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Abstract

The goal of this research is to develop a magnetic resonance (MR) imaging
system for dynamic imaging of arteries and phantoms in vitro. The system is used
to study differences in the local elastic properties which may be important in the
early detection fibrous atherosclerotic plaques.

A clinical MR scanner was modified with a customized quadrupole gradient
coil with optimized wire positions that increased the volume of 0.4% gradient
uniformity by a factor of 4.7 larger than the Webster reference coil. Collected
images did not need any corrections. The problem of heat dissipation was resolved
by providing water cooling. A mathematical modei predicted local coil temperatures
to within +5°C of measured values. Important parameters in minimizing coil
temperature were small radius, large copper mass, and forced cooling. The
gradient coil set permitted collection of 33 cardiac gated images in 64 seconds with
no temperature change. The signal to noise ratio in the high resolution images
(94 um pixels x 2.5 mm thick) was increased by averaging 8 sets of data.

A hydrogenless fluid (1,1,2-trichloro-1,2,2-trifluoroethane) was found to be
ideal as a pumping fluid since it does not introduce flow artifacts in MR imaging.
The fluid was demonstrated to be compatible with arterial tissue for periods under
7 hours as assessed in terms of tensile stress-strain, MR relaxation times (T, and
T,), magnetic susceptibility, and histology.

A novel polyvinyl alcohol (PVA) cryogel material was developed as an
elastic vascular phantom with circumferential stress-strain data nearly identical to
that of porcine aortas at stress levels below 125 kPa. The T, and T, values of PVA
cryogel were also similar to that of porcine aortas (500-650 ms and 50-75 ms,
respectively).

An exponential model of tensile stress-strain curves demonstrated that the
use of a single exponential parameter o was more descriptive in describing arterial
stiffness compared to elastic modulus. A method of extrapolating incremental
stress-strain data to full stress-strain data was derived using this model.
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Incremental tensile tests demonstrated that o could be predicted to +30% using
incremental data with stresses under 75 kPa. Incremental experiments using a MR
tagging method with aortic phantoms and intact porcine aortas showed that o
could be predicted to +20%.

Keywords:

High resolution magnetic resonance imaging; MRI; quadrupole gradient coil;
printed circuit board; numerical optimization; gradient coil power; heat dissipation;
forced cooling; temperature response; arterial specimen; aortic segments;
improved contrast; R-113; Freon-113; polyvinyl alcohol; PVA cryogel;, MR
phantoms; elastic arterial model; distensibie hydrogel; tensile test; incremental
elastic modulus; exponential stress-strain curve; extrapolation; local atherosclerotic

plaque; lesion; material stiffness.
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CHAPTER 1 INTRODUCTION
1.1 Overview

This chapter presents a brief background on vascular disease,
measurements of elastic properties, and the motivation for this thesis. This is
followed by a discussion of several MR imaging concepts relevant to the thesis.
Finally, an outline of each chapter is given. Each chapter is presented as a
separate entity with its own symbols, definitions, equations and references.
Corresponding figures and tables are located at the end of each chapter. Chapters
2 through 5 describe tools developed and used to support my hypothesis. Chapter
6 describes and demonstrates the hypothesis that high resofution MR imaging can
be used to distinguish local differences in elastic properties of arteries and
phantoms in vitro. The importance of developing the technique is to provide a
method to detect atherosclerotic plaques before the disease becomes
symptomatic. Chapter 7 summarizes the different conclusions from each chapter
and discusses future applications of the work presented here along with several
recommendations. Throughout this thesis the term "local" is meant to describe
different segmental sections when viewing a circular tube (see Fig. 1.1). The term
"phantom" is used to describe a physicai model made to mimic a specific tissue.
1.2 Vascular Disease

Cardiovascular disease, including heart attacks, strokes, and peripheral
arterial occlusions, has a high incidence. For example, In the United States, there
are approximately 500,000 cases of strokes per year with 30% of the cases
resulting in deaths.' Of the 3 million survivors of stroke, 55% require special care
and 15% are totally disabled. In 1994 more than 6 million people died from stroke
world wide."**
1.2.1 Possible Mechanisms

Atherosclerosis is one form of cardiovascular disease and results in local
changes in the content, structure and function of vascular components such as
elastin, smooth muscle cells, collagen, and glycosaminoglycan (see Fig. 1.1). ltis
hypothesized that, by having a high concentration of lipids within blood, there is a




Callular region
containing smooth Core ot lipld and
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Figure 1.1 A schematic diagram of the structure of atherosclerotic plaque* is shown on the
top. Common features include a core of lipid and necrotic debris, a cellular region
containing smooth muscle cells and macrophages, and a dense fibrous cap. In
practice, plaques differ from this generalized model and may include thrombolytic
and calcified regions. The bottom diagram is a sketch of an artery with a raised
lesion in the intima. The /ocal elastic properties at points X and Y (in adjacent
sectors of the artery cross section) are different because of the presence of the

plaque.




Figure 1.2
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A sketch of a simplified stenosed arterial model; steady flow streamlines show that
immediately after the stenosis there is a separation zone where flow may be
reversed and residence times are fong. Further downstream is the region of
disturbed flow where the shear stress next to the endothelial cells are high. In
practice, the flow patterns are much more complicated because the artery wall
distends with pressure, the blood flow is pulsatile, and the geometry is not

perfectly cylindrical.
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145 OQver time, a

high probability that lipids will infiltrate the vascular wal
complicated cascade of events causes the lipid deposits to become fibrotic. In
more advanced stages of the disease the lesion may eventually become
thrombotic and/or calcified. An alternate mechanism for lesion formation may be
injury to the vascular wall.* In the case of injury, lipid and immune response cells,
(such as monocytes/macrophages in blood) penetrate and accumulate in the
intima. Smooth muscle cells may also penetrate the intima, and begin forming
connective tissue leading to fibrotic plaques (see Fig. 1.1). However, the exact
cause of the initial lesion formation is not clear® since the mechanisms described
above do not explain why atherosclerotic lesions form as localized patches near
bends and bifurcations of arteries’” as shown by pathology studies.

The patchy distribution of atherosclerotic plaques suggests that local
mechanical factors, such as hemodynamic forces and mechanical stresses within
the artery wall, must have a strong influence on the lesion development.® The
geometric location of bifurcations, tapers and curves causes the blood flow
pattems to experience fluid acceleration, fiuid separation zones, and regions of
disturbed or turbulent flow (see Fig. 1.2). In regions of disturbed flow, there is high
fluid shear stresses near the vessel wall and the endothelial cells may be damaged
or injured, which leads to plaque development.® In the separation regions the
blood velocity experience reverse flow and/or undergo near stagnant flow rates.'®
In these regions lipids within in the blood have long residence times, and there is
a potential physiological mechanism for the preferential localization of plaques.
These simple explanations are further complicated by the pulsatility of the blood
flow as well as the distensibility of the arterial wall. It is still unclear as to whether
the hemodynamic factors are the cause or result of atherosclerotic disease.

Regardless, it is generally understood that healthy arteries are elastic
because they act as a sophisticated energy storage device during systole, and
during diastole the elastic energy is converted to energy of flow. This simplistic
description of the Windkessel theory describes how the body is able to circulate
several litres of bicod per minute (with a mean aortic pressure of approximately 13




kPa) through billions of capillaries."
1.2.2 Differences in Local Elastic Properties Hypothesis

Since atherosclerotic lesions generally occur as localized patchy regions (as
shown in Fig. 1.1), it is reasonable to expect that there are localized differences
in the wall stiffness in both the circumferential and longitudinal directions as
measured from excised arterial strips.'? For in vivo situations, elastic properties
in the circumferential directions can be determined from changes in the arterial
cross-section due to the pressure changes throughout the cardiac cycle. With
advances in medical imaging techniques such as MR imaging, it should be
theoretically possibie to detect early signs of fibrous and calcified plaque growth
by distinguishing differences in the elastic properties of diseased regions and
healthier regions in an artery. This thesis addresses some of the technical and
theoretical issues related to proving this theory with current MR imaging
technology.

Although this thesis is based on in vitro experiments, most of the concepts
can be adapted to non-invasive in vivo studies since an effort was made to
simulate in vivo conditions wherever possible. The tools and in vitro data presented
here will aid in the long-term goal of being able to provide a method of early
identification and management of people at high risk of vascular disease (i.e.
people with risk factors such as genetic predisposition, hyperlipidaemia,
hypertension, obesity, diabetes as well as lifestyle choices of cigarette smoking,
poor diet, and lack of physical activity).* In addition, such toois can be used to
monitor the regression or progression of disease in people undergoing different
drug therapies.

Another benefit of having high resolution MR imaging capabilities is the
ability to perform both in vitro and in vivo studies of the morphology and geometry
of both healihy and diseased arteries. Having this type of information along with
the local elastic (or stress) properties of arteries, it may be possible to identify
plaques prone to rupture which can cause acute stroke or myocardial infarction

long before chronic stenotic symptoms occur.”® This important topic is not




addressed here and will be left to future researchers.
1.2.3 Limitations of the Hypothesis

The concept of measuring local elastic differences as a screening tool for
atherosclerotic plaques assumes that patients are not in a state of hypertension.
At high lumenal pressures, the incremental strain of elastic arteries from systole
to diastole is quite small due to the exponential stress-strain behaviour of arteries.
The small changes in strain may not be detectable using current imaging
techniques. The hypothesis also assumes that the development of the fibrous or
calcified plaque is sufficient in size so that differences in strain can be properly
resolved. It is assumed that "arteriosclerotic” disease, or the overall hardening of
the arteries,**®'* has not developed. Several studies have shown that in the

general population, arterial stiffening occurs with age.'*'

The importance of
being able to measure local elastic properties is much more valuable for
asymptomatic individuals with a genetic predisposition to atherosclerotic disease
and who have made poor lifestyle choices while below the age of 30 (i.e. their
arteries are still reasonably distensible').

Arteriosclerosis can be diagnosed through the measurement of gross elastic
properties of arteries as studied by numerous researchers using several different
methods of characterizing the mechanical properties of arteries. Because several
of the definitions for some of the various parameters have similar semantics, it is
often difficult to compare results between different studies unless the definitions
and testing procedures are made clear. My interpretations of these definitions are
discussed in Section 1.3 and later in Chapter 6.

The next section is a brief discussion of reported methods that are utilized
to measure the elastic properties of arteries. There is an emphasis on uniaxial
tensile testing since this will be the basis of comparison for the work presented in
Chapter 6. Presently, most medical diagnostic tools can only detect gross changes
in elastic properties of arteries after they have become severely sclerosed or
stenosed and the geometric motion or dimensions have been significantly altered
with subsequent effects on the blood flow patterns.




1.3 Elastic Measurements of Arteries

Milnor'' and Fung'® have summarized many of the methods used to
estimate the elastic modulus of arteries since the 1950's. Below, is a brief outline
of that research.

Throughout this thesis the terms "material stiffness" and "structural stiffness"
is used sporadically, and | defined them here. “Material stiffness" is a property
represented by the elastic modulus or slope of a stress-strain curve, and "structural
stiffness" is dependent on both the elastic modulus and the artery wall
thickness.'”” The stress-strain behaviour of arteries is not linear and
displays viscoelastic characteristics. Hysteresis is observed depending on whether
the specimen is experiencing increasing or decreasing stress. To simplify the
analysis of stress-strain data, researchers (including myself) have treated the
increasing and decreasing stress states separately.

One fundamentai measurement of material stiffness at a particular stress
and strain level is the Young's modulus or elastic modulus, E, which is defined as
the slope of the stress-strain curve."' Because in vivo experiments cannot yield
a complete stress-strain curve, researchers have approximated E using different
definitions as described in Sections 1.3.2, 1.3.5, and 6.2. In vitro experiments, on
the other hand, can be designed to yield a complete stress-strain data from either
strips of arteries (uniaxial testing) or intact sections of arteries (biaxial testing); thus
these experiments provide a more complete understanding of the fundamental
characteristics of a material.

