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Abstract

Diffusion coefficients (D) can be readily measured by nuclear magnetic resonance
(NMR) spectroscopy and magnetic resonance imaging (MRI) instruments. Operators of
these instruments often utilize standards with known diffusion coefficients to rapidly and
conveniently test the performance of the NMR or MRI system to measure diffusion. A
variety of these standards have been proposed in the scientific literature. This thesis
describes a diffusion standard based on water constrained by container geometry,
specifically water between tightly packed, parallel glass fiber filaments. The restricted
diffusion of water in this environment gives a diffusion coefficient which is selectable by
the choice of data acquisition parameters. Thus, one standard can be used to achieve
multiple diffusion coefficients and replaces the need for multiple diffusion standards.

Educational training was performed on a 300 MHz NMR spectrometer located at
Rochester Institute of Technology (RIT). As a part of this training, pulsed magnetic field
gradient strengths were calibrated and diffusion coefficients (D) measured for a series of
silicone oils of different viscosities.

Diffusion coefficient values for a small diameter test phantom were measured on a
600 MHz NMR spectrometer with stimulated echo pulse sequence at 25C. A
predictable behavior between the apparent diffusion coefficient and gradient separation
(A) value in the sequence was observed. Diffusion coefficient values were measured for
a larger diameter phantom using a 1.5 T imager at 20<C using echo-planar imaging
sequence and confirmed to follow the same D vs. A behavior. Based on these
observations, a hydrated fiber bundle can make a diffusion phantom with only water

yielding the NMR signal.
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1.0 Introduction

In the last three decades, magnetic resonance imaging (MRI) has established itself
as the most diagnostically useful imaging modality in the medical imaging field. Itis in
part because of the ability of MRI to distinguish between soft tissues in the body. The
last decade has seen the emergence of a new kind of MRI, quantitative MRI.
Quantitative MRI uses MRI to measure some specific property, such as the diffusion
coefficient, and relate it specifically to a disease state.

Some studies have related the diffusion coefficient of water in tissues to a disease
state such as ischemia [1-4], epilepsy [5-7], tumors [8-10], and strokes [11-13]. Magnetic
resonance imaging is capable of producing several forms of images yielding diffusion
information. These include diffusion weighted, diffusion, and diffusion tensor images.
Diffusion weighted images are magnetic resonance images where contrast is related to
the diffusion coefficient. Diffusion imaging produces images of the diffusion coefficient.
Diffusion tensor imaging (DTI) produces images of the diffusion tensor of water in each
location in the image. The technique has been especially useful in mapping the tracks of
nerve fibers in the brain, and therefore determining interconnectivity in the brain.

Quantitative magnetic resonance imaging studies of diffusion require a standard, or
phantom, to calibrate the imaging system. A phantom is an anthropogenic object used to
test the performance of the imaging system. The term phantom is more commonly used
by the MRI community. Several diffusion phantoms have been proposed in the literature.
These include liquids with an isotropic D value [14-17], plants [18-20], biological [21-

23], capillary [23-25], and fiber [26-27] phantoms.



Phantoms utilizing isotropic liquid consists of a set of hydrocarbon liquids with self
diffusion coefficients (D) between that of water and approximately 0.5x10° m%s. [17]
Shipping constraints make commercializing phantoms containing flammable
hydrocarbons more costly. Plants and biological based phantoms are difficult to keep for
long periods of time as they degrade and the diffusion coefficient changes. Capillary
phantoms have a low signal, because a large amount of the phantom volume is the
capillary tube compared to the smaller amount of signal bearing liquid, which causes
large susceptibility artifacts in the images.

Phantoms based on fibers overcome many of the previously mentioned
shortcomings and have some notable advantages, namely the ability to calibrate and
characterize DTI. Several fiber phantoms have been reported recently [28-29] for
quantitative studies. Lorenz, et al. [28] reached the conclusion that the hydrophobic
fiber materials polyamide and Dyneema® (an ultra-high molecular weight polyethylene
[30]), showed greater anisotropy, as well as much higher alignment along the actual fiber
direction than the hydrophilic fiber materials hemp, linen, and viscose rayon. Fieremans,
et al. [29], introduced a fiber phantom made of ultrahigh-molecular-weight polyethylene
(micro dyneema). This kind of fiber phantom was proved to be suitable for the
quantitative validation of diffusion imaging because of the correspondence between the
simulations and the experimental results. The result of their three-dimensional Monte
Carlo simulation of random walker demonstrated that the diffusivity for the random
packing geometries with a fixed diameter was similar to the diffusivity for a random

packing with a variable diameter. It is assumed that in the white matter fiber in the brain,



there is intracellular and extracellular diffusion [31], but currently, fiber materials with
such exact diffusion properties are not available.

This thesis proposes a diffusion phantom based on the restricted diffusion of water
between tightly packed glass fibers. This form of phantom has been developed for
diffusion tensor imaging [28-29, 32-35], but not as a solution to the stated problem. This
phantom should yield a range of diffusion coefficients less than Dyater S @ consequence
of restricted diffusion using only water as the nuclear magnetic resonance signal bearing
liquid. As a consequence, shipping of the phantom should be easier.

