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ABSTRACT

The recently developed technique of nuclear magnetic resonance imaging
( MRI ) is an important diagnostic tool in medicine. The most common method,
two-dimensional Fourier transform imaging, utilizes pulsed magnetic field
gradients to achieve spatia! encoding. Serious intensity artifacts related to these
gradient pulses have been observed using the technique and this thesis describes
a study of these artifacts ~n images obtained with the University of Alberta
animal-sized NMR systerr.

For simplicity, the slice selection and phase encoding procedures were
eliminated and intensity artifacts associated with one-dimensional spin-echo
proton projections of a 10 cm x 10 cm x 3 mm square slice phantom were
studied. The imaging sequence consisted of the following: a m/2-pulse to
uniformly excite the spins throughout the sample, a "read compensation”
gradient pulse, a n-pulse causing the spins to refocus at a later time, followed by
the application of a read gradient pulse during which the echo forms and is
sampled. By varying the timings in the imaging sequence, information was
obtained about more important causes of intensity artifacts, i.e. deviations from a
"top-hat" projection. It was found that serious intensity artifacts arose if the =n-
pulse was applied less than about 2 ms after the switch-off of the read
compensation pulse. This was due to the finite decay time of the gradient field
as governed by the L/R ratio of the gradient coil.

The other main causes of serious imensity artifacts stemmed frorn eddy
currents which are induced in metallic parts of the cryostat of the
superconducting magnet as a result of the gradient switchings. The effect of the
eddy currents was ctudied by measuring the time dependence of the magnetic
field following the switch-off of a gradient pulse, using a small spherical sample

placed at various positions in the magnet. These measurements showed that the
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eddy currents cause an inhomogeneous and time dependent magnetic field, in
addition to a time-dependent magnetic field gradient. The inhomogeneous and
time dependent magnetic field causes the echoes from different regions of the
sample to form at different times leading to intensity artifacts. It also causes
nuclei lying on an isochromat to experience different phase shifts prior to data

acquisition, thereby causing reduced intensity through destructive inte-ference.



ACKNOWLEDGEMENTS

Above all I would like to thank Dr. D. G. Hughes , my research supervisor,
for his guidance, assistance and interest in this project and Dr. P. S. Allen for
hi» assistance and for allowing me the opportunity to perform this project in his
laboratory.

[ also wish to thank Dan Doran, Chris Hanstock, Karim D. - d
Trimble for their assistance in learning about the experimental equipr.. ..

Finally, I wish to express my gratitude to the University of Alberta for
financial support in the form of Graduate Assistantships, the Province of Alberta
for financial support in the form of a Province of Alberta Graduate Scholarship,

and 10 NSERC for financial aid in carrying out this project.

vl



TABLE OF CONTENTS

Chapter Page
1. INTRODUGCTION oot 1
2. THEORY OF NMR AND NMR IMAGING............ccoinnn 4
2.1  Elementary description of NMR ... 4
2.2 Bloch €QUAtIONS ....ociiiiiiiiiiiiiiii e U 7
2.3 Magnetization in the rotating frame ... 8
2.4  Spin-echo techniques ... 12
2.5 Detection of NMR ..o 12
2.6  NMR iMaging ...oooooiiiiimiiiiii 16
3. IMAGE INTENSITY ARTIFACTS IN MRL..... 23
3.1 Intensity artifacts due to imperfections in the rf field By ............ 23
3.2 Intensity artifacts arising from inhomogeneity in the steady
magnetic field Bg ...ooooi 23
3.3 Intensity artifacts associated with the use of a finite data
acquisition period ... 24
3.4  Intensity artifacts associated with dielectric resonances ............. 24
3.5 Intensity artifacts associated with non-ideality of the
gradient PulsSes ... 25
3.5.1 Generation of pulsed magnetic field gradients;
eddy CUTTENTS ....oooioiiiiiiiiiiniiii 25
3.5.2 Intensity artifacts arising from the finite decay ume
of the read compensation gradient pulse ..................... 27
3.5.3 Effect of phase shifts caused by eddy currents ............. 34

vii



3.5.4 Effect of improper refocussing of the spin-echo

SIENAL i 34
4. EXPERIMENTAL DETAILS ..o, 38
4.1 Description of the NMR hardware ... 38
4.2  NMR  SampPles. ..o 38
4.3  Set-up ProCedurC ........ccoiiiiiiiiiiiiii 39
4.4  Pulse program and phantom set-up used to acquire projections 30
4.5  Pulse program and set-up to study eddy field decays ............ .44
4.6 DiIieleCIriC TESONANCES ..ooevnitiiiiiinrrireareaeniiesisrisnaaseess 47
5. RES T T T S ottt et et e et 48
5.1 Inhomogeneity of Bj.....cccooi 48
5.2 Inhomogeneity Of Bo..ioveiiiiiiiiiiii 48
5.3  Finite data acquisition period............cccoeeiiiiiini. 49
54 DieleCtriC TESONANCES...c.iuuiuiiiiiiiieiiiaeetieiinien e 49
5.5 Eddy currents results ... 52
5.5.1 Projections obtained with a read compensation
gradient pulse of 5 ms duration...........cceeiiiienis 57
5.5.2 Projections obtained with a read compensation

gradient pulse of 25 ms duration..............ccceeienienn. 65

5.5.3 Measurements of the offset frequencies due to the

magnetic field and field gradient arising from the
eddy CUITENLS. ..o 72
6. ANALYSIS AND DISCUSSION OF RESULTS......cccccconviniinnnn 103
6.1 Off-resonance effects........cooooiiiiiiiiiiiiniinn.. 103

viii



6.2 Phase shifts caused by eddy currents........................ 1

6.3  Improper refocussing of the spin-echo................ 117
7. CONCLUSIONS AND RECOMMENDATIONS ... 124
BIBLIOGRAPH Y ot 126

ix



[.IST OF FIGURES

Figure

tJ

Page
Precession of the nuclear magnetizauon P:i (fory>0)in the
rotating frame about an "on-resonance” ﬁ, field through an
angle of a) 6, b)m2andc) = Fadi@nS ..ooooiiiiiiiiii e 11
A spin-echo expenment. A r/2-pulse along the x” axis rotates the
magnetization to  the Y @KIS. ..o 14
A spin-echo imaging eXPEriment. ... 20
The magnetic field ﬁcﬂ in the rotating frame experienced by a
system of nuclel. 29

The normalized transverse magnetization at time Tg, (Mx'y)TE/ Mo,
plotted as a function of AB/B}, where AB is the offset field in the z
direction due to the decay of the gradient pulse and B is the amplitude

of the rf field. . oo 36

Schematic diagram of the pulse program SRPP.PC used to generate

projections of the slice phantom. ... 42

Schematic diagram of the pulse program CHECPEM.PC used to
measure the decay of the magnetic field after the switch-off of a

gradient pulse. ... 46



10.

11.

12.

13.

The real part of the ime-domain echo-envelope acquired using the

pulse program SRPP.PC with no gradient pulses. ................50

Projections obtained with the slice phantom filled with doped
(5 mMolar CuSO4 ) water ( diclectric constant = 80 ) and with
cyclohexane ( dielectric constant = 2) obtained under the same

experimental conditions. ... 083

Field homogeneity plot in frequency units as given by the Fourier
rransform of the FID signal emanating from the si” : phantom filled

with doped ( 5 mMolar CuSOz} water. ... 56

Projections of the slice phantom acquir=d using the dcped water

sample and the pulse program SRPP.PC ( see Fig. 6) with

D25 =150 ps, D3 =5ms, D7 =5 ms, D1 =300 pus, D2 =2 ms

and Taq/2 = 6.4 MS. S9

Projections of the slice phantom acquired using the doped water
sample and the pulse program SRPP.PC (sec Fig.6) with
D25 = 150 ps, D3 = S ms, D7 = 5 ms, D1 = 300 ps, D2 =2 ms

and Taq/z - T 1 1 - TP 61

Projections of the slice phantom acquired using the doped water

sample and the pulse program SRPP.PC (see Fig. 6) with

D25 = 150 ps, D3 = Sms, D7 =5 ms, D6 = 5 ms, D1 = 300 ps

and T3q/2 = 6.4 MS. i 64

xi



14.

16.

17.

18.

Projections of the slice phantom acquired using the doped water
sample and the pulse program SRPP.PC ( see Fig. 6) with
D25 = 150 us, D3 = 12 ms, D7 = 25 ms, D1 =300 us, D2 =

30.2 :ns and Taq/2 = 6.4 MS. .67

Projections of the slice phantom acquired using the doped water

sample and the pulse program SRPP.PC ( sce Fig. 6) with

D25 = 150 ps, D3 = 12 ms, D7 = 25 ms, D1 = 300 ps, D2 =

30.2 ms and Tag/2 = 6.4 MS. o 69

Projections of the slice phantom acquired using the doped water

sample and the pulse program SRPP.PC ( see Fig. 6 ) with
D25=150pus,D3=12ms, D7 =25ms, D6 = 20 ms, D1 =

300 ps, and Taq/2 = 6.4 MS. i 71

Frequency offset ( Foffser) at locations x =+4cm,y = Ocm
(crosses ), y = +5 cm ( closed circles ) and y = -5cm (open
circles), plotted as a function of the time t after switch-off of

a 5 ms gradient pulse. ... 74

Frequency offset ( Foffser) at locations x =0cm,y = Ocm
(crosses ), y = +5 cm ( closed circles ) and y = -5 cm ( open
circles ), plotted as a function of the time t after switch-off of

a 5 ms gradient pulse. ... 76

xii



19.

20.

21.

22.

23.

Frequency offset ( Toffser ) at locations x = -4cm,y=0cm

(crosses ), y = +5 cm ( closed circles ) andy =-5cm (open

circles ), ploited as a function of the time t after switch-off of

a 5 ms gradient Pulse. ..o

Frequency offset ( Foffser) at locations x = +4cm,y=0cm

(crosses ), y = +5 cm ( closed circles ) and y = -5 cm ( open

circles ), plotted as a function of the time t after switch -off

of a 25 ms gradient

PUISE. i 81

Frequency offset ( Foffset) at locations x=+0cm,y=0cm

( crosses ), y = +5 cm ( closed circles ) and y = -5cm (open

circles ), plotted as a function of the ume t after switch-off of

a 25 ms gradient pulse. ..o 83

Frequency offset ( Foffset) at locations x=-4cm,y=0cm

( crosses ),y = +5 cm ( closed circles ) and y = -5 cm (open

circles ), plotted as a function of the time t after switch-off of a 25

ms gradient pulse.

...............................................................

Frequency offset ( Foffser) at locations y = Ocm,x=0cm

( crosses ), x = +4 cm ( closed circles ) and x = -4 cm ( open

circles ), plotted as a function of the ime t after switch-off of a

S ms gradient pulse.

.............................................................

xdii



24.

26.

27.

28.

Frequency offset ( Foffser) at locations y = Ocm,x=0cm
( crosses ), x = +4 cm ( closed circles ) and x = -4 cm ( open

circles ), plotted as a furction of the time t after switch-off of a 25

ms gradient Pulse. .ot

Difference between the offset frequencies aty =+5cmand y = 0cm

for x = +4 cm plotted as a function of time after switch-off

of a § ms gradient pulse. ...

Difference between the offset frequencies at y =+5cmand y =0cm

for x = 0 cm plotted as a function of time after switch-oft of a 5 ms

gradient PulSe. ..oocoiiiiiiiiiiii s

Difference between the offset frequencies aty =+5cmand y =0cm

for x = -4 cm plotted as a function of time after switch-off of a 5

ms gradient PulsSe. ...

Difference between the offset frequencies aty =+Scmand y =0cm

for x = +4 cm plotted as a function of time after switch-off of a 25

ms gradient pulse. ..o

Difference between the offset frequencies aty =t5cmand y = 0cm

forx =0cm plotted as a function of time after switch-off of a 25

ms gradient Pulse.  coeiiii s

Xiv



30.

31.

32.

33.

Difference between the offset frequencies aty =tScmand y =0 cm
for x =-4 cm plotted as a function of time after switch-off of a 25

ms gradient PulsSe. ..o 102

Projection obtained using the slice phantom filled with doped water
and the pulse program SRPP.PC with D7 =5 ms , D6 = | ms,
D25 =150 us, D3 = 5 ms, D1 = 300 us, D4 = 2.6 ms and Tag2 =
6.4 ms together with calculated projection based on the off-resonance

EFFECE . eeveeeerienesnuerreeeeiaesrretetr e et errre e ts et es 105

Projection obteined using the slice phantom filled with doped water

and the pulse program SRPP.PC with D7 =5 ms, D6 = 2 ms,

D25 =150 ps, D3 = 5 ms, D1 =300 us, D4 =2.6 ms and T2 =

6.4 ms together with calculated projection based on the off-resonance

PN i ] T TR PO P TSP PP PP PPPPPPRPPPEPTRRS: 107

Projection obtained using the slice phantom filled with doped water
and the pulse program SRPP.PC with D7 =25 ms , D6 = 1 ms,
D25 = 150 ps, D3 =5 ms, D1 = 300 ps, D4 = 2.6 ms and a2 =
6.4 ms together with calculated projection based on off-resonance

P 1] T U T U PR PP PP PR PP PP R 109

XV



34.