1.3.1 Tensile Tests

In the case of arterial strips, the most basic quantitative physical
measurement is obtained from the uniaxial tensile test.'® The force-length data
from such a test can be converted to a stress-strain graph. Tensile tests have
been performed on arterial strips'>'*® to relate the artery’s complex structure
to its physical properties.?' It is generally agreed that the specimen must be kept
moist during testing as the properties change significantly if it is allowed to
dehydrate. In doing tensile tests at a fixed strain rate one assumes that: 1) the
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strain rate has no significant effect on the stress-strain measurements, 2) there are
no edge effects from the strips, 3) there are no residual stresses in the specimen,
4) the mechanical properties are not dependent on the elongation rate, and 5) the
uniaxial test only reflects the properties in the test direction. Because the arterial
properties are anisotropic, some researchers have separately measured artery
strips in the longitudina! and circumferential directions.'?
1.3.2 Mechanical Transducers to Measure Strain

In most methods that measure elasticity, the strain is obtained by recording
some dimensional change in the specimen. Over the years, more sophisticated
methods of strain detection have been reported. For example, in vivo
studies?®%*?*% required the physical attachment of light-weight strain gauges
onto the outer wall of various arteries in anesthetized dogs. The lumen pressure
was obtained through an intravascular catheter connected to a pressure
transducer. With this information, the pressure elastic modulus, E,, is defined

as:®®

AP
E = (ab7 D) (1.1)
where D, is the mean diameter, AD is the diameter change, and AP is the

corresponding pressure change.

After the experiments, the dogs were euthanized so that the volume of the
artery wall could be measured. Since artery volume is conserved” and specimen
length kept constant, the inner diameter becomes a function of the outer diameter

as given by:

D, - J 02 - 2oy (12)
nL

where D, is the inner diameter, D, is the outer diameter, V,, is the volume of the
wall with a length L. Because the inner diameter is now determined, it is possible
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to calculate the incremental elastic modulus, E,.., at a mean pressure P, using®

E P, - P, 2(1—\’2)0’:200:

e = ) (1.3)
Do, - Do‘ Dc,2 - sz

where P is the pressure, v is Poisson's ratio, and the subscripts 1,2,3 represent
successive measurements of pressure and radius. Because of the invasiveness
of these studies, they are obviously not practical for in vivo human studies.

it should be noted an experiment of this type reveals biaxial properties and
is different from the case of arterial strips being elongated in the one direction
during tensile testing. In tensile tests, the material dimensions decrease in the two
unconstrained directions. This is different from biaxial testing of intact arterial
segments where the length of the artery is constrained, and the lumen pressure
is increased. In this case, there are circumferential and radial forces acting directly
on the artery wall. Since the volume of the artery wall is conserved®, as the
diameter increases, the wall thickness will decrease by the same factor.

Eq. 1.3 was used by Bergel® who measured D, without attaching any
mechanically devices; instead, he photoelectrically monitored the shadow of
excised arteries as the lumen pressure was varied. The inner diameter was
calculated using Eq. 1.2. Several researchers®**®' have modified Eq. 1.3 by
assuming a circular geometry and replacing the internal and external diameter with
internal and external circumference (c, and ¢,, respectively) to get

2
- 2 dp G Co
B -2 (1) 2 =12 (1.4)

where dc, is the change in outer circumference due to a change in the internal
pressure, dp. By using CT imaging,?® both the inner and outer circumferences
could be measured directly without the need for Eq. 1.2. Both Eq. 1.3 and Eq. 1.4
were derived assuming the specimens were tethered and that specimens are thin
walled circular geometries with isotropic properties.
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1.3.3 Ultrasound Imaging

Ultrasound is commonly used to diagnose vascular disease because it is
non-invasive, collects data in real time and is relatively inexpensive. However,
ultrasound has a number of drawbacks which include its inability to penetrate past
tissue-air and tissue-bone interfaces as well as being limited in its imaging depth.
Even with these limitations, numerous ultrasound studies have been reported using
superficial arteries and, more recently deep arteries have also been reported.?®

Vascular geometries can be obtained using B-mode or M-mode ultrasound
imaging.* B-mode imaging produces 2-D spatial images of the cross-section of
arteries, and the time required to collect one image is directly proportional to the
depth of the object being imaged and the number of lateral ultrasound
elements.®® A typical clinical image can be acquired in 30 to 60 ms range. The
resolution of B-mode images, on the other hand, is limited by the size of the focal
region produced from neighbouring ultrasound elements. Typical resolutions found
in clinical images are in the 1 to 2 mm range.*

Instead of collecting a 2-D spatial resolution image, it is possible to obtain
an image of 1-D spatial resolution (with increased temporal resolution) as a
function of time. This type of imaging is called M-mode ultrasound which can have
temporal resolution in the 3 ms range. The principle of M-mode ultrasound
assumes that a single ultrasound beam is directed through the center of an artery,
and that the reflected signals are from the near and far lumen walls of the artery.
These signals can be coilected rapidly as a function of time, and hence, the image
is typically displayed as diameter versus time.* Specialized M-mode ultrasound
equipment with echo tracking features can measure the diameter of arteries with
high precision (2-10um); however, the accuracy of the diameter measurement is
between 30 to 200 um due to variations in the cardiac output and errors in
positioning the transducer.®®

The vessel compliance®® can be measured (see below), and if the wall
thickness is known, the elastic modulus can be calculated using Eq. 1.3.
Numerous studies using M-mode ultrasound to monitor dimensional changes in




11

various arteries in vivo have been reported®®*** to measure the distensibility of
superficial arteries® and the aorta.?® The drawbacks of this method are in its
assumptions: i) a single measured diameter is sufficient to describe the artery
geometry (which would be true only for circular geometries), and ii) the uitrasound
beam passes perpendicularly through the center of the artery. In all cases, it is
necessary to determine the wall stress which is calculated from measuring the
pressure either directly using a catheter® (invasive) or by inferring it through non-
invasive monitoring of the pressure in external arteries.*

1.3.4 X-Ray Imaging of Vascular Geometries

The sub-millimetre resolution of x-ray angiography has made it the "gold
standard” in assessing in-vivo vascular geometries. X-ray angiography requires the
injection of a bolus of radio-opaque contrast agent into the blood stream to
increase the contrast between the blood and surrounding tissue. 2-D images are
acquired as the bolus travels through the vessel. Digital subtraction®” of the pre-
and post-contrast agent images will yield a high resolution projection of the
contrast agent in the vasculature. The disadvantages of using x-ray angiography
are its invasiveness, the potential patient reactions to the contrast agent, and the
potential harmfulness of using ionizing radiation.

X-ray computed tomography (CT) can be used to collect a series of 2-D
slices through the object being imaged which then are assembled into a 3-D data
set. CT-based imaging provides accurate representations in the vasculature and
improved image contrast within the body. The drawback of CT imaging is that the
dosage of ionizing radiation increases.

In order to accurately measure arterial wall motion, our laboratory has
developed two specialized CT imagers®® for in vitro studies of vascular
mechanics. One is optimized for high spatial resolution (150 um) and the other for
high temporal resolution (17 ms) by gating to the cardiac cycle. Average elastic
properties can be obtained by using Eq. 1.4. Local elastic properties can be
estimated by placing copper wires around the outer circumference of the vascular
specimens and monitoring the circumferential strain between wires. Because of the
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high x-ray dosage involved in collecting these images, these techniques are not
likely to be used clinically.
1.3.5 Pulse Wave Velocity

Several researchers were able to estimate the pulse wave velocity, ¢, of
arteries and show that it increases with stiffness.*® Typical values of c, for elastic
arteries (such as the aortic arch and thoracic aorta) are in the range of 4 to 6 ms™
and are different from more muscular arteries (such as the iliac and femoral) which
have values in 8 to 12 ms™' range.

There are two approaches in calculating ¢,. The first method involves
determining the volume elastic modulus E,;:

AP
E, = ATA (1.5)
where AA is the change in the lumen area, A, is the mean area, and AP is the
change in pressure. The length of the artery segment does not appear in Eq. 1.5
because of the denominator is the relative change in volume. E, can be measured
using any technique that can report lumen areas (i.e. physical strain gages, M-
mode ultrasound® of diameter changes, or MR imaging'® of lumen cross sectional
images). The reciprocal of E, is the volume distensibility and is sometimes
incorrectly called compliance.” The arterial compliance''' C is equal to AV/AP,

where AV is the change in lumen volume.
The pulse wave velocity, can be calculated as*

E, (1.6)

where p, is the fluid density. When the wall thickness is known, the incremental
elastic modulus can be obtained from Eq. 1.3 or an altemative estimate of the

elastic modulus can be obtained using the Moens-Korteweg equation*?
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Cc. = Eh (1 ‘7)
° 2Ap,

where p; is the fluid density, h is the wall thickness, and R is the mean radius.
Eq 1.7 was derived for tubes undergoing progressive waves of radial motion of
long wavelength and infinitesimal amplitude, propagating in an infinitely long
circular cylinder filled with an inviscid fluid and having a linearly elastic wall.'
Caution must be used in reporting the results because of the many conditions
imposed in the derivation of this equation.

Alternatively, the puilse wave velocity can be obtained by simultaneous
monitoring of the lumen diameter (or blood velocity or pressure wave front as a

1

function of time) at two different locations along the artery.'’ This will give the
speed of the pulse wave between the two locations. There is no need to measure
the pressure in this method. This techniques can only yield gross elastic properties
over a large region.
1.3.6 Non-Tagging MR Methods

General tagging techniques are necessary for measuring local strains. For
in vivo studies, MR tagging is much less invasive than physically attaching markers
onto the elastic material to be studied.?>®2*#»2 QOther researchers have reported
success in using MR phase contrast methods®* to estimate strain with the
heart from a series of images containing pixel by pixel velocity. The principle
behind this method is that the distance each pixel moves from one image to the
next image can be calculated as the time between the adjacent images muiltiplied
by the velocity of the pixel in the first image. Although phase contrast methods are
not easily interpreted without significant post processing, they have an added
advantage of being able to measure flow velocities within the lumen as well as the
wall itself. These methods require high gradient strengths to be able to detect slow
velocities found in arterial motion. This would allow direct measurements of fluid

shear® as well as local wall motion.
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A completely novel method of estimating the stress-strain curve of excised
arteries was described by Vinee et al*®* and Constantinesco et al.*” They
reported a mathematical correlation between MR relaxation times, T, and T,, and
a single exponential parameter that described the longitudinal arterial stress-strain
curve as measured by tensile tests. The concept is based on the fundamental
principle that MR relaxation times are influenced by differences in the chemical
composition of healthy and diseased tissues. Their findings revealed that a
correlation does exist, but the correlation was weak (r=0.6) due to sample
dehydration and biological variations in T, and T, measurements of arterial
sections.

1.3.7 MR Tagging Methods

| believe that it is possible to exploit a unique MR imaging method for non-
invasive measurement of strain by tagging the artery using magnetic presaturation
techniques.“®**% MR tagging techniques are described in detail by others;”
a short description is given in section 1.4.8. In brief, dark tag lines can be made
to appear in MR images by flipping the net magnetization of selected protons into
the transverse plane and then dephasing their magnetization prior to starting the
MR imaging sequence. During MR imaging, these protons do not contribute to the
measured signal because their longitudinal magnetization at the start of the
imaging sequence is very small. Since the MR tags are applied during diastole and
the protons are in the artery wall, the tags will move with the artery throughout the
cardiac cycle. Depending upon the time at which the images are collected, the tags
will have moved by a different amount. Hence, if a series of images are obtained
throughout the cardiac cycle, the tagged lines will show the motion of the artery
wall.

1.4 Magnetic Resonance Imaging
1.4.1 General Description

Although magnetic resonance (MR) imaging is a relatively new medical
imaging modality there are several general references that explain how this
technology works.®%*%** The popularity of MR imaging is increasing because:
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i) it does not use harmful ionizing radiation, /i) it has excellent resolution
comparable to other medical modalities, and iij) it can provide excellent contrast
between different soft tissues. Contrast in MR imaging is based upon the tissues’
magnetic properties such as proton density (p,) as well as T, and T, relaxation
times. The following is a brief classical description of processes relevant to this
thesis. For simplicity, the description assumes a Cartesian coordinate system.