This thesis describes a project designed to test the hypothesis that a phantom based
on restricted diffusion can be used as a calibration standard for MRI. There are two parts
to the test. Restricted diffusion samples will be designed, prepared and tested on a high-
resolution NMR spectrometer capable of measuring diffusion coefficients. Once a
standard is developed on this system, it will be scaled up in size and tested on a clinical
system. | planned to use the Bruker DRX 300 MHz NMR spectrometer located in the
RIT Chemistry Department for the first phase of the project. The calibration of the
system was completed but, unfortunately, a series of maintenance problems with the
spectrometer forced us to look elsewhere for these measurements. Therefore all tests on
high resolution systems were performed on a 600 MHz system located at the University
of Rochester. The calibration results were included in this thesis to explain the process,
but the University of Rochester performed their own gradient calibration procedure. MRI

studies on a scaled up system were performed as planned on a clinical MRI system.



2.0 Background and Theory
2.1 Diffusion

Diffusion is the random movement of molecules or particles due to the kinetic
energy of the molecules and particles. This definition is broad and covers a great deal of
science. To help the reader see the connection of this research to the field of diffusion, a
broad overview of diffusion will be presented first, followed by a focus on aspects more
specific to this research.

The introductory student of diffusion will encounter several terms that should be
described first. These include self, mutual, counter, free, restricted, anisotropic, isotropic,
translational, and rotational diffusion; in addition to the true and apparent diffusion
coefficients. Self-diffusion is the motion of a particle when the concentration gradient is
zero. This motion is what we are familiar with when we say Brownian motion. Mutual
or Counter diffusion is the motion of a particle in the presence of a concentration (C)
gradient. Mutual or Counter diffusion is described by Fick’s laws [36] of diffusion.

Fick’s first law of diffusion describes the diffusion of particles from a region of
high concentration to a region of low concentration. (See Fig. 2.1.) The flux (J) in the x
direction is a result of a concentration gradient (6C/ox). The flux goes from regions of
high concentration to regions of low concentration. J is proportional to 6C/ox by a
constant called the diffusion coefficient (D) for the diffusing particles.

J=-D (0Clox) (2.1)

Fick's second law of diffusion describes the change of concentration with respect to
time (t).

(6Clot) = D (6°C/ox?) (2.2)



o 00O

OoOO QO
OQOO @)

O o0 O 0)
00,090 —5—*
O 0 o© o
OOOOO

X

Figure 2.1 Mutual or Counter diffusion of particles in the x direction as a
consequence of a concentration gradient in X.

For spherical particles of radius r, the self diffusion coefficient in absence of a
concentration gradient at temperature T is directly related to the viscosity (n) of a
material through the Stokes-Einstein equation [37],

D=
6znr

(2.3)

where kg is the Boltzmann constant. The diffusion coefficient is temperature dependent
and increases with increasing temperature. The diffusion coefficient in the international
system (SI) of units has units of m%s. The self diffusion coefficient of water at 25 <C is
2.299%10°° m?/s [38].

Diffusion can be classified as restricted and unrestricted. Unrestricted diffusion is
what occurs in outer space where there are no boundaries. Because most physical
experiments are performed on Earth and are constrained by boundaries of one form or
another, there is restricted diffusion. In practice, we can talk about both unrestricted and

restricted diffusion on Earth. Unrestricted or free diffusion is the diffusion unlimited by



the size of the container, while restricted diffusion is the diffusion limited by the size of
the container. Diffusion can be restricted in one, two, or three spatial dimensions.

It is possible in ordered media to have diffusion vary with direction. Examples of
ordered media include nematic, smectic, cholesteric, columnar phases of liquid crystals;
water bound on a surface; and mono- and bi-layers of surfactant-like molecules. It is also
possible to have diffusion vary with the shape of a container. Figure 2.2 shows examples
of restricted and less restricted diffusion due to the shape of the container. Diffusion of
particles in a narrow cylinder with long axis along Z may experience unrestricted
diffusion in Z but restricted diffusion in X and Y. The diffusion of particles within a
large sphere will experience less restricted diffusion, especially on a short time scale.
This introduces the need to think of the diffusion timescale. In the case of any shaped
container, diffusion is unrestricted if the particles do not encounter the wall of the
container during the time of a measurement. If they do encounter a wall there is
restricted diffusion. The root-mean-squared distance traveled by a particle in time t is
given by Egn. 2.4, where g; is a dimensionality constant which accounts for the
dimensionality of the container [37]. The constant takes on values of 2, 4, and 6 for
respectively 1, 2, and 3 dimensions.

<x>*=q;iDt (2.4)

It is worth mentioning at this point that the material composition of a container can
have an effect on the liquid within it. For example, a polar solvent such as water in a
hyrdophylic container will form a layer of bound water on the surface. This surface layer
of water has very different properties than bulk or free water far from the surface. The

surface water acts more like ice than free water. In a container on the order of mm or



larger in diameter, this bound layer is insignificant compared to the total volume of water.
At micrometer diameter dimensions and smaller, the volume of this layer becomes
significant. Therefore, water in small capillary tubes and between the fibers of a tightly
packed set of fibers will exist in two forms: bulk and bound. The bound water will
possess a diffusion coefficient different than bulk water. Measurements of water in these
environments can yield two values: a small D value for the bound water and a larger one

for the bulk water.

o ()
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Figure 2.2 A depiction of restricted and unrestricted diffusion in a narrow cylinder and a

large sphere. In the cylinder, diffusion is restricted in X and Y while unrestricted in Z. In
the cylinder Dy = Dy # D, while in the sphere Dx= Dy =D;

Diffusion, which is the same in all dimensions, is called isotropic, while anisotropic
diffusion is not the same in all directions. For anisotropic diffusion, D is not the same in
all directions, while for isotropic diffusion, D is independent of direction. A diffusion
tensor can be used to describe anisotropic diffusion.