Projection obtained using the slice phantom filled with doped water
and the pulse program SRPP.PC with D7 =25 ms , D6 = 2 ms,
D25 = 150 us, D3 = 5 ms, D1 =300 ps, D4 = 26msand Tay2 =
6.4 ms together with calculated projection based on off-resonance

Y (1 U U O P PP PSPPI PR PP PPPPPPPRSPRET TP R PP

wvi



LIST OF TABLES

Table

IL.

II.

IV.

Page

Calculated values using equation 39 of the normalized transverse
magnetization Myy/Mo resulting from phase effects at positions

x = +4 cm, 0 cm and -4 cm as a function of D7, the duration

of the read compensation gradient pulse, D2, the duration of the read
gradient before the data acquisition and D6, the delay between the read

compensation pulse switch-off and the -pulse. ...ocociinniiicen 116

Calculated values of the phase shift y/2n atx = +4 cmand x =-4 cm
caused by eddy currents as a function of D7, the duration of the read
compensation gradient pulse and D6, the delay between the switch-off

of this gradient pulse and the f-pulse. ...oooiiniimmne: 118

Corrected phase shifts ycorr / 27 at positions x = +4 cm and
x = -4 cm as a function of D7, the duradon of the read
compensation gradient pulse and D6, the delay between the

switch-off of this gradient and the m-pulse. ... 119

Values of the time difference At (ms) between the time of echo
formation and Tg for nucleiat x =+4cmandx =-4cmas a function
of D7, the duration of the read compensation gradient and D6,

the delay between the switch-off of this gradient and the n-pulse. ...... 121

xvii



CHAPTER 1

INTRODUCTION

Since its discovery in 1945, Nuclear Magnetic Resonance ( NMR ) has been used
extensively to investigate the physical and chemical properties of matter. To observe
NMR signals in the early days, the sample was exposed to a continuous wave (cw’ rf
magnetic field and the steady magnetic field was swept linearly through the resonance
region. An important advance was the development of pulsed NMR in which the
sample is exposed to a short, intense rf pulse while the magnetic field is kept constant.
Fourier transformation of the time domain-signal received immediately atter the pulse
gives the same spectral information as that obtained using the cw technique. The pulse
method has the advantage that since all of the NMR frequencies within the sample can
be simultaneously excited with the rf pulse, spectra can be obtained much more rapidly.

Gabillard ( 1953 ) made the important observation that in the presence of a linear
magnetic field gradient, the NMR frequency is a measure of the spatial offset in *he
direction of the gradient. More recenidly, NMR has been applied to medicine.
Lauterbur (1973) and Mansfield (1973} took advantage of the behavior of the NMR
frequencies in the presence of a gradient field to achieve spatial discrimination or NMR
imaging ( MRI ). Early techniques of spatial encoding made use of steady magnetic
field gradients whereas more recent techniques, such as two-dimensional Fourier
transform ( 2DFT ) imaging, involve short, pulsed gradients. In 2DFT imaging,
currently the most common MRI modality, two orthogonal field gradients are used to
spatially encode, in two dimensions, the NMR signals coming from the different
regions of the sample. Two-dimensional Fourier transformation of the time domain

signals will then produce a two-dimensional spectrum or image.



The original idea for the thesis work was to study microcirculatory flow or
perfusion through the brain. The method proposed to perform this was to subtract two
images from two different sequences with different gradient pulses, one sensitive to
flow, the other not, such that the subtraction would remove the contribution of
stationary spins ( Cho et al., 1987 ). Early on in the work, it was found that images
obtained with long pulsed gradients had severe intensity artifacts whose causes were
not immediately apparent. Upon further examination, it was found that these intensity
artifacts depended very strongly and in a complicated way on the experimental
conditions such as the duration of the gradients and the time locations of the gradients
within the pulse sequences. Since these were different for the two images to bs
subtracted, a true representation of the distribution of flowing spins would not be
obtained upon subtraction. The elimination of serious intensity artifacts is of great
importance in routine imaging and is crucial in any flow measuring technique which
involves the subtraction of two images.

Lai ( 1983 ) studied image artifacts arising from inhomogeneity in the main
magnetic field and non-linearity in the gradient fields, effects which proved to be
unimportant in our case. Vollmann ( 1984 ) studied the effect of a non-linear radio
frequency receiving amplifier on the quality of images in NMR. He found the effect to
be negligible, and this is to be expected if, as is usually the case, phase sensitive
detection is used. Brateman et al. ( 1986 ) studied image artifacts using simple
phantoms and found geometric distortions and non-uniformity of signal intensity in the
images. They found a correlation between the non-uniformity of the signal intensity
and variations in the magnitude of the rf field. Henkelman and Bronskill ( 1987 )
considered various intensity artifacts but did not consider in detail those which we
found important in our work. The work in this thesis considers some of the effects

described by these workers but in much more detail.
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In two-dimensional imaging, the slice to be imaged is rormally selected by initially
applying a suitably shaped rf pulse in the presence of a linear magnetic field gradient.
To avoid intensity artifacts associated with imperfections in the slice-selection process,
our imaging was done using a sample in the shape of a square phantom with uniform
but small thickness. In that way, intensity artifacts associated with the slice selection
process are eliminated.

It has been found that some of the observed intensity artifacts are caused by the
rapid switchings of the field gradients. When a gradient is switched on or off in an
NMR experiment, eddy currents are induced in nearby conducting materials such as the
cryostat in a superconducting system. These in turn create an inhomogeneous
magneii~ field which decays with multiple time constants because of the different
resistances and inductances of the various eddy currenr loops. This decaying field will
be superimposed upon the field produced by the current in the: gradient coil and cause
intensity artifacts. Also, an effect associated with the finite decay time of the field
gradient coil has been observed.

The basic theory of NMR and MRI is developed in Chapter 2 followed, in
Chapter 3, by a discussion of various mechanisms which can cause intensity artifacts.
Experimental details are described in Chapter 4. The resul: are presented in Chapter 5
and analyzed and discussed in Chapter 6. Some conclusions and recommendations are

presented in Chapter 7.
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CHAPTER 2

THEORY OF NMR AND NMR IMAGING

2.1 Elementary description of NMR

The following is a brief outline of the theory behind NMR imaging. ( For « more
complete description of the theory, sec the well-known books dealing with MV.R by
Abragam (1961), Slichter (1963), Farrar and Becker (1971) ana Mamis (1786 °

NMR takes advantage of the nuclear magnetic moment pof specific nuclei sucu as
14, 13, 31P and 19F where Wis given by

—

W=yhl (1)

and y is the magnetogyric ratio which is unique for each nucleus, fi is Planck’s constant
divided by 2r and Lis the spin of the nucleus. Only nuclei with non-zero spin exhibit
the NMR phenomenon.

A simple quantum mechanical analysis leads to a resonance condition or frequency
which is the same as the classical Larmor precessional frequency. Since this thesis is
concerr.ed only with proton NMR, the discussion will be restricted to nuclei with spin
[=1/2 nuclei. If such a nucleus is situated in a steady magnetc field ﬁo parallel to the

z-axis, it will have two possible energy levels, with energies given by

E= -uzBo=-vAimBo )

where m is the z-component of spin angular momentum with possible values of £1/2.



The energy difference AE between the levels is given by
AE =y Bo (3)

so that the frequency @ of a quantum which causes a transition from one energy level

to the other will be
wo =AE/f =7Bg, 4)

This is the same as the classical Larmor frequency of a spinning magnetic moment
( Slichter, 1963 ).

For an ensemble of spins, the nuclei will be distributed among the two energy levels
according to the Boltzmann distribution so that more spins will be aligned parallel to Bg
than antiparallel, thus giving rise to a net magnetic moment M parallel to Bo. If the
populations of the two energy levels are perturbed by, for example, applying an rf field
with frequency @y, the populations will return to their equilibrium values exponentially
in a characteristic time T} _known as the spin-lattice or longitudinal relaxation time, by
interacting with its surrounding lattice. One can predict the natural linewidth of a
particular resonance arising from this phenomenon. Using the Heisenberg Uncertainty

Principle
AE At2h &)

and the fact that the mean lifetime of the spin state will be T1, one may deduce that the
transition will exhibit a natural linewidth, Aw = AE / #, which, if defined as being the

linewidth betwecen half-maximum points, is given by 2/Ty



Spin-lattice relaxation is usually caused by the magnetic dipole-dipole interaction
where one nuclear spin i.l is affected by the dipole field ¢ ~eighboring spin l42, If l.z
is moving relative to fl such that its frequency of motion has components at wg or
2w, this will cause fl to undergo a transition to the other energy state and thus cause
spin-lattice relaxation.

The excitation of a spin system in NM ° in general, generates a transverse
componcnt of magnetization which rotates in the xy plane around the magnetic field
direction. The presence of a distribution of local magnetic fields generated by
neighboring magnetic nuclei causes a dephasing of the spins as they precess about ﬁo.
As a result, the transverse magnetization will decay, in many cac exponentially, with
a characteristic ime T called the spin-spin or transverse relaxation time.

Processes that give rise to longitudinal relaxation will at the same time cause a decay
of the transverse magnetization. In addition, other mechanisms can cause the
transverse magnetization to decay more rapidly than by the T processes alone. NMR
signals are observed via the transverse magnetization so the NMR linewidth is
governed by T2 rather than Ty, with T ST} always. If the Ty relaxation is
exponential, the linewidth Aw between half-maximum points is given by 2.

T, relaxation is caused by similar processes to T} except that magnetic field
fluctuations at low frequencies also contribute. For instance, if nuclei experience
different static fields, they will precess at different rates and thus dephase, or relax.

An important point to mention here is that the relaxation times are normally quite
different for spins in a liquid and a solid. In a solid, the positions of the various spins
relative to each other and thus the magnetic field at one spin site due to the other spins,
stays relatively constant due to a lack of translational motion. However, in a liquid, the
orientation of the internuclear vectors relative to the magnetic field continually changes,
thereby giving rise to a fluctuating local magnetic field. The motion is usually

extremely rapid and the given nucleus sees only the average field due to the other spins.



This leads to much longer Ta's for liquids than solids and, thus, much narrower
Linewidths. For a more thorough discussion of this and other magnetic relaxation
mechanisms, see Farrar and Becker (1971).

An inhomogeneity in the static magnetic field ﬁo will also cause a dephasing of the
various nuclear spins and will contribute to the observed linewidth. If the decay in the
transverse magnetization caused by the inhomogeneity in B, is exponential, the two
contributions can be added so that the overall observed linewidth at half-maximum can

be wntten as
Aw=2/T2+yABo=2/T2' (6)

where AB, is the width of the B, distribution at half-maximum. Here, Ty isa

modified spin-spin relaxation time which includes the effects of the static field

inhomogeneity.
22 Bioch equations

Bloch et. al. (1946) described the motion of macroscopic magnetization —I\‘d resuldng

from an ensemble of nuclei, in the presence of a static field ﬁo and an applied rf field
§| by the phenomenological Bloch equations. In the absence of relaxation , the rate of

change of M is given by

dM/dt = YM x B )]

where B is the vector sum of B, and B;. If B, is transverse , initially along the x-axis,

and rotates at a frequency £ about the z-axis, then



_li:él *-éo =BjcosQt x - BysinQt y + By z. (8)

Substitution in equation (7) gives

de/dt=y(MyBo+MzB|sith) (9a)
dMy/dt=Y(MlB|coth-M,‘ Bo) (9b)
dM, / dt = -y (M By sin €t + My By cos ) 9¢)

If relaxation effects are included and the decay is assumed to be exponential, the sbove

equations (9a,b,c) become

dMy/dt=y(M,B|coth - My Bg) - My /T2 (10b)
dM, / dt = -y ( My By sin Qt +MyB|coth)-(M,-Mo)/T1 (10c)

These are the so-ca'ied Bloch equations.

53 Masnetization in -

To understand what happens to M under the influence of ﬁl and ﬁo, it is easier to
observe its motion from a frame rotating about B, with the same frequency 2 and in
the same sense as ﬁl. The equivalent of equation (7) in this frame is given by
( Slichter, 1963)

e

(dM/dt)yor=YM X B - AXM=y(MX(B+Q/y))



=y (M X Begf) 1)
where chfis an effective field given by ﬁ + fNy. Ifﬁ = ﬁo + ﬁy. then
Befr = Bo+ /7 + By (12)

and, if Q= - yﬁo. the Larmor frequency, then Eeff = 51_ Since §1 rotates at the
same frequency as ihe rotating frame, —él is stationary in the rotating frame and M will

precess about ﬁl with a frequency
®=7YB. (13)

If El is applied for a time 1 along the x-axis of the rotating frame, the angle of

precession of the magnetization about this axis will be
0= ot = yB;1 (14)

as indicated in Fig. 1. By suitable choice of B) or 1, one can rotate M by n/2 radians
from the z axis to bring the magnetization into the xy plane or by n radians to create -z
magnetization as shown in Fig. 1.

As can be seen from equations 11 and 12, if _Iil isnot " on-resonance ", i.e. Q#
-YBo, M will be rotated about an axis tilted away fromt!  x-axis in the rotating frame.
The rotation of M will then deviate from the desired angle and, the greater §1 is off
resonance, the greater this deviation until such a point that a n/2 pulse would create

negligible transverse magnetization.



