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ABSTRACT

Magnetic resonance imaging (MRI) is a powerful tool for the non-destructive
measurement of fluid content and fluid behavior in porous media. The essential factor in
quantitative MRI of such systems is a reliable measure of fluid quantity in the pore space.
Quantitative imaging is impaired in many cases by non-uniform B; fields in the sample
space.

In this thesis a novel method is described for mapping B, inhomogeneities based
on measurement of the B; field employing centric-scan pure phase encode MRI
measurements. The resultant B; map is employed to correct B; related non-uniformities
in MR profiles, which leads to quantitative density profiling. The new B; mapping
technique is also employed to investigate B; induced MRI artifacts by analyzing image
distortions surrounding two geometrically identical metallic strips of aluminum and lead.

Quantitative density profiles may be acquired in porous media with a spatially
selective adiabatic inversion pulse, which is immune to B; field non-uniformities. The
pulse is applied in the presence of a slice selective magnetic field gradient to restrict the
field of view to a region of interest in which the B, field is fairly uniform. This is
advantageous in axial profiling of petroleum reservoir core samples and core plugs in
which the sample of interest may be much longer than the natural field of view defined
by the RF probe and region of constant magnetic field gradient. The adiabatic slice
selection lends itself to a spatially selective T, distribution measurement when a CPMG
pulse sequence follows the slice selection. This method is an alternative to MRI-based
techniques for T, mapping in porous media when T; is required to be measured at only a

few positions along the sample, and a resolution of 5 mm is acceptable.
il



The above T, distribution mapping method is compared with spin-echo SPI (SE-
SPI) and DANTE-Z CPMG methods in terms of spatial resolution, minimum observable
T, and sensitivity.

Finally, multi-slice T, measurement employing the longitudinal Hadamard
encoding technique and adiabatic inversion pulses is discussed. The method has an

inherent sensitivity advantage over corresponding slice-by-slice local T, measurements.
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Chapter 1 — Introduction

1.1 Research motivation and objectives

Magnetic resonance (MR) is a spectroscopic technique, probing nuclei, that is
sensitive to molecular scale structure and molecular dynamics. Since MR works at radio
frequencies, whole sample measurements of all but the most conductive samples are
possible and the method is not surface limited. These properties make MR an ideal probe
for condensed matter. MR has been recognized for its potential in measuring the pore size
distribution and fluid permeability of rock cores for well-logging and petrophysics
research. Recent advances in quantitative magnetic resonance imaging (MRI) of reservoir
rock core plugs have led to the development of new core analysis methods for capillary
pressure and other petrophysical parameters [1-4].

The essential element in quantitative MRI of such systems is a reliable measure of
fluid quantity in the pore space. Pure phase encoding MRI methods [4-6] have proven to
be robust in their ability to generate quantitative images in porous media. However, we
observed in this work that the images produced by the SPRITE method were very non-
uniform for nominally uniform samples so the quantitative imaging was impaired. We
showed the non-uniformities over the SPRITE images were due to non-uniform B, fields
in the sample space, particularly when the sample of interest occupies a large fraction of
the radiofrequency (RF) coil. The spatial variation of the B, field, both for excitation and
reception, is one principal reason for non-uniform images of nominally uniform samples.
The B; inhomogeneity problem may be solved by limiting the sample space in a larger

RF probe [7] but this is not a very good use of the experimental sample space. We are
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interested in developing new strategies, which improve quantitative MRI measurements
without hardware modifications.

We developed a new B; mapping technique which is based on measurements of
image intensities acquired with a series of low flip angle excitation pulses, employing
centric scan Single Point Ramped Imaging with T; Enhancement (SPRITE) [5, 8]. A
simple method is proposed for correcting B; inhomogeneity effects over the centric scan
SPRITE images employing B; field maps.

As a pure phase encode method, the above B; mapping method works well even
in the presence of conductive structures that support eddy currents. The new B; mapping
technique was employed to isolate and determine B;-induced eddy current effects near
strips of metals in MR images. The strip geometry was chosen to mimic metal electrodes
employed in electrochemistry studies. The results are particularly important for NMR and
MRI of batteries and other electrochemical devices. Such analyses may become valuable
in many applications involving battery systems [9-11].

In addition to employment of the above B; mapping technique to correct B; non-
uniformities over centric scan SPRITE images, we introduced a second technique for
quantitative profiling of petroleum reservoir core plugs. In axial profiling of petroleum
reservoir core plugs, the samples of interest may be much longer than the natural field of
view (FOV), defined by the RF probe and region of constant magnetic field gradient.
Axial profiling of such samples results in distorted, non-quantitative profiles near the
edge of the FOV due to B, field variation and nonlinear magnetic field variations. A new
technique was developed to permit profiling of long extended samples. Spatially selective

adiabatic inversion pulses [12], which are immune to B; non-uniformities, were
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employed to restrict the interrogation to a region of interest that is a small section of the
long core sample. The most important outcome of the method is a local T, distribution
measurement. This method is conceptually similar to image selected in vivo spectroscopy
(ISIS) techniques for spatial localization [13], but its application to porous media and to
the determination of the T, relaxation time distribution is novel. Bulk CPMG was
employed to measure T, at different positions with adiabatic slice selection. The ability of
the adiabatic inversion CPMG method to measure almost the same range of T, as the
bulk CPMG, makes the method very beneficial for quantitative analysis.

The adiabatic inversion CPMG method was compared with two other MR
techniques developed at the UNB MRI Centre for the measurement of spatially resolved
T, distributions, Spin-Echo Single Point Imaging (SE-SPI) [4] and DANTE-Z CPMG
[14] These methods were, in turn, compared with a “gold standard” bulk CPMG method.
The three methods, Spin-Echo Single Point Imaging (SE-SPI) [4], DANTE-Z CPMG
[14] and adiabatic inversion CPMG were compared in terms of spatial resolution,
minimum observable T,, and sensitivity. The adiabatic inversion followed by a CPMG
pulse train is the preferred way to measure local T, distributions with higher sensitivity,
provided a regional measurement of coarse spatial resolution is sufficient.

