

time (Tl). The GRASS pulse sequence was simulated with the "scan.exe" program 

using the traditional method of filling the "k" space starting at the negative high 

frequencies and continuing through the low frequencies to high positive frequencies. A 

very close correlation was observed between the analytical solution and the simulation 

results; this comparison is illustrated in figure (2-14). The same sequence was then 

simulated on a phantom which had a Tl value of 1000 ms. The comparison with the 

analytical solution is shown in figure (2-15). Discrepancies became clear between the 

steady state and the numerical solutions as Tl increased. The sequence was also tested 

on another phantom with a Tl of 2000 ms with similar results shown in figure (2-16). 
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Figure 2.14 compcu-ison between the analytical and numerical solutions for a 
GRASS pulse sequence. TR=12 ms. and Tl=400 ms. 
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Figure 2.15 comparison between the analytical and numerical solution for a 
GRA.SS pulse sequence. TR=12 ms. and Tl=IOOO ms. 
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Figure 2.16 comparison between the analytical and numerical solutions for a 
GRA.SS pulse sequence. TR=12 ms. and Tl=2000 ms. 
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In figure (2-16), it is clear that the analytical expression fails to predict the Ernst 

flip angle [15]. The Ernst angle is defined as the flip angle which produces the 

maximum signal intensity for a given II value of the material. This problem might 

become more complicated with complex pulse sequences. In the GRASS sequence, the 

pulse sequence is designed so that the residual transverse magnetization is completely 

spoiled at the end of a repetition time. Any other steady state free precession (SSFP) 

pulse sequence described in this chapter might have been misinterpreted completely 

\\-ith the analytical solution. 

There is another reason why the pulse sequence simulation program is important 

in studying pulse sequences. During the evolution to steady state, the magnetization 

changes from one repetition time to another. During the imaging sequence, the phase 

encoding axis of the "k" space is filled one line at a time. The modulation of the 

magnetization along that axis acts like a filter to the data. This filter is dependent on the 

sample and its NMR characteristics. Figure (2-17) shows the result of running the 

program "scan.exe" on a phantom consisting of three material, with three different II 

values (300, 600 and 1000 ms), respectively, from left to right. A GRASS pulse 

sequence is simulated with a repetition time of 15 ms. In this example, the T2 effects 

have been ignored for simplicity, i.e. we chose an echo time of 0 ms. We also assume 

that the proton density is the same for the three different materials. The data was 

acquired in the first scheme using centric ordering i.e., by starting with the low 
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frequencies and going to higher frequencies along the phase encoding axis. The other 

scheme used the inverse centric ordering. As explained in section (2-1), this technique 

collects the signal from the high frequency components first going down towards the 

center of the axis. The difference is clear between the two schemes. In steady-state free 

precession, this difference would not have been present and the process of encoding 

would seem more like a process of averaging. 
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Figure 2.17 Two profiles of the same phantom ran using the same pulse 
sequence with centric "k" space ordering (dashed) and inverse centric ordering (solid). 

Smoothing in the image is very apparent at the edges of the objects due to the 

filtering effect in the centric ordering scheme since low frequencies were collected first 

and the high frequency components were collected later. This effect occurs because the 
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signal had been decayed significantly due to the saturation of the magnetization towards 

later part of the imaging sequence. The smoothing effect is not possible to predict 

analytically since it is very dependent on the NMR characteristics of the sample and the 

imaging parameters. 

2.3.2 Variable flip angle imaging 

The long term work on the steady-state free precession pulse sequences and the 

efforts to model the MR scan led us to investigate the possibility of shaping the 

sequence of pulses to achieve certain effects in the images. This concept was promoted 

further since we had established that imaging using fast sequences consisted of an 

averaging process plus some filtering along the phase encoding direction. 

The first attempt was to design an rf pulse sequence in which the collected signal 

intensity is constant for a known T1 material throughout the imaging sequence. The 

goal of this experiment was to mimic steady-state conditions where magnetization is 

constant throughout the "k" space. Given the T1 of the material and the desired 

percentage of signal to be recovered, the sequence of pulses can be calculated to 

maintain the constant, predetermined percentage. Figure (2-18) is a plot of the sequence 

of 128 pulses with a repetition time of 10 ms designed to recover 17.5 % of the signal 

for fat tissue (T1=180 ms). In this particular example, it was assumed that the GRASS 



127 

type of sequence is used (transverse magnetization is completely spoiled at the end of a 

repetition time). The sequence of calculations can be described as follows: 

• The received signal is proportional to the projection of the magnetization vector onto 

the transverse plane ,i.e., or Signal = sin(a) M·z• Assuming the initial 

magnetization of the material is one. The desire is to receive 17.5% of the signal 

during MRI acquisition, therefore, 0.175 = sin( a l ) or a l = 10 degrees. 

· The magnetization components at the end of the first repetition time period (TR 1) 

are such that Mx = My = 0 by the assumption that the sequence is GRASS sequence. 

· The following rf pulse can be calculated by setting 0.175 to be equal to the recovered 

longitudinal magnetization times the sine of the new flip angle, i.e., M~sin(a2) to be 

equal to 0.175. Taking the inverse sine of this result, one obtains the value of the 

or, 

second rf pulse. The new longitudinal magnetization can then be calculated again at 

the end of the second repetition time (TR2). 

M; = MoP +e-TR1Jn[cos(al) -1]}cos(a2)e-TR2Jn +Mo(1-e-TK2Jn) 

• The process continues until 128 rf pulses are deduced as shown in figure (2-18). An 

Analytical solution is possible but the problem gets more complicated as more rf 

pulses are added to the sequence. 
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Figure 2.18 the sequence of pulses necessary to sustain 17.5% of the fat signal 
throughout the entire GRASS pulse sequence (TR=10 ms). The longitudinal time 
constant T1 of the fat is assumed to be 180 ms (table 1-2). 

The percentage of the signal set to be recovered is very crucial in obtaining the 

sequence of pulses. The solution of the variable flip angle sequence would have blown 

up had the vaiue been chosen to be 18%. This occurs because the sine of the flip angle 

necessary to maintain the signal at 18% is calculated to be greater than one after 104 

pulses. This is obviously not possible; one would have to use 90 degree rfpulses as the 

closest approximation. This would change the conditions that we have just set. Figure 

(2-19) is a plot of the derived rfpulses and figure (2-20) is the response ('f"the fat signal 

to the sequence for the 18 % case when 90 degree pulses are used after 104 rf pulses. 

The actual effect on the image can be evaluated by using the "scan.exe" program since it 
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will be strongly dependent on the frequency components collected at the time of the rf 

saturation. 
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Figure 2.19 plot of the rf pulse sequence necessary to maintain 18% signal 
level from the fat. The sine of the flip angle was higher than one after 104 rf pulses. 

Figure (2-20) is a plot oft~e profile when a sequence ofrfpulses derived with 

the assumption that 17.5% of the signal is recovered versus 18% of the signal is 

recovered. In this example, we used the inverse centric ordering scheme to maximize 

the effect in the contrast. This again highlights the importance of the computer program 

in simulating MR scans, as the image response will be different should any other data 

collection ordering scheme be used. 
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Figure 2.20 Two profiles ofa fat (Tl=180 ms) phantom acquired using the 
program "scan.exe". The output profile is plotted when the rfpulse sequence in 5gure 
(2-17) is used (dashed) and the rf pulse sequence in figure (2-18) is used (solid). 