Fig. 1

Precession of the nuclear magnetization M ( for y> 0 .
rotating frame about an "on-resonance” B ficld through an a

radians ) of a) 8, b) ©/2 and c) n. The primes here refer to the 1o 8

frame.
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24 Spin-ccho techniques

In many cases, the transverse magnetization decays relatively rapidly because of the
dephasin~ <sociated with the inhomogeneity of B,. However, this dephasing is
reversi ‘reas the dephasing associated with T2 is not. As was shown by Hahn
(1950), the application of a =/2-pulse, followed at a time 1 later by a n-pulse, will give
rise after a further time 1, to a "free induction echo” which has been called a "spin-
echo”. The n-pulse rotates the spins in such a way that the dephasing that occurs
during the first time interval 1 is reversed during the second 1 interval. In the absence of
T, processes, the transverse magnetization in the second interval builds up in the same
fashion as the FID decayed in the first incerval. After its formation, the echo decays in
the same way as the FID. The echo "envelope” therefore looks like two FID
signals back-to-back. In practice, T2 processes cause the echo amplitude to be smaller
than the FID, the situation being as shown in Fig. 2. In this figure, it has been
assumed that the phase of the n-pulse is shifted by 90° relative to the n/2-phase.
Otherwise, if the pulses have the same phases, the echo would be inverted.

The technique was originally used to determine values of T,. However, the spin-
echo technique is being used to great advantage in NMR imaging, as will be shown in

section 2.6.

2.5 Detection of NMR

Two general methods of detection exist in NMR; continuous wave ( cw ), which is
an older technique, and pulsed methods, which are used much more extensively today.
In pulsed methods, a short irtense rf pulse is applied to a coil, often called the
wransmitter coil, which is wound in such a way as to generate an rf magnetic field which

is perpendicular to the static field. The lincarly polarized rf magnetic field can be



Fig. 2

A spin-echo experiment. A m/2-pulse along the x' axis rotates the
magnetization to the y' axis. The signal arising from this magnetization
decays with a characteristic time T,*. Attime Tg/2, a n-pulse is applied
along the y' axis causing the magnetization to refocus at time Tg. The
magnetization at time Tg is reduced from its initial value of M because of T2

processes which are not reversed by the x-pulse.
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decomposed intc 'wo contra-rotating circularly polarized components, one of which
rotates in the same sense as the nuclei and is the B) field referred to above. If the rf
pulse is extremely short so that it approximates a delta function, it will contain a wide
band of frequencies which simultaneously irradiates the entire NMR spectrum.. The
resultant precessing magnetization in the sample induces a voltage in the receiver coi.
Often the same coil serves as both receiver and transmitter coils. The voltage induced
in the .l decays because of the relaxation effects discussed in section 2.1 and the
time-domain signal is called a free-induction decay ( FID). It can be shown ( Slichter,
1963 ) that the Fourier transform of the FID gives the same frequency spectrum as that
obtained using the cw technique, provided the rf pulse is short enough to uniformly
excite the whole NMR spectrum.

To analyze the high frequency timz domain signal resulting from the system of
spins, phase sensitive detection is used. In phase sensitive detection, the input signal is
multiplied by a reference signal at a frequency wo which is usually close to the
frequencies associated with the input signal. Components of the input signal at
frequency ® thus give rise to two components, with frequencies © + W and ® - Wn.
A low pass filter eliminates the high frequency signal. Using two phase sensitive
detectors whose reference signals are in quadrature or out of phase by n/2 radians, one
may distinguish positive (@ -®o >0) from negative (® - wy<0) frequencies.
In many cases, the reference frequency @ is chosen to be the same as the frequency of
B,. The output of the phase sensitive detectors will then give the frequencies as
observed in the rotating frame. The use of two phase detectors in quadrature also has

the advantage of improving the Signal to Noise ratio (S/N) by 2.
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2.6 NMR imaging

Since the initial development of NMR imaging (MRI) in 1973, many techniques
have been proposed and developed such as point, line, planar and three dimensional
methods, projection reconstruction and the more common Fourier methods developed
by Emnst et al. (1975). InMRI, a linear magnetic field gradient G= VB, is applied
to the sample in order to bring about spatial differentiation. The gradient field is parallel
to B, and is therefore along the z axis whereas the direction of the gradient is at the
control of the experimenter. In practice, B is usually very much larger that the
gradient field so that any x or y components which may be inadvertently generated will
have a negligible effect. The z component of the magnetic field at a location r , where 1~

is measured from the point where the gradient field is zero, is then given by

B,(r) =By +AB(1) =Bo+G 1. (15)

Thus the new resonance condition is

(1) =Y(Bo+Ger) (16)

and the frequency offset from @, of a group of spins is proportional to their distance
away from the plane where the gradient field is zero.

To uniquely encode all locations in a sample, one requires three orthogonal field
gradients. The z-gradient is normally generated using a Maxwell coil and the x-gradient
and y-gradient are ncrmaily generated using Golay coils ( Morris, 1986 ).

Two dimensional Fourier imaging is currently the most common imaging modalit,
and this thesis is concerned with intensity artifacts that arise using this technique. For

this technique, one first "selects” a slice by rotating all of the spins in a thin slice from



the z-axis into the xy plane. Moreover, all the spins should have the same phase in the
xy-plane. An ideal "top-hat" slice profile is one in which all the nuclei in the slice are
rotated through /2 radians and have the same phase in the xy-plane while all the nuclei
outside the slice are unaffected.

All spins in a slice can, in principle, be rotated through n/2 radians by
simultaneously applying a linear field gradient perpendicular to the slice and a tailored
selective rf pulse which is a sinc function in the ume domain. However, the excited
nuclei will have a roughly uniform distribution of phases in the transverse plane
( Morris, 1986 ). Also, the sinc function is impractical to implement because of the
side-lobes. The first problem can be largely overcome by "unwrapping” the spins by
applying a so-called "slice compensation” gradient pulse of suitable amplitude and
duration but of opposite polarity after the rf-pulse has died away. The second problem
can be overcome by sacrificing a top-hat slice profile and, using instead, a ime-limited
rf-pulse such as a Gaussian. If a Gaussian pulse is used, the slice profile will be
roughly Gaussian in shape. It will not be exactly Gaussian because the Bloch
equations are non-linear ( Mansfield et al., 1979, Hoult, 1979). Once a slice normal to
the z direction is selected, spatial encoding of x and y is achieved using the magnetic
field gradients Gx and Gy.

For a one dimensional image, the sequence to encode the data would involve
selecung a slice followed by the application of a frequency encoding or read gradient
in a direction orthogonal to the slice direction and recording the resultant time-
domain signal. A serious problem with this is the loss of NMR signal or dephasing
which occurs during the finite rise time ( ~2ms ) of the read gradient. This is
overcome by using not one, but two read gradients of the same polarity and applying a
"hard" ( non-selective ) n-pulse between the gradients to achieve refocussing of the

signal in a "spin-echo” as shown in Fig. 3.



The first read gradient pulse, which is called the read compensation gradient, causes
dephasing of the spins. The second gradient pulse, since it occurs after the x-pulse,
causes rephasing of the spins, such that an echo forms at a time when the time-
integrated areas under the two read gradient pulses are equal. The duration and
strength of the read compensation gradient is chosen so that the echo forms well after
the rise time of the second read gradient. The spin-echo signal is therefore formed in
an essentially constant field gradient, as required. Fourier transformation of this spin-
echo signal then gives a one-dimensional image or projection.

In practice, some additional dephasing of the spins will occur because of the
inhomogeneity in the B, field. As is well known from the spin-echo experiment
( Farrar and Becker, 1971 ), the effect of the n-pulse applied at a time Tg/2 after the
initial excitation is to rotate the spins about the axis of the pulse in the rotating frame.
This has the effect of causing the spins to refocus at a time Tg/2 after the n-pulse, i.c.
at a time T ( echo-time ) after the initial rf excitation. ~ Thus, the loss of signal in the
imaging procedure caused by the inhomogeneity of B, can be largely eliminated by
positioning the w-pulse midway in time between the initial rf excitation and the
formation of the echo in the presence of the gradients.

To create a two-dimensional image, it is necessary to encode the signal in a
direction orthogonal to the read ( x ) direction and slice (z) direction . This is done
by applying a so-called "phase encoding” gradient between the time of the initial rf
excitation and the time of the echo formation. Application of such a pulse of amplitude
Gy and duration T changes the phase, by YGyyt, of the signal from nuclei ina plane
whose y coordinate is y. By incrementing the amplitude of this pulse by a small
amount, determined by the required resolution in the phase encoding direction, and

repeating the imaging sequence for each increment, a two-dimensional image can be

1%



Fig. 3

A spin-echo imaging experiment. | .llowing a 1/2-pulse along the x’
axis which rotates the magnetization . - th«  axis, a read compensation
gradient pulse is applied causing the individual spins which make up the net
magnetization to dephase coherently. Aft~r a subsequent n-pulse along the
y' direction, another read gradient pulse is applied which causes the spins to

refocus to form an echo at time TE.
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obtained by two-dimensional Fourier transformation of the resultant time domain
signals.

The minimum read gradient strength, (Gx)min, 1S determined by the static
field inhomogeneity. The frequency range across one picture element (pixel) due to
the gradient must be much larger than the field inhomogeneity expressed in frequency
units. With this in mind, and knowing the maximum displacement Ly of the sample
in the x-direction, the gradient strength Gx can be chosen . The maximum frequency

in the signal, uppax, will then be given by

Umax = (Y GX Lx) /2r. (18)

Once this frequency is known, the dwell time (DW) or the time between samplings
during data acquisition can be determined using Nyquist's condition. This states that

the maximum frequency to be correctly reproduced without aliasing will be

Umax = 1/ (2 x DW). (19)

Thus, to prevent aliasing in the image, the condition

YGxLxDW sn (20)

must be met.

The number of sampled points n during the data acquisition interval determines the
number of pixels in the x direction and thus the resolution. The acquisition time is
given by 1Taq = (n-1) x DW. Since the data processing involves a Fast Fourier
transform ( Brigham, 1974 ), it is preferable that n be a power of two. The effect of

D.C. offsets may be eliminated by repeating the pulse sequence with the phase of the



n/2-pulse reversed ( i.c. the first ©/2-pulse along +x' and the second along -x') and
subtracting the two echoes. Also, of course, repeating each pair of pulse sequences
will lead to an improved S/N.

The frequency response in the phase direction is determined by the phase gradient
increment. The condition for this increment is that a spin located at the maximum
phase displacement (£Ly) will nui be dephased when Gy = 0 but will be dephased by

n with no aliasing on the next increment. This leads to the condition

Y(Gy)minLytys= ¥3))

where (Gy)min is the smallest non-zero phase gradient or the phase gradient increment
and ty is the duration of the phase gradient pulse.

A variation of this form of imaging is multiple echo imaging where additional
echoes are created by placing another n-pulse after the echo and modifying the read
gradient after the echo such that a second echo forms at the centre of the second
acquisition and so on for the subsequent echoes. Each echo will be reduced in signal
intensity due to natural T, processes and the gradient areas would have to be very
precisely adjusted to ensure that the echoes form at the centres of the acquisition
periods. Also, three-dimensional imaging can be accomplished by eliminating the slice
selection and incorporating another phase encoding step for that dimension. However,
this is not very popular due to the longer .xperimental imes required and the difficulty

of displaying a three-dimensional image or conventional display<
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CHAPTER 3

I A IN MRI

Image intensity artifacts can be caused by many different mechanisms. To simplify
matters, intensity artifacts arising from imperfections in the slice selection and phase
encoding procedures are not treated. This thesis, therefore, deals with intensity
artifacts arising in one-dimensional spin-echo imaging which uses an initial non-
selective n/2-pulse followed by a read compensation gradient pulse, a non-selective n-

pulse and a read gradient pulse in that order (see Fig. 3).

3.1 Intensity antifacts due to imperfections in the rf ficld By

A factor governing the accuracy of the intensity values in MRI is the spatial
homogcaeity of the rf or By field. If the strength of the B field varies throughout the
sample, the tip angles experienced with a n-pulse and a ©/2-pulse will vary throughout
the sample. This will lead to intensity variations in the image which are not intrinsic to

the sample.

1.2 Lotensity artifacts arising from the inh ity of d . :
ficld By

If the object or phantom to be imaged has a uniform number of spins per unit length
in the read direction, the image should be a "top-hat" shape in the frequency domain
with frequencies ranging from -f) to f} say. The corresponding time domain signal is
the inverse Fourier transform of this, viz. a sinc function with zeros every 1/f)

seconds. In order for this sinc function to be faithfully sampled and recorded, the



echo envelope associated with the inhomogeneity in B, should be essentially constant
during the period when the echo is being formed. Otherwise, the wings of the sinc
function will be attenuated and the Fourier transform of the echo will no longer be a
top-hat shape. To avoid this kind of intensity distortion, T2" should be much greater
than 1/f;. This condition is equivalent to the requirement that the linewidth Aw/2n
associated with the inhomogeneity B, shall be much less than the total width 2f) of the
image. This requirement is usually stated in the form that the B, inhomogeneity width

in frequency units shall be less than the pixel ( picture clement Ywidth.