When an object is placed in a strong magnetic field as found inside the bore
of a superconducting MR scanner, the protons in the object will experience a
torque. This causes their magnetic moments to align either paralle! (low energy
state) or anti-parallel (high energy state) to the main magnetic field, B,. By
convention, the direction of B, is called the z-axis or the longitudinal direction. At
thermal equilibrium, the net magnetic moment, M, will be aligned parallel with B,
and precesses at a frequency given by the Larmor equation:

f=_18 (1.8)

where f is the frequency in MHz, and y is the gyromagnetic ratio for hydrogen
(y/2r) = 42.58 MHZ/T).

To produce a MR signal that can be measured, radio frequency (RF) energy
at the Larmor frequency is applied to the object to flip (or nutate) M, away from the
z-axis through an angle o,. When the RF energy is turned off, this results in a
transverse magnetic moment, M,, in the plane perpendicular to B, such that
M=M_sin(c;). The amount of remaining longitudinal magnetization, M,, is
M,=M_cos(cy). Receiver coils placed near the object can be turned on to detect M.
1.4.2 Relaxation Times T, and T,

The amplitudes of the net magnetic moments M, and M, do not remain
constant. After the RF pulse is turned off, M, eventually returns to its steady state
value M, by transferring energy to the surrounding chemical lattice. The regrowth
in the magnitude of M, to M, is a function of time, t, and is dependent on the T,

time constant as described by:
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Mt = M, (1 - exp( ?‘ ) (1.9)
[n the transverse plane, the net magnitude of M, decreases due to a loss in phase
coherence of the magnetic moments of each individual proton. This is attributed
to local magnetic field disturbances caused by dipole-dipole interactions with
neighbouring molecules which alters the precession rate of the individual proton
spins. The effect on the magnitude of M, is described by the equation

-t
M, (0 = M, (0) exp( — ) (1.10)
2
When there are other magnetic field inhomogeneities specific to our MR system
such as magnetic susceptibility gradients, eddy currents, and B, inhomogeneities,
the observed rate of the loss in phase coherence increases and M, can be
described by:

M, () = M, (0) exp( =) (1.11)
T,
where
1 -1 . Y8
=T 2::‘ | (1.12)

and 3B is the total magnetic field inhomogeneity from the experimental set up.
Although, there are several inter-related processes that govern the
magnitude of the collected signal, specific MR parameters and procedures can be
adjusted to extract the MR relaxation times T, and T, from a series of images.
These techniques are described in sections 1.4.4 and 1.4.5.
1.4.3 Spatial Encoding Using Gradients
In order to obtain a 2-D image of an object, it is possible to encode spatial
information into the magnetic spins by applying a linearly varying magnetic field
gradient to the main magnetic field B,. Thus Eq. 1.8 becomes
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f=J1(8, +Gr) (1.13)
2n

where r=(x,y,2); X,y,Z is the location to which the spatial encoding is applied; G(G,,
G,, G,) is equal to the magnetic field gradients (dB,/ox, dB/dy, dB,/dz); and B, is
the z component of the gradient field in the z direction. Each of the three gradients
serve a different purpose. For example, in a 2-D axial image, the slice thickness
is governed by the slice encode gradient G,; G, is often selected as the phase
encode gradient; and the G,, by default, becomes the read-out gradient which is
tumed on during data acquisition.

If the magnetic field gradients are uniform in space, then Eq. 1.13 reveals
that the frequency components of a signal is a linear function of the spatial location
of the magnetic spins. The G, gradient in combination with an RF pulse can be
used to limit the thickness of the 3-D object, thereby creating a thin 2-D object.
The 2-D Inverse Fourier transform, FT™', may then be used to decompose the total
signal as a function of amplitude and frequency (i.e. spatiai location).

Because the FT' and 2-D Fourier transform, FT, can be used to convert the
measured signal to an image and vice versa, it is often convenient to visualize the
two domains of data as representing either "image-space” or "k-space" (also
known as "frequency space").’®> If one assumes: i) all signals originates from
a 2-D plane, i) the signal is demodulated from the Larmor frequency, iii) the
detectors are phase sensitive, and iv) relaxation effects can be ignored, then the
measured signal, S(t) is:

S(t) = [ Mxy) o0 K gy gy

Al (1.14)
=S (k{8 k(1)

where M_(x,y) is proportional to the net longitudinal magnetization (before the
imaging sequence is started) at the location (x,y), i=¥-1, S(k(t), k,(t)) is the spatial
frequency content of the object at the k-space location (k,(t), k(t)), and
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t
k(f) =k, = = [ G(t")at’ (1.15)
(0 =k = L [ Gl
and
t
ck = Y Nt 1.16
k(0 =k, = L of G(t')dt (1.16)

where (k,, k) are the Fourier conjugates of the Cartesian coordinates (x,y) of a thin
slice of the object, t' is the integration variable, and G, and G, are the gradient
waveforms.

For imaging purposes, the MR signal is acquired with k, fixed and k,
increasing linearly throughout the signal acquisition. it is common to sample the
measured signal (for digital processing purposes) with 256 points. These data
points fill ane k_ line in k-space. If the process is repeated after a time TR (time of
repetition), but with k, increased by Ak, (achieved by increasing G,), then this will
fill another horizontal line in k-space (see Fig. 1.3). After 256 signal acquisitions
(ali with different k,'s), a 2-D FT' on the k-space data will produce an image with
intensities proportional to M,(x,y):

Ma (XuV) = FT [ S(kx'ky) ] (1'17)

In reality, relaxation effects cannot be ignored. These effects are dependent
on the chemical environment of the protons and directly affects image contrast.
The next section describes how image contrast is related to relaxation times as
well as MR pulse sequence parameters.

1.4.4 Spin Echo Imaging

Clinical MR imaging typicaily utilizes differences in the p,, T,, or T, to
provide contrast between different tissues. One of the most common MR
techniques is called the "spin echo” pulse sequence. This pulse sequence can be
controlled so that the image contrast is solely dependant on either the T, or T,
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Figure 1.3. A schematic diagram of how the digitized signal is stored in a 2-D array (16 x 16
in size) called k-space. The k-space data and image are Fourier conjugates and

can be converted to one another using the FT or FT".
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relaxation time within an object. The following is a description of how the magnetic
moments are manipulated in a spin echo puise sequence.

Spin echoes are formed by applying a series of RF pulses. The first RF
pulse flips the longitudinal magnetization 90° into the transverse plane. Immediately
after the RF pulse is removed, the individual spins begin to lose phase coherence
as a result of their slightly different Larmor frequencies caused by local magnetic
field variations. In order to regain phase coherence at a time TE (Time of Echo),
another RF pulse is applied at time TE/2 to flip the transverse magnetization 180°.
Hence, at time TE, the transverse magnetization will have regained its phase
coherence (originally lost through T, decay) and a spin echo is formed. Spatial
information can be encoded in the k. direction by tuming on the x-gradient (G,)
during signal acquisition. The signal from the spin echo can now be measured.
Spatial information from the y direction can also be encoded by repeating the spin
echo process but with a different y-gradient amplitude applied after the 90° RF
pulse. Eventually the k-space matrix is filled, and the 2-D FT™' used to produce an
image with intensities, i(x,y), at the coordinate (x,y) approximated by:

-TE, ;4 v -TR
= ) (1 exp(._T_)) (1.18)

2 1

(x.y) =1, exp(

where |, is proportional to p,, and TR is the time of repetition of spin-echo
experiments. {f TR>>T,, Eq. 1.18 can be approximated as:

TE
T ) (1.19)

2

lelxy) = [, exp(

where [;g(x,y) is the image intensity at time TE. l¢ is dependent on the material
properties p, and T,, and also on the MR pulse sequence adjustable parameter
TE. By obtaining a series of images at different TE's, it is possible to numericaily
calculate |, and T,.
1.4.5 Inversion Recovery Imaging

Another method of adjusting contrast in MR images is obtained by using an
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inversion recovery (IR) pulse sequence. In this method, a 180° RF pulse is applied
at a time TI (time of inversion) prior to the start of the spin echo sequence. When
TR>>T, and TE<<T,, the image intensity at time TI, Iy(x,y), can be described as

k) = 1, (1-2exp(=10) (1.20)

1

The image intensity is now a function of the material properties p, and T,, as well
as the MR pulse sequence adjustable parameter Tl. By obtaining a series of
images at different TI’s, it is possible to numerically calculate |, and T,.
1.4.6 Gradient Recalled Echoes

An alternative imaging pulse sequence to the spin echo sequence is the
Gradient Recalled Echo (GRE) sequence. In this imaging sequence, there is only
one RF pulse which tips the initial longitudinal magnetization by an angle less than
90°. immediately after the RF pulse has ended, a negative G, gradient is applied
to force the transverse magnetization to dephase rapidly. Following this negative
G, gradient, a positive G, gradient is tumed on to rephase the transverse
magnetization. The transverse magnetization will have regained its phase
coherence at the time when the sum of these two gradients are zero. GRE puise
sequences are inherently faster than spin echo sequences, but GRE sequences
are sensitive to magnetic inhomogeneities and may sacrifice contrast when
compared to spin echo images.
1.4.7 MR Gradients and Resolution

it is often difficult to visualize in 3-D Cartesian space the three z-
components of magnetic gradients used in MR imaging. This is complicated by the
fact that there are 9 total independent components that describe a complete
magnetic field. The following analogy is made as an aid in visualizing the three
linear MR gradients: G,, G,, G, Recall that in clinical superconducting MR
scanners, the magnetic bore axis is referred as the z-direction. The vertical
direction is the y-axis, and the horizontal direction is the x-axis. If the G, gradient

was on, the measured z-component of the magnetic field varies only in the x-
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direction. Similarly, if the G, gradient was on, the measured magnetic field in the
z-direction varies only in the y-direction. Finally, if the G, gradient was on, the
measured magnetic field in the z-direction varies only in the z-direction. In each
case, the magnetic field is constant in the other two directions.

In order to understand how the gradient strength affects the MR spatial
resolution, it is easiest to recall that the MR signal is collected in k-space (see Fig.
1.3). Because of the FT relationship between k-space and image space, it is
understood that the field-of-view (FOV) in the image-space is

Fov = (1.21)
Y

X

where Ak, is the spacing between adjacent k, points in k-space. Similarly, the
spatial resolution, Ax, in image-space is

Ax = (1.22)

Using Eq. 1.15 with G, set at a constant amplitude for a fixed time t,, it can be
shown that:

AX = ——— (1.23)

Thus the spatial resolution is inversely proportional to the gradient strength and the
duration of the gradient. When t, is fixed, higher gradient strengths will give a
smailer pixel dimensions. A similar analogy can be derived for the resolution in the
y direction (not shown).
1.4.8 MR Tagging

MR imaging has the unique ability to presaturate protons within an object
so that they when the MR signal is collected, these protons do not contribute to
any signal. This presaturation causes the longitudinal magnetic moment to become
effectively zero at the start of an MR imaging pulse sequence. The presaturation
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is temporary and the longitudinal magnetization will recover as given by Eqg. 1.9.

The DANTE®' tagging technique is one such preparation pulse technique
that is applied prior to standard MR imaging pulse sequences. The DANTE
presaturation technique can be easily visualized by using an excitation k-space <
object-space analogy,”’ where each domain is related by the FT or FT.
Presaturation of magnetic spins means spatially selecting certain protons in the
object and flipping their longitudinal magnetization 90° into the transverse plane
before starting a MR imaging pulse sequence. If the selected protons in a 2-D
plane object were chosen to be in a stripe pattern (e.g. vertical lines), then these
selected protons will have no longitudinal magnetization when the imaging
sequence starts. Since measured signal will be proportional to M=Msin(c) and
the selected protons have M, equal to zero, M, will also be zero (i.e. no signal).

For example, if a train of rectangular RF pulses are applied in the excitation
k-space domain (with G, tumed on), then selected protons in object space would
be presaturated as a series of stripes in the x direction. Since the duration of each
RF pulse has a finite length, there will be a sinc apodization on the object
saturation. Note that in order to saturate the selected protons, the total RF power
deposited at the end of the RF train must be just enough to flip the longitudinal
magnetization 90° before the imaging pulse sequence is started.