The response of other tissue types to the same sequence of pulses was also 

investigated. Figure (2-21) is a plot of the received signal for both the fat and another 

tissue type (brain white matter is selected in this example). From table (2-1) the brain 

white matter has a longitudinal relaxation time (Tl) of390 ms at the same field 

strength. The acquired signal would therefore be as plotted in figure (2-21). The decay 

in the received signal of the brain white matter as illustrated in the figure might be an 

advantage or disadvantage depend!"!g on the application. Reduction in the signal could 
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improve the contrast, for example, between the fat and the white matter. It could also be 

a disadvantage as reduction in signal leads to degraded signal to noise ratio. This 

example was used to illustrate the importance of the computer program as a tool for 

analysis and testing. 
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Figure 2.21 A plot of the signal response for the fat tissue and brain white 
matter when the sequence of rf pulses in figure (2-18) is applied. 

A phantom data file was created with the two materials (fat and brain white 

matter) and the program "scan.exe" was run to produce profiles of the phantom in three 

cases, 1) the sequence described in figure (2-18), which we will refer to as the "ramp 

sequence", 2) a constant flip angle sequence of 1 0 degrees, and 3) a constant flip angle 

sequence of 30 degrees. The results of the three cases are shown in figure (2-22). An 

improved signal was apparent in the ramp pulse sequence. Experimental results on the 

-------- - --~---~-
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MR scanner showed similar results. An agar gel phantom was used for this test. Clear 

differences were apparent between the two cases: the constant flip angle and the 

variable flip angle images. 
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Figure 2.22 A plot of the profile across a numerical phantom consisting of fat 
(left) and brain white matter. These are results of computer simulations for the ramp rf 
pulse sequence (highest signal intensity for the fat), constant 10 degree rf pulse 
sequence lowest signal intensity for the fat), and a constant 30 degree rfpulse sequence. 
The repetition time was 10 ms. 

2.3.3 Inversion Recovery Variable Flip Angle 

The concept of variable flip angle is new. Other researchers have just recently 

began to investigate the concept [76-80]. Modifications suggested by various people 

include three dimensional imaging [80], segmenting the "k" space, and the application 
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of a 180 degree rf inversion pulse prior to the actual imaging sequence, as shown in 

figure (2-23). The inversion time (TI) is defined as the time between the inversion pulse 

and the actual image acquisition. The advantage of this inversion pulse is that TI can be 

adjusted to null the signal from a material with a specified T1 value. 

180 

Mo~~ ____ ~~,i~,,~,~ __ ~,~,,~, __ __ 

Figure 2.23 A timing diagram for an inversion pulse prior to a variable flip 
angle GRASS-like pulse sequence. 

The magnetization available prior to imaging can be calculated using the pulse 

matrix and relaxation matrices as described earlier in this chapter. The 180 degree rf 

pulse will flip the magnetization to the negative "z" direction. 

[
1 0 0] [100] P(180) = 0 cos(180) -sin(180) = 0 -1 0 
o sin(180) cos(180) 0 0 -1 

The magnetization will then relax at the rate of II. The magnetization prior to imaging 

is therefore: 
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or, Mz = 1-2 exp(-TIfT1). When Mz = 0 or exp(-TIfT1) = 0.5, we have a complete 

nulling of the longitudinal magnetization. Should imaging start at that time, no signal 

will be collected from tissues that have a longitudinal time constant Tl such that the 

ratio TIfT1 = 0.69 or TI = 0.69 II . 

This technique was combined with the variable flip angle technique to improve 

the contrast among certain tissues. To date, we are not aware of any other clinical 

results using this technique. The computer program described in this chapter was used 

to perform the analysis. The pulse sequence was tested on an agar gel phantom 

consisting of fifty tubes with various concentrations of contrast agent. The contrast 

agent affects the relaxation times (particularly the longitudinal relaxation time) of the 

materials. The different concentrations mimic the effect of having tissues with various 

TI and T2 values. The longitudinal Tl and transverse T2 relaxation time constants of 

each tube were determined using the CPMG technique [14,15], (see appendix nAn). 

The pulse sequence was written for the available clinical MR scanner General 

Electric 1.5 Tesla scanner. The phantom was scanned with inversion time of 300 ms. 

The GRASS-like sequence was run with a repetition time of 8 ms and a flip angle 

ramping up from 10 degree to 30 degree. 
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A numerical phantom was created using the NMR characteristics in table (2-3). 

Precise measurements of the phantom size were performed and used in creating the 

phantom. A variable flip angle sequence with increasing flip angle from 10 to 30 

degree with a relaxation time of 8 ms was created to follow an inversion pulse of 180 

degrees by 300 ms. The results of the simulation program are shown in figure (2-24). 

The profile can be closely compared with the experimental results. Figure (2-25) is the 

MR image obtained from running the pulse sequence on the clinical scanner. A profile 

is plotted through the five tubes. The computer program successfully predicted the 

contrast and the artifact shown in the MR image. 

Tube number 
Relative Proton II (ms) T2 (ms) 

Density (standard error) (standard error) 
(standard error) 

1 2797 (43.9) 403.8 (18.4) 157 (6.6) 

2 2805 (48.8) 267.4 (14.6) 109.5 (4.3) 

3 2842 (80.4) 667.9 (49.6) 176.5 (11.7) 

4 2834 (57.9) 349.5 (20.9) 124.5 (6.0) 

5 2874 (63.4) 391.6 (24.7) 134.9 (7.2) 

Table 2.3 NMR tissue characteristics of the five tubes of interest as measured 
using the CPMG technique. 
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Figure 2.24 Profile of numerical phantom created to simulate an inversion 
recovery variable flip angle pulse sequence. 
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Figure 2.25 An actual MR image obtained from an inversion recovery variable 
flip angle pulse sequence. The signal intensity profile taken along the same five tubes 
described in table (2-3) is plotted. 

The computer program seemed to have worked well in predicting the signal 

intensity and produced a reasonable image profile. It is particularly pleasing to see that 



the computer program predicted the artifact (elevated signal intensity) between the 

sample tubes. 
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There are many areas where this computer program can be helpful in studying 

pulse sequences. The power of the program stems from the fact that it uses no 

assumptions. Once the NMR tissue characteristics are given to the program, it uses the 

Bloch's equations to find the system response to the pulse sequence of interest. This is 

also the first program ( to our knowledge) that utilizes the phase encoding information 

properly. Most of the computer programs we know of that solve Bloch's equations do 

not account for the phase encoding. The filtering effect described above is therefore 

ignored in those programs. This attention to the phase encoding in our program is 

particularly useful in studying flow induced artifacts in images and improving the 

imaging system response. 