33 1 . if iated with 1t { a finite d iod

The time domain signal associated with the top-hat frequency domain signal, viz.
the sinc function, possesses side lobes which extend out to t = deo. The use of a finite
data acquisition time, Taq, truncates the signal att = +1a9/2. In effect, the true signal is
multiplied by the top-hat function of width Taq. By the convolution theorem, this
implies that the observed image is the convolution of the true image shape with a sinc
function of the form sinc(ftag). To obtain an accurate image intensity distribution, Taq

must obviously be chosen to be much larger than 1/f; defined in the previous section.

34 Intensity artifacts associatec . _dielectric resonances

Roschmann et al. (1988) have recently observed image intensity variations which
they attribute to dielectric resonances ( Gastine et al., 1965). These resonances give
rise to a spatial inhomogeneity in the amplitude of the rf magnetic field in the sample,
thereby causing variations in the image intensity. This effect is worse at high

frequencies and for samples with a high dielectric constant.



3.5 1 i ] i with non-ideality of th ient pul

In order to understand intensity artifacts associated with imperfections in the
gradient pulses, it is necessary to discuss problems caused by the use of pulsed
gradients. These are discussed in section 3.5.1. Artifacts which stem from these are

discussed in sections 3.5.2 to 3.5.4.

3.5.1 ion of pulsed m ic fiel jents:

The coils used to -enerate the magnetic field gradients are inductive and therefore
have a finite rise and fall ime given by the ratio L/R where L and R are, respectively,
the inductance and resistance of the coil. In practice, L/R is of the order of Ims. Itis
important that the gradients are turned on and off rapidly so that the imaging sequence
can be carried out as quickly as possible. A faster rise and fall time than that implied
by the L/R ra > can be achieved by shaping the voltage pulse so that it has a large
positive value immediately after switch-on and a large negative value immediately after
switch off for a positive gradient voltage pulse. This approach is called "pre-
emphasis” but its use is limited by the available driving power.

The rapid change in the gradient field that occurs during switch on and switch off
induces eddy currents in nearby metallic components, the effect being particularly
prominent in superconducti g as opposed 1~ resistive magnets. The eddy currents will
in turn produce magnetic fields which are superimposed on the main gradient fields.
Because of the relatively large L's and small R's of the eddy current loops in the
cryostat of a superconducting solenoid, these spurious magnetc fields may take a long
time to decay. Moreover, they may be characterized by several different decay

times.



If the cryostat is approximately cylindrically symmetric, the eddy currents will
generate a fairly uniform field gradient of opposite sign to the gradient produced by the
current in the gradient coil. It is possible to compensate the slowly decaying gradient
caused by such eddy currents by suitably shaping the waveform of the current in the
gradient coils.  In practice, perfect compensation cannot usualiy be achieved
because of the large number of different decay time constants associated with the
different eddy current loops. Moreover, the cryostat is not usually perfectly
cylindrically symmetric, so the eddy currents may generate a magnetic fi¢ld in addition
to a magnetic field gradient. This magnetic field cannot be expected to be perfectly
homogeneous.

Mansfield (1986) has suggested a method for reducing these eddy fields by "active-
screening”. His idea is based on the fact that if a conducting cylinder of suitable
thickness were placed around the gradient coils, any alternating magnetic field outside
the cylinder would be zero. He approximates the screening cylinder with wires placed
at various positions around the gradient coil. The position.  the wires and the
amplitudes of the currents flowing through +hem are such as to approximate the
currents that would be induced in the conducting screen during gradient switchings.
The currents through the screening wires would cancel the external fields due to the
main gradients coils. The field at the parts of the cryostat which formerly had eddy
currents induced in them would remain virtually unaffected by the gradient pulse, so
litle eddy current would be generated.

Another method used to reduce the effects of eddy currents is to try to isolate the
gradient coils from materials such as the cryostat. This can be done by having smaller
gradient coils. However, it has the disadvantage of reducing the volume over which
images can be made because of the reduced volume over which the gradient fields are

linear.



3.5.2 I ' if; isin m the finj i f th mpensation

If the m-pulse is applied too soon after the read-compensation gradient is switched
off, the extremities of the sample in the read direction will be far off-resonance because
of the finite decay time of the gradient pulse. This will result in tip angles greater than
« radians about axes tilted away from the y' axis in the y'z' plane, if Bj is along the y'
axis, as discussed in section 2.3. This causes a loss of transverse magnetization by
two mechanisms. Firstly, part of the transverse magnetization is rotated by the "=-
pulse” ( i.e. by an on-resonance n-pulse ) into the z' direction. Secondly, because of
inhomogeneity of the B, field in a direction orthogonal to the gradient field, nuclei
lying along an isochromat will possess different phases at the time of the "n-pulse”.
Such nuclei will experience different rotations as a result of the "g-pulse”. Thus,
destructive interference will occur because of an imperfect refocussing of the spins at
time Tg leading to a loss of signal intensity near the extremities of the sample.

If at some position, r. the additional field in the z direction experienced by the spins
due to the decay of the gradient is AB, then, in the rotating frame, the effective field

during the "n-pulse” with B} along the y' axis is given by ( Farrar and Becker, 1971)
Begf = ( B12 + AB2)12, (22)

As shown in Fig. 4, Begg will be oriented at an angle 0 to the y' axis in the y'z' plane

given by

@ =tan'! (AB/By). (23)

27



Fig. 4

The magnetic field ﬁeff in the rotating frame experienced by a system of

nuclei. ﬁeff is the vector sum of the rf magnetic field, ﬁl, and the offset

magnetic field, AB, due to the decay of the gradient pulse.
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The angle of rotation g about Beg for a "x-pulse” of duration t is given by

0= YBetrt = Y(B 2+ AB2)1221
yByt(1+(AB/B;)?)12

n(1+(AB/B)2)12 (24)

Consider a group of spins with transverse magnetization _1\.40 situated at a position r.
As a result of the dephasing arising from the inhomogeneity in Bo and the read
compensation gradient pulse, the magnetization —I('lo will be oriented at an angle ( /2 -
B ), say, with respect to the x' axis immediately prior to the "n-pulse”. This
magnetization can be resolved into components MysinP along the x' axis and
MycosP along the y' axis.

To determine what happens to the y' component, MocosP , as a result of the "n-
pulse”, one can simply use the expressions developed by Mansfield et al. ( 1979).
Their result was for an initial magnetization along z' followed by an rf pulse with a
Befr at an angle 8 from the z' axis in the z'x’ plane. After suitable transformation of

axes to correspond to our case, the magnetization after a "n-pulse” is given by

M, = MgcosP { sinB sing } (25a)
My = Mgcosf { c0s20 + sin20 cosg } (25b)
M, = MgcosP { sin@ cosB (1 - cosp ) }. (25¢)

To determine what happens to the x' component, MosinP , one can simply
transform to another rotating frame, L', with the x” axis coincident with the x’ axis
and the y" axis along the direction of Begr. The magnetization in this frame after the

"r-pulse” is given by

30



My~ = MosinP cosg (26a)
My~ =0 (26b)
M, = MgsinP sing. (26¢)

To find the magnetization in the original rotating frame resulting from the original x’

magnetization Mgsinf , one simply transforms this magnetization back giving

M, = My~ = Mgsinf} cosg (27a)
My = -Msinf3 sing sinB (27b)
M, = Mgsin sing cos8. (27¢)

The resultant transverse magnetization immediately after the "n-pulse”, (Mx'y)after
can be found by determining the new magnetization for each component Mgcosf
along y' and MgsinB along x' and adding them vectorially. The new x' and y'

magnetization components are given by

(My)afier = Mo( @ sin + bcosP ) (28a)
(Myatier = Mof € cosP - bsin) (280)

where a = cos@, b = sin® sing and ¢ = cos20 + sin20 cosp. The transverse

magnetization immediately after the "r-pulse” is therefore given by

(Myyafter = Mo (a sin + b cosp )2
+ (¢ cosP - bsinf)2 }172 (29)

oriented at an angle -B' from the y' axis given by



B =tan"! { Mx)afier/ My)after }
=tan'! { (asinf+bcosP)/(ccosP-bsinf) ). (30)

The final phase angle at time Tg will then be given by B'+ P since the spins will
continue to precess about the 2’ axis at the same rate as before the "n-pulse”. By
substitution of © = 0 radians and ¢ = «t radians in the above equations, corresponding
to the on-resonance condition, we see that (My'y)after is My and the accumulated
phase angle B'+ B is zero at time TE, as expected. However, if the "n-pulse” is not
on-resonance, (Myy)after Will be less than Mg and B'+ B will not be zero. Since the
accumulated phase angle is not zero for the off-resonance condition but depends on the
initial angle P and the offset AB, the spins along an isochromat which experience
different magnetic fields due to the inhomogeneity in B, ( and thus have different f's )
will not be in phase at ime TE.

To obtain an expression for the net transverse magnetization at time Tg it is
necessary to know the distribution of the phase angles B. If the transverse
magnetization is zero at the time of the "x-pulse”, as is usually the case, the spins can
be assumed to have a uniform distribution of phase angles B. In that case, the net

component magnetizations at time Tg, (Mx)TE and (My)TE, are given by the

following integrals:
2x
(My)TE = 121 Io M, ((asinP + bcosP )2 + (c cosP - b sinf )2} 12 x
sin( B+ B dp (31a)
pi
(My)TE = I/ZnI M, {(a sinP + bcosP )2 + (c cosP - bsin )2}1/2 x
0
cos( B+ ) dp. (31b)

The final transverse magnetization is then given by



(Mx'y')TE = { (Mx)?TE + (My')ZTE RIC3 (32)

[t is not easy to solve for (Myy)TE using the above expressions. We therefore
make the simplifying assumption that one quarter of the spins are aligned along each of
the x', -x', y' and -y' directions immediately prior to the "n-pulse”. If the "n-pulse” is
on-resonance, the spins in the x' and -x' directions will be rotated to the -x' and x’
directions respectively such that at time Tg, they will have rephased to the y' direction.
Spins along the y' and -y’ directions will be unaffected by the "n-pulse” and both
groups will have rotated to lie along the y' axis at time Tg. Thus, as expected, the net
magnetization at time Tg will be M, along the y' axis. However, as has already been
shown, if the "n-pulse” is not on-resonance, transverse magnetization will be lost.

To determine the remaining transverse magnetization for this case, first consider the
magnetizations in the x' and -x' directions immediately prior to the "n-pulse”. Their
rotations will be given by equations 27a through 27¢ with B = n/2 and 3n/2 radians
respectively and with M, replaced by My/4. After the "r-pulse”, the spins will
continue to precess such that they will be aligned at time Tg with a transverse
magnetization of (My/2) (a2 + b2) oriented at an angle p+P=n2 +tan"l{-a/b)
from the y' axis. Secondly, consider the magnetizations which lie along the y'and -y’
directions immediately prior to the "n-pulse”. Their rotations will be given by
equations 25a through 25c with phase angle B = 0 and = radians respectively. After
the "m-pulse”, they v/ill rephase at time Tg with a transverse magnetization of {(Mo/2)
(b2 +¢c2)} oriented at an angle '+ B = tan"! (b/c) from the y' axis.

The net result at time TE of these rotations of the four component magnetizations is

(Myx)TE =2 [ (-Mo/4) b+ (Mo/4) b ] =0 (33a)
My)TE = 2 [ (-Mo/4) a + Mo/4) ¢ ] = ((Mo/2) (c - 3)}. (33b)
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Since (My)TE = 0, the net transverse magnetization, (Myy)TE, is equal to My)TE. A
graph of the normalized transverse magnetization against AB/B at time Tg calculated

using equation 33b is shown in fig 5.

353 fect of ph hif

If the read gradient is in the x direction, then all nuclei in a thin slice perpendicular
to the x direction should have the same precessional frequency during the data
acquisition period. However, as has been pointed out already, eddy currents will, in
general, produce a magnetic field across the sample in addition to a magnetic field
gradient. If the magnetic field generated by the eddy currents ic inhomogeneous,
particularly in the y direction, then nuclei in the thin slice will have experienced
different phase shifts prior to the data acquisition period. There will in that case be an

intensity loss due to destructive interference.

354 ff im r refi ing of th in

Eddy currents can cause intensity loss by yet another mechanism. The function of
the read compensation gradient in a spin echo sequence is, as stated earlier, to dephase
the spins in the read direction such that, after the applica:on of a n-pulse, the
reapplication of a read gradient of the same polarity will cause the spins to refocus at
the same instant that the phase shifts due to the inhomogeneity in Bo are compensated
by refocussing. The condition for this to occur is that the area under the read
compensation gradient pulse must be equal to the area under the read gradient pulse
measured up to the centre of the echo. However, the areas under the two gradient

pulses include the contributions of the eddy currents to the field gradients. If the field
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Fig. 5

The normalized transverse magnetization (Mxy)TE/ Mo plotted as a
function of AB/B,, where AB is the offset field in the z direction due to the
decay of the gradient pulse and B, is the amplitude of the rf field. This curve
was calculated assuming that the magnetization at the time of the "r-pulse”

was distributed with My/4 along each of the x', y', -x" and -y’ directions.
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gradient produced by the eddy currents uniform throughout the sample, then one
should be able to adjust the gradient pulses so that the echoes from all regions form at
the same time. However, this will not be the case in general. For example, if the eddy
currents produce an inhomogeneous magnetic ficid, then each region will require a
different amount of compensation. Thus, the echoes from different regions will
refocus at different times during the acquisition period.