It is very convenient in slice selective MR to improve the overall efficiency of
data acquisition by employing multi-slice techniques. Considering the excellent ability of
adiabatic inversion pulses to measure T, distributions, to conclude this thesis we
employed multiband adiabatic inversion pulses to allow multi-slice T, measurements
across a porous medium. However, the multi-slice selection leads to the superposition of

information from different slices. To detangle the individual slice information, the
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modified experiment must be performed several times with individual slice information
labeled uniquely for each of the sub-experiments. We employed the Hadamard matrices
[15, 16] to encode the signal from different slices of interest.

Multi-slice T, measurement employing the Hadamard encoding technique has an
inherent sensitivity advantage over corresponding slice-by-slice local T, measurements.
While Hadamard encoding is well established for local spectroscopy, this thesis is the

first use of Hadamard encoding for local T, measurements.

1.2 Thesis outline

The thesis is organized as follows:

Chapter 1 provides an introduction as well as an outline of the thesis work.

Chapter 2 introduces the relevant MRI background.

Chapter 3 describes B; mapping with a pure phase encode approach and
quantitative density profiling of rock core plugs. The chapter is largely based on a paper
published in the Journal of Magnetic Resonance [17]. The author of the thesis performed
the experiments and data analysis in this chapter and wrote the corresponding article of
which she is first author. The paper formed the basis of a related patent [18].

Chapter 4 describes mapping Bj-induced eddy current effects near metallic
structures in MR images. A comparison of simulation and experimental results was
undertaken for this chapter. This chapter is largely based on an article published in the
Journal of Magnetic Resonance [19]. A significantly greater level of detail and
mathematical rigor is provided in this chapter, compared to the article. This chapter is an

important application of the B; mapping method with a pure phase encode imaging



method. The author of the thesis performed the experiments and data analysis in this
chapter and wrote the corresponding article of which she is first author. Dr. Fred Goora
performed the simulations.

Chapter 5 presents region of interest selection of long core plug samples by MRI.
A new technique has been employed to perform profiling and local T, measurement in
porous media MRI. The chapter is largely based on a paper published in the journal
Measurement Science and Technology [20]. The author of the thesis designed and
performed all of the experiments and data analysis in this chapter and wrote the
corresponding article of which she is first author.

Chapter 6 describes a comparison of three MR methods for spatially resolved T,
distribution measurements in porous media and the relative benefits and disadvantages of
each method. This chapter is largely based on an article, which has been published in the
journal Measurement Science and Technology [21]. The author of the thesis performed
the experiments and the simulations in this chapter, performed the data analysis and
wrote the corresponding article of which she is first author.

Chapter 7 demonstrates local T, measurement employing longitudinal Hadamard
encoding and adiabatic inversion pulses in porous media. The author of the thesis
performed all of the experiments and data analysis in this chapter.

Chapter 8 provides the conclusion of this thesis and recommendations for future
work.

This thesis is written in the form of a thesis with chapters as papers. The content
has been structured such that successive topics build on each other and flow naturally

between successive chapters.
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Chapter 2 - Magnetic Resonance Background

The goal of this chapter is to provide an outline of those aspects of nuclear
magnetic resonance (NMR) theory which are fundamental to the experimental methods
employed in this thesis. Basic quantum mechanical NMR theory, which has been

elaborated in many reference books [1-3], is not repeated here.

2.1 Three magnetic fields

A magnetic resonance (MR) scanner consists of three main hardware components:
a main magnet, a magnetic field gradient system and an RF system. This section briefly
describes their functional characteristics. The reader is referred to the literature for more

discussion [4].

2.1.1 By, the main field

An intrinsic property of nuclei with odd atomic weight and/or odd atomic number
is that they possess an angular momentum that is referred to as spin and an associated
magnetic moment [4]. Normally, the spins are in random directions, creating a net
magnetic moment of zero. However, when a static magnetic flux density By is introduced,
by convention in the z or longitudinal direction, magnetic moments orient partially
parallel or anti-parallel to the field, as explained by quantum physics. The parallel state is
a lower energy state, while the anti-parallel state is a higher energy state. Thus, slightly
more nuclei align in the parallel state, creating a net magnetic moment for an ensemble of
spins (referred to as the net magnetization, M) aligned parallel to By (+z), as shown in

Fig. 2-1a.
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Figure 2-1 (a) Equilibrium condition of magnetization (M) in the presence of the
main static magnetic field By (b) B; radiofrequency field tuned to the Larmor
frequency and applied in the transverse (xy) plane rotates the magnetization away
from the z axis. After cessation of the B, excitation, M,, precesses about 7 axis at the
Larmor frequency, producing an electromotive force in the receiver coil.

In the presence of field By, the angular frequency of the nuclear precession is given

by Larmor frequency:

w, =7B, (2.1)

where vy is the gyromagnetic ratio (for hydrogen, y/2n = 42.57 MHz/T). The equilibrium
net magnetization is proportional to the spin density, the number of spins per unit volume

and is defined as:

M=M,i+M j+Mk (2.2)

At equilibrium M is solely in the z direction, as shown in Fig. 2-2a. The static
magnetic flux density is typically in the range of a few tesla [5]. However, as field

density increases, ensuring the field is homogeneous becomes increasingly difficult.
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“Shimming”, the adjustment of By utilizing small coils or magnets is routinely employed

to make the static magnetic flux density more homogeneous.

2.1.2 By, the radiofrequency field

A second magnetic field, generated by radio frequency (RF) electromagnetic
waves is applied to create observable transverse magnetization. This alternating
electromagnetic field, By, is tuned to the Larmor frequency and is perpendicular to By.
The B; field applies a torque to the net magnetization vector, causing the net
magnetization vector to rotate towards the transverse plane, as shown in Fig. 2-1b. The
flip angle o corresponds to the time integral of B;(t) with the transverse magnetization

determined by the resulting angle:

a(t)=y f 7 B (t)dt (2.3)

where B, is the strength of the applied magnetic field, t,usc is the RF pulse duration and t
= 0 is the center of the pulse. The rotation angle can be increased with an increase in
pulse duration or an increase in B;j strength. When the RF pulse ceases, the net
magnetization precesses around By and returns to equilibrium along the longitudinal axis.