There are a few things that could be improved in the program; this includes the 

user interface. In its present condition, the user must know a lot about MRI in order to 

guide the scan as well as interpret the results. We have been experimenting with the 

computer language Visual Basic, and feel that the computer program can easily be 

imported to run under windows. The other drawback of this program is that it involves 

an enormous amount of computing which could take just as long as it does to actually 

acquire the MR image. It takes approximately 1.5 minutes to run this program on a 40 

MHz, 386 IBM-compatible computer. It took much longer on older versions of the 



system. We believe that with the improvement in hardware and the use of a math 

coprocessor, the program can be made to be a very practical educational and 

experimental tool. 
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Expanding the computer program to work in two dimensions will provide better 

visualization of the image artifacts. Furthermore, an additional artifact will arise from 

the presence of the read gradient and will be superimposed on the artifact that is already 

present. This can be very important in studying complex pulse sequences with motion 

artifacts. The presence of the read gradient defines planes of unique frequencies. The 

simulated signal is the net sum of all these frequencies. Therefore, the computer 

program can be expanded to simulate two dimensional MR scan by adding the sum of 

the signals emitted from the pixels along the read gradient modulated at the appropriate 

frequency. Two dimensinal Fourier transform is then necessary to reconstruct the final 

image. 
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CHAPTER 3 

ULTRASOUND SURGERY UNDER THE GUIDANCE OF MRI 

Hyperthermia has been under investigation for cancer treatment since late in the 

last century. Coley in 1893 attempted fever therapy on ten cancer patients [88]. Heat 

treatment of cancer tumors has come a long ways since then. The main goal has never 

changed, that is the delivery of energy to a targeted tissue. Whole body hyperthermia is 

probably the simplest method of treatment. Various hyperthermia induction techniques 

have been used such as hot wax bath, heated water blankets surrounding the patient, and 

the space suit [89]. In the three procedures, temperature elevation is caused by skin 

contact, and the entire body's temperature is elevated. Temperature is typically elevated 

using this technique up to 42 degrees for some period of time (30-90 minutes). Blood 

heating was also investigated as another method for whole body hyperthermia. Blood is 

passed from the femoral artery through a pump and heat exchanger and then fed back 

into the body .. 

The main difficulty with whole body hyperthermia is that the temperature is 

elevated throughout the whole body, which affects abnonnal as well as normal cells. In 

the early sixties, soon after the report of practical LASER action, work started on using 

----- ---- - ------.-
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a LASER for phototherapy of tumors. The interaction of a LASER field with living 

tissues is dependent on the light's intensity. The effects range from biostimulation 

(energy density < 4 J/cm2) to biosuppression, to non-thermal cytotoxic phototherapy 

with sensitizing agents (40 J/cm2). Thermal effects start at about (400 J/cm2
) and 

vaporization at 4000 (J/cm2) [90]. The work in this area slowed down considerably for a 

period of time afterwards, primarily due to problems of delivering the LASER energy to 

t.~e desired area in-vivo. Light energy attenuates as it propagates through the skin and 

layers of organs. While the absorption rate is dependent on the frequency of the light, 

damaging effects are expected at the entry of the LASER beam into the body. 

Advancements with fiber optics catheters have opened this door again for further 

research and development. Various groups around the world are now investigating the 

use of LASERs in cancer treatment. 

Radiofrequency hyperthermia has also been under investigation for sometime. 

One technique involves an array of stainless steel electrodes, which is inserted into the 

tumor. An AC voltage is then applied between the needles (frequencies 500kHz. -

2MHz.) [91]. In microwave hyperthermia small coaxial Illjcrowave antennas are used in 

place of the electrodes. Power is applied to this set of antennas in phase and at 

frequencies in the range between 600-2450 MHz. This technique has been successful 

and clinical results were reported by several groups around the world [92]. 
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Intense focused ultrasound heating, was proposed by Lynn et. al in 1942 [93]. 

Work on investigating the effects of ultrasound energy on nonnal tissue was continued 

by Fry, Lele, Lizzi and others. Investigation into using ultrasound energy to kill tumors 

started soon after. The problem with this technology is the difficulty of monitoring its 

effect during a procedure. In this work, we have suggested the use of magnetic 

resonance imaging to monitor the thennal effects of this procedure [114,115]. A series· 

of experiments were conducted in gel phantoms as well as in animals (rabbits and dogs). 

The work can be divided into two parts, the first one is the study of the effects of 

heating on NMR tissue characteristics. The second phase involved the study of the 

extent of the damage achieved via the ultrasound surgery. Although we will present 

some of the ultrasound effects on tissues, the focus of my work has been the 

investigation of the imaging modality and its sensitivity to heating. 

The work was perfonned in conjunction with the radiation oncology group at the 

University of Arizona and the Arizona Cancer Center. Protocols to treat the animals 

were prepared, and approval from Institutional Animal Care and Use Committee 

(IACUC) was obtained through Radiation Oncology (IACUC control # 92-0093). This 

chapter will include results of ultrasound heating and the feasibility of using ultrasound 

inside a large magnetic field, a study of the effect of heat on NMR tissue characteristics, 

experiments to show the sensitivity ofMRI to temperature changes, and some in-vivo 

animal results on seven dogs and twenty five rabbits. The introduction of a contrast 



agent is also included at the end. The contrast agent is transported via the blood 

throughout the muscle. A change in the relaxation times of the muscle showed the 

vascularity damage caused by ultrasound heating. 

3.1 Ultrasound Heating 
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Ultrasound waves are mechanical waves that cause vibrations in the medium 

through which they propagate. The absorption of the sound energy leads to the creation 

of heat. The ultrasound wave source can be constructed so that the resulting wave field 

will focus in a particular spot. This focal spot can be chosen to be the center of a 

cancer tumor. The one dimensional bio-heat equation describing the change in 

temperature due to a source Q(x,t) is: 

frT(x,t) = k'V2T(x,t) - :~h {T(x,!) - Tb} + Q(x,t) 

where k is the thermal diffusitivity, W is the volumetric rate of blood flow, Cb is the 

heat capacity of blood, and Tb is the temperature of blood. The quantity T(x,t) is the 

temperature distribution. When short, focused ultrasound pulses are used, the 

volumetric rate of blood flow (W) is negligible. This property allows one to reduce the 

bio-heat equation to a simple wave equation. Numerical and analytical solutions to the 

bio-heat equation have been derived and presented by many researchers [97-100]. 
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In our rabbit experiments, we applied a focused ultrasound pulse for a period of 

120 seconds to the rabbit's hind muscle. The experiment was conducted inside the 

magnet of the MRl system (1.5 Tesla). A thermocouple was used to measure the 

temperature at the location of the ultrasound focus. Figure (3-1) is a plot of the 

temperature versus time during the application of the pulse and for a period of time 

afterwards. 
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Figure 3.1 A Plot of temperature rise in a rabbit's hind muscle due to the 
application of38 Watts focused ultrasound pulse for 120 seconds {Thick line}. 

The plot presented above compared well with the numerical and analytical 

results presented by several researchers [98-100]. This described experiment was the 

first ever done inside a magnetic field. It proves the feasibility of using ultrasound 

inside an MRl scanner. 
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3.2 Sensitivity ofNMR tissue characteristics to thermal changes 

It is known from thermodynamics that an increase in thermal energy leads to an 

increase in motion on the molecular level. The increase in motion leads to changes in 

spin-lattice interactions as well as spin-spin interactions. Since NMR tissue 

characteristics are strongly dependent on molecular interactions, the relaxation time 

constants TI, T2 are, therefore, expected to be sensitive to temperature changes. The 

motion increase will also cause increased diffusion effects at the site of thennal changes. 

The resonance frequency has been shown also by researchers to change as the 

temperature changes. 

Contradicting results have been presented by researchers pertaining to the 

sensitivity ofNMR parameters to temperature. For example, Frey's studies et. al. [101] 

studies concluded that Tl depends mildly on temperature (range 5-40 degrees Celsius). 

Damadian [102], on the other hand, concluded that temperature was important in the 

detennination of Tl values for a material. Other researchers have presented data which 

support both of these conclusions. Koenig et. al [32] presented data suggesting that for 

rabbit's blood an increase of23% in TI at 1 mega Hertz and 85% at 20 MHz is obtained 

when the temperature was raised from 5 to 35 degrees centigrade. Lewa and Majweska 

[103] concluded that the Tl of various tissues increases linearly as the temperature 

increases from 10 to 70 degrees centigrade. 