A tensor is an abstract object used to express a multi-dimensional concept. It can be

used to represent the diffusion coefficient in three dimensions or six directions. The



following three-dimensional tensor expresses the diffusion in a narrow cylinder as

depicted in Fig. 2.3.

Figure 2.3 A pictorial representation of a diffusion tensor.

Thus far, the presentation of diffusion has been restricted to translational diffusion
or the motion of the particles as a whole unit. Although not the subject of this thesis, it is
possible to discuss rotational diffusion. Rotational diffusion is the motion of part of a
molecule rotating around a bond. An example of this is the rotation of methyl hydrogens

when the methyl group rotates about the carbon bond. (See Figure 2.4.)

Figure 2.4 A schematic representation of rotational diffusion of the hydrogen
atoms on a methyl group about a carbon bond.

Scientists often distinguish between two diffusion coefficients: the true diffusion
coefficient (TDC) and apparent diffusion coefficient (ADC). The TDC is the diffusion
coefficient for free diffusion, while the ADC is the measured diffusion coefficient. For
restricted diffusion, the ADC is less than the TDC because the size of the container limits

the diffusion distance.



2.2 Nuclear Magnetic Resonance

Electrons, protons, and neutrons possess a fundamental, quantum mechanical
property of matter called spin. The spin of each of these particles can take on values of
+% and —%2 [38]. The property spin can be thought of as a magnetic moment possessed by
the particle. The spin of particles in close proximity can combine to give a net spin and
magnetic moment of zero or some higher value. For example, a molecule or atom with
two unpaired electrons in a triplet configuration will have possible spin values of +1 , 0,
and —1. A nucleus with a single unpaired proton, such as hydrogen, will have values of
+% and —Y2, while the nucleus of sodium-23 with one unpaired proton and two unpaired
neutrons can have spin values of 3/2, 1/2, -1/2, and -3/2.

When placed in a magnetic field, matter with a non-zero spin can absorb
characteristic energies due to a splitting of the energy states of the spins [39-41]. Two
spectroscopies focus on this absorption of energy.  Electron spin resonance (ESR)
spectroscopy focuses on matter with electron spin, while nuclear magnetic resonance
(NMR) spectroscopy focuses on matter with nuclear spin. This thesis focuses on the use
of NMR spectroscopy to measure diffusion, so the remaining theory will focus on NMR.

For a simple spin % nucleus, such as a hydrogen-1 nucleus, the spin has two energy
levels when placed in a magnetic field (B,). The energy difference (AE) between these
two levels is given by

AE = hv (2.5)

where h is Planck’s constant, and v is the frequency of a photon. The value of v can be

determined using the following equation:



v=yB, (2.6)

where v is a proportionality constant called the gyromagnetic ratio for the nucleus. For
hydrogen, y = 42.58 MHz / T [39-41]. In the classical picture of magnetic resonance, v is
the rate at which a particle with spin precesses about the direction of the applied magnetic
field.

The relative populations of the two levels (N* and N) at temperature T is given by
Boltzmann statistics where k is Boltzmann’s constant.

N/N* = e AEKT (2.7)
The net magnetization (M) from a group of spins is proportional to (N* - N°). It is the
value of M that is probed in NMR spectroscopy. At equilibrium, the net magnetization
takes on a value M,. The NMR experiment can perturb the value of M making it other
than the value M,. Following the return of M to M, can provide useful information about
a physical system.

If the population difference of the two spin states is not at equilibrium, the
distribution wants to return to equilibrium. The driving force returning the spins to
equilibrium is random molecular motions at v and 2v which produce time varying
magnetic fields (photons) which cause transitions between the energy levels and hence
reestablish equilibrium. This process is called spin-lattice relaxation [39]. Spin-lattice
relaxation is a first order kinetic process which is governed by a first-order time constant
called the spin-lattice relaxation time (Ty).

Since particles with spin are said to precess about the direction of an applied

magnetic field, it is possible to cause a sample to possess a component of magnetization
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perpendicular to the direction of B,. This transverse magnetization does not exist at
equilibrium as there is no phase coherence of the precessional motion. If a transverse
component of magnetization is established in a sample, it will eventually be lost due to
spin exchange between nuclei and due to the spins existing in an inhomogeneous applied
magnetic field. The loss of transverse magnetization is referred to a spin-spin relaxation.
Spin-spin relaxation is characterized by a first order decay time constant called the spin-
spin relaxation time. Magnetic resonance scientists distinguish between spin-spin
relaxation processes caused by the intramolecular spin exchange (T>) and those caused by
an inhomogeneous magnetic field (T2mnomo). The combined spin-spin relaxation is
referred to as T, star (T,*) [39]
UTy* =1/T, + UToinhomo (2.8)
A spin system can be caused to have an M=M, and a transverse magnetization by
the application of an oscillating magnetic field (B;) (again photons) at v,. In magnetic
resonance we adopt a Cartesian coordinate system to describe this process. In this
example, B is applied along +Z and M can have an X, Y, and Z component. The system
of coupled differential equations which describe the classical behavior with respect to
time of magnetization from a spin system are called the Bloch equations. For simplicity,
the Bloch equations [39] are often presented for a frame of reference rotating at v, about

Z. This rotating frame is referred to as the (X’,Y’,Z) frame of reference.

de’/dt = ZTE(VO—V) MY’ — Mx’/Tz (29)
dMy-/dt = — Zﬂ(Vo—V) My +2ﬂ'yBle —My/T2 (210)
sz/dtZ*ZTC’YB]_MZ*(MZfMZO)/Tl (211)

11



The Bloch equations can be solved to show the behavior of magnetization after or
during any perturbation. For example, the application of a B; field along X’ for a period
of time t will rotate M about X’ by 6.