An RF probe which generates the RF pulse also acts as the receiver coil. The
time-varying magnetic flux caused by the rotating sample magnetization establishes an
electromotive force in the nearby receiver coil by induction. The RF pulse is typically
applied to generate a 90° pulse to rotate sample magnetization into the transverse, xy,

plane.
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If the RF field is inhomogeneous, then the net magnetization vector will be
rotated by a different angle at each location in the region of interest (ROI). This causes
problems in both excitation and reception. Desirable features of the RF system are a
uniform By field and high detection sensitivity [4]. Thus an MR system is equipped with
RF coils in different shapes and sizes for different applications. Some examples are

solenoid coils, saddle coils, birdcage coils, and surface coils, as shown in Fig. 2-2.

(a) (b) (c)

X
/ ¥V \J

dq [D
H>

Figure 2-2 Some examples of RF coils. (a) Solenoidal coil, (b) surface coil, (c)
birdcage coil, and (d) saddle coil. The arrows show the direction of the B, field at the
center of the RF probes. ® shows the B, direction, pointing into the page.

The arrows show the direction of the B; field at the center of the RF probes.
Reference [6] shows By field calculations for the above RF coils. There is a direct

relationship between the current (I) and B; field. Consider a simple circular loop with
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radius a carryings an electric current I. The By field of the RF coil at any point P can be

calculated employing the Biot-Savart law:

B,(r =M—°Ifd11:3R

. (24)

C

e

4 —

Figure 2-3 Electrical current, I, in a circular loop, with radius a, creates a magnetic
field. The current element dl produces the field element labeled dB; at point P. R
and o show the distance from the source element dl to the field point P and the loop
center, respectively. The symmetry is such that the B, field contributions of all the
current elements around the circumference add in the center. The line integral of
Eq. (2.4) is the circumference of the circle.

where W is the permeability of the free space, and vector R is the displacement from the
source element dl to the field point P, as shown in Fig. 2-3. The B field is stronger closer

to the current source. If we consider P = (0, 0, z), one can show that for a circular loop:
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uyla’

B,(z)= 0%
1( ) 2(Z2+a2)3/2

(25)

where K is the unit vector along the z direction.
At this point it is useful to stress that at the loop center, o = (0, 0,0), B; « 1/a.
Hence, an RF probe with smaller radius, a, generates stronger By field which also results

in higher detection sensitivity as described below.

2.1.2.1 The principle of reciprocity

Consider the magnetic field By, produced by a coil C carrying an alternating unit
current at the Larmor frequency, as shown in Fig. 2-4. The field at point A is much
stronger than at point B. Now consider the alternating voltage induced in the same coil by
a rotating magnet, first at point A, then removed to point B. Intuitively, one would
expect the voltage produced by the magnet at point A to be considerably larger than that
generated when the magnet is at point B. At any spatial location, there is a
correspondence between the By field strength that would be produced if unit current were
to flow in the coil, and the voltage strength induced in the coil by a rotating magnet at
that same point [7, 8]. It may be shown that the induced electromotive force (EMF) is
given by:

C=—(%){B1-m} (2.6)

where m is the magnetic moment. It follows that for a sample of volume V,, which has

been subjected to a 90° pulse, one needs only know the value of By at all points in the
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sample to be able to calculate the induced EMF in the coil [7, 8]. Thus, if the net
magnetization, My, for the entire sample lies in the xy plane,
d
E=- f — |{B,-M,}av, (2.7)

ot

sample

The calculation of By is feasible for most RF coils for MR. If B; may be considered to be
reasonably homogeneous over the sample volume, the calculation is simplified. The

integration of Eq. (2.7) gives:

= Kw B, MV coswt (2.8)

where K is an inhomogeneity factor and B,y is the component of B; perpendicular to the

main field By.

Figure 2-4 The principle of reciprocity. A current of 1A flowing in a coil C produces
a field B, that is larger at A and smaller at B. A rotating magnet at A induces in the
coil an electromotive force T which is larger than that induced by the same magnet

at point B. The correspondence between T and B; is known as the principle of
reciprocity.

2.1.3 G, the constant magnetic field gradient
A magnetic field gradient superimposed on the static magnetic field, By, results in

a linear variation in the magnetic field. This causes the resonance frequency to vary as a

15



function of position. The magnetic field gradient in all three directions can be written in a
tensor form [4]. Since the resonance frequency of spins is only affected by the gradient

components in the same direction as By (z), thet tensor may be reduced to:

G=Gxi+Gyj+GZk=aBZi+aBZj+asz (2.9)
0x ay 0z

where i, j, and k are unit vectors. The overall field can then be expressed as:

B(r)=(B,+G x+G,y+G_ 2)k=(B,+G r)k (2.10)

By varying the magnetic field gradients, spatial information may be encoded as

discussed in section 2.4.

2.2 Relaxation mechanisms

The effect of a resonant RF pulse is to disturb the spin system from thermal
equilibrium. A process known as spin-lattice relaxation will restore the z component of
magnetization to equilibrium. As the name implies, the process involves an exchange of
energy between the spin system and the surrounding thermal reservoir, known as the
lattice. Equilibrium is characterized by a state of polarization with magnetization My
directed along the longitudinal magnetic field, By. The restoration of this equilibrium is
therefore alternatively named longitudinal relaxation. The phenomenological description

of this process is given by the equation:

aMm,  (M_-M,)
=- (2.11)
dt T,

where the solution is:
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t t
_ I I (2.12)

M.(H)=M_(0)e " +M,|1-¢ |
where M, is the amplitude of the z component of the net magnetization and My is the
initial net magnetization. M,(0) is the z component of the magnetization immediately
after application of an RF pulse and before commencement of longitudinal relaxation.

Following a 90° excitation M,(0) = 0; hence:

t

M. ()=M,|1-¢ (2.13)

The relaxation time T; is the time required for the z component of M to return to 63% of
its original value following a 90°excitation pulse [5].