146 

Less work has been done to study the changes in T2 as temperature changes. It 

is possible that the prime reason for this is the fact that it takes a considerable amount of 

time to obtain T2 measurements. Finch and Homer [104] concluded that for frog 

muscle, no change in T2 was observed at 23 MHz when the temperature was increased 

from 4 to 24 degrees centigrade. Belton, on the other hand ,showed that for frog 

muscle, a decrease in T2 was observed as the temperature increased from 0 to 25 

degrees centigrade. Hall et.al [112] reported an increase in T2 values as the temperature 

was increased 

In this work, we built a phantom consisting of 10 tubes made up of Agar Gel 

(2%), each is mixed with a random amount of contrast agent. The tubes were immersed 

in a water bath. The temperature of the water bath was controlled by a heater placed 

outside the magnet room. The setup was placed inside the 1.5 Tesla MRI scanner. Two 

of the tubes contained thermocouples to measure the temperature during the experiment. 

Figure (3-2) is a diagram of the experimental configuration. 
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Agar Gel Tubes 
Circulating Water 

Figure 3.2 Diagram for the thermally controlled experiment. Circulating water 
controls the water bath surrounding the Agar gel phantom. The water heater and the 
pump are placed outside the magnet room to avoid any electromechanical interaction. 

3.2.1 T1 sensitivity to temperature 

The experimental results (see appendix "A" for details) showed a consistent 

linear increase in Tl as the temperature increased. These results are summarized in 

figure (3-3) for two tubes. 
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Figure 3.3 Plots ofT! measurements for two tubes placed in a water bath. The 
temperature of the water bath was controlled via an external heater. The longitudinal 
time constant T! changes linearly, the slope being different from one phantom tube to 
another. 

Theoretical predictions suggest that small changes in temperature linearly affects 

the longitudinal relaxation time. It has been shown [32] that the longitudinal relaxation 

time T1 can be written as: 

where E. is the activation energy, k is Boltzman constant and T is the absolute 

temperature so that E. « kT over the examined temperature range. Additional 

theoretical results [106], as well as other researchers work, support our conclusion. 
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The slope of the increase in the longitudinal relaxation time T1 as the 

temperature increases is not the same for any of the ten tubes. Originally, it was 

anticipated that the slopes of all the tubes would be the same. Experimental results 

showed otherwise. This can be explained by the fact that changing the temperature 

changes the structure of the phantom on a molecular level. In particular each of the 

tubes contains specific amounts of contrast agent in order to change its T1 and T2 

values. The contrast agent could have its own sensitivity to the temperature. The 

difference in concentration of the contrast agent for each of the tubes might be making a 

difference in detennining the slope and sensitivity of the phantom to temperature 

changes. 

3.2.2 T2 Sensitivity to temperature 

Changes in the transverse relaxation time constant T2 as a function of 

temperature were not investigated much in the past. Moreover, contradicting results 

have been reported by various researchers as described above. An increase in T2 values 

was observed during the course of our experiments (see appendix "A" for details). 

Theoretical studies [106] show that increasing the temperature causes a reduction in the 

correlation time. A reduction in the correlation time yields an increase in T2 values. 
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The results of our experiments are summarized in figure (3-4); they confirm the linear 

dependence of T2 on the temperature. 
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Figure 3.4 A plot of transverse relaxation time T2 measurements versus 
temperature. A linear relation is apparent as T2 increases with increasing temperature. 
The straight lines were fit to the three data points using the regression routine in 
Microsoft -ExceWM. 

3.2.3. Effects of temperature on water diffusion coefficient 

Temperature changes have considerable effect on water diffusion. Dr. LeBihan 

[108] derived a linear relationship between the temperature changes and the diffusion 

coefficient changes in a material. He proposed modifying the spin echo pulse sequence 

to add an additional gradient magnetic field prior to and after the application of the 180 

degree rf pulse during the imaging pulse sequence as illustrated in figure (3-5). 



151 

Stationary spins will not be affected by the gradient pulses since they negate each other. 

The gradient pulses, on the other hand, will have an impact on the moving spins. Since 

the net magnetic field on a moving spin will not be zero, the spins will acquire a phase 

dispersion. The phase dispersion will cause the signal to decrease. Faster moving spins 

will acquire a larger dispersion angle, and hence, will produce less signal. The equation 

for the signal in this pulse sequence is given in [109] as: 

S(x,y) = So (x, y)e {-aD(x,y) I 

where So(x,y) is the traditional signal intensity in a spin echo pulse sequence, i.e., 

and a is given by: 

a = y2~ f f Git")dt" dt' 3 {TE [I ]2} 
)=1 0 0 

where Gj represents each of the three applied gradient, slice selection gradient (G-slice), 

phase encoding gradient (G-phase) as well as read gradient(G-read). The constant a 

can be calculated for the pulse sequence with and without the diffusion gradient pulses. 

The ratio of the two signals can be calculated, a natural logarithm taken, and the terms 

rearranged to yield the diffusion coefficient. Assume we ran two experiments such that: 

SO(x,y) = So(x,y)e {-<loD(x,y) I 
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where a.o is collected without the diffusion gradients and a.) is collected with the 

diffusion gradient pulses. The spatial map of the diffusion coefficients is given by the 

expression: 

D( ) = In[SI(z,y)]-ln[So(z,y)] 
X,Y Clo-<11 

The diffusion coefficient can be calculated at a known temperature. The relative change 

in temperature can then be quantified by calculating the change in the diffusion 

coefficient. 

180 Echo 

L 

Figure 3.5 Timing diagram for the spin echo diffusion gradient pulse sequence. 
The sequence is executed twice (with and without) the diffusion gradients. The ratio is 
used to obtain a diffusion map. 
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The pulse sequence shown in figure (3-5) was encoded into the control computer 

for our MRI scanner. Phantom studies on a stationary water phantom were successful in 

measuring the diffusion coefficient of free water (2.25 x 10-9 m2/sec.), Our experimental 

results correlated well with other researcher's results [108-110]. The sequence was then 

tested with flowing water. It was not possible to obtain any useful results since the 

motion of the water can be thought of as a fast diffusion. The motion artifact, therefore, 

was much more severe than expected. 
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3.3 Sensitivity of GRASS to Thennal Changes 

The contrast obtained in GRASS imaging was studied earlier in section (2.1.2). 

The GRASS pulse sequence increases its sensitivity to Tl at higher flip angles within a 

specified range of T1 values as illustrated in figure (3-6). The computer simulation 

program discussed in chapter two was run on a numerical phantom. A selected 

relaxation time constant (T1) was selected each run. The same process was repeated 

twice, first using a flip angle of20 degree and the second using a flip angle of60 

degree. 
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Figure 3.6 A plot of the GRASS sequence's response to Tl changes at flip 
angles of20 and 60 degrees. The repetition time TR=20 ms and T2 effects are ignored 
(TE=O). 
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Figure (3-7) is a plot of the derivative of the plot shown in figure (3-6) with 

respect to Tl changes. Highest sensitivity was at shorter TI values. The 60 degree flip 

angle curve is clearly more sensitive to Tl changes in the short Tl regime. Although 

the decay in sensitivity is not linear, it is possible to linearize portions of it such as 

changes between 200 and 400 ms. 
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Figure 3.7 Plot of the sensitivity of the sequence to T1 changes. This plot is 
obtained by differentiating the plot in figure (3-8) numerically with respect to TI. 
Notice that at flip angle of 60 degree, the sequence is very sensitive to T1 changes. This 
dependence is nonlinear. 