0=2nyBit (2.12)
If M is rotated from its equilibrium position along +Z to +Y’ by what is called a 90° B;
pulse along X’, M, will return to M, according to

Mz = Mo(1-e"™). (2.13)
Transverse Y’ magnetization at v, behaves according to

My- =M, e 2, (2.14)
while My = 0 under these conditions. When v # v,, transverse magnetization precesses
about Z at frequency (v-v,) and exponentially decreases to zero.

My = -Sin(2n(v-vo)t) e (2.15)

My- = Cos(2r(v-vo)t) eV (2.16)

2.3 Pulse Sequences

Equations (2.13) through (2.16) form the basis of a simple magnetic resonance
experiment and signal. Magnetization is perturbed from equilibrium and evolves back
toward equilibrium. The evolution towards equilibrium causes time varying magnetic
fields in the sample which can induce a current in a coil of wire placed in a transverse
place and adjacent to the sample. The signal generated by M,- and M,- is called a free
induction decay (FID) [37, 39]. The FID decays exponentially with time constant T,

[39].
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The previous example described a simple 90<=FID pulse sequence. (See Fig. 2.4.)
A pulse sequence is the application of one or more B; pulses which generate a signal
from the sample. There are numerous pulse sequences. The 90<FID pulse sequence
applies a 90°B; pulses which creates an FID. The FID is a time domain signal which can
be Fourier transformed to produce a frequency domain representation of the frequencies

in the sample.

90° Pulse

B:

FID

Signal U Uﬂu"v

Figure 2.5 A timing diagram for a 90 2FID pulse sequence.

Another common pulse sequence is the spin-echo pulse sequence. (See Fig. 2.6.)
The spin-echo sequence consists of two B; pulses, one 90<and one 180°pulse. The 90°
pulse rotates magnetization into the XY-plane where it dephases according to T,*. The
180<pulse refocuses the magnetization and creates a signal called an echo. The echo
grows and decays exponentially according to T,* [39, 41]. The echo amplitude (S)
decays from its maximum value (So) when the time between the 90<pulse and the 180°

pulse (Tg) is zero.

S=5, e e’ (2.17)
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The spin-echo sequence is special because it allows the separation of spin-lattice
relaxation processes from molecular interactions and spin-lattice relaxation processes
from inhomogeneities in the magnetic field. The echo grows and decays according to T,
while the echo amplitude decays exponentially with respect to Tg with To.

One additional aspect of the spin-echo sequence is worth noting because of its
relevance to diffusion. Assuming spins are located in an inhomogeneous magnetic field,
the signal from moving spins does not completely refocus at Tg, while the magnetization
from stationary spins will. This forms the basis of the pulsed magnetic field gradient

diffusion measuring techniques.

90° 180°
Pulse Pulse
B1 t

FID Echo

Signal t

Figure 2.6. A timing diagram of the spin-echo pulse sequence

Consider the spin-echo pulse sequence of Fig. 2.7. It differs from that of Fig. 2.6 by
the addition of two periods of time when a linear one dimensional gradient in the B,
magnetic field is turned on. The gradients in the B, field are momentarily applied. The
first gradient pulse causes spins at different locations in the gradient direction to precess
at different rates according to their position in the gradient direction. The second

gradient pulse allows reversal of any dephasing that occurred due to the first pulse when

14



the spins are stationary. Spins that move to a new location between the first and second
gradient pulse are not refocused, and diminish the amplitude of the echo. Therefore, the
echo amplitude becomes a function of the diffusion coefficient of the spins. This pulse

sequence is referred to as a pulsed field gradient spin echo (PGSE) sequence [37, 39, 41].

90° 180°
Pulse Pulse
B]_ t
Gradient t
FID Echo
Signal t

Figure 2.7. A timing diagram of the pulsed field gradient, spin-echo pulse sequence

The signal (S) in the presence of the gradient (Gpix) compared to the signal in the

absence of the gradient (S,) is given by Eqn. 2.18 [41]

S —bD
—=e 2.18
5. (2.18)
where
5) ¢ &°
b=(2 Gl | S A—=|+2—— ) 2.19
(2ry) D.f{ ( 3j+30 5 (2.19)

The gradient pulse quantities A, d, and { refer to pulse separation, width, and risetime

respectively, as defined in Fig. 2.8.
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Goitr /_\ /_::G t

A

Fig. 2.8. Definition of the gradient pulse separation (A), width (8), and risetime ().

The diffusion gradient must be one-dimensional (1D), linear, and well characterized. D
is often determined.

A detailed scientific description of the PGSE sequence can be very lengthy without
analogies. The race track analogy will be used to describe the effect of the PGSE
sequence on a spin system. The reader is instructed to refer to Fig. 2.9 while reading this
description. Figure 2.9 presents the timing diagram and pictures of a subset of four spins
in the NMR sample tube. The precessional frequency and phase of the magnetization
from the set of spins is depicted as runners on a race tract. The gradients in the PGSE
sequence are applied along the Z direction in this depiction such that the magnetic field at
any point along Z is (B, + ZG;). The speeds of the spins in this description are relative to
the rotating frame frequency implying that spins experiencing B, at Z=0 do not precess.
For this presentation the spin-spin and spin-lattice relaxation times are assumed to be

infinite.