In reality, G, is only turned on between each RF pulse, and the k,'s (Eq.
1.15) will govern the tag spacing (i.e. spatially saturated protons) in the object
domain. Because the train of RF pulses is not infinitely long, each of the selected
stripes in the object domain has a sinc-like profile. To obtain stripe lines in the y-
direction, the presaturation process can be repeated using G, instead of G,.

In the special case when the train of RF puises consists of only two pulses
(each with the power for a 45° flip), the resuiting object space will have
presaturation stripes in a sinusoidal pattemn. This technique is given the acronym
SPAMM® (Spatial Modulation of Magnetization).
1.5 Research Goal

Since atherosclerotic lesions occurs in localized patchy regions, one
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possible method of detecting atherogenesis before the disease becomes
symptomatic, is to be able to distinguish local differences in the elastic properties
of diseased regions and the surrounding healthier regions in an artery. Hence, the
specific goals of my research are to: i) modify a clinical MR scanner (1.5T GE
Signa) to permit distortion free high resolution (<100 um pixels) images within a
reasonable amount of time (<10 minutes), i) design a pumping system to deliver
reproducible pressure waveforms to in vitro specimens, and not introduce flow
artifacts in the MR images, iii) develop a synthetic phantom material that mimics
the properties of arteries in both biomechanical and MR properties iv) modify an
GRE pulse sequence to permit non-invasive MR tagging of dynamic arterial
specimens, v) measure the local elastic properties of pulsatile arteries and arterial
phantoms in vitro, and vi) make an effort to simulate in vivo conditions in all
experiments and to consider at all stages of the research how each development
can be adapted to in vivo studies in the future.

To fuifil the objectives outlined above, | have developed a high resolution
MR imaging method that uses DANTE tagging techniques to track the strain in
pulsatile aortic specimens and phantoms. Since clinical MR gradient strengths do
not permit high resolution imaging in short time periods, | have developed a
method of designing and manufacturing MR gradient coils from printed circuit (PC)
boards. When installed into the bore of a clinical MR scanner, these small gradient
coils can deliver high gradient strengths to permit high resolution MR imaging with
short imaging times. Because of the large electrical current requirements, it was
necessary to model the amount of heat dissipation and cooling required to keep
the gradient coil temperature at acceptable levels. Next, it was necessary to find
a suitable pumping fluid that would not introduce any motion artifacts in MR
images. Motion artifacts appear as ghosts in the phase encoding direction of MR
images, and can mask a large portion of the imaged object. To evaluate my
system, a novel distensible arterial phantom was developed. its properties were
reproducible, and could be measured in a tensile tester. Finally, | measured the
incremental elastic properties of several phantoms and aortas. To compare these
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results to that of full tensile test results, | present a new method of extrapolating
incremental data to full exponential stress-strain curves.

1.6 Thesis Outline

1.6.1 Gradient Coil Design and Evaluation

Chapter 2 is based on the paper "Quadrupole gradient coil design and
optimization: A printed circuit board approach” by K.C.Chu (the author) and Dr.
B.K. Rutt (supervisor), which appeared in Magnetic Resonance in Medicine,
Volume 31, pages 652-659 in 1994. Most of the research was performed by the
author. Dr. Rutt provided guidance with the original optimization software and the
concept of using PC boards for coil evaluation.

In Chapter 2, three different dual-axis quadrupole gradient coils for
quantitative high resolution MR imaging of phantoms and specimens were
designed and built using printed circuit board technology. Numerical optimization
of the conductor positions was used to increase the volume of 0.4% gradient
uniformity by up to a factor of four. In one coil, the volume of 5% gradient
uniformity occupied 88% and 83% of the overall diameter and length of the coil,
respectively. A systematic error of -0.5% in the wire placement was shown to
cause a reduction in the volume of 0.4% gradient uniformity by a factor of two,
although the region of 5% gradient uniformity was not significantly affected.
1.6.2 Gradient Coil Heating

Chapter 3 is based on the paper "MR gradient coil heat dissipation" by K.C.
Chu (the author) and Dr. B.K. Rutt (supervisor), which appeared in Magnetic
Resonance in Medicine, Volume 34, pages 125-132 in 1995. Most of the research
was performed by the author. Dr. Rutt provided guidance to reorganize the
theoretical equations to a sensible format.

In Chapter 3, the temperature responses of five different gradient coil
designs were modeled using simplified engineering equations and verified through
direct measurements. The model predicts that the coil temperature approaches a
maximum as an inverse exponential function, and that the maximum temperature
is governed by two parameters: a local power density and a cooling term. The
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power density is a function of position and is highest where the current paths have
minimum widths and are closely packed. The cooling parameter consists of
convective, conductive, and radiative components which can be controlled by (1)
providing forced cooling, (2) having a coil former with high thermal conductivity and
thin walls, and (3) varying the emissivity of the coil surfaces.

For a given gradient strength, the average temperature rise is minimized by
designing a coil with a small radius and thick copper. The coil temperature model
predicted the local temperatures rise to within 5°C of the measured values.
1.6.3 Trichlorotrifluoroethane as a Pumping Fluid

Chapter 4 is based on the paper "Improved MR images of arterial
specimens by submersion in trichlorotrifluoroethane" by K.C.Chu (the author),
A.J.Martin (colleague), and B.K.Rutt (supervisor), which appeared in Magnetic
Resonance in Medicine, Volume 35, pages 790-796 in 1996. Most of the research
was performed by the author. Drs. A.J.Martin and B.K.Rutt provided guidance in
understanding some of the implications of using 1,1,2-trichloro-1,2,2-trifluoroethane
(also known as refrigerant R-113) with arterial specimens. J.Dunmore provided
assistance with the histological portion of this work.

In Chapter 4, | show that MR images of ex-vivo arterial specimens
surrounded with the fluid R-113 have improved signal-to-noise ratio (SNR) and
contrast-to-noise ratio. R-113 has no hydrogen atoms, so it yields no proton signal;
hence, the contrast between the specimen and its background is inherently
maximized. SNR is maximized because (1) R-113 is non conductive so coil
loading and inductive noise are minimized and (2) the volume susceptibility of R-
113 closely matches that of water and tissue so that T, effects are minimized.

Short term submersion of porcine aortas in R-113 was found to have no
significant effect on the artery’s hydration level, relaxation time, nor tensile
strength. The structure and quantity of elastin, collagen and smooth muscle celis
remain unchanged.

1.6.4 Polyvinyl Alcohol Cryogel
Chapter 5 is based on the paper "Polyvinyl alcohol cryogel: an ideal
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phantom material for MR studies of arterial flow and elasticity” by K.C.Chu (the
author) and B.K.Rutt (supervisor), which appeared in Magnetic Resonance in
Medicine, Volume 37, pages 314-319 in 1997. All of the research was performed
by the author. Dr. Rutt provided encouragement and freedom in the pursuit of an
alternative material as the near perfect tissue mimic for medical imaging studies.

In this chapter, | present a unique application of polyvinyl alcohol (PVA)
cryogel as an anthropomorphic, elastic, vascular phantom material that can be
used in MR imaging. The composition consists of two non-toxic ingredients: water
and PVA. The biomechanical and MR properties can be adjusted to be similar to
those of excised porcine aortas by varying the number of freeze-thaw cycles of the
PVA solution. | present the T,, T,, shrinkage, and tensile properties of PVA cryogel
tubes as a function of freeze-thaw cycles. MR images of a dual elastic aortic
phantom undergoing pulsatile motion are shown.

1.6.5 Stress-Strain Curves Extrapolated from Incrementai Data

Chapter 6 is based on the two part paper "Stress-strain curves of arterial
phantoms and arteries extrapolated from incremental data obtained from high
resolution MRI" by K.C.Chu (the author) and B.K.Rutt (supervisor), which is being
submitted to the Journal of Biomechanics. Most of the research was performed by
the author. Dr. Rutt was instrumental in vastly improving my original MR software
to provide DANTE tags in a fast gated gradient recalled echo pulse sequence. Dr.
Rutt also helped to reorganize the theoretical equations in a more coherent format.

In Chapter 6, a two parameter exponential model is used to describe the
stress-strain characteristics of arteries. A derivation is presented that permits the
extrapolation of a full exponential arterial stress-strain curve from a limited amount
of incremental stress-strain data. The method can be used to estimate the elastic
modulus of arteries at different stress levels.

The method is proven using incremental tensile test data from arterial
phantoms and porcine aortas. The elastic modulus can be estimated from
incremental data using the extrapolation method with good accuracy (+28%) only
for stress levels less than 75 kPa. At these same stress levels, the extrapolation
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method is shown to be reasonably valid in estimating the exponential stiffness
parameter o to £26%, which is reasonable given that there are biological variations
in the aortic specimens. The errors are attributed to the limitations of using a single
exponential model to fit the measured data.

The method is further demonstrated using a high resolution MR tagging
method on two different elastic aortic phantoms where incremental elastic moduli
reported by themselves can yield contradictory results. Only through local stress-
strain measurements followed by the extrapolation method was it possible to obtain
the full material stiffness properties (i.e. stress-strain curves) of the phantoms. This
differs from previous authors who report multi-parameter modeis for describing the

175853 A final demonstration of the

structural stiffness properties of arteries.
extrapolation method using incremental data from MR images of pulsating porcine
aortas resuited in full stress-strain curves similar to that obtained by direct tensile
tests.
1.6.6 Summary and Future Applications

Chapter 7 summarizes the work described in this thesis and provides a
discussion of recommendations for future applications of my work. The concept of
gradient coil construction and cooling described in Chapters 2 and 3 has already
been adapted to evaluate new MR gradient coil projects at the University of
Western Ontario. The use of R-113 as a pumping fluid is fine for in vitro MR
studies but cannot be used in vivo. The problem of flow artifacts for in vivo studies
is addressed in Chapter 7. The introduction of the PVA cryogel (chapter 5)
technology shows tremendous promise for medical researchers beyond being a
phantom material. Finally our concept of extrapolating incremental elastic data to
exponential stress strain curves is new and can be applied to any clinical imaging
modality; its implications are described in Chapter 7.
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CHAPTER 2 GRADIENT ColL DESIGN AND EVALUATION
2.1 introduction

Proper gradient coil design is vital in MR imaging. Parameters such as the
efficiency, inductance and resistance of the gradient coil govern maximum gradient
strength, transient characteristics, heat generation, and scan speed (duty cycle).
The overall gradient strength directly affects the maximum spatial, velocity and
diffusion resolution in images. A high degree of gradient accuracy and uniformity
is desirable when accurate quantitative measurements are required. In such
applications, the use of image warping algorithms to correct for gradient
imperfections may be undesirable, as these may distort quantitative
measurements. In an image with 256x256 pixels, the gradient uniformity should
provide less than 1/256 or 0.4% deviation across the field of view in order that
image warping algorithms not be needed to correct for spatial distortions.

The importance of not requiring the application of image warping algorithms
cannot be over-emphasized. For example, the acquisition of MR images from
custom gradient coils attached to clinical scanners is simplified because no post-
processing is required. Since MR imaging is a 3-D process (i.e. dependent on all
three gradients coils), any post-processing will be more complex than a just
applying a simple 2-D warping algorithm. In addition, by having good gradient
uniformity, quantitative phase contrast images can be obtained from the clinical
imager without any need for corrections.

One type of cylindrical gradient coil that has a large region of uniformity and
high gradient efficiency is the quadrupole design."** In this design, a perfectly
linear gradient field is produced on the interior of an infinitely long cylinder by a
continuous current distribution oriented parallel to the cylinder axis and proportional
to cos(28), where 8 is the azimuthai angle.! In practice, this current distribution is
approximated by winding discrete wires and the volume of uniformity is reduced.
Further loss in uniformity arises from any inaccuracies in the exact winding
position. Traditionally, construction of gradient coils has involved winding wires into
grooves cut into an insulating former.>**® The disadvantage of this method is
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that the milling of the grooves and the winding of the wires is often laborious and
time consuming. In addition, complicated wire designs are almost impossible to
fabricate without numerically controlled milling machines.