In the absence of gradient pulses, an echo will still form ai Tg because the phase
shifts caused by inhomogeneities in the static ficld will be "unwrapped” by the T-puisc
and the subsequent evolution in time of the spin system. If the static field
inhomogeneity is large, this "echo envelope" will be short lived in the time domain
since the spins will rapidly come into and out of phase near the centre of the echo. If
this condition exists wher: the gradients are incorporated into the imaging sequence,
great care must be taken to ensure that the echo forms at the centre of the acquisition
period, which is where the echo envelope will refocus due to B, inhomogeneity. Any
slight misadjustment of either gradient pulse will cau.se the echo to refocus at some
other time than Tg meaning that the echo en ¢lope will not be at its maximum
amplitude. Since the eddy currents cause the echoes from different regions to form at
different times, intensity variaticns will result with greater distortion resulting from a
sharper echo envelope. More precisely, an inhomogeneity in By along a line of
constant spatial coordinate corresponding to the read direction will lead to an echo
envelope with the net envelope being a summation of these individual envelop=s.
Variations in echo envelope sharpness and in echo reformation time in the presence of
gradients for the nuclei along these lines of constant read coordinate will lead to

intensity variations at the particular read coordinate.
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CHAPTER 4

PER AL DETA

4.1 ipti NMR hardw

All of the measurements described in this thesis were carried out using a 2.35 T,
40 cm bore superconducting solenoid. This system is used by several research groups
at the University of Alberta for in vivo imaging and spectroscopic studies on small
animals. Field gradients are generated by means of Maxwell and Golay coils with an
inner diameter ( ID ) of 35 cm placed in the magnet bore. NMR signals are obtained
using a single rf coil whicii is 2 modified birdcage type ( Hayes et al., 1985 ). This
has an ID of 23 cm and is situated within the gradient coil former.

The f transmitter and receiver systems, gradient power supplies, control units,
superconducting solenoid and computing equipment were manufactured by the Bruker

Co. of West Germany.

4.2 NMR somples

The intensity artifacts were studied using a square slice phantom, with inner
dimensions of 10 cm x 10 cm x 3 mm, filled with the water. The water was doped
with CuSOy4 to give a 5 mMolar concentration of Cu**. The paramagnetic Cu** ions
reduce the T of the protons from 3 s to about 200 ms, thereby allowing shorter
repetition times between successive scans.

The field variations, both spatial and temporal, following switch off of the gradient
pulses were measured using a small spherical sample of doped water with a d:ame:er

of 13 mm.
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4.3 Set-up procedure

The following procedures w=re followed at the beginning of ¢ach experimental
session. They are similar to those used routinely by other researchers who use the
systemn for imaging.

After the sample was placed in the magnet, the variable capacitors associated with
the rf coil were adjusted such that the rf coil circuit was tuned and matched to allow
for maximum power transfer and S/N ratio. The static magnetic field, By, was then
“shimmed" to achieve the best possible field homogeneity over the sample. This was
done by adjusting the magnitude of currents passing through various shim coils.
These a- designed to create linear and higher order tesseral and zonal harmonics or
the centre of the magnet ( Romeo and Hoult, 1984). For our experiments, currents
through the linear shim coils were adjusted in order to obtain a maximum area "under”
the FID signal. The non-linear shims were left as set by the technician in charge.

After shimming, an FID was recorded and Fourier transformed. The resonance
frequency was then set to be the frequency at the centrs of the resulting peak. This
peak is narrow for an optimum shim and roughly Gaussian in shape.

The n-pulse and the /2-pulse were then adjusted. This was done by setting the
duration of the n-pulse, called D1, to 300 us and then adjusting the gain of the
transmitter rf amplifier such that after an rf pulse of duration D1, no signal could be
observed. A m/” iulse wou.d then result for an rf pulse of duration 150 us since the
area under au rf ~lse of such a duration is almost exactly proportional to its duration.

The nethod used on this system to compensate for the finite rise and decay times of
the gradient pulses and the eddy currents is to pre-emphasize the gracient pulses, as
was discussed in section 3.5.1. However, this procedure v.x3 only done once every

few months. First, a large spherical water phantom ( ~10 cm diameter ) was placed in
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the centre of the magnet and the static field was shimmed. The resonance frequency
was also set, as discussed above. A gradient pulse of 10 ms duration was then
applied followed by a variable delay and a non-selective n/2 pulse of duration 150 us.
If the gradient field dropped to zero immediately upon switch-off, the FID emanating
from the phantom would be on-resonance and decay according to T2". However, the
gradient pulses take scine time to ¢-cav because of the natural L/R decay time of the
coil and the presence of lery . ste7 ¢ ~idy currents. Thus, the FID emanating from the
sample will have frequencies which are varying in time and will not return to the
original resonance frequency until the eddy currents have decayed away. Following
a 50 ps delay after the %/2-pulse to allow the B field to decay, the FID was sampled
and recorded. The experiment was then repeated but this time without applying the
gradient pulse. Subtraction of the two FID signals gave a measure of the lingenng
effect of the gradient pulse.

This procedure was repeated many times while varying the delay DS from 5
ms to 500 ms and while varying the three time constants and gains in the pre-emphasis
unit ( cf. section 3.5.1). The optimum settings were obtained when the observed

difference between the two FID's was minimized.

4.4 Pulse program and phantom set-up used 10 acquire projections

A schematic diagram of the pulse program, SRPP.PC, used to acquire the one-
dimensional images or projections is shown in Fig. 6. Aftera delay of D3 following
a non-selective n/2-pulse of duration D25 in the x' or -x' direction, the read
compensation gradient is switched on for a duration D7. Following this, there is 4
delay of D6, a non-selective n-pulse of duration D1, a delay of D4, a read gradient of
duration D2 followed by the acquisition period during which the gradient remains on,

in that order. These tirnes are chosen so that the n-pulse occurs midway between the

40



Fig. 6

Schematic diagram of the pulse program SRPP.PC used to generate

projections of the slice phantom. The signal is acquired over a time from Tg

- Tadz to TE +Taq/2.
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r/2-pulse and the centre of the acquisition period. This ensures that the echo envelope
is situated at the cenire of the acquisition period. The data points are acquired in both
the real and imaginary channels of the phase sensitive detector with a sampling period

DW given by

DW=1/(2*SW) (34)

where SW is the sweep or spectral width. For our projection experiments, an SW of
20,000 Hz was used giving a DW of 25 us. The total acquisition time, Taq, is given

by

Taq= S * DV (35)

where SI is the size or number of data points collected in one acquisition period. For
these projection experiments, an SI of 512 was used corresponding to a Taq of 12.8
ms.

The slice phantom was positioned as close to the isocentre of the magnet as
possible. It was aligned in the xy plane perpendicular to the magnetic field with its
edges aligned along the x ( vertical ) and y ( horizontal ) directions.

Projections were acquired with either of two values for D7, the duration of the read
compensation gradient. The first value, D7 = 5 ms, was chosen because this is the
value in the standard imaging sequence used by local researchers. The second value,
D7 =25 ms, was chosen because it is a longer Juration similar to those used for some
flow imaging techniques.

For D7 = 5 ms, D3 was setto 5 ms 2to 2 ms. The read gradient
strength, expressed in frequency units, was set tv.  shly -1000 Hz /cm, about 20%

of the maximum rating for the x gradient coil. The strength of the read compensation



gradient was adjusted ( to be roughly -1380 Hz / cm ) until the echo formed at the
centre of the acquisition period with D6 set to 5 ms and D4 set to 6.6 ms. This
ensured that the echo formed at the centre of the echo envelope. This process is
known as "trimming”.

Phase cvcling was accomplished by performing two scans, one with the n/2-pulse
along x' and the other along -x'. Subtraction of the two FID's removes the D.C.
offset.

For D7 =25 ms, the various durations were D3 = 12 ms, D6 =20 ms, D4 =
20.7 ms and D2 =29.9 ms. DI and D25 were left nunchanged. In this case, the
trimming was done by adjusiing the durations D4 and D2 until the echo was centered,
keeping D2 + D4 constant such that the echo envelope remained in the centre of the

acquisition period.

4.5 1 m an -up t fiel

The field and field gradients vausca by the eddy currents over the region occupied
by the slice phantom were studied using the small spherical sample as a probe. A
schematic diagram of CHECPEM.PC, the pulse program used for these
measurements, is shown in Fig. 7. A gradient was switched on for a duration D7
followed by a delay D6 and then a n/2-pulse of duration D1 = 150 ps, and an
acquisition period, Taq, in that order. The gradient strength, in frequency units, was
set1o -1380 Hz/cm, corresponding to the strength of the read compensation gradient
used in the projection experiments.

The observed signal was essentially a damped sine wave whose frequency, which
we refer to as the offset frequency, is the difference between e actual resonance
frequency and the resonance frequency in the absence of the gradient field and the

eddy currents. In order to accurately measure the offset frequency, it 1s important to
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Fig.7

Schemuatic diagram of the pulse program CHECPEM.PC used to

measure the decay of the magnetic field after the switch-off of a gradient

pulse.
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choose appropriate values for the acquisition period and dwell time. When the offset
frequency is high, a short acquisition period with a short dwell time allows many
complete cycles to be sampled. On the other hand, if the offset frequency is close to
sero, then a longer acquisition period is desirable. Also, in order to measure very low
frequencies, it is advantageous to shift the detector reference frequency so that several
complete cycles of the signal can be observed in a short time. In practice, the
frequency was shifted by * 200 Hz. The offset frequencies were found by measuring
the period of one complete cycle. The time from the gradient switch-off was taken to
be the sum of the delay D6 plus the time at the mid-point of the oscillation measured
from the beginnirg of the FID.

The offset frequency was determined as a function of time at various locations in

the magnet.

4.6 Diel ic resonanc

To determine if image intensity artifacts were caused by the dielectric resonance
effect (Gastine et al., 1967, Roschmann et al., 1988 ), projections were taken using
the slice phantom. However, instead of doped water, cyclohexane was used as the
sample. This has a dielectric constant close to 2 in the rf range of frequencies

compared with the doped water which has a dielectric constant close to 80.
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CHAPTER 5

RESULTS

5.1 Inhomogeneity of By

The inhomogeneity of B} was checked by placing the small sphenical phantom at
various locations within the imaging volume in the magnet and then de'crmining the
duration of a n-pulse which would result in zero signal with the amplitude of the rf
pulse kept constant.

The measured durations were found to be 280 us at the isocentre and to vary from
260 pus to 300 us at positions out to + 5 cmiin the x and y dircctions. At positions
corresponding to 260 ps and 300 s, tip angles of 970 and 84° rc - ‘ively would
result from a 140 ps "n/2-pulse”. This would lead to an intensity auon of about
19%. For the n-pulse, a 3% intensity variation would result. Thus, at most, a 4%

intensity variation can be expected due to By inhomogeneity.

5.2 [nhomogeneity of By

Fig. 8 shows the time domain signal received in the real channel when no pulsed
field gradients are applied. In other words, this is the real part of the echo envelope.
The condition to be satisfied here for there to be no intensity loss due to the
inhomogeneity of By is that T,* >> 1 /f]. T2" here can be seen to be about 3 ms
while f] , the maximum frequency in a typical imaging experiment, is roughly 5000
Hz giving a value of 1/fy of 0.2 ms. Thus, the condition T3* >> 1/ £, is roughly
satisfied so no serious intensity artifacts of the type mentioned in section 3.2 should

arise from this mechanism, provided that the echo is properly centered.



Fig. 8

The real part of the time-domain echo-envelope acquired using the pulse

program SRPP.PC with no gradient pulses.
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5.3 ini isition peri

The acquisition period was set to 12.8 ms, the value used by the various imaging
research groups. This satisfies the condition Taq >> 1 / f1 so that there should be no

significant intensity artifacts of the kind discussed in section 3.3.

5.4 Dielectric resonances

Possible intensity artifacts arising from the dielectric resonance effect discussed in
section 3.4 were investigated by comparing projections taken first with doped water
and then with cyclohexane in the slice phantom. Fig. 9 shows projections obtained
with the two samples under the same conditions ( i.. all delays in SRPP.PC and shim
values were identical and in particular, D7 = 5 ms ). The intensities were normalized
1o have the same maxtmum value in the two cases. The positioning of the slice
phantom was not exactly identical. No significant difference in intensity can be seen.
The small bump in the cyclohexane projection is believed to be due to a small drop of
water remaining under the cyclohexane which has a lower density than water. The
projection of the cyclohexane- filled phantom is shifted about 500 Hz down frequency
relative to the water image. This is presumably due to a combination of different
chemical shifts ( Farrar and Becker, 1971 ) and magnetic susceptibilities in the two

samples.
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Projections obtained with the slice pharitom filled with doped ( CuSOjs)
water ( dielectric constant ~ 80 ) and with cyclohexane ( dielectric

constant ~2 ) obtained under the same conditions. The intensities have been

normalized to be equal at O Hz.
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5.5 E ntr

Preliminary studies showed that it was very important to position the m-pulse
midway between the initial /2-pulse and the centre of the acquisition pcriod. For all
of the following projeciions, great care was taken to ensure that this condition was
satisfied.