Since it has been established from the previous sections that Tl is linearly 

dependent on temperature, changes in Tl, therefore, will cause corresponding changes 

in the signal intensity generated by a GRASS imaging pulse sequence. GRASS imaging 

is of particular interest since it is the fastest imaging sequence that can be run on a 
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typical MR scanner and still provides reasonable II sensitivity and reasonable 

signal-to-noise ratios. The imaging time of this sequence is about thirteen seconds with 

a 128x256 matrix, a pulse repetition time of 100 ms, and a single acquisition. 

We have attempted to determine the relationship between the signal intensity 

and the temperature values experimentally. We used the phantom described in figure 

(3-2) in an experiment where temperature started at room temperature. The temperature 

of the water bath was increased while the GRAS~ images were acquired rapidly. The 

temperature inside two tubes was monitored independently using thermocouples. The 

highest measured temperature inside the tubes was 67.5 degrees centigrade. Figure 

(3-8) is a plot of the history of the experiment. 
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Figure 3.8 History of a thermally controlled experiment. The II, T2 and 
proton density values were measured at the beginning of the experiment at 25 degree, at 
41 degrees, at 67 degrees and finally, as the water bath cooled, at 41 degrees. 
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The results from these ten tube cases were similar as Tl increased when the 

temperature was elevated (slopes varied from 2.25-11.45 ms/degree Celcius). The 

signal intensity was reduced as the temperature was increased. As expected from the 

theoretical results presented in figure (3-6), the sensitivity of the GRASS to Tl changes 

is not linear. Table (3-1) contains the measured NMR tissue characteristics for one of 

the tubes. The results of this experiment correlate well with the results given in section 

(3-2). A plot of the signal intensity of the tube using a flip angle of60 degree is shown 

in figure (3-9). A combination of figures (3-8) and (3-9) produces figure (3-10), a plot 

of the signal intensity as a function of temperature. A similar procedure is followed for 

the 20 degree flip angle sequence. The results obtained with this pulse sequence are 

shown in figures (3-11) and (3-12). 

Temperature Proton Density Tl (std err) T2 (std err) 

23.5 1654 (49.7) 237.5 (23.4) 119.6 ( 9.2) 

41.5 1637 (47.2) 347.4 (29.4) 150.4 (11.7) 

67.5 1569 (44.7) 420.0 (34.0) 180.8 (14.8) 

42 1617 (43.2) 308.4 (26.0) 194.1 (17.1) 

Slope -1.96 (0.35) 4.25 (0.87) 1.43 (0.12) 

Table 3.1 NMR tissue parameters measured during the thermally controlled 
experiment for one of the tubes. Temperature measurements were made using a 
thermocouple in the tube. Slope is calculated using regression analysis provided with 
the software Microsoft-Excell Thl. 
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Figure 3.9 Plot of signal intensity of the tube described in table (3-1) during the 
thermally controlled experiment. A reduction in signal intensity was clearly obtained as 
the temperature was increased. The data was obtained with a 60 degree flip angle pulse 
sequence. 
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Figure 3.10 Plot of signal intensity versus temperature (ascending temperature 
only). Since the range ofTl changes is rather small, table (3-1), the fit is almost linear 
over this range of temperature changes with a slope of -6.47 (0.26) signal units/degree. 
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Figure 3.11 Plot of signal intensity of the tube described in table (3-1) during 
the thennally controlled experiment. A reduction in signal intensity was clearly 
obtained as the temperature was increased. The data was obtained with a 20 degree flip 
angle pulse sequence. 
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Figure 3.12 Plot of signal intensity versus temperature (ascending temperature 
only). Since the range of II changes is rather small, table (3-1), the fit is almost linear 
over this range of temperature changes with a slope of -2.18 (0.27) signal units/degree. 
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It is important to notice that a hysterisis effect, of some sort, is apparent in the 

data. The tissue parameters measured at the same temperature (41.5) degrees 

(ascending and descending values) were not the same as those given in table (3-1). This 

might be explained by a change in the structure of the gel phantom. The gel phantom 

will dissolve at high temperatures (around 50 degrees). The gel phantom will then pass 

through a phase change as it cools down. This change in phase might explain the 

difference in the NMR tissue characteristics. The hysterisis is aparent in the GRASS 

measurements as well as shown in figure (3-13). 
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Figure 3.13 Plot of the signal intensity versus temperature for the complete 
experiment, using the 60 degree flip angle pulse sequence. The hysterisis effect is 
apparent in the graph. 
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The computer program discussed in chapter two was used to show changes in 

the image contrast as the Tl relaxation time changed. Elevation of temperature causes 

an increase in Tl. In the phantom experiment, temperature changes were approximately 

2 degrees centigrade during the 13 second image acquisition time. In the previous 

phantom, TI was changing at the rate of 4.25 ms/degree centigrade. The net change in 

TI occurs in approximately 10 ms. The corresponding computer simulations did not 

show any significant changes in the predicted signal intensity as a result of the 

temperature changes in the phantom. This issue becomes more apparent as the 

temperature increased at a faster rate. In the following example, we have created a 

numerical phantom that consisted of material that changes its Tl value from one phase 

encoding step to another due to the larger temperature drifts. 

The phantom described in table (3-1) was taken to have the temperature 45 

degrees centigrade. Its TI value will then by approximately 365 ms at the beginning of 

a scan. It was also assumed that the temperature of the tube changed by 5 degrees 

centigrade or its TI by 25 ms during the 13 second scan. It is important to realize that 

there is a significant difference between the increase or decrease in temperature cases. 

Figure (3-14) is a plot of the signals collected using the program "scan.exe" for these 

two cases. In the first case, the temperature increased from 45 degrees to 50 degrees 

centigrade and in the other case, the temperature decreased from 45 to 40 degrees 

centigrade. The hysterisis effects noted above are apparent in figure (3-14). This effect 
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changes depending on T1 of the material and the repetition time of the sequence. It is 

more pronounced at a shorter TR, although a shorter repetition time yields a shorter 

imaging time; and therefore, the net temperature reduction during the image acquisition 

period is less. Material phase changes in the contents of the tube during temperature 

elevation were also observed and could explain the presence of the hysterisis. 
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Figure 3.14 Profile through a numerical phantom consisting of the material 
described in table (3-1). The experiment started when the temperature is simulated at 45 
degrees centigrade and increased to 50 Co (solid line), decreased to 40 Co (dashed line). 
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3.4 System Description 

The ultrasound surgery system was assembled by the radiation oncology group 

at the University of Arizona. The system consists of an ultrasound source submerged in 

a degassed water bath, a coaxial cable is used to deliver power to the transducer, and 

hydraulic tubes to move the transducer in the x,y and z directions, figure (3-15). An RF 

signal feeding the transducers was obtained from a frequency generator and amplified 

by an rf-amplifier. The electrical impedance of the transducer is matched to the output 

impedance of the rfamplifier. A mylar membrane (thickness=0.075 nun) is placed to 

seal the water bath. Acoustic gel is used between the subject and the mylar layer in 

order to match the acoustical impedance between the water and the surface of the 

subject. Since ultrasound waves are mechanical waves, they do not travel in a vacuum, 

and they are strongly attenuated in air. 

Two different sets of ultrasound sources were tested in the following 

experiments. First, a single air-backed transducer was tested, which had a diameter of 

100 nun, a radius of curvature of 130 nun, and a resonance frequency of 0.983 MHz. 