These issues were resolved by developing a simple design and fabrication
technique for quadrupole gradient coils. The technique positions each wire using
numerical optimization and a printed circuit (PC) board approach. With this
method, researchers can design and construct a high strength dual-axis (X-Z or
Y-Z) quadrupole gradient coil set within a few hours. The PC board method can
be used to create complicated wire patterns that are tedious or expensive to build
by winding wires.

Because the quadrupole coil axis must be placed transverse to the main
magnetic field axis, this design is ideal for researchers who have access to clinical
MR scanners but wish to perform high resolution imaging of small animals, in-vitro
specimens, or phantoms. Although these coils are not well suited for full body
imaging in conventional MR imagers, they have potential application in imaging
systems in which the main magnetic field is naturally oriented orthogonal to the
long axis of the body.

In this chapter the characteristics of three quadrupole coils constructed
using the PC board method are described. Numerical optimization of wire positions
was used in two of these designs to improve the region of gradient uniformity.
Gradient field calculations are shown for each coil. The effect of a 0.5% error in
the wire paositions is shown by simulation and experiment for the third coil. Finally,
coil properties from all three coils are presented, and images from one of the coils
are shown.

2.2 Methods
2.2.1 Design

One quadrupole design evaluated was based on Webster's
recommendation? of three wire clusters at 22.5°, 45° and 67.5° azimuthal angle in
each quadrant with relative current densities of 7, 10, and 7, respectively. Two
other designs discretely sampled the cos(26) current distribution by varying the
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placement of each individual wire. The angle of each wire was calculated iteratively
(see Fig. 2.1) by solving for 6, and A6, in Eq. 2.1:

cos( 26, ) = Z%
i @.1)
A, AB
e = e +™~ _ij. - ._._l:
i i~-1 2 2

where 8, is the angular position of the i" wire, (A6,,+A8)/2 is the angle between the
centre positions of the 6,," and 8" wires, c=constant of proportionality, A8, = (wire
width + wire gap)/(coil radius} and 8, = A6,/2 is the position of the first wire. My
method of determining 6, differs from that of Bolinger’ in the incorporation of
constraints imposed by the finite wire width and wire gap and the implicit
maximization of the total number of wires given these constraints.

Double-sided 71 um (2 oz.) thick copper PC boards were used with a
minimum spacing between tracings of 0.38 mm. Using these dimensions, the
fusing current, [ (applied for 20 ms), for flat copper conductors could be
estimated.® To maintain a good margin of safety so that the copper does not
melt, my maximum operating current never exceeded |./20. However, if one were
to consider the maximum temperature rise in continuous current applications, a
safe limit for the mean current that can be applied with no forced cooling is
approximately |, /200. Chapter 3 describes a mathematical modei that accurately
predicts the temperature rise in gradient coils.

2.2.2 Field Calculations

Given the precise location of each wire, an accurate representation of the
magnetic field, B, (i.e. the component parallel to the main magnetic field) was
determined by integration of the Biot-Savart law® along a straight wire at each of
the locations 8,. A B, field map for the gradient coil was produced for the central
transverse plane® and the central longitudinal plane by summation of the B,
contributions from all wires. The gradient field was estimated numerically using
finite differences. Contour plots of the gradient uniformity show the £0.4, 5, 10, and
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25% deviation from the central value. The magnetic field contribution from the
return paths (i.e. the wires connecting different longitudinal wires in the quadrupole
design) were also included, though to simplify calculations, they were assumed to
be straight wires rather than arcs. In making this approximation, the maximum
error in the gradient mean and variance over a square ROI with sides equal to the
radius in any transverse plane within the coil was less than 0.04%.

28,2

A8,

Figure 2.1. The azimuthal angles of the 1* and i wires are shown for calculating the cos(26)
current distribution. The conducting paths are shown as thick bars |
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2.2.3 Numerical Optimization of Wire Positions

Because of the physical limitations (finite number of wires and finite width)
in PC board construction, it was not passible to provide a perfect cos(26) current
distribution on a cylindrical surface. However, it was possible to optimize® the
angular positions of a finite set of wires to maximize the volume over which
gradient uniformity was better than 0.4%. The optimum wire angles were
numerically determined using the constrained minimization routine in the MATLAB
Optimization Toolbox.'® This minimization technique was based on a sequential
(i.e. recursive) quadratic programming method'' where the general problem is
reformulated into a quadratic approximation of the Lagrangian function which is
solved numerically. The initial starting points for the optimization were obtained
from the Webster? design or from Eq. 2.1. The standard error of the mean gradient
field over either a square or circular region in the central transverse plane was
chosen as the cost function to be minimized.
2.2.4 Construction

Three different dual axis quadrupole gradient coil sets (9.5 cm dia. x 25cm
long) were constructed. The first design was the design proposed by Webster? with
1.24 mm wide conductor traces; the second and third designs both sampled the
cos(20) current distribution, as described in Eq. 2.1, with 0.62 and 4.38 mm wide
conductor traces which resulted in a maximum of 192 and 16 wires, respectively.
The final wire positions for the second and third designs were numerically
optimized. The coordinates of these wires were plotted onto paper from which two
negatives were made. These negatives, with a 45° azimuthal offset from each
other, were used to photosensitize Y and Z gradient coils onto opposite sides of
a double sided PC board. The PC board was developed and etched, leaving the
wire tracings precisely at the desired locations. Figs. 2.2a, b and ¢ show the circuit
board designs for each of the coils designs. After the PC board was glued onto the
circumference of an acrylic cylinder, it was mounted in the X-direction of a whole
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Figure 2.2a. The PC board design for the 96 wire Webster® design. The horizontal axis is the
azimuthal direction, and the vertical axis is the longitudinal direction of the coil.
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r

Figure 2.2c.  The PC board design for the optimized 16 wire optimized design. The horizontal
axis is the azimuthal direction, and the vertical axis is the longitudinal direction of

the coil.
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body GE Signa scanner. Special precautions were taken to guard against the
dangers of electric shock during installation and motion of the coil during imaging.
To compare the measured gradient strength and uniformity to the theoretical
values, a square phantom (44.7 mm side) with cartesian channels (1.59 mm wide
and 3.30 mm centre to centre) milled into its plane was filled with CuSQO, solution
and placed inside a single turn 7.0 cm diameter x 11.1 cm long transmit/receive
coil. Images from spin echo sequences showed the relative gradient uniformity.
2.3 Results

Table 2.1 summarizes the properties of the three coils. The measured
inductances (at 1 kHz) and resistances were obtained from a HP 4262A LCR

meter, and were within 7 uH and 2 Q of the theoretical values,'*™

respectively.
My inductance calculations included the self and mutual inductances of the main
wires as well as the return wires (which were assumed to be straight). The
gradient strength was determined by varying the current to each of the coils and
comparing the measured dimensions in the MR image with the actual overall size
of the square phantom. The theoretical gradient strengths from my field
calculations were within 2.5% of the measured values. Since the three coil designs
described in this chapter had equal dimensions, and the wire angles were near
optimum, the coil gradient efficiencies were found to be approximately proportional
to the number of windings (6.77x10° Gem™A'winding™). A gradient strength of 4
G/cm could be easily obtained in each of the coils to produce a resolution of 78
um/pixel from a 2 cm FOV image (256x256, 16 kHz bandwidth).

A measure of the gradient uniformity was derived from the calculated field
maps by measuring the minimum distance between the 0.4 or 5% deviation
contours from the longitudinal and transverse uniformity plots. All results are
presented as a percentage of coil length or diameter. Images of my square grid
phantom (Fig. 2.5) confirmed that the gradient uniformity in the central plane
covered at least the area of the phantom by producing straight grid lines to within
1 pixel.

Figs. 2.3a, b, and ¢ show example maps of the gradient uniformity from the




43

96 wire Webster® design, the optimized 192 wire design, and the optimized 16 wire
design. Fig. 2.3d is a longitudinal field plot for the 16 wire design. A high resolution
(2 cm FOV) fast spin echo MR image of an excised human iliac artery using the
optimized 16 wire coil is shown in Fig. 2.4. Figs. 2.5a and b show the transverse
field plot and corresponding square phantom imaged using the Webster® coil
design. When the wires in the Z gradient are misplaced by a factor of 0.995, the
field plot and image are distorted as shown in Figs. 2.5¢ and d.

2.4 Discussion

2.4.1 Gradient Uniformity

The contour plots of the transverse gradient uniformity (Fig. 2.3) show that
the size of the regions with better than 0.4% and 5% uniformity can be significantly
improved using numerical optimization of the wire positions. In Fig. 2.3a, the
Webster® design was approximated by placing the 3 clusters of wires as close as
physically possible to the 22.5°, 45.0° and 67.5° positions using the PC board
method. In the ideal situation, where each wire is infinitely thin, my results would
approach those reported by Webster.? Although not shown, numerical optimization
of the angles in Fig. 2.3a would increase the region of 0.4% and 5.0% gradient
uniformity to 71% and 78% of the coil diameter. This compares well with more
traditional gradient coil designs where the RO! with better than 5% deviation is
typically 70% of the diameter."

Even by using as few as 16 wires, numerical optimization will produce a
region of 0.4 and 5.0 % gradient uniformity as large as 49 and 63% of the
diameter. By using 192 wires, these regions increase to 77 and 88% of the coil
diameter, respectively. Depending on its application, the designer must balance the
number of wires with inductance, gradient strength, gradient rise time, and current
carrying capacity. In using Eq. 2.1 without numerical optimization, the region of
gradient uniformity is highly dependent on the total number of wires used to
sample the cos(26) current distribution, and at least 40 wires are needed to obtain
a gradient uniformity similar to that in Fig. 2.3a. Increasing the number of wires




Table 2.1, Properties of 3 different quadrupole gradient coils designs.

Coil Webster® Cos(26) Cos(26)
Design Optimized Optimized
Total Number of Wires 96 192 16

Wire Width (mm) 1.24 0.62 4.38

20 ms Fusing Current |, : copper [solder] | 180 [99] 90 [49] 639 [351]
(A)

Inductance: measured [theoretical] (uH) 150 [157] 580 [580] 6.3 [6.0}
Resistance: measured [theoretical] (Q) 6.7 [4.7] 25 [23] 0.5 [0.3]
Time Constant © (us) 22 23 13

0.4% [5%)] Transverse Uniformity 36 [70] 78 [88] 49 [63]
(% of total diameter)

0.4% [5%] Longitudinal Uniformity 29 (83] 29 {83] 29 [82]
(% of length)

Gradient Efficiency: measured [theoretical] | 0.69 [0.68] 1.30 [1.3] 0.12 [0.12]
(Gem™A™)
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Contour plot of one quadrant of the central transverse gradient uniformity in units

of % deviation from the central vaiue for (a) the 96 wire Webster* design. Wire

positions are indicated by 'x'.
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Radius in Z

Contour plot of a quadrant of the central transverse gradient uniformity in units of
% deviation from the central value for the optimized 192 wire design with the cost

function calculated for a square region with side equal to the radius.
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Conteour plot of one quadrant of the central transverse gradient uniformity in units
of % deviation from the central vafue for the optimized 16 wire design with the cost

function calculated for a square region with side equal to the radius. Wire positions
are indicated by 'x'.
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Longitudinal contour plot of the gradient uniformity for the central plane of the
optimized 16 wire design.
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Figure 2.4. Two MR images (2 cm FOV) of a human iliac artery (ex-vivo) using the 16 wire

gradient coil.
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(b) (d)

Figure 2.5. Contour plot of the central transverse gradient uniformity (a) and an image of a
4.47 cm square grid phantom (b) using the Webster® coil. (c) and (d) are the
corresponding plot and image when each of the wire angles in the Z gradient are
shifted by a factor of 0.995. When the gradient uniformity is not within £0.4% (i.e.

+1 pixel in 256) images will appear distorted (d) and will require warp correction
algorithms.
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increases the gradient uniformity at the cost of increasing the inductance. For a
fixed inductance, the gradient uniformity is improved through optimization of the
wire positions.

There is no guarantee that any numerical optimization method will find the
global minimum. The chosen numerical optimization technique finds one of many
local minima satisfying the cost function. It was observed that the initial wire
locations, as weli as the size and shape of the cost function region, influences the
final wire positions. However, the size and shape of the region of 0.4% gradient
uniformity does not change significantly; therefore, finding the global minimum will
not produce a significantly larger region of gradient uniformity.