Because the various delays were not independent, it was not possible 1o vary onc¢ of
themn alone without violating the condition for the positioning of the n-pulse. Thus,
two of the delays had to be varied together. For a particular duration of the read
compensation gradient pulse, D7, the delay between the read compensation switch-ott
and the n-pulse, D6, was incremented while simultaneously incrementing the delay
between the n-pulse and the read gradient, D4, by the same amount. This was done
for values of D6 ranging from 1 ms to between 30 and 50 ms.

Experiments which showed the dependence of the positioning of the echo within
the echo envelope were also performed. This was done by varying the duration of the
read gradient ~efore the acquisition period, D2, and the delay immediately before this
gradient, D4, keeping D2 + D4 constant. This variation caused the trinming
condition ( cf. sec. 2.6 ) to be violated, thus causing the echo to form at a time when
the echo envelope was not at its maximum.

The homogeneity of the static field B, can be inferred from the echo envelope
st wn in Fig. 8. It can be seen in this plot that the envelope is quite sharp but had
broad wings, indicating the decay was not exponential. The magnitude of the real anc
imaginary parts of the Fourier wransform of *he imual FID corresponding to the echo ot
Fig. 8 is shown in Fig. 10. This shows that the peak is not symmetric and has broad
wings with significant intensity past * 800 Hz. Clearly, the homogeneity over the

slice phantom was not very good.
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Fig. 10

Field homogeneity plot in frequency units as given by the Fourier
transtoitt of the t1 signal emanating from the slice phantom filled with
doped / CuSQOy ) water in the absence of pulsed field gradients but after

adjusting the linear shim-
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The various projections obtained with a 5 ms read compensation gradient pulse ( D7
= 5 ms ) are presented in section 5.5.1. The projections obtained with D7 = 25 ms
are then prescrace in section 5.5.2. Finally, in section 5.5.3, the results of the
measurements of the offset frequencies due to the magnetic fields and field gradients

ang from the eddy currents are presented.

5.5.1 Projections obtained with a read compensation gradient pulse of S ms

duration

The first results presented ir this section are thuse in which D6 and D4 were varied
and D7 was set to 5 ms, as was discussed above. For these projections, the other
delays were chosen as follows. The duration of the n/2-pulse, D25, was 150 ps; the
delay between the n/2-pulse and the read compensation pulse, D3, was 5 ms; the
duration of the =-pulse, D1, was 300 ps; the duration of the read gradient pulse before
the acquisition period, D2, was 2 ms; half of the acquisition period, Tag/2, was 6.4ms.
The values of D6 chosen were 1 ms, 1.5 ms, 2 ms, 5 ms, 10 ms, 15 ms and 30 ms.
For each value of D6, D4 was set to D6 + 1.6 ms in order to keep the n-pulse
centered. These projections are shown in Figs. 11 and :2. Note that on all
[ ojections, frequency increases to the left. Intensity values were not normalized here
and in all subsequent projections. Thus, intensity values obtained under different
-onditions but shown on the same figure can be directly compared.

[mportant t :atures to note in these projections are as follows. For the projections
obtained with small values of D6, si.own in Fig. 11, the higher frequencies are

attencated with the attenuation being greater when D6 is small. Also. the attenuation



Fig. 11

Projections of the slice phantom acquired using the doped water
sample and the pulse prograin SRPP.PC (see Fig. 6) with D25 =150
s, D3 =5 ms, D7 =5 15, D1 = 300us, D2 =2 ms and 15¢/2 = 6.4 ms.
The values of D6 in ms are as indicated. The corresponding values of D4
are given by D6 + 1.6 ms. The read compensation gradient streri.th
expressed in frequency units is -1380 Hz/cm and the read gradient strength
expressed in frequency unit is - 1000 Hz/cm. ( See Fig. 12 for projections

taken with other values of D6.)
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Fig. 12

Projections of the slice phantom acquired using the doped water
sample and the pulse program SRPP.PC (see Fig. 6) with D25 = 150 ps,
D3 = 5ms, D7 = 5 ms, DI = 200us, D2 = 2 m: and 15¢/2 = 6.4 ms. The
values of D6 in ms are as indicated. The corresponding values of D4 are
given by D6 + 1.6 ms. The read compensation gradient strength expressed in
frequency units is -1380 Hz/cm and the read gradient strength expressed in
frequency unit is -1000 Hz/cm. ( See Fig. 11 for projections taken with other

values ot 6.)
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is more severe on the positive frequency side. Maximum intensity seems to occur
around -700 Hz instead of at 0 Hz. As can be seen in Fig. 11, the projection
corresponding to D6 = 5 ms is relatively flat, though there is some attenuation at high
negative frequencies. As can be seen in Fig. 12, as D6 increases to 15 ms, the
intensity on the positive frequency side increases markedlyv while the negative
frequency side is attenuated slightly. Finally, at D6 = 30 ms, the sharp peak at the
high positive frequency side is absent and the entire projection is attenuated, likely due
to T relaxation.

The next results presented are those in which D7 was setto 5 ms, D4 and D2 were
varied and all other delays were kept constant. In this case, D6 was set to S ms and
the other delays were as above. The values used for D2 were 1.6 ms, 1.9 ms, 2.0
ms, 2.1 ms and 2.4 ms with the corresponding D4 being 8.6 ms - D2. These
projections are shown in Fig. 13.  An important feature to note here is the strong
dependence on D2 of the intensity at high positive frequencies. Also, the overall

amplitude is decreased when D2 = 2.4 ms.
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Fig. 13

Projections of the slice phantom acquired using the doped water sample and
the pulse program SRPP.PC ( see Fig. 6) with D25 = 150 ps, D3 = 5 ms,
D7 = 5 ms, D6 = 5 ms, D1 = 300us and ta¢/2 = 6.4 ms. The values of D2 in
ms are as indicated. The corresponding values of D4 are given by 8.6 ms -
D2. The read compensation gradient strength expressed in frequency units is

1380 Hz/cm and the read gradient strength expressed in frequency unit is

1000 Hz/em.
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5.5.2 Projection ined withar mpensation ient pul f25 m

duration

The first results presented here are those in which D6 and D4 were varied and D7
was set 10 25 ms. As before, D25 = 150 us, D1 = 300us and taq/2 =64 ms. To
accommodate the longer values for D7, D3 was set to 12 ms and D2 to 30.2ms. The
values of D6 chosen were 1 ms, 2 ms, 4 ms, 8 ms, 14 ms, 20 ms, 26 ms, 32 ms, 40
ms and 50 ms. For a given value of D6, D4 was set to D6 + 0.4 ms.

. piojections are shown 1a Figs. 14 and 15. They show roughly similar
behavior to inose observed with D7 = 5 ms. However, the following differences are
noted. As can be seen in Fig. 14, the higher frequencies ( positive and negative ) are
very severely atrenuated when D6 is small. Even when D6 is as long as 20 ms, there
is a substantial attenuation of the higher frequencies. When D6 = 20 ms, the
att  ation on botk sides of the central frequency appears symmetric. [lowever, as
can be ween in Fig. 15, the intensity at the high positive frequencies increases sharply
with increasing D6, reaching a maximum at D6 = 26 ms and then falling for longer
values of D6. The intensity at negative frequencies does not vary much but decreases
for D6 larger than 20 ms. The projections for this case never became as flat as those
obtained with D7 =5 ms ( see Figs. 11 and 12).

The next results presented are those in which D7 was set to 25 ms, D4 and D2 were
varied and all of the other delays were kep! constant. In this case, D6 was chosen to
be 20 ms and all of the other delays were as above. The values chosen for D2 were
29.4 ms. 29.6 ms, 29.8 ms, 30.0 ms, 30.2 ms, 36.4 ms, 30.6 ms, 30.8 ms and 31.0
ms with the corresponding values of D4 being 50.6 ms - D2.

Thee projections are shown in Fig. 16. The important features to note here are as
follows. As D2 increases from 29.4 ms to 31.0 ms, the intensity on the high

{requency side is attenuated strongly while the intensity on the negative frequency



Fig. 14

Projections of the slice phantom acquired using the doped water
sample and the pulse program SRPP.PC (seel.g. 6) with D25 =150
ps, D3 = 12 ms, D7 =25 ms, D1 = 300us, D2 = 30.2 ms and 1a¢/2 = 6.4
ms. The values of D6 in ms are as indicated. The corresponding values of
D4 are given by D6 + (.4 ms. The read compensation gradient strength
expressed in frequency units is -1380 Hz/cm and the read gradient strength
expressed ' freauency wi. s - 1600 Hz/em. ( Se= Fig. 15 for projections

taken with other values v 1°%.)



! : 1 ! L 4 ! 1 | L { | e A

—— e = A

6000 4000 2000 0 -2000 -4000 -6000

Frequency (Hz)

h7



Fig. 15

Projections of the slice phantormn acquired using the doped wuter sample
and the pulse program SRPP PC ( see Fig. 6) with D25 =150 . D3 =
12 s. D7 =25ms. © 300us, D2 = 20.2 ms and Tag/2 = 6.4 ms. The
values of D6 in ms are as indicated. The corresponding values of D4 are
given bv D6 + 0.4 ms. The read compensation gradient strength expressed 11
frequency units is - 1380 Hz/cm and the read gradient strength expressed in
frequency unit is -1000 Hz/em. (See Fig. 14 for projections takcii with other
values of D6.)
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Fig. 16

Projections of tue slice phantom acquired using the dopx -+ leand
the pulse p. .gram SRPP.PC (se 7 -« with D25 =15.,.. 3 =12ms,
D7 =25ms, D6 =20ms, D1 = 1 Tag/2 = 6.4 ms. The values of D2
in ms are as indicated. The coTe > i, values of D4 are given by 57.0 ms -

D2. The read compensation grac wn.: strergth expressed ir. frequency units 1is

1380 Hz/cm and the read gradient strength expressed in frequency unit is

1000 Hz/cm.
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side increases a lesser amuunt  The effect is much more pronounced than tor the
amilar exy  ments with 17 = S ms. It should be roted that D2 = 30.2 ms s the
optimun. v alue obtained during the "trim” routine ( see >0 4 4) 1o, che same value of
D6 ( 20 ms ). 1t can be seen that the best ( flattest and most syrr vtric ) projection is
obtained with D2 = 30.2 ms thereby confirming the appropriateness of the triuming

proe cdure.

55871 e ;urements of the offset frequencies dug to the magnetic field and field

gradient caused by the eddy currents

The small spherical sample was placed at following positions relative to the
isocentre of the magnet: z= Oc¢m, > Ocm, 24cm and y =0cm, *Scem. ihe
offset frequencies were measured using the method descnbed in section 4.5.

The tirv micasurements were made with a gradient pulse duration ot 5 ms
¢ D7 = S «nd with the same amplitude as used for the read compensation
gradient pulse in the projection studies. ' - 17 shows a plot of offset frequency In
Hz a~ a tfunction of time after gradient - +f for the positions corresponding to 7
=0cm, x=4cm and y=0cmand 5 ~ Additonal valuer obtained for x =0
.m, +4 c1a and y = 3 cm were measured and found to lie between the central values
at v =0 cm and the extreme values at y = *5cm. ) Similarly, Fig. 18 shows the
results obtained for x =0 cmand v O cmand £5 cm while Fig. 19 shows the
results for x = -4 cmand y = 0cm and 13 ¢m. The data are displayed in a log log
plot because of the large range of values of both the ordinate and the abscissa.

Because of the procedure used to deteimine offset frequencies ( see sec. 4.5 ), there
is an uncertainty in the ime values on the order of 2%. The eTors associated with the
offset frequency values are roughly 5% for t < 3 ms and S Hz for t 2 3 ms. These

limits were obtained by repeating measurements several times.
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Fig 1¥

Frequency offset ( Fofrser) at locations x =0 cm, y = 0cm ( crosses ), v

= +5um ( closed circles ) and | = -5 cm ( open circles ). plotted as a function

A

of time ( t) after switch-off of & 5 ms gradient pulse. The solid ( dashed)

curves correspond to positive ( negadve ) values ¢ frequency offset.
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Fig. 19

Frequency offset ( Fofrser ) at locations x =-4cm,y = 0 cm ( crosses ), y
= +5 ¢m ( closed circles ) and y = -5 cmi ( open circles ), plotted as a function
of time ( t ) after switch-off of a 5 ms gradient pulse. The solid (dashed)
curves correspond to positive ( negative ) values of the frequency offset.

The dotted Ihae is an extrapolation toward the value expected during the

gradient pulse.
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Important features to note here are that the offset frequency close to the gradient
switch-off is much higher for x =14 cm than for x =0 cm, as expected. Also, the
offset frequency for a given value of x varies with y, as can clearly be seen in Fig. 19
from 4 ms to 10 ms. This indicates that the magnetic field along an isochromat ( fixed
value of x ) is not homogeneous after ( and presumably during ) a gradient pulse.

Similar measurements were also made with a 25 ms gradient pulse. Fig. 20 shows
a plot of the offset frequency as a function of time for x=4cm and y =0cm and 15
cm. Similarly, Fig. 21 shows the results obtained for x=0cm and y=0cm and 5
cm while Fig. 22 shows the results for x=-4cm and y =0cmand 15 cm.

Important features to note here are that the offset frequency close to the gradient
switch-off is much higher for x = +4 cm than for x =0 cm, as was the case fora$
ms gradient pulse. Also, the differences in the offset frequencies for different values
of y for given value of x are larger than was the case for a 5 ms gradient pulse. The
offset frequency also takes longer to approach zero than with a 5 ms gradient pulse.