If there is no diffusion between the application of the 90° RF pulse and the first
gradient pulse, spin #1 goes around the track with the fastest speed because the gradient
pulse speeds up the spin. The spin #4 goes fast in the opposite direction because of a

reverse magnetic field contribution from the gradient. Spins #2 and #3 go around the

16



track at slower speeds in opposite directions. Each spin acquires a phase which is
proportional to its position Z. The spins reverse direction after the 180<pulse. Because
they experience the same magnetic field the gradient pulse before and after the 180“pulse,
the spins come back to their starting position at the peak of the echo. In reality, the spins
will not come back into phase completely due to spin-spin relaxation. The configuration

of all spins being aligned gives a large signal.

If diffusion occurs during the pulse sequence, the movement of the spins on the
racetrack looks different. (See Fig. 2.9b.) After the 90°RF pulse and during the first
gradient pulse, the spins rotate with the same speed and the same directions as they did in
Fig. 2.9a. Now we assume they can move randomly among the different tracks. Before
the 180°RF pulse the four spins are in different tracks. There is nothing specific about
the order presented in the figure, the important point is they are randomized. The 180°
pulse does the same thing as in Fig. 2.9a, it flips the four spins to the other side. The
gradient pulse is turned on again and spins move at specific rates around the tracks
depending on their position. Because of diffusion the spins can end up on different tracks
and they do not come back to the starting line in phase. We now see less signal than the
case without diffusion. In reality the spins are constantly diffusion. The lost signal is
related to the diffusion coefficient, the gradient strength, gradient length, and gradient

pulse separation.
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%0° 1807 (No Diffusion)
u |

time
Signal ﬂu%

Large Signal

Fig. 2.9a. The race track analogy for a PGSE sequence in the absence
of diffusion.

time

Small Signal

Fig. 2.9b. The race track analogy for a PGSE sequence in the
presence of diffusion.



There are several variants on the PGSE pulse sequence. These variations were
developed to compensate for eddy currents in the NMR system. Eddy currents are
electrical currents induced in a conducting surface when exposed to a changing magnetic
field. These eddy currents create their own magnetic field which distorts the desired

magnetic field.

180° 180°
90° 90° 90°
Bl I_I |_| I_I I_I |_| t
Goiff [ ] [ ] t
L] L]
Signal \na. t

A

Figure 2.10 A timing diagram of the pulsed field gradient stimulated echo sequence.

Measurements of D as a function of A with constant & show the effects of restricted
diffusion when A > x.? /giD. Under these conditions, the measured diffusion coefficient
is less than the actual diffusion coefficient for the liquid in an unrestricted environment.
We have capitalized on restricted diffusion to create a phantom that will give selectable D
values through the choice of A value and phantom orientation. An added feature of the
phantom is that D is anisotropic, also allowing calibration of diffusion tensor imaging
sequences. The concept is first demonstrated on small samples using the flexibility found
on a high-resolution NMR spectrometer, then scaled up in size to produce a phantom for

a clinical instrument.
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2.4 Magnetic Resonance Imaging

The basis of all MRI is Egn 2.6 which states that the resonance frequency is
proportional to the magnetic field experienced by the nuclear spin [37, 39]. If a one-
dimensional, linear, magnetic field gradient G; is applied along direction d;, Eqn. 2.6
becomes

v=v (B, + diGj) (2.20)

Thus the frequency becomes dependent on the location of a spin. Fourier based
tomographic imaging sequences generally apply a slice selection (S) gradient followed by
phase (¢) and frequency (f) encoding gradients to produce Ny>N; pixel images of the
NMR signal in a slice of thickness (Thk) through an object. The field-of-view (FOV)
refers to the width of the image in distance units. All gradients and frequencies are
measured relative to a point referred to as the magnet isocenter where the distances in the
slice, phase, and frequency encoding directions, respectively ds, dy, and dy, equal zero and
the resonance frequency is vy,

A simple 1D imaging sequence can be implemented by applying a 90°B; pulse
followed by the application of a magnetic field gradient. (See Fig. 2.11.) This sequence

is very useful for calibrating magnetic field gradients.
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Figure 2.11 A timing diagram for a simple one-dimensional imaging
sequence utilizing a 90 2FID pulse sequence.

There are many imaging pulse sequences [41]. The echo-planar imaging sequence
will be presented because it was used in this work. The echo-planar sequence is similar
to a spin-echo sequence in that there are 90<and 180°B; pulses of radio frequency (RF).
(See Fig. 2.12.) Positioning of a tomographic slice is achieved by the application of B;
pulses at the same time a slice selection gradient Gs is applied. Phase and frequency
encoding is achieved by the application of gradients, G, and Gy respectively,
perpendicular to Gs. The signals produced by each reversal of G¢ create the lines of k-
space which correspond to the image. This data is Fourier transformed to create the

image.
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Figure 2.12. A timing diagram for a echo-planar imaging sequence. [41]

The echo-planar imaging sequence can be utilized to create diffusion images by
adding the Gpis pulses of Fig. 2.8. These pulses are centered about the 180%pulse so that
the last Gpitr pulse is completed before the succession of G4 and Gy pulses. The signal in
the form of an image created with Gpif (S) is compared with that in the absence of Gps
(So) using Eqn. 2.18 to obtain D. Gpj can coincide with Gs, Gy, or Gy, thus D can be

calculated along any direction.
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3.0 Experimental Methods
3.1 Sample Preparation

Several samples of poly(dimethylsiloxane) (Sigma-Aldrich, St. Louis, MO, USA),
referred to as silicone oil, were used to gain experience measuring diffusion coefficients
on an NMR spectrometer. These samples ranged in average molecular weight yielding
viscosities of 5, 10, 20, 50, 100, 350, and 500 cSt.