Independent of wire location and number of wires, the longitudinal uniformity
is limited by the overall wire length. As shown in Table 2.1, the 0.4% and 5%
deviation contours for all designs are 29% and 83% of the overall coil length,
respectively.

To compare gradient efficiency of the quadrupole design with a more
conventional design, | have theoretically modelled an optimized 96 wire quadrupole
coil with overall dimensions (66 cm dia., 132 cm length) and inductance (1000 pnH)
similar to the transverse gradient coil on a GE Signa. The quadrupole coil gradient
efficiency was found to be 0.0143 Gem'A™" with a region of 0.4% (and 5%)
gradient uniformity covering 72% (and 78%) of the diameter and 33% (and 83%)
of the length, which compares favourably with the GE gradient coil design.

Using the PC board method, the most common type of manufacturing error
would be making the PC board too short due to mis-accounting for the space
necessary for gluing the coil or too long due to an undersized former. The effect
of these errors was investigated by simulating and constructing a coil with an
intentional systematic error in wire placement of -0.5%. Fig. 2.5¢ is the central
transverse gradient deviation contour plot of such a coil. Fig. 2.5d is an MR image
of a square grid phantom with the Z gradient constructed with the angles shifted
by a factor of 0.995. Theoretical analysis shows that this small error in the wire
positioning during construction will reduce the region of 0.4% gradient uniformity
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by more than a factor of 2.
2.4.2 Implementation

Gradient coil optimization often includes a minimum inductance constraint'*
which could have been added to the optimization program; however this was not
necessary for these small diameter gradient coils. Instead, | report the measured
and calculated inductances (L) and resistances (R} in Table 2.1. Using a first order
resistance-inductance circuit model,*'®* an ideal voltage step of amplitude V,
produces a current response |(t)=V, (1-exp(-t/t)) / R. The time constant, = UR,
is the time it takes the gradient coil current to reach 63% of full strength (assuming
a constant applied voitage) and governs the rate at which the gradients can switch
on and off. The initial rate of current increase at time t=0 is di(0)/dt=VJL, and can
be increased by applying higher voltages during gradient ramping. In each of the
quadrupole designs, T was a factor of at least 85 times less than the existing whole
body GE Signa gradient coils, resulting in a theoretical switching time that is
shorter by the same factor. The 192 wire coil achieved a decreased t by an
increase in R, which is not desirable as it causes the coil heat loading (power=I*R)
to increase proportionally. The 16 wire design achieved fast rise times through a
decrease in L compared to the GE Signa whole body coail.

It is important to know the inductance and resistance values for each design
so that the compensation networks in the gradient amplifiers can be matched to
the new gradient coils. A mismatch in the compensation values could cause the
amplifier to oscillate. 1t is recommended that the amplifier manufacturer be
contacted to confirm compatibility.

The theoretical copper fusing current in Table 2.1 is the current at which a
20 ms applied current pulse will melt the copper tracing. Since the limiting factor
of coail integrity can also be the 185°C melting point of solder, its fusing current is
also included.

in addition to the fusing current, it is also important to determine the root
mean squared current, |, that can be continuously applied to the coil without
exceeding a wire temperature of 185°C. This topic is addressed in the next
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chapter, where | theoretically derive the govemning equations that calculates the
maximum gradient coil temperature based on how the gradient coii is cooled.
25 Summary

| have developed a simple technique for accurately constructing a dual axis
quadrupole gradient coil set. By numerical optimization of the wire angles, one can
improve the volume of gradient uniformity for MR imaging. With 192 wires, an
optimized design showed the size of the 0.4% uniformity volume to be 78% in
diameter by 29% in length. This 0.4% uniformity volume is a factor of 4.7 larger
than the Webster® quadrupole design.

The effect of imprecision of wire placement was investigated by comparing
computer simulation with an image made from a coil constructed with a small error.
Theoretical analysis shows that an error of -0.5% in all of the wire positions during
construction will asymmetrically reduce the volume of 0.4% gradient uniformity by
half.

The time constants of these gradient coils were at least 85 times shorter
than the existing GE Signa gradient coils. Considerations for the fusing current and
coil heat loading play an important role in selecting and implementing the final
gradient design.

I have found that the numerically optimized quadrupole design is an
excellent choice where high strength or high speed, small diameter gradient coils
are required for research applications.
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CHAPTER 3 GRADIENT CoIL HEATING
3.1 Introduction

Customized gradient coils'®**** for head,® extremity, breast’®® or
specimen™'® imaging on clinical MR machines can provide higher resolution and
shorter scan times since these coils generally have increased gradient strength,
switching speed and/or region of gradient uniformity. As the duty cycle of these
gradient coils is often pushed to their maximum, heat dissipation becomes
important since (1) the comfort and safety of the patient being imaged is
paramount in any MR protocol, (2) the structural integrity of the coil may be
compromised, and (3) the precise current path locations may be altered due to
local heating and thermal expansion differences. In this chapter a model based on
heat transport theory that describes the temperature response of cylindrical
gradient coils mounted either horizontally or vertically is presented. The coil
orientation is important for natural convective cooling since the mechanism by
which the heat is removed is based on fluid flow due to differences in fluid density
with temperature. A discussion of how each of the parameters in the modet affects
the coil temperature response is followed by experimental results. The
experimental data were collected from five different experimental quadrupole
gradient coils with a range of applied currents under different cooling conditions.
The maximum root-mean-squared current (l,...), and hence, the repetition time (TR)
that can be applied to a gradient coil is demonstrated. This methodology can be
applied to other gradient coil designs. Suggestions for increasing the heat
dissipation are also addressed.
3.2 Methods

The conductor positions of four different quadrupole gradient coil designs
were optimized by the method described by Chu and Rutt.”” The conductor
positions of a fifth gradient coil (coil "B" in Table 3.1) were based on the design by
Webster and Marsden.!" A representative coil design (Coil "D") is shown in Fig.
3.1a, and reveals that the current densities of the main gradient conductors vary

around a cylinder to follow a cos(28) distribution, where 8 is the azimuthal angle.
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Figure 3.1a PC board design of quadrupole gradient Coil "D“. The coils longitudinal and
azimuthal directions are the vertical and horizontal axis of the figure, respectively.
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Figure 3.1b Schematic showing various dimensions of a cylindrical gradient coil made from PC

board construction.
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For simplicity, the conductor widths within each coil were kept constant. The
conductor patterns from each design were etched onto flexible printed circuit (PC)
boards and glued onto the surface of acrylic cylinders (6 mm wall thickness). A
polyethylene heat-shrink (1.2 mm thick) was used to insulate the outer surface of
the small diameter coils. For larger diameter coils, the outer surface was insulated
using a thin layer of fibreglass and epoxy glue. The coil dimensions, number of
conductors, conductors widths, inductance, resistance and gradient efficiency are
reported in Table 3.1. Other parameters found in Table 3.1 are explained in the
theory section.

The temperature of each gradient coil was measured with thermocouples
attached to the inside and outside surfaces of the central portion of the gradient
coil where the conductor density was highest. A constant current was applied to
each of the coils and the temperature was monitored until the temperature reached
an equilibrium state or until the outer temperature reached 90° C. The coils were
mounted with their longitudinal axes either horizontal or vertical. In some of the
experiments where the coils were mounted horizontally, the coils were cooled by
(a) circulating 2.8 m*min air along the inside and outside surfaces of the coil, or
(b) evenly distributing 20°C water flowing at a rate of 0.9 I/min. over the outer coil
surface.

3.3 Theory

Here the governing equations describing the average local wall temperature
of a gradient coil as a function of time are developed. Within the derivation, a
method of determining the heat transfer parameters is shown for the case of
cooling by natural convection in air.'?

In a small section S of a cylindrical gradient coil (see Fig. 3.1b), the
incremental heat rise (assuming isotropic properties) is p,VC, ,dT, where p,, V, C,,
and dT are the density, volume, specific heat capacity, and incremental
temperature rise of S, respectively. This heat rise can also be described as the
difference between the heat generated and the total heat dissipated in an
infinitesimal time period dt.
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Table 3.1. Physical, electrical, and thermal properties of the five quadrupole gradient coils.
Coil A B C D E
Number of windings, N 16 96 192 96 40
Inner radius, r; (M) 4.13x10? | 4,13x10% | 4.13x10% | 10.8x10% | 10.8x10%?
Copper radius, r, (m) 4.79x10°2 | 4.79x10? | 4.79x10% | 11.6x10% | 11.5x10%
Outer radius, r, (m) 4.91x102 | 4.91x10% | 4.91x10% [ 11.8x10% | 11.7x10%?
Conductor width, w (m) 4.38x10° | 1.51x10° 1} 0.62x10° | 4.2x10% 11x10
Copper thickness, & (m) 7.1x10° | 7.1x10°° 7.1x10° 24.9x10° | 24.9x10°
Conductor length, D (m) | 25.4x102 | 25.4x10% | 25.4x10? | 40.6x10% | 40.6x10?
Inductance (uH) 6.0 157 580 225 41
Total Coil Resistance, 0.5 6.5 327 0.92 0.46
Reau ()

Gradient efficiency 1.2 6.9 13 1.2 0.49

(mTm AT

h, (WK'm?) 6.4 6.4 6.4 6.4 6.4

h., (WK'm?  Horizontal | 3.0 3.0 3.0 2.0 2.0
Vertical 5.0 5.0 5.0 4.5 4.5

h., (W'm?  Horizontal | 5.7 57 57 46 4.6
Vertical 5.0 5.0 5.0 45 4.5

Local Resistance R (Q) 26x10° | 56.7x10% | 143x10° 7.45x10° | 8.92x10°

A, (m?) 2.92x10% | 0.475x10° | 0.256x10™ | 1.98x10° | 4.62x10°
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Thus, one can write:'?

P, VC,,dT=[P-(q. +q)]at (3.1)

where P=power generated inside the section S; q. and g, are the total convective and radiative heat
transfer rates from S, respectively.

in order to get a first approximation of g, it can be assumed that a pseudo-steady state
condition exists, and that there is a linear temperature change from the location of the copper paths
to the inner and outer surfaces of S. If one also assumes heat conduction is only in the radial
direction, then the convective heat transfer rate from S consists of inside and outside terms as

follows: "2
q. = ( T‘To) A/ . ( T‘Ta ) Aa
¢ _riln(ri/rc) 1 roln(ro/rc) 1 (3'2)
ks | T’:l. ks | hC.O

where T is the average temperature in Kelvin of section S; T, is the air temperature at a distance
not influenced by the coil; r, and r, are the inner and outer radii of the insulating former,
respectively; r, is the radius at which the current paths are located within the former; k, is the
thermal conductivity of the former; A, and A, are the inner and outer surface areas of S,
respectively; and h_, and h_ are, respectively, the inner and outer surface heat transfer coefficients
due to convection.

By assuming S is small compared to the whole coil, (that is, S can be approximated as a
small flat section in a larger flat surface of equal temperature) then h_, and h_, can be estimated
for the case of natural convection when S is in a horizontal or vertical position by using the
relation: ™"

a(NgN,)™ (3.3)

>
[}
~| >

where h_=convective heat transfer coefficient; k=thermal conductivity of the ceoling fluid; L.="vertical
length" of the coil (i.e. L=coil length if oriented vertically; or L=coil diameter if oriented horizontally);
a and m are correlation constants'? that depend on orientation and Ng, N,, {see Table 3.2); and Ng,
N, is the product of the dimensionless Grashof and Prantal numbers'? describing the heat transfer
characteristics of the fluid as shown:

where p, C,,, 1, and B are respectively: the density, heat capacity, viscosity, and volumetric
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L? pf - C
NN, = png,z(T T.) Cor by

Ky ki

(3.4)

coefficient of expansion of the fluid at an intermediate temperature estimated to be equal to
(T+T,)/2; and g=acceleration due to gravity.
The rate of heat loss due to radiation can be expressed as:'*"

q=c(T*-Ts)eA - c(T"-T,)e, A, 35)
=h(T-T,)(eA ~¢e A,)
where the heat transfer coefficient due to radiation is
4 -
hooll "Te) (3.6)
(7-T,)

and o= the Stefan-Boltzmann constant=5.67x10¥ Wm?K™; e, and e, are the emissivities of the inner
and outer coil surfaces, and can vary from 0 to 1 depending on colour. For the dark coloured*
gradient coils used in my experiments it is reasonable to assume that ¢, and e, are approximately
0.96. For simplicity, h,, h.,, and h, can be assumed to be constant over the temperature range
of 20 to 60°C. This assumption will be addressed later.