To better understand the behavior of the magnetic field after the gradient pulse, the
same data are shown plotted in different formats. For instance, in Fig. 23, offset
frequencies as a function of time after the switch-off of a 5 ms gradient pulse are
shown for x =0 cm and +4 cm and with y kept constant at 0 cm. Fig. 24 shows the
corresponding behavior for a 25 ms gradient pulse. Itis obvious from these plots that,
since the offset frequencies are not symmetric about 0 Hz at x = +4 cm, eddy currents
contribute a time dependent magnetic field as well as a gradient field. Moreover, this
contribution is greater for the longer gradient pulse since the observed asymmetry is

wOrse.
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Fig. 20

Frequency offset ( Foffset ) at locations X = +44cm,y=0cm
( crosses ), y = +5 cm ( closed circles ) and y = -5 cm ( open circles ),
plotted as a function of time (1) after switch-off of a 25 ms gradient pulse.
The solid ( dashed ) curves correspond to positive ( negative ) values of
the frequency offset. The dotted line is an extrapolation toward the expected

value during the gradient pulse.
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Fig. 21

Frequency offset ( Foffset ) at locations x = Ocm,y=0cm
( crosses ), y = +5 cm ( closed circles ) and y = -5 ¢cm ( open circles ),
plotted as a function of time ( t) after switch-off of a 25 ms gradient pulse.
The solid ( dashed ) curves correspond to positive ( negative ) values of

the frequency offset.
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Fig. 22

Frequency offset ( Foifset ) at locations x =-4cm,y = 0cm
( crosses ), y = +5 cm ( closed circles ) and y = -5 ¢cm ( open circles ),
plotted as a function of time { * } after switch-off of a 25 ms gradient pulse.
The solid ( dashed ) curves correspond to positive ( negative ) values of
the frequency offset. The dotted line is an extrapolation toward the value

expected during the gradient pulse.
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Fig. 23

Frequency offset ( Foffser ) at locatons 'y = 0 cm,
( crosses ), x = +4 cm ( closed circles ) and x = -4 cm ( open circies j,
plotted as a function of time ( t ) after switch-off of a 5 ms gradient pulse.
The solid ( dashed ) curves correspond to positive ( negative ) values of
the frequency offset. The dotted line is an extrapolation toward the value

expect=d during the gradient pulse.
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Fig. 24

Frequency offset ( Foffsert ) at locations y = Ocm, x =0cm
( crosses ), x = +4 cm ( closed circles ) and x = -4 cm ( open circles ),
plotted as a function of time ( t ) after switch-off of a 25 ms gradient pulse.
The solid ( dashed ) curves correspona (0 positive ( negative ) values of
the frequency offset. The dotted lines are an extrapolation towards the value

expected during the gradient pulse.
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Another useful format is to plot the difference between the average frequency at y
= +5 ¢m and the frequency at y =0 cm for a given value of x and gradient pulse
duration. For a S ms gradient pulse, these are plotted in Figs. 25, 26 and 27 for x=4
em . 0cmand -4 cm respectively. For a 25 ms gradient pulse, this is plotted in
Figs 2%, 2%and 30 for x = 4 cm, 0 cm and -4 cm respectively.

The error in the difference frequency is roughly 10 Hz. For a 5 ms gradient
pulse, no significant difference can be observed for t 2 10 ms. Fort < 10 ms, there is
<ome indication of a slight rise as t — 0 as indicated by the smooth curves drawn
through the data in Figs. 25, 26 and 27. Similar but larger effects can be seen when

D7 = 25 ms, as shown in Figs. 28, 29 and 30.
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Fig. 25

Difference between the offset frequcncies aty = tScmandy=0cm

for x = +4 cm plotted as a function of time after switch-off of a § ms gradient

pulse. The solid curve is a smooth curve drawn through the data.
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Fig. 26

Difference between the offset frequencies aty = 45 cm and y = 0 cm for

x = 0 cm plotted as a function of time after switch-off of a 5 ms gradient

pulse. The solid curve is a smooth curve drawn through the data.
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Fig. 27

Difference between the offset frequencies aty = +5cmand y =0 cm for

x = -4 cm plotted as a function of time after switch-off of a 5 ms gradient

pulse. The solid curveisa smooth curve drawn through the data.
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Fig. 28

Difference between the offset frequencies aty =t5cmandy = 0 cm for

x = +4 cm plotted as a function of time after switch-off of a 25 ms gradient

pulse. The solid curve is a smooth curve drawn through the data.



€
1
120

L
110

—O—
1
100

100

1O
(o]
o
8 1®
o
00— oe 12
| -
(o]
} N
| -
o (+ lo
({e)
(e
o 10
E e
é’)o
K 1 O
T Q
> >
® O
(e}
O . "'m
1 ©
N
{ ©
=
o (@)
1 1 | 1 1 o
3 o
S 3

(zH) Aouanbaiy adoudispid

t(ms)

98



Fig. 29

Difference between the offset frequencies aty = tScmand y=0cm

for x = 0 cm plotted as a function of time after switch-off of a 25 ms gradient

pulse. The solid curveisa smooth curve drawn through the data.
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Fig. 30

Difference between the offset frequencies aty = +Scmand y=0cm

for x = -4 cm plotted as a function of time after switch-off of a 75 ms

gradient pulse. The solid curve is a smooth curve drawn throug( thr dats.
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CHAPTER 6

ANALYSIS AND DISCUSSION OF RESULTS

6.1 Off-resonance cffects

As can be seen in Figs. 23 and 24, the offset frequencies measured at x =4 cm
are very large for t< 1 ms and take a long time to decay to zero. There will therefore
be substantial off-resonance effects if the "n pulse” is applied too soon after the
gradient pulse is switched off. We derived an approximate expression in section
3.5.2 for the amplitude of the transverse magnetization measured at ime = Tg asa
function of the ratio of AB, the off-resonance field experienced by a group of nuclei
during the "n-pulse”, to By, the amplitude of the rotating compor.ent of the rf field.
The expected behavior is shown in Fig. 5.

The value of By can be found from the 300 ps duration of the n-pulse and the
known value, 2.67 x 10# G-s°!, of the magnetogyric ratio of protons. Thus, since
y B, t =« for a n-pulse of duration 1, we find By to be 0.392 G. Expressed in
frequency units, i.c. Y By /2r, By is 1670 Hz.

Values of AB, expressed in frequency units, will be the offset frequencies shown n
Figs. 23 and 24, at the time of the "r-pulse”. We take this time to be the time at its
centre, i.e. 150 s after the switch-on of the "r-pulse”.

We can now compare the projections in Figs. 11. 12, 13 and 14 with the prediction
of our simple theory. In particular, we consider the projections obtained with D6 =1
ms and 2 ms, for gradient pulse durations ( D7 ) of 5 ms and 25 ms. These
projections are shown again in Figs. 31, to 34. Also shown in these figures are
calculated projections obtained in the following way. Knowing the values of D6 and

D7 for the particular projection, the offset frequencies at posiuons X = +4 cm can be
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Fig. 31

Projection obtained using the slice phantom filled with doped water and

the pulse program SRPP.PC with D7 = 5 ms , D6 = 1 ms, D25 = 150 us,

D3 =Sms, DI =300ps. D= 2.6 ms and 1aq/2 = 6.4 ms ( solid curve ). A

calculated projection ( cashed curve ) based on the off-resonance effect is

also shown,
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Fig. 32

Projection obtained using the slice phantom filled with doped water and
the pulse program SRPP.PC with D7 =5 ms , D6 = 2 ms, D25 = 150 us, D3
- 5 ms, D1 = 300 ps, D4 = 2.6 ms and Taq/2 = 6.4 ms ( solid curve ). A
calculated projection ( dashed curve ) based on the off-resonance effect is also

shown.
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Fig. 33

Projection obtained using the slice phantom filled with doped water and
the pulse program SRPP.PC with D7 = 25 ms , D6 = 1 ms, D25 = 150 us,
D3 = 5 ms, D1 = 300 us, D4 = 2.6 ms and Tag/2 = 6.4 ms ( solid curve). A
calculated projection ( dashed curve ) based on the off-resonance effect is also

shown.
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Fig. 34

Projection obtained using the slice phantom filled with doped water
and the pulse program SRPP.PC with D7 =25 ms ,D6 = 2 ms, D25 =150
us, D3 =5ms, D1 = 300 ps, D4 = 2.6 ms and Tag2 = 6.4 ms ( solid
curve ). A calculated projection ( dashed curve ) based on the off-resonance

effect is also shown.
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obtained from Fig. 23 or 24, depending on the value of D7. If D6 were 1 ms, the
offset frequencies of interest are those which occur at the centre of the "r-pulse”, i.e.
at 1.15 ms. Similarly, if D6 = 2 ms, then the frequencies of interest are those at t =
2.15 ms.

The offset frequencies are assumed to arise entirely from a linear gradient field for
the purpose of these calculations. ( As has been shown, there is also a small magnetic
fie'd contribution. ) Thus, to find the offset frequencies at other values of x, say xj,
one simply multiplies the frequency offset at x = +4 cm, if xj is positive, orat x = -4
cm, if x| is negative, by the ratio of xj / (¥4 cm). This offset frequency is then
divided by 1670 Hz to obtain the ratio AB/B at the particular value of x. Knowing
the value of AB/B, the transverse magnetization at time Tg can then be found using
Fig. 5. The calculated projections shown in Figs. 11, to 34 have been scaled such that
the maximum intensity is equal to the maximum intensity observed in any of the
projections, for the particular value of D7.

In Fig. 31, in which D7 was 5 ms and D6 was 1 ms, the shape of the calculated
projection is very similar to the actual projection. Howesr, it is clear that the
projection is shifted down frequency by about 700 Hz. This may be due in part to a
magnetic field caused by the eddy currents. However, the data shown in Fig. 23
indicates that such a field is not large enough to explain the observed shift. Also, it
appears that the overall intensity in the experimental projection is reduced. This
shows that there are other mechanisms causing intensity artifacts.

In Fig. 32, for which D7 =5 ms and D6 = 2 ms, the calculated projection again
shows that off-resonance effects are present. However, since the offset frequencies
are smaller here, the effect is much smaller.

Fig. 33 shows the calculated projections for D7 = 25 ms and D6 = 1 ms. Again,
the two projections are similar. However, the marked differences on the positive

frequency side indicate that there are other effects causing a loss of intensity. Also, the



frequency at which maximum intensity occurs in the experimental projection is shifted
down frequency by about 1500 Hz. Again, this may be due in partto a magnetic field
caused by the eddy currents, which is larger here than for a 5 ms gradient pulse.

Fig. 34 shows the calculated projections for D7 = 25 mr and
D6 =2 ms. The off-resonance effect is still present but it is clear that another
mechanism is dominating.

In summary, off-resonance effects explain some of the features of the projections
with short D6's. However, another mechanism must be present which is stronger for
longer gradient pulses. Itis also clear from the calculated projections and the graphs
of frequency offset that, if D6 > 4 ms, off-resonance effects will not cause any
noticeable intensity artifacts for read compensation gradient pulse lengths of 5 m: and
25 ms. This is consistent with the fact that previous researchers in our in vivo NMR
group found that a delay of 5 ms between the read compensation gradient pulse and the

n-pulse gives satisfactory images.

6.2 h hi fi n

As was shown in Figs. 18 to 22, the offset frequencies at different values of y
for a particular value of x are not always equal. This causes the spins along an
isochromat to acquire different phases before the acquisition period ( sec sec.
3.5.3). The intensity loss due to these phase shifts can be estimated in the following
manner. One must make an assumption about the y-dependence of the frequency
effects for a particular value of x. For simplicity, we assume that it is parabolic an:
centered about y = 0 cm, although that is not quite the case since the frequency offse:
at y = 15 cm are not equal. Knowing the timings for a particular projection, one
calculate the phase angle d acquired by nuclei at y = +5 cm relative to those at 'y

cm. This is done most accurately using the difference frequencies shown in Figs. 25

13



10 30. First, the arca under the appropriate curve (i.c. x = 0 cm, 4 cm, D7 =5 ms,
25 ms ) from time t =0 tot =D61is measured. This corresponds to the phase angle
difference, o say, between the nuclei at y =0 cm and those at y = + S cm acquired
before the n-pulse. As a result of the n-pulse, this phase angle will be reversed ( ie.a
— - o). The nuclei will gain an additional phase angle difference, say o', given by
the area under the same curve from time t=D6 + 300 us to Tg. Thus,at time TE, the
phase difference § betsveen the nuclei at 'y =0 cm and at y = 15 cm is equal to
o’- o Assuming a parabolic dependence of the offset frequency on y, the phase angle

y(y) at other values of y will be given by
1) =y28/252 (36)

where y is measured in cm.
If we assume that the magnetization at y = 0 cm is in the y' direction at time
Tg, the net y' magnetization at time Tg will be given by

+$ +5

My =M, J cos x(y)dy / | g
K -

+5
=Mofocos(8y2/25}dy/5 37N

arere the limits of integration are fromy =-5cmto +5 cm since this is the extent of

the slice phantom. Equation 37 can be rearranged to give

S
M,-:Mo(n/zs)mfocos ((2) 2} dt (38)
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where M, is the transverse magnetization when all the spins are in phase. The final
integral is a well-known Fresnel integral, C(z), where z is(20/r Y122, Thus, once )
is known, Fresnel integral tables can be used to determine My

Similarly, My at time TE is found to be M, S(z) wherezis(28/n )172 and S(2)
is the other Fresnel integral. Thus, the final transverse magnetization, My, at time

TEg is given by

Myy = Mg (/28 )12[ C2(( 28/ m)12) +S2((2 8 /r)I2)2, 39

Since C(z)/z— 1 and S(2)/z2— 0 as z— 0, it can be seen that Myy — Mo as
§— 0. This is as expected.