Several samples of 18 MQ-cm water in various restricted diffusion geometries were
studied. NMR sample geometries included a 1 mm ID capillary tube and a 3 mm
diameter hand-made bundle of 11 +2 um diameter, approximately parallel, glass fiber
rods held together with 0.42 cm OD shrunken heat-shrink tubing. Both samples were
centered in 5 mm OD NMR tubes. The 1mm tube was filled with water, while the fiber
bundle was hydrated by allowing water to be drawn up into the fibers. If fibers of
diameter d are perfectly aligned and hexagonally packed, the fiber bundle creates long
channels between the fibers with a maximum diffusion distance perpendicular to the long
axis of the fibers of 0.732d, With this packing geometry, the water percent in the bundle
is approximately 9%. Assuming a less efficient, square packing, the maximum diffusion
distance perpendicular to the long axis of the fibers is d and there is 20% water in the
bundle. Our packing is probably a mixture of the two packing geometries.

An optical microscope with digital camera (Eclipse E600PL, Nikon, Tokyo, Japan)
and image analysis software (analySIS, Olympus Soft Imaging System GmbH, Berlin,
Germany) was used to determine the diameters of the fibers in the samples.

The MRI sample geometry consisted of a 2.8 cm diameter, 9.5 cm long, hand-made

bundle of 11 =2 um diameter approximately parallel glass fiber rods held together with
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shrink tubing. The bundle was hydrated by allowing water to be drawn up into the
bundle and then it was supported in a water filled container.

The manufacturing flow chart of the 3mm diameter hand-made fiber phantom for
NMR measurements is shown in Fig. 3.1. First, a bundle of parallel fibers is pulled
through a piece of heat-shrinkable tubing. The tubing is shrunk to hold the fibers tightly
together. This is depicted for larger fiber rods in Fig 3.1a. Second, one end of the hand-
made bundle is glued together. The shrink tubing is removed once the glue is set. (See
Fig. 3.1b.) The next step is to insert the bundle into an NMR tube. Once inserted, 18
MQ-cm water is allowed to absorb into the fibers. An ultrasonic bath and vacuum are
used to remove any bubble inside of the NMR tube. The diffusion is of the water

between solid fiber filaments.

A scaled-up glass fiber phantom with diameter of 2.8 cm was hand-made in the
similar way as that of the fiber phantom for the NMR measurements. It is used for the

MRI measurements. See Fig. 3.2.

Fig. 3.1. Manufacturing flow chart for the 3mm diameter hand-made glass fiber phantom.
See text for details.
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Fig. 3.2. The 2.8cm diameter hand-made glass fiber phantom for MRI measurements.

3.2 NMR Spectroscopy

NMR measurements were performed on two different NMR spectrometers. Initial
measurements were performed on a 300 MHz NMR spectrometer (DRX-300, Bruker
Biospin, Billerica, MA, USA) with three axis gradients located at Rochester Institute of
Technology (RIT). This system became inoperable after these initial measurements
requiring measurements to be made on an alternative system.

A 600 MHz NMR spectrometer (Unitylnova, Agilent-Varian Inc., Walnut Creek,

CA, USA) with three axis gradients located at the University of Rochester was used for
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all restricted diffusion measurements. Diffusion coefficients were measured at 25<C
parallel (Dy) and perpendicular (D) to the long axis of the NMR tube using a stimulated
echo-pulse sequence. Each measurement of D was made from 13 b values where A was
held constant with & = 7 ms. The 13 values of b were achieved by varying G for the fixed
A value to achieve b = 2, 50, 100, 150, 200, 300, 400, 500, 600, 700, 800, 900, 1000
simm?®. The ¢ of the gradient pulses was less than with 100 ps, so { = 0 was used in the
calculation of b. D values were measured and plotted as a function of 7 ms < A <1.2sto

show the effect of restricted diffusion during A.

3.3 Gradient Calibration

To create a diffusion standard, D must be measured accurately for the standard.
This in turn requires that G and timing be known. Timing is accurately controlled by the
spectrometer, but G must be measured and calibrated. There are several steps to calibrate
the magnetic field gradients. The first is to determine the linearity of the gradient. The
next is to determine the gradient per amp of gradient coil current. The exact procedure
used differs slightly for the Z and XY gradients.

The pulse sequence of Fig. 2.11 was used to calibrate the gradients on the Bruker
DRX-300 MHz NMR spectrometer at RIT. Two different sample geometries were used.
For the Z gradient a small sphere of water was used. The sphere fit inside a standard 5
mm outside diameter (OD) NMR tube and could be accurately positioned along Z in the
tube. (See Fig. 3.3a.) The water peak location in the spectrum was recorded and plotted

for different sphere locations.
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Calibrating the X and Y gradients is more challenging as there is only 4.5 mm of
inside diameter (ID) to work within. The following arrangement was developed to
calibrate both the X and Y gradients. A 1 mm ID capillary tube of water was secured to
the inside of an NMR tube as depicted in Fig. 3.3b. The tube was connected to a
goniometer located outside the NMR magnet. Finding the angles yielding the maximum
and minimum resonance frequency for the water in the presence of a gradient fixed the
orientation of the gradient. A series of other angles yielded a series of other locations in
the gradient direction and allowed calibration of the gradient.