Spin-spin relaxation describes the loss of phase coherence of the nuclei as energy
is transferred between nuclei. This results in decay of the x and y components of the
sample magnetization and is governed by the time constant T,. The phenomenological

description of T, relaxation is:

de M
Y= U (2.14)
dt T,
where the solution is:
_t
T
M, (t)=M_0)e (2.15)

where My, is the magnitude of the transverse component of the sample magnetization.
After a 90° excitation Myy(0) = My. The relaxation time T, is the time required for the

transverse component of M to decay to 37% of its initial value via irreversible processes.
17



The manufacturers of MR magnets try to create a homogeneous By field,
employing first-, second-, and higher order shim coils for non-uniformity correction.
However, it is inevitable that some variation in By occurs across the sample. A free
induction decay (FID) signal results following the application of the RF excitation, which
decays more rapidly than due T, effects alone. The resultant time constant is often

labeled Tz* and is termed the effective transverse lifetime constant:

1 1
—=—+YyAB 2.16
T Y AD, ( )

T, relaxation depends on T, the transverse relaxation time, and AB,, which
describes the inhomogeneity of the static magnetic field.

Another form of MR signal is known as an echo. A feature, which distinguishes
an echo signal from an FID signal, is the symmetry of the echo signal, which results from
rephasing of M,, followed by dephasing of M,,. An echo is produced by employing
multiple RF pulses. These signals, called spin echoes (SE), were discovered by Erwin L.
Hahn in 1950. A simple two-pulse excitation scheme consists of a 90° pulse followed by
a time delay 1 and then a 180° pulse (90°- T -180°- 1). After a period of time, t, following
the applied 180° RF pulse, the components of the transverse magnetization rephase and
form SE.

It is possible to measure multiple successive spin echoes with multiple pulse
methods. One example is the Carr-Purcell measurement which begins with a 90° pulse
followed by a series of 180° pulses. The initial 90° pulse rotates the magnetization vector

into the transverse plane. The first 180° pulse is applied after a time t, and inverts the
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phase of the magnetization as it loses coherence. After a time 27, following the 90° pulse,
a SE is generated. The transverse magnetization loses phase coherence once more, but
can be regained with another 180° pulse. Therefore, a train of 180° pulses creates a train
of spin echoes that form halfway between the 180° pulses. The magnitude of the spin

echoes decays with relaxation time T, so T, can be determined through:

_2nr

Mxy=MOe T, (2.17)
where 27t is the time between two successive 180° pulses and 7 is the number of echoes
collected. In practice, the 180° pulses are phase shifted to minimize artifacts caused by
successive imperfect 180° pulses. This modification was proposed by Meiboom and Gill
and is therefore known as the Carr-Purcell-Meiboom-Gill (CPMG) sequence [4].

T, can be extracted from the CPMG decay by non-linear least square fitting
providing a discrete number of T, components. It is common practice in petrophysics to
fit a distribution of exponential decays employing an Inverse Laplace Transform (ILT)
[9].

The principal concern in this thesis is high quality measurements of the T,
distribution of the pore fluid and access to short Tss spatially resolved. The ILT approach
imposes a smooth distribution that may not be physically correct in some instances. A
single exponential decay processed by ILT will yield a symmetrical T, distribution in log
space, with a width that is not physical. The T, distribution shape is not calibrated and not

over-interpreted in this work. The interpretation is only based on changes in T

distributions (employing bulk CPMG as a control) rather than an absolute interpretation.
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2.3 The Bloch equations

The behavior of the spin ensemble may be explained classically in the majority of
MRI measurements. Equating the torque to rate of change of the sample magnetization:

dM
T —MxyB (2.18)
r YD,

When M and By are not coaxial, the torque (being orthogonal to both By and M)
forces a precession of M about the z-axis, at the Larmor frequency of Eq. (2.1).

The B, field effect may similarly be treated classically. The effect of the B, field
is made clearer by a transformation of the coordinate system to a frame of reference that
rotates at the Larmor frequency. Consider an RF pulse applied orthogonal to By that

defines the x-axis of our first coordinate frame:

B, = 2B, cos(w )i (2.19)

B,r may be expressed as the sum of two counter-rotating components:

Brf =B, [cos(a)lt)i + sin(a)lt)j] + B, [cos(a)lt)i - sin(wlt)j] (2.20)

one rotating in the same direction as the Larmor precession, and the other in the opposite
direction. The component rotating in the opposite direction has negligible interaction with
M, as their relative frequency offset is large (oo + ®;) and, for all MRI applications
described herein, B; << By,

The interaction of B,s and M is simplified by transforming the coordinate system

to one rotating at wo about By (Fig. 2-5). The apparent static field in the rotating
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coordinate frame is (B + ®¢/y) k = 0. The only torque on M is caused by the RF field,

and the counter-rotating component of that field becomes:

B, [cos({a}1 —a)o}t)i‘+ sin({a)1 —a)o}t)j‘] (2.21)

where prime quantities are in the rotating coordinate system. For on-resonance RF pulse
application, @y = ®; and thus B,y= B; = Bi’. In analogy to Eq. (2.18):

@=MxyBl (2.22)
dt

The evolution of M under the application of on-resonance RF excitation is a
simultaneous precession about By and B; at my and o; (Fig. 2-5b). The motion is simply a
precession about i’, in the rotating coordinate system (Fig. 2-5d). The latter description
provides a convenient means of categorization for RF pulse application by the precession
angle, o = yBitpuise, tpuise 1s the RF pulse duration. A 90° RF pulse, applied to the spin
system at equilibrium, has sufficient RF field strength and duration that the resultant
magnetization lies solely in the x’y-plane and a 180° RF pulse results in M = -Mj k. In

general the components of magnetization after application of B, = 2B;cos(mt) i to My =

My k are:
M. =0
M, =M,sina (2.23)
M. =M,cosa
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Figure 2-5 (a) The application of a static magnetic field B, (vertical bold arrow), and
an RF field (along the x axis), oscillating at ), causes (b) the ensemble
magnetization simultaneously to precess about both fields. (c) In a coordinate
system rotating at ®,, the apparent longitudinal field is zero and the static RF field
defines the x’ axis. Precession (d) is simply a rotation about the x’ axis.

Relaxation time effects may be combined with Eq. (2.18) or Eq. (2.22), to refine
the classical description of spin behavior. The resulting relations are known as the Bloch

equations:
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am M
 —y(MxB,,), -2«
dr 7 2 T

2

M, MxB ) M, 2.24
—_— = x —— .

d[ y eff /'y TZ ( )
am M,-M,

Z
=y(MxB,,). +
Besr, the effective magnetic field, is the vector sum of By and B,¢ and, when it is used in

the rotating coordinate system [2, 4, 10]:

Beﬁ‘ -

B, - %)k’ +Bi (2.25)

Invoking the on-resonance condition (0o = ®;), Eq. (2.25) yields Begr = Bii’.