The normalized intensity (Mxy /Mo) has been calculated at x =0 cmand x =14
cm for two different values of D7 and three different values of D6. The results are
presented in Table L.

In summary, when the read compensation gradient pulse duration is 5 ms, the
estimated intensity losses due to phase cancellation effects are minor in most cases.
No correlation of calculated intensity losses with observed losses could be made. We
therefore deduce that another mechanism must be responsible for the intensity losses
shown in Figs. 11 and 12. Fora 25 ms read compensation gradient pulse, quite large
intensity losses were calculated at x = +4 cm. These were of the same order of
magnitude as the intensity losses shown in Figs. 14 and 15. However, the agreement
is not exact and the intensity losses cannot be fully accounted for by off-resonance

effects and phase shifts.
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TABLEI

Calculated values using equation 39 of the normalized transverse magnetization
Myy I Mo based on phase cancellation at positions x = +4 cm, 0 cm and -4 cm
for various values of D7, the duraton of the read compensation gradient pulse,
D2. the duration of the read gradient before the data acquisition and D6, the delay

between the read compensation gradient pulse and the r-pulse.

Mx'y'/Mo

D7 (ms) D2 (ms) D6 (ms)
x=+4cm|x=0cm |x=-4cm

S 2 ; 1.00 1.00 0.98
S 2 S 1.00 1.00 0.99
S 2 30 0.99 0.99 0.91
25 30.2 2 0.29 0.97 0.31
25 30.2 20 0.82 0.93 0.99
25 30.2 40 0.97 n.99 0.78




6.3  lmproper refocussing of the spin-echo

This effect is studied by measuring the areas under the decay curves from t = ( to
Tg/2 and fr =1t =Tg/2 0 TE. This is done for x = +4 cm and -4 cm and for wo
different pulse durations D7 =5 ms and 25 ms using Figs. 23 and 24 respectively.
Several different values of D6 are chosen corresponding to several different values of
Tg/.. wubtraction of the areas on either side of the nt-pulse gives a measure of the net
phase shift y caused by the slow decay of the read compensation gradient pulse.
These measured values are listed in Table I1.

The values shown in Table I are arbitrary in the sense that, in the "trimming”
routine, the magnitude of the read compensation gradient pulse is adjusted unuil the
echo is formed at time Tg. For the case when D7 = 5 ms, the trimming routine was
carried out with D6 = 5 ms and no further trimming was done when D6 ~as changed.
Referring to the second row in Table iI, we deduce that the trimming routine must
have added approximately 4.05 cycles to the phase angle accumulated at x = +4 cm
and subtrac.cd 4.05 cycles from the phase angle accumulated at x = -4 cm. Wetake
account of such trimming by adding 4.05 cycles to all values of y/2x, i.e. for all the
various values of D6, at x = +4 cm and subtracting 4.05 cycles from all the values at x
= -4 cm. These "corrected” phase angles, Wcorr/2R, are shown in Table II1.

When using the long read compensation gradient pulse ( D7 =25 ms), trimming
was performed with a D6 value of 20 ms. Referring to Table 11, we can see that for
D6 = 20 ms, y/2ris -6.6 cycles at x = -4 cm and +9.0 cycles at x = -4 cm. This
very substantial difference implies that one cannot simultaneously form the echoes
from nuclei at x = +4 cm and x = -4 cm_ at the same time Tg. In the absence of
information to the contrary, we assume that the "trimming" procedure added roughly

(6.6+9.0)/2 or7.8cycles to the phase angle accumulated at x = +4 cm and
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Calculated values of the phase shift v/ 21 at x = +4 cm and x = -4 ¢cm caused
by eddy currents for various values of D7, the duration of the read compensation

gradient pulse and D6, the delay between the switch-off of this gradient pulse and

the nt-pulse.
Y [ 2n (cycles)
D. (m) D6 (ms)
x=+4cm x=-4cm
S 2 -2.8 +2 .4
5 S -4.1 +4.0
S 15 -4.0 +45
5 30 -4.4 +5.5
2S 2 -39 +0.2
2S 14 S8 +7.1
2S5 20 -6.6 +9.0
2S 26 -7.2 +10.6
25 40 -6.5 +12.4




(WAL

TABLE

Corrected phase shifts Wcorr / 2% at positions x = +4cmand x = -4 ¢cm for vanous
values of D7, the duration of the read compensation gradient pulse and D6, the

delay between the switch-off of this gradient pulse and the x-pulse.

D7 (ms) D6 (ms) Weorr / 218 (cycles)
x=+dcm x=-4cm
> 2 +13 16
> 5 0.0 0.0
> 15 +0.1 +05
3 30 403 +1.0
25 2 +3.9 7.6
25 14 420 07
% 20 +12 ‘1.2
25 26 +0.6 2.8
2 40 +13 +4.6




subtracted 7.8 cycles from the phase angle at x = -4 cm. These "corrected” phase
shifts, Yeorr/21, are listed in Table 111

The result of these phase shifts is that the echoes are not formed precisely at T,
Since the gradient strength during data acquisition is -1000 Hz/cm, nuclei at x = +4
cm and -4 cm have offset frequencies of -4000 Hz and +4000 Hz respectively. The
time difference At from Tg at which the echo is formed is thus giver by WYeorr/ 2T
divided by -4000 Hz for x = +4 cm and by Ycon/2r divided by +4000 Hz for x =
-4 cm. The calculated time differences At are listed in Table IV. A similar calculation
using data presented in Figs. 23 and 24 shows that the time difference Atis negligible
for nuclei atx =0 cm.

A rough estimate of the loss of intensity caused by the echo forming ata time other
than TE can be obtained by examining the echo envelope shown in Fig. 9. However,
a better method is to study the intensity artifacts that result from changing D2, the
Juration of the read gradicnf before the data acquisition begins, while varying D4 to
keep Tk constant. In this way, the time at which the echo is formed is artificially
moved relative to Tg. Fig. 13 shows projections obtained for various values of D2
while using a S ms read compensation gradient pulse (D7 =5ms) and a D6 of 5 ms.
Similarly, Fig. 16 shows projections obtained for various values of D2 while using a
D7 of 25 ms and a D6 of 20 ms.

We can now study improper refocussing of the echo by comparing the effect of
artificially changing the time of echo formation in Figs. 13 and 16 with the effect of
varying D6 in Figs. 11, 12, 13 and 14, thereby causing the echoes to form at different
times because of the phase shifts caused by the eddy currents.

We first consider the intensity artifacts obtained with a read compensation pulse
duration of S ms. When D6 is 2 ms, it can be seen from Table IV that the time
difference At is -0.3 ms at x = +4 cm and -0.4 ms at x = -4 cm. The observed

intensity loss at x = +4 cm ( corresponding to -4000 Hz ) and at x =-4cm
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TABLEIV

Values of the time difference At (ms) between the ime of the echo formation and Tg
for nuclei at x =+4cmand atx = .4 cm as a function of D7, the duration of the

read compensation gradient pulse and D6, the delay between the the switch-off of

this gradient and the nt-pulse.
At(ms)
D7 (ms) D6 (ms)
x=+4Cm x=-4cm
S 2 -0.3 -04
S 5 0.0 0.0
S 15 0.0 +0.1
S 30 +0.1 +0.3
25 K -1.0 -1.9
25 14 -05 -0.2
25 20 -0.3 -0.3
25 26 07 +0.7
25 40 03 +1.2




( corresponding to +4000 Hz ) as compared with thatat x = Ocm (0 Hz) in Fig. 11
should be similar to the intensity loss at +4000 Hz and -4000 Hz found with D2 =
2.4 ms in Fig. 13. This intensity loss should be measured in Fig. 13 relative to the
intensity measured at 0 Hz and with D2 = 2.0 ms since At =0 at 0 Hz as mentioned
above. At x = -4 cm, the predicted intensity loss is roughly 25% and at x = +4 cm,
the predicted intensity 0ss 1s roughly 10%. The actual intensity loss observed in Fig.
11 is about 40% at x = -4 cm while it is about 10% at x = +4 cm  This is very good
agreement when one includes the losses arising from the off- resonance effect ( see
Fig. 11).

For the case D6 = S5 ms, no intensity artifacts arising from this mechanism are
predicted. As observed in Fig. 11, this projection has the most "top-hat" shape of all.

For the case D6 = 15 ms, the time difference at x = +4 cm is given in Table IV as
0.0 ms and at x = -4 cm by 0.1 ms. Thus, no intensity loss should occur in this
project nat x =+4cm. At x = -4 cm, the echo will form 0.1 ms later than TE and
should cause an intensity artifact similar to that in Fig. 13 when D2 is 1.9 ms. We can
see that the intensity at x = -4 cm s increased when D2 is shortened by 0.1 ms but not
as much as in the projection in which D6 = 15 ms ( Fig. 12) and D2 is 2 ms. Around
x = +4 cm ( i.c. around -4000 Hz), there appears to be no difference in the shapes of
the projecticns except for some overall intensity reduction due to T2 effects, as
expected. Hence, when D6 = 15 r~-. one may say that there is some evidence of an
effect due to improper refocussing of the echoes from the different regions of the
sample.

For the case D6 is 30 ms ( see Fig. 12), virtually no effect is predicted on the
negative frequency side while the intensity on the high positive frequency side should
be about 20% higher. Observation of the projection shows that the overall intensity is
reduced due to T2 effects and the high positive frequency side is about 10% higher.

This is in qualitative agreement with the predictions.
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Now we turn to the projections where the pulse duration, D7, is 25 ms. For the
case D6 is 2 ms ( see Fig. 14), the intensity is expected to be slightly higher at x = +4
cm, but more than 50% lower at x = -4 cm. This 1> in qualitative agreement with the
observed projection when one includes the intensity loss caused by the off resonance
effect ( see Fig. 34 ) and the phase shift effect ( see sec. 6.2).

For the projection where D6 is 14 ms ( see Fig. 14 ), the agreement again is quite
good. The case in which D6 is 20 ms ( see Fig. 14), the value used in the trimming
procedure, shows that the echoes from the two regions will not form at the same time,
regardless of the trimming routine. This will presumably lead to intensity losses as
observed in the projection. When D6 is 26 ms ( see Fig. 15), the peak observed at
high positive frequencies is as expected from this mechanism. However, when D6 is
40 ms ( see Fig. 15), a sharp peak at high positive frequencies is expected but, in fact,
these frequencies are quite strongly attenuated. This may be a result of the previously
described phase shift effects for this particular set of tim*

In summary, imperfect refocussing of the spin-echoes splains, in most cases, the
intensity artifacts not accounted for by he previously discussed off-resonance and
phase shift effccts. Itis quite clear that the effect is worse wiien x is negative and for

long read compensation gradient pulses.



CHAPTER7

CONCLUSIONS AND RECOMMENDATIONS

It should be clear to the reader that the subject of intensity artifacts in MRI is very
complicated. In the investigations reported in this thesis, we have identified three
major sources of intensity loss associated with Fourier transform spin-echo imaging.
These are:

1) off-resonance effects associated with switching on the "x-pulse” too soon after
the switch-off of the read compensation gradient pulse;

2) destructive interference caused by nuclei at different values of y ( for a particular
value of the coordinate x ) experiencing different fields due to the eddy currents and,
hence, acquiring different phase angles;

3) improper refocussing of the echoes because of the different fields due to the eddy
currents experienced by the nuclei in different regions of the sample.

The first cause of intensity loss is largely independent of the duration of the read
compensation pulse. The second and third are much more important when the read
compensation pulse is of long duration.

To achieve high quality images with faithful reproduction of intensity, the following
recommendations are made.

1) Sufficient time must be allowed after the read compensation pulse for the field
gradient to decay. A 5 ms delay is adequate with the present gradient coils.

2) In order to avoid intensity artifacts associated with phase cancellations, it is very
important that shielded gradients are employed such that eddy currents are not induced
in the conducting parts of the imagnet.

3) The effect of improper 1¢focussing will be largely eliminated by the use of

shielded gradients since the echoes from the different regions will be formed at the
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same time. However, this effect of improper refocussing can also be reduced by
improving the field homog-eity. Observation of the spectrum of the slice phantom in
the absence of pulsed field gradients ( Fig. 10 ) shows that the field varies by more
than 0.5 G over the region of the slice phantom. This is larger than expected. Itis
believed that the nonlinear shims are not being adjusted properly. The method
described by Romeo and Hoult ( 1984 ) should be used to adjust the nonlinear shims.

Areas for future research of intensity artifacts in MRI include studying the artifacts
discussed in this thesis after implementation of a shielded gradient set. Also, the
effects of a varying amplitude read gradient pulse during the data acquisition period

could be studied.
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