Second, a set of six transducers was tested, each with a diameter of 50 mm, a radius of 

curvature of 100 nun, and a resonance frequency of 1.1 MHz. The transducers in the 

array were arranged so that each of their foci were overlapping at the same volume. The 

10% beam diameter is about 5 nun at the target volume. The transducer array was 

aimed to focus about 4 em above the mylar membrane. 
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Figure 3.15 Bloch diagram of the ultrasound system inside the MR scanner. 
Two sets of transducers are used in different experiments. A single air-backed 
transducer and an array of six air-backed transducers, an rf amplifier and a signal 
generator are placed outside the magnet room to avoid electromechanical interaction. 

Temperatures were measured using magnanin-constantan thennocouple probes. 

Two wires, each with a diameter of 0.05 mm, were twisted together. After removing the 

insulation they were spot welded together at the their tips. The voltage between the two 

wires were measured and converted into temperature measurements. 
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The complete system was transported to the MRI scanner area. The water bath 

is placed inside the gantry of the magnet and the other components (rfamplifier, rf 

signal generator, computer control) were placed outside the magnet room to avoid 

electromagnetc and mechanical interaction. The coaxial cable is the only metallic part 

that was allowed inside the magnet area to supply the ultrasound transducer(s) with 

power. 

The experimental subject is placed on top of the mylar membrane, and the setup 

is centered in the magnet. Initial experiments were performed using the body coil as a 

transmitter/receiver. Although it has the smallest filling factor and a low SNR 

compared to a surface coil, the body coil has the advantage of a larger coverage of the 

subject of interest. Later experiments, particularly the rabbit experiments, were carried 

out using a small 12.5 cm diameter coil. In the first experiments, the coil was placed on 

top of the subject. We later found that it was better to place the coil between the water 

and the subject. Two MR scanners, a 1.5 Tesla GE-Signa and a 0.5 Tesla GE-Signa (64 

MHz and 21 MHz resonance frequencies, respectively) were used. 
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3.5 Experimental Results 

Experimental work with the system started with imaging post hyperthermia 

treatment sessions on a Greyhound dog's hind muscle. Experiments were then 

conducted on a rabbit's hind muscles. Twenty five rabbits and seven Greyhound dog's 

were treated with ultrasound inside the magnet throughout the course of this research 

project. Sonication was also attempted on other parts of the subjects bodies including 

the liver and the kidneys. The effects of a contrast agent were also evaluated during the 

course of this work. 

3.5.1 Dog's hind muscle experiments 

In these experiments, the animal was anesthetized using 1.5% halothane. The 

dog was then positioned such that its thigh was located on the mylar layer sealing the 

water bath. The system is centered inside the 1.5 Tesla scanner. Ultrasound exposures 

were between 10 and 60 seconds; different power levels were also examined (30-100 

Watts). Approximately four hours after the experiments, multiple repetition time 

sequences and multiple echo sequences were run to measure the NMR tissue 

parameters. The results are given in table (3-2). Three regions of material were 

defined: normal muscle, center of sonication region, and the boundaries surrounding the 

lesion, as shown in figure (3-16d). 
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Continuous imaging was acquired for a period of time following sonication. 

Plots of the signal intensity, as it appeared on the first echo (proton density weighted) 

images as well as the second echo (TI weighted) images, are shown in figure (3-17). 

The imaging parameters were: repetition time (TR) of2000 IDS, an echo times (IE) of 

16 and 75 ms, a 5 mm slice thickness, a 256xl28 matrix, and half of the "k" plane is 

filled (1/2 NEX). The body coil was used for both transmit and receive. Total imaging 

time was tv.·o minutes and forty eight seconds. Slight variations in the imaging 

parameters were used on a number of occasions to improve the contrast or the signal to 

noise (SNR) ratio. 

Tissue Proton Density Tl (std) TI (std) 

Muscle 1033 (108) 1630 (373) 25.6 (1.6) 

Center 913 (126) 1300 (363) 34.8 (2.2) 

Boundaries 844 (86) 1909 (430) 67.1 (4.3) 

Table 3.2 NMR tissue characteristics ofa dog's hind muscle were measured in 
a 1.5 Tesla magnetic field four hours after the ultrasound experiments were completed. 

Figures (3-16) are images of the dog's hind muscle prior to sonication (a), ten 

minutes post sonication (b), thirty minutes post sonication (c) and fifty minute post 

sonication. Three lesions actually were created in this experiment as can be seen in the 

figures. 
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Figure 3.16 (a) First echo images of the dog's hind muscle prior to sonication. 
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Figure 3.16 (b) First echo images of the dog's hind muscle ten minutes post 

sonication. 
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Figure 3-16 (c) First echo images of the dog's hind muscle thirty minutes post 

sonication. 



Figure 3.16 (d) First echo images of the dog's hind muscle fifty minutes post 
sonication. 

171 



200 

190 

~ 180 ·iii 
= G> 

-= - 170 

-= = 160 -~ 
(i5 

150..:. 
7" 

140 
0 

100 . 

90 . 

~ 80-·iii 
= " :E 70 -

-= 
~ 60-

(i5 

40 
o 

, 
~ 

5 10 

5 10 

172 

I 

I • 

15 20 25 30 35 40 45 50 

Time (min) 

(a) 

15 20 25 30 35 40 45 50 

Time (min) 

(b) 

Figure 3.17 Plots of the signal intensity as they appear on a) first echo (proton 
density weighted image); b) second echo (T2 weighted image). Elevation in the signal 
intensity appears within 10 minutes of sonication (arrow). Although the absolute change 
in signal intensity is the same, the relative change is higher in the second echo. 
Maximum error was measured to be under 8%. 
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The results were very encouraging because they showed it was possible to use 

MRI to visualize the damage caused by the ultrasound. Attempts were then made to use 

the GRASS pulse sequence to monitor the elevation in temperature during sonication. 

The signal reduction due to an increase in II was not observed. This can be due to two 

main reasons: low signal to noise ratio or the longitudinal relaxation time constant II 

of the dog's muscle is very long and, therefore, the sensitivity of the GRASS sequence 

was minimum as explained in figure (3-7). The body coil was the only possible coil to 

use in these experiments since the size of the animal is large, and surface coils would 

not have had enough depth to produce better results. 

3.5.2 Rabbit's hind muscle experiments 

Twenty five rabbits (3-4 kg) were also studied. They were separately 

anesthetized by a mix of 500 mg Ketamine, 160 mg Rompun, and 20 mg Acepromazine, 

dose of 1 cc/kg. In each experiment the hind muscle of the animal was placed on the 

mylar membrane of the system. Sonication pulses of two minutes were used. Results 

following sonication were similar to the ones obtained in the dog experiments. Three 

regions of interest were identified: normal muscle, center of necrosis, and the 

boundaries that surround the sonication area, as shown in figure (3-18). 
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Figure 3.18 Imaging post Sonication; 1) fIrst echo of spin-echo sequence; 2) 
second echo of spin-echo sequence; and 3) GRASS image. Three regions of interest are 
identifIed: the normal muscle, the center of the lesion and the boundaries surrounding 
the lesion. 
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NMR tissue characteristics were measured at both the 0.5 Tesla (table 3-3) and 

the 1.5 Tesla (table 3-4) field strengths. It is worth realizing that the calculated proton 

density values are dependent on the pulse sequence, the coil, and other gains set on the 

system. Therefore, the values between the two tables do not have to be the same. On 

the other hand, the ratios between the proton densities of the various tissues must be 

constant. Changes in the field strength do not affect the proton density values. 

Therefore, the ratio, for example, of the nonnal material response to the one obtained at 

the center of the lesion have to be the same in the two magnetic fields. Results show 

that they are the same within the standard error (cr). It is also important to realize that 

an ordering results among tissues: boundaries have the longest Tl value followed by the 

nonnal muscle and then the center of necrosis. The same order was observed regardless 

of the field strength. 