2.4 Spatial encoding

Spatial information may be encoded in MR using either frequency or phase
encoding techniques. Both methods require the addition of magnetic field gradients, such
that the z component of the static magnetic field varies as a function of the Cartesian
coordinates. Each method is discussed in the following subsections. The concept of .-
space provides a connection between spatially encoded measured data, the Fourier

transform, and the resulting MR image.

2.4.1 Frequency encoding

The addition of a magnetic field gradient in addition to the static magnetic field

across a sample results in the Larmor frequency being a linear function of position:
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o(r)=yB,+yGr (2.26)

where G denotes the applied magnetic field gradient and r denotes the spatial position

[1]. The resulting FID generated from the spins for a given interval dr at point r , denoted

p(r), is :

dS(r,t) o p(r) e gy (2.27)

where i = \-1. The proportionality is partially due to the overall signal dependence on the
resulting flip angle of the transverse magnetization into the transverse plane. Neglecting
the effect of the flip angle and assuming equality of units on both sides of the equations

simplifies Eq. (2.27) to:

dS(r,1) = p(r) e gy (2.28)

It is evident from Eq. (2.28) that the resulting signal frequency, defined by y (Bo+G.r),
varies linearly as a function of position. Hence, the applied magnetic field gradient G is
called a frequency-encoding gradient. The resulting signal from the entire object in the

presence of the gradient is:

S(t) = fi 0 (r) e[—iy(BO+G~r)t] dr
N , 4 (2.29)
B [f _p(r) LE gy | it

The term e~'?of is considered as a carrier signal [1]. Demodulation of the resulting MR

signal results in:

s =J" paye " Mar (230)
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The frequency-encoded signal from Eq. (2.30) can be rewritten as:

S(k)= [~ p(r)el ™" dr (2.31)
Where:
k = 2LGt (2.32)
JT

From the relationship between G and Kk, it is apparent that the frequency-encoding
gradient G can be used to map a time domain signal to a corresponding k-space signal.

This results in the spatial information about a sample being uniquely encoded.

2.4.2 Phase encoding

The signal may be alternatively mapped in k-space by employing phase encoding.
In phase encoding, the value of k is fixed by a given gradient G and phase encode time t,
as shown in the following equation:

k= ﬁth (2.33)

The resulting signal from the entire object in the presence of the gradient is:

s(z)=[f " p)e " dr e (234)

where the e~‘®of term represents the carrier frequency and will be removed after
demodulation. The magnetic field gradients applied along each of the three Cartesian

axes (Gx, Gy, G,) result in the possibility of three-dimensional imaging.
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In general, the applied phase encode gradient varies as a function of time. Letting

this time varying phase encode gradient be denoted Gpnase(t), the resulting value of k:

A
-5 [ G e (Dt (235)

Therefore, only the area of applied gradient is of importance for spatial encoding

and mapping the time domain signal to space.

2.5 Slice selection

To selectively excite spins in a slice, two things are essential: a magnetic field

gradient and a shaped RF pulse. Both are discussed in this section.

2.5.1 Slice selective magnetic field gradients

It is necessary to apply a magnetic field gradient during the excitation period for
slice selection. An RF pulse is only frequency selective, and spins at different spatial
locations are excited in the same way if they resonate at the same frequency. To make an
RF pulse spatially selective, it is necessary to make the spin resonance frequency
position-dependent. A simple way to achieve this is to augment the homogeneous By field
with a constant magnetic field gradient during the excitation period. Such a magnetic
field gradient is called a slice selective gradient, G, in order to distinguish it from a
phase encoding gradient or frequency encoding gradient. Recall from section 2.1.3 that a
constant magnetic field gradient is by definition a magnetic field that points along the z
direction but has amplitude varying linearly along a particular gradient direction [4]. The

slice selective gradient is denoted as:
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G, =(G..G,.G)=Gyug (2.36)
where ug specifies the slice selective magnetic field gradient direction and

G, =./G} +G; +G! is the overall magnetic field gradient strength.

2.5.2 Slice selective RF pulses

One should translate the desired frequency selectivity, established by the slice

selective gradient, to the temporal waveform of an RF pulse. An amplitude modulated RF

pulse is characterized by an excitation frequency @,, and an envelope function By (¢) as:

B()=B'(t)e ™" (237)

in which w,, and B/ () should be determined [4].

2.5.2.1 The Fourier Transform approach to selective RF pulse design

Consider the case shown in Fig. 2-6. It is convenient to define a spatial selection

function as:

z-2 1 |Z_Zo|<£
p(Z)=H(—O)= 2 (2.38)

Az 0 otherwise

which is a “boxcar” function of width Az centered at z=gz,. The necessary slice

selection gradient is:

G, =(0,0,G.) (239)
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The Larmor frequency at z is given by:

w(z)=w, +7G.z

or:

f@=f+-Gz
27

The desired frequency selection function is:

1 _ ﬂ= f_f;
p(f)—;{ ) IT( AF

vG

Z

where:

fo=f+2-Gz
27

|
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X

(2.40)

(2.41)

(2.42)

(243)

Figure 2-6 slice selected along the z axis. The corresponding slice equation is given in
Eq. (2.38). zy is the displacement of the slice from the origin and Az is the slice

thickness.
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and

Af =L G.A
21

(2.44)

With p'(f), one can determine the necessary excitation function B;(t).The assumption of

Fourier Transform approach is:

-2 ft

B(ty= [ p(fre df

Inserting Eq. (2.43) into Eq. (2.46) and employing:

sinc(mat) < %H(i)

a

yields:

B, (1) < Af SinC(nAﬁ)e—iZﬂf;-t

Comparing the above equation to Eq. (2.37):

w, =27xf, =w,+y7G 2,

the pulse envelope function is:

B; (t) = A sinc(7Aft)

(245)

(2.46)

(247)

(2.48)

(2.49)

The constant, A, is determined by the desired flip angle. Assume that the pulse is

symmetric about the time point 7 =1 pulse / 2 , the pulse envelope function in Eq. (2.43)

can be modified to give:
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B/ (t)= Asinc , O=st=<t (2.50)

pulse

t
JIA {— pulse
-]

2.5.2.2 The Bloch equation approach to selective RF pulse design

The resulting envelope function yielded from the Fourier approach is not accurate
because the spin system behaves nonlinearly during the excitation. One has to resort to
the Bloch equations to generate more accurate RF pulses [4]. Ignoring spin relaxation

effects during the excitation period, one can write the Bloch equation in the rotating

frame:
dM(z,t
MG Mz, x By (2.1) (251)
dt ’
where:
e o wrf '
B, (t)=B(Oi'+| By +G_z~ 7 k (2.52)

Setting the RF excitation frequency w,sto the Larmor frequency of the central slice (Eq.