Determining the magnetic field per meter per amp of gradient current requires
determination of the gradient at several different current values. This relationship should

be linear or have a linear range.

R
Y XorY

Fig. 3.1. Diagrams of the two samples used to calibrate the a) Z and b) XY gradients. The Z
gradient was calibrated by moving a sphere of water along Z, while the X and Y gradients
were calibrated by rotating the NMR tube with a capillary tube fixed to the inside.
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3.4 MRI Measurements

All MRI measurements were performed at 20 <C on a 1.5 T imager (Signa Excite
HDx, GE Healthcare, Waukesha, W1, USA) located at the University of Rochester. The
system was operated in the research mode and utilized a diffusion-weighted, echo-planar
imaging sequence, and a quadrature, bird-cage, knee RF coil.  The fiber bundle was
oriented so the long axis of the fibers was approximately parallel to the applied static
magnetic field. An axial 5 mm thick, 15cm field-of-view imaging plane through the
fibers was chosen. The stated b values (300, 500, 1000 s/mm?) from the imager were
confirmed with measured values of 3, A, and { using an oscilloscope and G taken from
the control variable table. Diffusion coefficients were calculated from region-of-interest
measurements from the image without the diffusion gradients yielding S and one with the

diffusion gradients yielding S,, using the imager provided b value and Eqn. (2.19).
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4.0 Results and Discussion

4.1 Gradient Calibration Results

Figures 4.1 and 4.2 present the results of the calibration of the Z and X magnetic
field gradients on the Bruker DRX-300 MHz NMR spectrometer at RIT. Gradient values
are described in terms of their percent of the maximum value that is programmable by the
spectrometer software. The Y and X gradients are assumed to be identical in geometry so
only the X direction gradient was measured. Figure 4.1 shows that G, is linear over the 2
cm long active region of the NMR probe. The three %G values are presented in Table
4.1. The change in gradient with percent gradient parameter was also linear with a value
of 0.0052 T/m/%G,. Figure 4.2 shows that Gy is also linear over 0.45 cm diameter of the
NMR tube. There was more variation in G than Gz, but this is attributed to the larger
uncertainty in positioning the NMR tube at the desired angle. The change in Gx with

percent gradient parameter was also linear with a value of 0.0028 T/m/%Gx.
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Figure 4.1. Plot of difference in magnetic field (AB) from its value at Z=0 as a function
of location along the Z axis with 2%, 5%, and 10% of the G, amplitude.

30



80
40
-
3 0
m
<
-40
-80
-3 -2 -1 0 1 2 3
X (mm)

Figure 4.2. Plot of difference in magnetic field (AB) from its value at X=0 as a function of
location along the X axis with 2%, 5%, and 10% of the Gy amplitude.

Table 4.1. Gx and G for various %G settings.

%G G (mT/m)
X Z
2 5.6 11.0
5 14.0 26.5
10 27.7 52.4

4.2 Diffusion Coefficient Checks

The diffusion coefficient of water was measured at 20 <C using the PGSE sequence
on the Bruker DRX-300 MHz NMR spectrometer at RIT. Figure 4.3 is a plot of In(S/S,)
versus b with the solid line as the best fit to the data assuming Egn. (2.18). The diffusion

coefficient was found to be 2.32x10°° m?/s, which validates the gradient calibration.
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Figure 4.3. PGSE results for water at 20 <C indicating the change in the relative signal versus b.

The diffusion coefficient of the various molecular weight silicone oils was also
measured as an additional validation on the Bruker DRX-300 MHz NMR spectrometer at
RIT. These values are presented in Table 4.2 and plotted versus viscosity in Fig. 4.4.
The Stokes-Einstein theory (Eqn. 2.3) predicts a linear relationship between D™ and
viscosity for spherical particles. The data deviated from this behavior at high molecular
weights. This might be attributed to two causes. First, the molecules may behave less
like spheres at higher molecular weights. The second is that the oils may contain a
broader distribution of molecular weights as the average molecular weight on an oil

increases.
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D (m?%s)

Table 4.2. Viscosity and measured D values for Silicone Qils.

Viscosity n (cSt) | D (107" m?/s)
5 1.6
10 0.73
20 0.34
50 0.11
100 0.061
350 0.025
500 0.021
2.0
16 } e
Silicone Oil e

0.00 0.05 0.10 0.15 0.20 0.25
n™ (cSt)

Figure 4.4. The relationship between the measured diffusion coefficient and inverse
viscosity of various molecular weight silicone oils. Solid line indicates ideal Stokes-
Einstein behavior and dashed line is drawn through the data to guide the eye.
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4.3 Diffusion coefficients from the 600 MHz NMR

Figure 4.5 demonstrates the behavior of D as a function of 0 < A < 1.2 s for water in
a Imm ID capillary tube and the 3 mm hydrated bundle. The capillary represents
unrestricted diffusion along its length (D;) and restricted diffusion perpendicular to the
length (D) of the tube. Unrestricted diffusion is demonstrated by a consistent D;, value
of 2.2x10° m%s over the A values studied. Restricted diffusion is represented by a
decrease in D, from the bulk water value to 1.9%10° m%s with increasing A.