Table 3.2. Constants for determining the naturai convection heat transfer coefficients.

Cylindrical Coil Orientation NeNe, a m
Vertical plate in air (L=height and L < 3m) 10%-10° 0.59 0.25
>10° 0.13 0.333
Horizonal piate with air above it 10%-2x107 0.54 0.25
2x107-3x10" | 0.14 0.333
Horizonal plate with air below it 10%-10" 0.58 0.2
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Substituting Egs. 3.2 and 3.5 into Eq. 3.1, and using A=A_r/r. and A=A /r.,
where A, is the circumferential area of S at the copper radius r,, produces:

ps VC,, dT

dt = (3.7)
P+a, A T,-0 A T
where o.=cooling parameter as described by:
= f,-/fc + fo/rc +h(e._,i-:—-e _rg)
¢ erin(r/r) 1 rin(r/r) 1 o, %,
K, Pe K, he, (3.8)

Because of my simplifying assumption of constant thermal properties, and since
it can be shown that V=A Ar 1/r,, where Ar=r-r, and Tt=(r,+r)/2, Eq. 3.7 can be
integrated from time 0 to t, and temperature T, to T to give the temperature rise
as:

(PIAD) Ty exp
o, - (3.9)

p.s pS

AT=T-T,-=

3.3.1 Cooling Parameter o,
By defining Ar=r_-r; and Ar_=r,-r,, the cooling parameter in Eq. 3.8 can be simplified
for thin walled formers (i.e. Ar, << r, and Ar, << r;) to be:

r

o = + +h(e_ +e 2
’ ﬁ + fe Al'a + re f( ‘ re ° le ) (3'10)
kS hC.I rl ks hC,O ro

| can now examine two extreme cases: 1) convection limited and 2) conduction
limited.

Case 1) means that r/(h.r) >> Ar/k,, and r/(h_r.} >> Ar/k,, and Eq. 3.10
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reduces to

r r
o, =(h e~h,;,)—+(he ~h,)= . (3.11)
rc rC
This means that the total cooling rate is limited by convection and radiation rates
rather than the conduction rate through the former material.
Case 2) means r/(h.r,) << Ar/k,, and r/(h.r) << Ar/k,, and Eq. 3.10

reduces to

11 r z
d.=K(—=-—)~h(g=~ e = 3.12
g7 ap) Thleg el (3.12)

c

This means that the cooling rate is limited by the conduction rate through the
former material and the radiation rate, rather than the convection rate.

3.3.2 Average Temperature of Whole Coil

Upon examination of Eq. 3.9, it can be seen that the temperature rise of a
cylindrical gradient coil is an inverse exponential function of time. The equilibrium
(i.e. maximum) temperature rise is given by:

AT _(PIA,)

eq
o
¢

(3.13)

where P/A, is the power density. To gain physical insight into the dependence of
AT, on gradient strength, geometry, and cooling, let me consider a hypothetical
situation where the conductors of a gradient coil are axially oriented and evenly
distributed around a cylinder. The following discussion examines how each of P,
A., and o, separately affect the temperature change.

The average power deposited in the coil can be written as:

P=I2R_, (3.14)

where I=current, and R_=resistance of the entire coil. For etched PC board
circuits with a constant copper thickness, 8, the coil resistance can be expressed
as:
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R - pcapper N D - pcopper N D

’ (3.15)
o 3 W,, d(2rr,/N)

where p ..o =resistivity of copper (17.7x10°Qm); N=number of current paths;

=average length of one current path; and w, =average conductor width. From

the Biot-Savart law, it can be shown that'®

G e 2 (3.16)
I
where G=gradient strength. Combining Eqgs. 3.14 to 3.16 gives:
3
P o Peonper G* D 1 (3.17)

)

Eqg. 3.17 shows that for a constant gradient strength and constant aspect ratio (D
«< r), the average power deposited varies as r.*/5. This demonstrates the
importance of minimizing the coil radius and maximizing the copper thickness. It
is important to realize that the current and the number of windings do not appear
in Eq. 3.17. This means that in terms of average power deposited, it makes no
difference if one uses a few wide current paths with high current or many narrow
current paths with low current to obtain the same gradient strength. However, there
is a benefit to using a sufficient number of current paths to (1) assure high gradient
uniformity, and (2) provide adequate gradient strength when the researcher's
amplifiers are current limited.

To see how these parameters affect the equilibrium temperature rise
averaged over the whole coil, AT,

aqavgr 1€1'S define A =2nr D, and combine Egs. 3.13
and 3.17 to get:

2 .2
AT o Poopper G° I (3.18)

eg,avg o, S

Examination of Eq. 3.18 shows that AT,

eqavg IS independent of number of
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current paths, but a strong function of the coil radius. In order to maintain a

constant AT with a fixed 8 and G, | must scale the cooling parameter ¢, with

eq,avg

r.2. For example, in moving from a head coil size (r,~16cm) to a body coil size
(r.~32 cm), a, would have to increase by a factor of 4 to maintain the same
AT,

eq,avg"

head size cail, forced cooling may be required for the body size coil.

in this example, even though natural convection may have sufficed for the

3.3.3 Local Temperature Rise

Because real gradient coils never have evenly distributed current paths, Eq.
3.18 does not fully describe the local equilibrium temperature rise at a given
location on the coil surface. Edelstein’® described a technique where thin gaps
were etched onto the PC board to produce a coil with variable conductor width. In
this case, the maximum temperature rise is at a region where the power density
is highest. Thus, to determine this maximum temperature rise, A, is redefined as

a minimum local area:

A =(w, -~w,)d (3.19)

min gap

where w.,=minimum conductor width, w_,,=width of space between conductors,
and d=short length of conductor within A.. The resistance within A, becomes:

R = Peosper 9 (3.20)

8 Wmin

By assuming w,,,

oriented conductors, | can combine Egs. 3.13, 3.14, 3.16, 3.18, 3.19, and 3.20 to
get the local maximum temperature rise, AT ., @8:

+Woop=Win, @nd that w,,

=2nr /N for gradient coils with axially

2
AT =[Wavg} AT (3.21)

Eq. 3.21 implies that the AT, ... can be minimized by minimizing the ratio
WardWnins NENCE, AT, oy is highly dependent on the variations in the conductor

density around the coil surface. For example, if w,;,=w,/2 and AT, ,,,=25°C, then

eq.avg




67

AT,
average temperature rise is in a safe range. In such cases, it may be important

«qma=100°C, which could mean that local heating is excessive, even though the
to optimize the coil conductor pattern to give the lowest w, /W,
3.3.4 Transient Temperature Rise

An alternate strategy for minimizing the temperature of a gradient coil is to
slow down the rate of approach to equilibrium temperature by maximizing the
temperature time constant C,p (Ar (o r.) found in Eq. 3.9. This can be
accomplished by increasing the specific heat capacity and density product (C, ;p,),
which may not always be practical when wusing common former
materials'"'#192021223 a5 shown in Table 3.3. Alternatively, Ar/c,, can be
maximized by increasing the thickness Ar. A complication with this latter strategy
is that under some circumstances (such as Eq. 3.12 with Ar, and Ar, = 0.006 m;
k,=0.2 WK'm™, h=6.4 WK'm?, and r=r.=r,) it is possible to have o, « 1/Ar. This
means that the temperature time constant will increase with Ar”. However, the
equilibrium temperature AT, will increase linearly with Ar. Thus, the gradient coil
temperature rise may be less in the transient state (short term), but will be higher
in the equilibrium state (long term). A second complication with the overall strategy
of maximizing the temperature time constant is that the cooling time constant will
also be maximized. In effect, more heat is being stored in the coil compared to the
amount being dissipated. If there is not sufficient time between scans for adequate
cooling, then the gradient coil temperature will gradually increase.

3.3.5 Forced Cooling

Once a gradient coil is designed and built, the only term in Eq. 3.9 that can
be adjusted is the cooling parameter o, through the manipulation of the heat
transfer coefficients h,; and h., as discussed below.

Fig. 3.2 is a plot of the radiative and natural convective heat transfer
coefficients (in air) as a function of temperature for the coils reported in Table 3.1.
Even though h; and h,, are functions of orientation and dimension, Fig. 3.2 shows
that their variation with temperature is not large over the temperature range of
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Table 3.3. Typical thermal properties of several materials (at 20°C) that can be used in
gradient coil fabrication. (Note the properties will vary depending on the additive
types, amounts, chemistry, and manufacturing method).

Material Density Thermal Specific Heat
(kgm'®) Conductivity | Capacity

(WK'm™) (Jkg'K™)

Polyethylene'"'® 917-965 0.35-0.50 2000-2300

Nylon'” 1130 0.28-0.30 2300

Acrylic'® 1170-1200 0.17-0.25 1440

Polyvinyl Chioride'"'® (rigid) 1380 0.15-0.21 960

Epoxy Resin'®® 1080 0.16-0.33 1050-1170

Epoxy Resin'®" + 73% (of total wt) Al,O, | 1400-2400 0.63-1.05 -

Epoxy Resin + Glass fiber 1600-2000 | 0.17-0.42 -

Glass Fiber*' (E type, low alkali) 2550 1.04 795

Glass Fiber® (A type, alkali) 2460 0.94 837

Aluminum Oxide®? 2400-3980 40 1274-1836

Graphite'” (firm, natural) 2000-2500 155 610
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remaining four curves describe h,_, for different coil dimensions and orientation.
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interest. Between 20 and 60°C, h, ranges from 5.7 to 7.0 WK'm?; h,; ranges from
2.9 to 3.2 WK'm™ for L=0.095 m, and 2.0 to 2.2 WK'm™ for L=0.22 m; and h,,
ranges from 5.5 to 6.1 WK'm for L=0.095 m, and 4.4 to 4.9 WK'm™ for L=0.22
m. Hence, for a given coil configuration, h,, h., and h_, can each be approximated
by a different constant. For example, in this temperature range (with a horizontal
coil and L=0.095m), h. is approximately 6.4 WK'm?, h_; is 3.0 WK'm?, and h_, is
5.7 WK'm?2,

High values of h,, h_;, and h_ are desirable as they increase c... The values
of h; and h,, found in Fig. 3.2 are minimum values, and can be increased by
using forced convection,’? although it is much more difficult to predict their exact
values without knowing the exact conditions and geometry being used. As a first
approximation, h,, and h_, are in the range of 11-55 WK'm? for moving air, 55~
1700 WK''m™ for moving oil, and 280-17,000 WK'm™ for moving water.'> Thus
water is the preferred coolant. The value of h_; and h,, for natural convection in
water can be calculated to be approximately 530 WK'm? and 3400 WK'm?
respectively, by using water properties as the fluid parameters in Eq. 3.3 and 3.4
with L=0.095 m.

For coils with r.=4.79 cm (coils "A", "B", and "C"), the cooling parameter o,
is plotted as a function of h., in Fig. 3.3a. For this plot, air cooling was assumed
to be only on the outside surface of the coil and h,; was held constant at 3
WK 'm™2, Three different thickness ratios (r/r.=1.02, 1.1 and 1.2) are plotted with
two different k, values of 0.2 WK'm™ and 0.6 WK'm™ which are representative of
pure epoxy and Al,O, doped epoxy, respectively. (For the rest of the discussion
below, it is assumed that r, is fixed. The benefits of increasing h.; will be similar to
that of h,, and can be calculated using Eq. 3.8). From Fig. 3.3a, it is evident that
as forced cooling causes h_, to increase, o, will eventually reach an equilibrium
value for each thickness ratio as described by Eq. 3.12. The equilibrium o is lower
for coils with larger thickness ratios. Increasing k, from 0.2 WK'm™ to 0.6 WK'm"
will increase the equilibrium ¢, by approximately a factor of two for each thickness
ratio. If one were to provide equal cooling to both the inside and outside surfaces
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Figure 3.3 The cooling parameter o, is plotted as a function of h, for coils "A", "B", and "C".