(2.49), We have:

B, (1) = BS(Ni'+G,(z - 2k’ (2.53)

Rewriting Eq. (2.46) in scalar form:

M, (2,1
—r 7 (Z, )=}/GZ(Z_Z0)My'(Z’t)

dt
dM '(Zat) e
— =G )M @0 +YBIM(20) (254)
M (2,1 e
LD i,z
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The above equations must be solved numerically. A number of algorithms have been
proposed for this task [4].

Many slice selective RF pulses, in practical use, give better selection profiles than
the popular sinc pulse. One complicated example is the hyperbolic secant pulse of general

form:

B (t) = B;sech(pt)"™ (2.55)

This pulse is insensitive to B; inhomogeneities and is particularly useful for slice
selective spin inversion [4, 11 12]. A detailed discussion of hyperbolic secant pulses

follows Chapter 5 of this thesis.
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Chapter 3 - B; Mapping with a Pure Phase Encode Approach:
Quantitative Density Profiling

We frequently observe centric scan SPRITE images are very non-uniform for a
nominally uniform sample. This chapter shows the non-uniformities over the images are due
to B; inhomogeneity in the sample space. The B, inhomogeneity prevents quantitative
density profiling of porous media. Quantitative density profiling is very critical for
measurement of fluids in in pore spaces and it is important to be able to measure the B;
inhomogeneity in order to mitigate its effects. This Chapter discusses a newly developed B;
mapping technique based on pure phase encode centric scan SPRITE. The B; maps are also
employed to correct B; non-uniformities over the centric scan SPRITE images.

This chapter is largely based on the paper “B; mapping with a pure phase encode
approach: quantitative density profiling” published in the Journal of Magnetic
Resonance, 232 (2013) 68-75. The format of references in this chapter follows that of the
original article. The paper was the basis of a related patent “Methods of radio frequency

magnetic field mapping”, U.S. Patent, 8,890,527, awarded November 18, 2014.

Abstract

In MR, it is frequently observed that naturally uniform samples do not have
uniform image intensities. In many cases this non-uniform image intensity is due to an
inhomogeneous B; field. The ‘principle of reciprocity’ states that the received signal is
proportional to the local magnitude of the applied B; field per unit current.
Inhomogeneity in the B, field results in signal intensity variations that limit the ability of

MRI to yield quantitative information. In this paper a novel method is described for
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mapping B; inhomogeneities based on measurement of the B, field employing centric-
scan pure phase encode MRI measurements. The resultant B; map may be employed to
correct related non-uniformities in MR images.

The new method is based on acquiring successive images with systematically
incremented low flip angle excitation pulses. The local image intensity variation is
proportional to B,?, which ensures high sensitivity to B, field variations. Pure phase
encoding ensures the resultant B, field maps are free from geometry distortions caused by
susceptibility variation, chemical shift and paramagnetic impurities. Hence, the method
works well in regions of space that are not accessible to other methods such as in the
vicinity of conductive metallic structures, including the RF probe itself.

Quantitative density images result when the centric scan pure phase encode
measurement is corrected with a relative or absolute B, field map. The new technique is

simple, reliable and robust.

3.1 Introduction

Magnetic resonance imaging is commonly employed for clinical diagnostic
imaging but its routine application to spatially resolved analysis of fluids in porous media
is still developing. Recent developments in quantitative MRI of reservoir rock core plugs
have led to the development of new core analysis methods for capillary pressure and
other petro-physical parameters [1-4]. The essential element in quantitative MRI of such
systems is a reliable measure of fluid quantity in the pore space. Quantitative imaging is

impaired in many cases by non-uniform B; fields in the sample space.
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According to the ‘principle of reciprocity’ [5,6], the received MR signal for each
point in space is proportional to the local B field strength per unit excitation current. The
spatial variation of the RF field sensitivity for excitation and reception is one principal
reason for non-uniform images of nominally uniform samples. Non-uniformities across
the MRI image will affect the image-based quantification and interpretation of porous
media properties.

One may solve the B; inhomogeneity problem by limiting the sample space in a
larger RF probe [7] but this is not a very good utilization of the experimental sample
space that is costly and at a premium. In quantitative MRI one solution is to measure a B;
map and correct the intensity inhomogeneities that arise from B, variation [8-15].

Mapping of the B, field can be undertaken with a variety of MRI-based methods.
With double angle techniques [14, 16, 17] B; maps are acquired by measurement of the
magnitude of the signal after o and 2o excitations. The imaging technique is usually
based on spin echo imaging or echo planar imaging. Another method is based on the
acquisition of a spin echo and a stimulated echo and the local B, is determined by the
ratio of images [18]. The actual flip angle imaging (AFI) method employs FLASH
imaging [19] with the interleaved acquisition of two echoes, applying the same flip angle
but for different repetition times [20, 21]. The phase sensitive method for B; mapping
employs a series of RF pulses that generate a transverse magnetization whose phase is a
function of the flip angle [22]. In another method that is based on gradient echo imaging
with large excitation angles, signal intensity variations are produced by employing flip
angles that are distributed around 180° [23]. B; mapping employing the Bloch-Siegert

shift [24, 25] has recently been introduced; it encodes the B; information into the signal
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phase by irradiating with an off-resonance RF pulse following conventional spin
excitation. Nagashima has recently employed a nutation-based experiment to find 1D B;
profiles in a spectroscopy RF probe [26].