The fibers show the same general trend as the capillary tube for D,. The value of
D, starts at the value for bulk water and decreases to approximately 0.39x10° m?/s. The
large decrease is attributed to the smaller distance that a water molecule can diffuse
perpendicular to the length of the fibers compared to the unrestricted diffusion in bulk
water. The value of Dy also shows the same trend, but only decreases to 1.4x10° m?/s.
In perfectly aligned fibers, D, should remain constant at a value equal t0 Dyager as A is
increased. This tells us that the fibers in our hand-made bundle are not perfectly parallel
to each other along their length. There is most likely some twisting and cross over of
filaments causing the deviation from ideal behavior.

The NMR results from the glass fiber phantom are in accordance with the tendency
of the Monte Carlo simulations of Dgpp(A) in Fieremans, et al. [29]. Their NMR
measurements for a Dyneema® fiber phantom only provided values of the ADC for 4 ms
< A <50 ms, while we measured the apparent D, and D, for a larger range of 2 ms < A <
1.2's. Our results for two different tendency lines of D, and D; with increasing A make it

much clearer and easier to determine the fabrication performance of the fiber phantom.
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Figure 4.5. Measured D values as a function of A for water in a capillary tube and
hydrated glass fibers using a 600 MHz high resolution NMR spectrometer at 25 <C.
Lines are drawn to guide the eye.

4.4 Diffusion Coefficients from the 1.5T MRI System

Magnetic resonance images of the scaled up, 2.8 cm diameter, glass fiber phantom
are shown in Fig. 4.6. These images are from a spin echo sequence with TR/TE=500/14
ms, 256x256 matrix, and 5 mm slice thickness. The images are of good quality with
surprisingly little susceptibility artifact from the large amount of glass present. A visual

inspection of the image also revealed there are no air bubble artifacts in fiber bundle.
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This endorsed the hydrating procedure for the bundle. Figure 4.7 shows an axial image
through the phantom using an echo planar imaging diffusion sequence. This image was
recorded with a 24 cm field-of-view, and TR/TE=4000/58.4 ms, and a 10 mm slice

thickness.

Fig. 4.6 Axial (a) and longitudinal (b) spin-echo images through the 2.8
cm fiber bundle phantom recorded at 1.5 T. Images show a lack of
significant distortions despite the large amount of glass present.
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Fig. 4.7 An spin echo planar magnetic resonance image of the
2.8 cm fiber bundle phantom on a 1.5T MRI system.

Images such as that shown in Fig. 4.7 were used to calculate the magnetic
resonance signal of the bulk water and the water in the fiber bundle. This signal intensity
was used with Egn. 2.18 to calculate D.

The D vs. A dependency for the 2.8 cm diameter bundle (Fig. 4.8.) is similar to the
3 mm bundle, but not identical. Limitations on the b values on the imager allowed us to
only go to A = 38 ms. The value of D, and D, decreases from Dyyr t0 respectively
1.1x10° m?/s and 0.31x10"° m%s in this range of A values. We attribute difference in D
between the phantom and the NMR tube fiber bundles to the ~5<C temperature difference

for the measurements, our limited ability to achieve identical packing of the two hand-
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made fiber bundles, and that ROIs where used in the phantom measures while whole

sample measures were used in the NMR tube bundles.
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Figure 4.8 Measured D values as a function of A for bulk water and hydrated glass fibers

using a 1.5T clinical MRI system at 20 <C. Lines are drawn to guide the eye.

The result demonstrated that a series of diffusion coefficient values, in a range of

Duwaeer and approximately 0.5x10° m%s, can be obtained with selected data acquisition

parameter A, and a fully hydrated, tightly packed fiber bundle. The greatest challenge in

constructing the fiber bundle is keeping the fibers perfectly parallel to each other.

Perhaps machine packing will help achieve this.
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5.0 Conclusions

A simple, mathematical-based, multi-point method was used to calibrate the Z and
X magnetic field gradients on the Bruker DRX-300 MHz NMR spectrometer at RIT.
Results of both the Z and X direction gave, as expected, very linear gradients across the
space of a sample and very linear relationship between the prescribed and measured
gradient strength.

When this gradient calibration was used to measure the self diffusion coefficient of
pure water on the Bruker spectrometer, the measured value matched the literature value.
The similarity of these two diffusion coefficient values also validated the calibration of
the gradients.

The diffusion coefficient of silicone oil as a function of viscosity deviated slightly
from the ideal Stokes-Einstein linear relationship. This deviation is thought to be
attributed to the presence of a broader distribution of molecular weight values and a
deviation from spherical particles as the molecular weight increases.

The NMR results from the 3 mm diameter fiber bundle phantom show the behavior
of the restricted diffusion over a range two orders of magnitude in A. This range is
greater than that reported previously in the literature. These results also demonstrate the
potential of using restricted water diffusion in fiber bundles to achieve diffusion
standards with a diffusion coefficient between Dwaer and 0.5 x10° m?/s without utilizing
flammable hydrocarbons. The use of such phantoms as diffusion standards will reduce
shipping costs because of the absence of flammable hydrocarbons.

According to our experiments, the measured diffusion coefficient in the bundles of

glass fiber is dependent on the parallel alignment of the fiber bundles. Machine made
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bundles should provide high parallel alignment of the fibers as well as highly
reproducible diffusion properties within such glass fiber phantoms, despite some
variability of the measurements of the diffusion coefficient of water.

Future work on this topic might involve a study of D vs. A for more perfectly

aligned hydrated fibers in a bundle.
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