Tissue 
Relative 

Tl (std) T2 (std) 
Proton density 

Muscle 881 (91) 525.5 (44.1) 28.07 (1.3) 

Center 844 (69) 522.7 (63.1) 44.79 (3.9) 

Boundary 909 (141) 706.2 (73.3) 46.97 (3.6) 

Table 3.3 NMR tissue characteristics of the rabbit's hind muscle as measured 
after four hours of experiments in the 0.5 Tesla magnetic field. 
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Tissue Proton density Tl (std) T2 (std) 

Muscle 667 (29) 1196.7 (25.1) 27.13 (4.7) 

Center 521 (41) 962.1 (71.4) 41.37 (8.6) 

Boundary 619 (17) 1468.3 (90.9) 59.51 (15.8) 

Table 3.4 NMR tissue characteristics of the rabbit's hind muscle as measured 
after four hours of experiments in the 1.5 Tesla magnetic field. 

The GRASS pulse sequence was very successful in monitoring temperature 

changes in both of the MRI systems (1.5 and 0.5 Tesla). Figure (3-19) is a plot of the 

signal intensity as a response to the temperature elevation caused by the ultrasound 

energy. The increased temperature spreads to the adjacent muscle with only a few 

minutes delay depending on vascularity of the muscle and its thermal diffusitivity. 

Figures (3-20 "a" through "d") are GRASS images acquired of the same rabbit prior to 

sonication, during sonication, just after sonication, and 1 0 minutes post sonication. 

Propagation of thermal effects is very clear after the sonication is turned off. 
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Figure 3.19 Plots of the signal intensity of the rabbits hind muscle during 
sonication (dark line). Temperature elevation is marked with signal reduction where 
the lesion is created. Signal intensity is reduced in an adjacent muscle tissue. It is 
expected that the diffusion of temperature caused an increase in Tl values of the 
adjacent muscle. 
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Figure 3.20 (a) GRASS images of the rabbits hind muscle prior to sonication. 
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Figure 3.20 (b) GRASS images of the rabbits hind muscle during sonication. 



Figure 3.20 (c) GRASS images of the rabbits hind muscle five minutes post 
sonication. 
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Figure 3.20 (d) GRASS images of the rabbits hind muscle ten minutes after 
sonication. 
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Multiple ultrasound pulses were applied at various power strengths in a single 

location. Figure (3-21) is a plot of the signal intensity versus time. Increased 

ultrasound power caused a larger reduction in the signal intensity. It is assumed that the 

increase in temperature is the cause of the increased Tl values of the muscle. As noted 

previously, this increase in Tl causes a reduction in the signal intensity. This is similar 

to the simulation results predicted in section (3-2) of this dissertation. 

This technique was successful in this animal model due to the fact that the 

rabbit's muscle has a shorter Tl relaxation time constant than the dog's. Simulation 

results, as shown in figure (3-7), suggested that the sensitivity to Tl changes is higher at 

shorter Tl values. This might explain the reason for the success of this technique in the 

rabbit experiments and not the dogs experiments. We were able to see the temperature 

rise in few of the dog's experiments as a faint reduction in signal intensity when large 

power levels were used. The fact that the dog's images were more noisy, could account 

also for our reduced ability to detect the temperature elevation. 

Figure (3-22) illustrates, the relationship between the signal reduction and the 

applied power is not exactly linear. This result is expected from the phantom studies 

presented earlier in this chapter. 
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Figure 3.21 A plot of the signal intensity versus time. Applied ultrasound 
power (dark lines) increased from left to right (5W,7W,10W, 15W, 17W, 25W and 38 
W). 
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Figure 3.22 Signal reduction as a function of the applied electric power to the 
transducer. The line fit has a slope of -0.69 signal units per watt with a standard error 
of 0.11. 
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The contrast agent Gd-DTPA is an MRI agent that has a marked effect on the 

relaxation times of the tissue. We have studied the effects of this agent on the muscle 

and the absorption of ultrasound power. In these experiments, lesions were created 

using the ultrasound energy technique with sonication pulses of 2 minutes in duration. 

Contrast agent was then administered intravenously in the auricle vain at the dose of 0.6 

mmol/kg. Multiple lesions were created afterwards using pulses having the same 

power. GRASS images were acquired throughout the entire experiment. Figure (3-23) 

is a plot of the signal intensity of the GRASS pulse sequence images during creation of 

the lesion created prior to contrast agent administration. The figure contains also a plot 

of the signal intensity of a nearby muscle for comparison. Elevation in the signal 

intensity after the injection of the contrast agent was apparent; there was a 22.5 % 

enhancement of the signal intensity. This fact allowed improved contrast in the images 

between the lesion and the surrounding muscle. The reason for increased signal 

intensity is the reduction in Tl of the muscle due to blood (containing Gd-DTPA) 

perfusion. There was no increase in the signal intensity of the lesion. It is hypothesized 

that the ultrasound power damaged the vascular system in that region and stoped blood 

from perfusing into the lesion. The contrast agent did not have any effect on the 

ultrasound energy deposited in the muscle. The reduction in the signal intensity when a 

second lesion was created just after sonication (40%) was the same as prior to 

sonication (33%), figure (3-24). Thus, the contrast agent did not affect the change in 

signal intensity due to temperature changes. 
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Figure 3.23 Plots of the signal intensity as it appears on the GRASS images in 
the site of sonication (dashed) and in normal muscle (solid). Contrast agent is injected 
at image number (22). Enhancement of signal intensity was aparent in the muscle. 
Decay in signal intensity was observed during the period following injection of the 
contrast agent. No change in the signal intensity of the lesion was noticed since the 
contrast agent did not perfuse in the region. 

The signal intensity is not the same in the muscle and the lesion prior to 

sonication. This is due to the fact that the surface coil is used in this experiment. 

Therefore, the signal intensity is dependent on the position of the subject with respect to 

the coil. The signal intensity must then be compared with images in the same location 

created early in the experiment. 



150.0 

140.0 

130.0 

" ) 
.~ 120.0 I 

~ 110.0 I :s T I I 

1000 1 j : r 
Oii • k.,~ " 
~ 90.0 I v'v--""';r!'l-.'--

v"'-"" 

,/' 
) 

1ii i ' \'~ 80.0 ~ , ~~~-

I 

70.0 + 
60.0 ! 

Image Number 

Figure 3.24 Plots of the signal intensity from the same muscle as in figure 
(3-23) under normal conditions (solid) and as a lesion is created, the contrast agent 
having been injected. 
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The previous conclusions were verified again after thirty minutes from injection 

of the contrast agent. Since the second lesion was created after the introduction of the 

contrast agent, the contrast agent was trapped in the second lesion. The normal muscle 

lost the signal intensity enhancement with a time constant of29 min. (std. err. of2 

minutes). The lesion, on the other hand, retained its elevated signal intensity for a much 

longer time. This can be explained as previously- the vascular system was damaged 

when the ultrasound energy was applied. This caused the lesion to retain the contrast 

agent (or reduced T1 value) as shown in figure (3-25). 
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Figure 3.25 GRASS images of the rabbit thigh across the ultrasound focus. a) 
during sonication flrst 30 seconds; b) at the end of 120 sec sonication; c) 10 min after 
the end of sonication; d) two minutes after the injection of the contrast agent and during 
the 30 flrst seconds of the second sound burst (arrow); e) at the end of the 120 second 
sound burst; f) 10 minutes after the end of the sound sonication. The applied acoustic 
power was 16 Watts. 
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3.5.3 Other experiments 

Sonication was performed on organs other than the muscle. The results were not 

as impressive. Liver sonication was complicated by the presence of the rib cage. Liver 

imaging also suffers from motion problems. The respiratory motion causes severe 

image degradation. The elevation of temperature caused a reduction in the signal 

intensity which was apparent in a single liver experiment, as shown in figure (3-26). 