The B; mapping method presented in this work is based on measurements of
image intensities acquired with a series of low flip angle excitation pulses employing
centric scan SPRITE [27-29]. Centric scan SPRITE MRI is employed for spin-density
measurements of porous media due to its innate reliability and immunity to image
distortions caused by susceptibility variation, chemical shift and paramagnetic impurities.
The SPRITE signal in each pixel (or voxel) is proportional to B, due to B sensitivity in
both excitation and reception. The B, sensitivity makes the method very sensitive to B;
variation in the sample space. This sensitivity to local B,*>, with a low flip angle
excitation pulse was first discussed by Hoult [7] but he did not pursue B; mapping and it
seems the idea was not pursued in the literature.

As a pure phase encode method, the B, mapping procedure presented will work
well even in the presence of conductive structures that support eddy currents. The new B,
mapping technique may be employed to determine the B; map in the vicinity of RF probe
structures. B; mapping methods based on frequency encoding, essentially all the above
referenced methods, will often suffer from By inhomogeneity artifacts. Many of these
literature methods may be undertaken with pure phase encoding to solve this problem,
but it is not common practice.

Many methods have been developed to correct non-uniform MRI images due to
B, inhomogeneity [8-15, 30-35]. In this work a simple method is proposed for correcting

B, inhomogeneity effects employing B field maps. Corrected SPRITE images result
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from dividing the original image by relative maps of B,> [8]. This method permits
correction of non-uniformities due to excitation and reception and the intensity of the
corrected image represents the sample distribution. If one knows how the image intensity
depends on B1 field strength for other commonly employed MRI experiments, the image
may be corrected through knowledge of absolute B; maps [34]. The new B; mapping
technique is readily translated to both high field and low field systems.

The B; mapping methods outlined, with associated B; correction of SPRITE
density images are simple, robust and reliable with facile data handling and data
manipulation. Because the method requires acquisition of six to eight discrete images it

will however be slower than many B; mapping methods in the literature.
3.2 Theory

3.2.1 B mapping methodology

The transverse magnetization M,, at any point r, generated by a centric scan
SPRITE imaging sequence [27-29], free from T; weighting, is given by the following
equation:

Ly

*

2

M (r)=M,(r)exp(- )sina (3.1)

Where My(r) is the local equilibrium longitudinal magnetization proportional to the
quantity of material, t, is the phase encoding time between RF excitation and signal
reception and a is the RF pulse flip angle, and T, is the effective spin-spin relaxation
time. If the sequence parameters satisfy t, << T," the transverse magnetization is directly

proportional to M(r).
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Employing the ‘principle of reciprocity’ [5,6] the received signal Sjoca from
precessing nuclei in a small volume 6V centered at any point r in the RF probe is

proportional to:

Stoca(T) % By, (1M (1) (32)

Where Biyy(r) is the component of the RF field produced in the transverse plane at the
location of the sample by unit current in the coil during excitation.

The product of the gyromagnetic ratio y, the By, field strength, and excitation
pulse length t,use gives the RF flip angle in Eq. (3.1). The local image intensity from Egs.
(3.1) and (3.2) with the above statement of the RF flip angle becomes:

Ly

Stocar(T) % By (1) M, (1) exp(- T )sin(yB, (1)) (33)

2

where the factor Biyy(r), introduced as part of Eq. (3.2) is related to signal reception
through the ‘principle of reciprocity’ [5,6], the sine factor of is Biy(r) related to
excitation and of course the overall signal scales with My(r).

The new technique for B; mapping is based on mapping the image intensity
variation in each pixel that results from increment of the excitation flip angle in
successive images. In the case of low flip angles sin o = o, and Eq. (3.3) reduces to Eq.

(3.4) with a direct dependence of signal on lexy (r).

Slocal(r) x MO (r) CXp(—

t
L) YBly () (34)
T2
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Eq. (3.5) is a simple modification of Eq. 4. Siocai(r) is unitless in image space and
a constant of proportionality Kk is introduced to make the relationship of Eq. (3.4) an
equality. The factor p,(r) introduced as part of Eq. (3.5), considered as grams per unit
volume of 'H material at any point r replaces M(r) to simplify the units. To simplify the
expression, Biyy(r) is replaced by Bi(r).

Practical measurement of the local B; proceeds via Eq. (3.5) by incrementing t,,isc
in successive images, employing a homogeneous phantom and maintaining the low flip
angle limit. Plotting local signal versus tyyisc permits determination of B, via the slope.

Ly

Slocal (r) = Kpo (r)exp(— T* )yBlz (r)tpu[sg ( 3.5 )

2

3.2.2 Relative B; map generation employing a homogeneous phantom

For a B; mapping experiment performed with a homogeneous phantom, kpoexp(-
tp/Tz*) in Eq. (3.5) can be considered constant. The ratio of slopes, m and m’ from Eq.
(3.5), measured at two different physical locations (x,y,z) and (x’,y’z’) will be simply

equal to the ratio of B2

t
. —2))yB(x,y,
( pO exp( T2 ))y 1 (x y Z) _ Blz(x9y9z) (3'6)

CBX(x',y',2)

m

m' ! 2

(110, exp(= T” NYBr(x',y',z")
2

Consequently one can determine relative B; maps by determination of relative slopes:

2
mlocal = B llocal 3.7
m B (3.7)

max Imax
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where mpax 1S the highest slope in the measurement where the local B, field has the

maximum value, Bimax.

3.2.3 Absolute 3D B; map generation employing a small reference sample

Knowledge of the absolute B, strength in a particular position (x,y,z) in the 3D RF
probe volume, permits determination of an absolute B; in gauss everywhere else by
employing Eq. (3.7).

The local B; is most readily determined with a small test sample and a

measurement of the 180° pulse length. It does not depend on the material employed to

find the 180° pulse length.

3.2.4 Image correction employing relative B;> maps

One can correct spatial non-uniformity in one, two and three-dimensional
SPRITE images by determining relative B; maps. The correction of the MR image is
achieved by dividing the original SPRITE image by a relative B,* map, Eq. (3.7). By
applying this method, the non-uniformity of the B, field both in excitation and reception
can be compensated. The intensity of the corrected image represents the sample 'H

distribution.

loc“lmeasured

local 2

corrected ( 3.8 )

1local

B

1max
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In this paper, to prove the B; mapping method, the measured local image intensity

local,ey A0 the relative Br map Biioca/Bimax, are generated by SPRITE imaging.

local,,ny 1S the local image intensity after By correction.

3.3 Experimental

3.3.1 B, mapping in the sample space at 2.4 T and 0.2 T

MRI experiments were performed on both high and low field scanners. The high
field scanner was a Tecmag (Houston, TX) Apollo console equipped with a Nalorac
(Martinez, CA) 2.4 T 32 cm i.d. horizontal bore superconducting magnet (Nalorac
Cryogenics, Martinez, CA). The RF probe was a homebuilt quadrature eight-rung
birdcage 4 cm in diameter and 10 cm in length, driven by a 2 kW 3445 RF amplifier
(American Microwave Technology, Brea, CA). A 200-mm i.d. gradient set driven by x, y
and z Techron (Elkhart, IN) 8710 amplifiers, provided maximum gradient strengths of 5.9
G/cm, 5.4 G/cm and 10.6 G/cm in this work.

The low field scanner was a Maran DRX-HF (Oxford Instruments Ltd., Oxford,
UK) 0.2 T permanent magnet. The RF probe was a vertical solenoid 10 cm in diameter
and 20 cm in length, driven by a 1 kW 3445 RF amplifier (TOMCO Technologies,
Sydney, Australia). A shielded three-axis gradient coil driven by x, y, z Techron (Elkhart,
IN) 7782 gradient amplifiers, provided maximum gradients of 26 G/cm, 24 G/cm and 33

G/cm in this work.
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The Acciss, Unisort and Unifit processing packages developed in the IDL
programming environment (EXELIS, Boulder, CO) by the UNB MRI Centre were
employed for image reconstruction, display and signal intensity mapping.

A uniform vial of gel doped with CuSOs, 10 cm in length and 4 cm in diameter,
centred in the RF coil along the long axis of the RF coil, was employed as a test phantom
on the 2.4 T scanner. The bulk relaxation times were Tz* =45msand T; =15 ms.

A set of 1D SPRITE images were acquired for 1D B; mapping. Double-half .-
space (dhk) SPRITE [27] imaging sequence parameters were: Gmax, = 3.7 G/cm; FOV =
130 mm; SW = 250000 Hz; 64 k-space points were acquired each with a phase encoding
time of t, = 150 ps with TR = 2 ms, signal averages = 32, Pog = 42 ps with 50% RF
power. The dhk SPRITE pulse length was set to eight different values (1.4 ps, 1.8 ps, 2.2
us, 2.6 us, 3 us, 3.3 us, 3.6 us and 4 ps). The shortest and longest pulse durations are

equal to 3° and 8.6° flip angles. The phase cycle for both SPRITE RF pulses and the

receiver was XXYY  The acquisition time for each image was about 52 s.

The same phantom centred along the long axis of the RF coil was employed for
3D B; mapping. Conical SPRITE [27] imaging sequence parameters were: Gmax, = 2.8
G/cm; Gmaxy = 5.4 G/cm; Gmaxx = 5.8 G/cm; FOV = 130 mm x 68 mm x 63 mm; SW =
250000 Hz; 64 k-space points were acquired with a phase encoding time of 200 ps and 8
signal averages. Eight 3D images were acquired with the same RF excitation pulse
durations as outlined for the 1D measurement. The acquisition time for each 3D image
was approximately 16 min.

A uniform rubber phantom, made of amber polyurethane (McMaster-Carr,

Atlanta, GA), 10.5 cm in length and 3.8 cm in diameter centred along the long axis of the
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RF probe was employed as a test object for scanning at 0.2 T. The bulk relaxation times
were T, = 600 ps and T, = 18 ms.

A set of 1D SPRITE images were acquired for 1D B; mapping. SPRITE imaging
parameters were: Gmaxy = 3.6 G/cm; FOV = 151 mm; SW = 125000 Hz; 64 k-space
points were acquired with a phase encoding time of 150 ps with TR = 2 ms, signal
averages = 4096, Py = 63 pus with 50% RF power. The dhk SPRITE pulse lengths were
(1.5 ps, 2 pus, 2.5 ps, 3 us, 3.5 us, 4 us, 4.5 ps and 5 us). The shortest and longest pulse
durations are equal to 2.1° and 7.1° flip angles. The acquisition time for each image was
about 6 min.

To show the profile correction at 0.2 T, a water saturated Berea rock core plug,
7.5 cm in length and 3.8 cm in diameter was positioned in the same location as the
phantom. The bulk relaxation times were T2*= 800 us and T,= 200 ms. A 1D SPRITE
image was acquired with: Gpaxy = 3.6 G/cm; FOV = 151 mm; SW = 125000 Hz; 64 k-
space points were acquired with a phase encoding time of 150 ps with TR = 2 ms, signal
averages = 8192, Pyy = 63 ps with 50% RF power. A uniform rubber phantom, made of
amber polyurethane (McMaster-Carr, Atlanta, GA), 10.5 cm in length and 7.6 cm in
diameter centred along the long axis of the RF probe was employed for 3D B, mapping at
0.2 T. The conical SPRITE imaging sequence parameters [27] were: Gmax, = 4.5 G/cm;
Gmaxy = 3.7 G/em; Gmaxx = 2.7 G/em FOV = 107 mm x 131 mm x 178 mm; SW =
125000 Hz; 64 k-space points were acquired with a phase encoding time of 150 us and 32
signal averages. Eight 3D images were acquired with the same RF excitation pulse
durations as outlined for 1D measurement. The acquisition time for each 3D image was 1

h and 7 min.
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3.4 Results

3.4.1 1D B; mapping at 2.4 T

Fig. 3-la shows a 1D axial profile for a vial of uniform doped gel 10 cm in length
and 3.8 cm in diameter scanned at 2.4 T. The profile is very non-uniform for a nominally
uniform phantom. Note the signal magnitude at the profile edges is enhanced by
approximately 23%.

Fig. 3-1b shows the plots of signal versus pulse duration for three different
positions along the long axis of the RF probe (Z = 28.5 mm, 61.5 mm, and 100.5 mm).
Eight pulse lengths were employed giving flip angles from 3° to 8.5°. The slopes produce
K Po exp(-tp/Tz*) y B,? for each pixel according to Eq. (3.5). The uncertainty for each data
point is estimated from the mean b