Imaging the kidney was also attempted. Histological results showed success in 

treating the kidney. None of the MR imaging techniques worked in producing visual 

temperature elevation or post sonication effects. This could be due to motion artifacts 

or to the Tl of the kidney, which is considerably longer than the TI of the muscle. 

Effects similar to what happened with the dog's hind muscle were observed. 



Figure 3.26 GRASS image of the liver of a rat, prior to sonication, during 
sonication and just post sonication. 
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CHAPTER 4 

CONCLUSION 
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This dissertation dealt with two original and important areas in the field of 

magnetic resonance imaging. The first pertained to modeling ofMRI pulse sequences 

and the second involved MRI guidance of ultrasound surgery. 

A computer program was developed that represents a hybrid 

analytical/numerical model of MR imaging. The analytical solution to Bloch's 

equations in the presence of a magnetic field was adopted. Initial boundary conditions 

of the magnetization were continuously modified, and the complete solution of Bloch's 

equations to a sequence of rf and gradient pulses were calculated numerically. The 

phase encoding gradient pulses were included in these simulations and a calculated 

profile was obtained as a result of simulating the entire pulse sequence. 

The computer program was tested against experimental results and analytical 

solutions of known problems. The strength of the computer program was demonstrated 

with comparisons against a variety of analytical steady-state solutions. Novel pulse 

sequences including the "variable flip angle" pulse sequence and "inversion 

recovery-variable flip angl~" pulse sequence were also studied using the computer 

program. 
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In this dissertation the use of ultrasound inside an MR scanner was also 

explored. Using MR imaging, it was proved that ultrasound surgery can be successful 

in damaging cells non-invasively [115]. Changes in the structure of the cells after they 

are damaged cause a change in the NMR tissue characteristics. This effect was visible 

on both the first and the second echoes collected using the spin echo pulse sequence. 

Animal results on seven greyhound dogs and twenty five rabbits showed the fonnation 

of a region of elevated signal intensity surrounded by a ring of yet higher signal 

intensity. The increase in signal intensity was apparent in the spin-echo images, both 

proton density weighted and T2 weighted images. Enhancement in the T2 weighted 

images was more obvious than the proton density weighted images. 

In general, magnetic resonance imaging was shown to be sensitive to changes in 

the temperature. The T1 changes were shown to be linearly dependent on the 

temperature changes. It was shown that the GRASS pulse sequence has a dependence 

on T1 changes that is not linear. The combination of these two results implies that the 

sensitivity of the GRASS pulse sequence to temperature changes is not linear. 

Experimental results on a phantom of tubes showed this sensitivity of the GRASS 

generated images to temperature changes. Linearity in the sensitivity was also 

examined and demonstrated over a small range of temperature changes. The signal 

intensity in the GRASS generated images was reduced as the temperature was elevated; 

this was confinned by the animal results and similar phantom studies. 
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Contrast agent Gd-DTPA was injected prior and after the ultrasound creation of 

a lesion. The normal muscle signal intensity was elevated as a response to the contrast 

agent perfusion. The contrast agent did not perfuse into the newly created lesion; thos 

indicates vascular destruction. When additional ultrasound lesions were created after 

the contrast agent injection, the muscle signal intensity decayed due to the clearing of 

the contrast agent from the muscle. The signal intensity in the newly created lesions 

were maintained at a slightly elevated level. Since the contrast agent was trapped in 

those newly created lesions, the theory or ','ascular destruction was confirmed. 

Other researchers have presented work which uses the diffusion coefficient 

changes to measure the temperature. Our work showed an increased sensitivity to 

motion when the diffusion pulse sequence was used. This artifact limited our 

exploration of the diffusion effects and, therefore, its effectiveness in monitoring 

temperature changes. 

The computer model was used to study the effect of temperature changes during 

MR image acquisition. It can also be used to study new and more complex MRI pulse 

sequences. The computer program can be expanded readily with modest improvements 

into a two dimensional educational and experimental tool. The computer code can also 

be extended to account for anatomical motion as well as optimized to run faster on a a 

personal computer system. 
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The field of magnetic resonance imaging is a very promising area of research. 

Therapeutic utilization has not been thoroughly investigated. MRI has much potential 

to monitor the electrical and metabolic changes in a body. Potential improvements 

include combining NMR spectroscopy with the imaging power of MRI. Hardware 

improvement and more detailed studies of imaging pulse sequences are essential in 

perfecting the ultrasound surgery technique reported in chapter 3. Studies on other 

healthy and cancerous tissues are also necessary in order to determine the real limitation 

of this therapeutic application of ultrasound energy inside the magnetic resonance 

imaging scanner. 
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APPENDIX "A" 

TI and 1'2 measurements 

Variom; methods have been suggested by researchers to measure the relaxation 

times of tissue. This includes the use of an inversion recovery technique where an 

inversion pulse is applied followed by a "wait time" . The sequence is repeated several 

times to produce enough data to fit the curve and calculate the longitudinal relaxation 

time. The same principle can be used without using the inversion pulse. Multiple 

sequences with varying repetition times produce reasonably accurate T1 measurements. 

All biological tissues are known to have TI values less than 4 seconds. Therefore, I 

used the following sequence of repetition times to measure the T1 of any sample we 

tested: 50, 100,200,300,400,500, 750, 1000, 1500 and 2000 msec. A minimum echo 

time is used to reduce the T2 contamination in the data. 

Multiple echo-spin echo is the only known method that can be used to measure 

the transverse relaxation time of any tissue. The technique involves the application of 

multiple 180 degree rfpulses and the refocusing of the echo several times while the 

signal is decaying according to the 1'2 relaxation time. It is possible to obtain the train 

of echoes in a single repetition time or repeat the experiment (n) number of times to fit 

the curve. The former is more sensitive to slice profile and diffusion effects since the 
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continuous application of gradient pulses leads to enhanced molecular motion. The 

latter approach has a little less sensitivity to diffusion but takes a very long time to 

acquire. In the experiments described in this dissertation, a combination of the two 

techniques is used. Three scans are run, each with four echoes train. The three sets are 

20/40/60/80,25/50/75/100 and 45/90/1351180. The maximum repetition time 

(TR=2000 msec) is used; this generally depends on the sample and the availability of 

the scanner. 

The combined data is then fitted to the spin echo equation. A macro was written 

for the computer program Sigma Plot 4.1 TM (Jande I corporation), and used to obtain the 

proton density, Tl and T2 values of the tissue. No weighting of the data was used. The 

follo\\-1ng is the result obtained from forty four tubes of saline water prepared with an 

amount of contrast agent Gd-DTPA added randomly to each tube. The proton density 

was calculated and the results of all the tubes were the same for all of the tubes, 

considering a slight modulation which depends on the location ofth.e sample with 

respect to the rfreceiver coil. The Tl and T2 values were plotted against each other, 

and a line fit was plotted. These results are shown in figure (A-I); they correlate we!! 

with the theory that the contrast agent affects both relaxation times linearly. 
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Figure A.I Plot of Tl versus T2 for forty four tubes of saline containing a 
random concentration of Gd-DTP A. 
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