The dotted lines are for k,=0.2 WK'm"', and the solid lines are for k,=0.6 WK"'m".
For each thermal conductivity, there are three different thickness ratios r/r.=1.02,
1.1, and 1.2. The coil is assumed to be oriented horizontally with r, =4.79 cm and
D=25.4 cm. (a) is when forced cooling is only on the outside surface, and h, =3
WK'm?, (b) is when both the inside and outside surfaces are cooled and h, =h...
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(i.e. h=h.,), then the resuit would be as shown in Fig. 3.3b. The equilibrium o,
values in Fig. 3.3b are approximately 1.2 to 2 times higher than when cooling is
only on one surface (Fig. 3.3a). Again, by increasing k, the equilibrium o, almost
doubled at each thickness ratio; this represents the conduction limited case (Eq.
3.12). At low values of h.,, such as for natural convection (h.,~5), increasing the
thermal conductivity does not increase o, and hence, has little influence on the
equilibrium temperature of the coil; this represents the convection limited condition.

If it is vital that the subject being imaged not be radiatively heated, then the
constant h, can be influenced by adjusting the emissivities e, and e, For
example,' if the inner surface of the coil is coated with polished copper (¢=0.018)
or aluminium paint (e=0.27), and the outer surface painted black (e,=0.96), then
radiative heat occurs primarily on the outer surface of the coil. At the same time,
it would be ideal to have the outer gradient coif section constructed with a high
thermal conductivity material, and the inner section constructed with a low thermal
conductivity material to retard conductive temperature increases to the subject
being imaged. Unfortunately, these changes in e, e,, and k; will decrease the total
value of o, and thus cause the average coil temperature to increase.
3.4 Experimental Results and Discussion

Fig. 3.4a shows both the experimental and theoretical temperature
responses of coils "D" and "E" placed horizontally with an applied current of
approximately 10A. The theoretical curve was calculated by solving for T in Eq. 3.9
with the thermal parameters presented in Tables 1 and 3. A, was defined in Eq.
3.19 and calculated in the area where the conductors were most densely packed.
The power was set equal to | .°R, where R was the fraction of the total measured
resistance in A.. There was no forced convection, and hence h,; and h., were
calculated to be 2.0 and 4.6 WK'm?, respectively. The agreement between
experiment and theory was excelient with a deviation of no more than +2°C. The
temperature measurements were accurate to +1°C. The model was sensitive
enough to distinguish the difference in temperature responses of coil "D" with 9.2
A and 10.5 A.
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and water caoled coils by matching the maximum measured temperature rise to

Eq. 3.13. In all other cases, o was calculated using £q. 3.8.
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Fig. 3.4b shows the effect of forced cooling on coil "B" lying horizontally. Air
cooling lowered the equilibrium temperature from 130°C to 43°C through the
increase of h; and h., to 36 WK'm? and 72 WK'm™, respectively; (this was
determined by adjusting both h; and h. by a constant factor in Egs. 3.8 and 3.9
so that the equilibrium temperatures were matched). Water cooling resulted in an
equilibrium temperature of 35°C through an increase in h ., to 1350 WK'm?2
Hence, with the aid of either forced air or water cooling, this coil can operate at a
continuous current of 4.2 A (to deliver a gradient strength of 29 mT/m), and still
maintain a temperature less than 43°C. Without cooling, the coil integrity would be
jeopardized with an equilibrium temperature of 130°C.

Fig. 3.4c shows a similar result for coil "C". Air cooling lowered the
equilibrium temperature from 70°C to 35°C because both h_; and h,, increased by
a factor of 10.

Results from gradient coils "B" and "D" mounted vertically with natural
convection are shown in Fig. 3.4d. In both cases, the theoretical resuits were
within +5°C of the measured values. Thus, the model predicts the temperature
response of vertically oriented coils nearly as well as it does for horizontal coils.

Three different failure modes are shown for coil "A" on Fig. 3.5 along with
the theoretical temperature responses with |, at 15.5 A, 22 A, and 71 A. The
theory was confirmed in an MR experiment with | ,.=15.5 A applied for 25 minutes.
The coil was found to be extremely hot, but still operational since the equilibrium
temperature (120°C) did not exceed the PC board adhesive failure temperature of
125°C. During a second MR scan with the TR reduced by 1/2, so that [ ,.=22 A
(since I, == TR™), the PC board adhesive failed and aliowed the copper traces
to vibrate after 10 minutes. This was observed as severe motion artifact in the
collected image. Upon physical examination of the coil, it was observed that the
heat-shrink on the outer surface could not contain the vibrating copper traces. In
a similar experiment but with a 20 minute total scan time, the image was
completely ruined as one of the solder joints was found to have failed (185°C). On
a third experiment with an identical coil, a mismatch in the amplifier compensation
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network caused the amplifiers to oscillate sinusoidally with an |, of 71 A. In this
case, the coil started to burm and smoke within the first two minutes as predicted
in Fig. 3.5 since the heat-shrink has a combustion temperature of ~300°C in air.
Hence, the theory is in excellent agreement with the experimentally observed
failure modes.

3.5 Summary

The problem of heat dissipation must be addressed when using customized
high strength gradient coils. In small gradient coils where the subject may be in
close proximity to the coil, it is vital that the temperature of the coil be maintained
at a comfortable level. Although the temperature of the gradient coils can be
monitored with a safety shut off, a properly engineered coil should never require
this during any pulse sequence.

The model presented here allows gradient coil designers to quickly
determine the temperature response of their coils. The model suggests that to
minimize the temperature rise in gradient coils, the coil radius should be minimized
and the copper thickness maximized. The use of a high thermal conductivity coil
former along with circulating water will significantly enhance cooling of the coil. Oii
and air are less effective cooling fluids. When no forced cooling is used, both
natural convection and radiation play significant roles in cooling.
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CHAPTER 4. TRICHLOROTRIFLUOROETHANE AS A PUMPING FLUID
4.1 Introduction

Arterial specimens are often analyzed using high resolution magnetic
resonance imaging'®**® to study their internal structure and overall geometric
boundaries. This information is useful for in vitro studies in hemodynamics® and
wall compliance.* However, excised arteries must be kept moist to prevent
dehydration, otherwise the MR properties may be significantly different from the
in vivo situation. Hence, specimens are frequently submersed in an aqueous
solution® or embedded into aqueous gels.? This results in a decreased contrast-to-
noise ratio (CNR) since the surrounding fluid also yields an MR signal. It is
preferable to submerse the specimen in a fluid or gel that does not provide a
hydrogen MR signai. Such a fluid would be beneficial in in vitro MR wall
compliance studies since flow artifacts would be non existent, thus giving the best
possible image.

In addition, inductive coupiing of the RF coil with an aqueous solution
causes increased noise. Any loss in signal-to noise ratio (SNR) and CNR (| signal
in tissue - signal in fluid | / noise) makes distinguishing the exact geometric
boundaries more difficult. For example, the MR parameters (TE=40ms,
TR=2000ms, 94um pixels, 1000um thick, 1 NEX) used to create Fig. 4.1
exaggerates the poor SNR and CNR that may be found in high resolution images
of an excised porcine aortic section submersed in 0.9% saline solution. (Fig. 4.1b
is a spin echo image with SNR=3.4, and CNR=0). To obtain the highest SNR and
CNR, and hence, highest accuracy and precision in geometric boundary definition,
a non-conductive surrounding medium which does not load the RF coil would be
advantageous.

One method to achieve a non-conductive background with no MR signal is
to place the specimen in 100% relative humidity air.” Unfortunately, this leads to
susceptibility artifacts at the specimen-air interface, which can be quite severe in
gradient echo imaging (Fig. 4.1a). Geometric distortions may alsoc occur due to a)
small droplets of water condensing onto (or exuding from) the specimen and b) the




Figure 4.1.
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(b)

High resalution 1.5T MR images of an excised porcine aortic specimen submersed
in 0.9% saline solution with a small air bubble on the right side of the container.
The gradient echo image (A) reveals a large void, whereas the spin echo image
(B} shows the same air bubble to be much smaller. MR parameters: TE=40ms,
TR=2000ms, 94um pixels, 1000um thick slice, 256x256 matrix, 30° flip angle for
gradient echo image, and 1 NEX.
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tissue collapsing under its own weight. Thus humid air would not produce
geometries useful for either in vitro modelling or numerical flow simulations. Hence,
there is a need to find an alternative medium for surrounding specimens for MR
imaging.

| have found that the refrigerant R-113, which has no hydrogen atoms and
is non-conductive, is one possible medium that is compatible with arterial
specimens. The purpose of this chapter is to discuss the advantages and
disadvantages of using R-113 as a method of improving MR images of arterial
specimens. Specifically, the dependence of MR relaxation values, SNR and CNR,
tensile properties, and histology of porcine aortic sections on R-113 immersion is
examined. Because R-113 is a suspected contributor to atmospheric ozone
reduction, special handling procedures are also described.

Although not addressed in this paper, R-113 can be used in other in vitro
MR studies such as high resolution imaging of human tissue, animal, and certain
agricultural specimens. Arterial specimens submersed in R-113 have also been
shown to have advantages® in x-ray imaging.

4.2 Background and theory

R-113 has no hydrogen atoms; thus R-113 yields no signal at the hydrogen
resonance frequency, and hence, maximizes the contrast between the specimen
and its background. In addition, because R-113 is non-conductive, the inductive
noise and coil loading are both minimized. The RF coil energy is directed to the
specimen and not the surrounding fluid.

Because the magnetic susceptibility of R-113 was not readily available, it
was estimated using the additivity of atomic constants method described by
Pascal.’ The magnetic volume susceptibility in S.I. units (yx,) of R-113 was
calculated to be -9.12x10°%, which closely matches that of water or 0.9% saline
solution (both calculated to be -9.05x10°). Based on calculations of molar
susceptibility for a similar fluorocarbon (1,2-dichloro-1,1,2-trifluoroethane) with a
known magnetic susceptibility,'® the accuracy of Pascal's method was estimated
to be within 5%.




82

Biological samples do not dehydrate while submersed in R-113 because of
the immiscibility of water in R-113. The solubility of water in R-113 is less than
0.011% by weight, and the solubility of R-113 in water is less than 0.017% by
weight."" Because R-113 is immiscible in aqueous specimens, | do not expect
it to diffuse into the specimen and cause chemical shift artifacts.

Another advantage in using R-113 over water or saline solution is that there
are fewer air bubbles adhering to the specimen. This is attributed to the extra
buoyancy of the air bubbles in the denser and less viscous R-113. Since the
density of R-113 is 57% higher than that of water, biological specimens need to
be held down to prevent them from floating. Some of the chemical properties of
R-113 are reported in Table 4.1.

Since R-113 is an excellent non-polar solvent, it can potentially dissolve low
molecular weight fats and oils from tissue. For these materials, R-113 may not be
the optimum choice. However, other common liquids with no hydrogen atoms
(carbon tetrachloride, methylene chloride, and fluorocarbon lubricants) can have
prohibitive factors such as cost, toxicity, solubility, compatibility, or flammability
problems.

4.3 Effect of R-113 on MR relaxation properties
4.3.1 Methods

Relaxation times of materials can be extremely sensitive to even the
smallest chemical imbalances. Thus, in order to show that R-113 does not
chemically alter ex vivo specimens, the change in MR relaxation properties in
porcine descending thoracic aortas was monitored. It can be debated how such
specimens should be stored, but for this purpose, | wanted to show relative
changes between samples, and thus all samples were handled in an identical
fashion. Four different arteries (labelled A, B, C, D) were received 11 hours after
excision. During this time all arteries were stored in moist air at 4°C. The
surrounding connective tissue was removed and the straight portion was rinsed
with saline solution for 5§ minutes. Each artery was cut into five annular sections
3 cm long (and sub-labelled 1,2,3,4,5). Each piece was placed in a separate



Table 4.1. Typical chemical properties of R-113 at 25°C and 101.3 kPa.

Chemical formula

cl F

[
F-C-C—Cl
Lo

Cl F
Boilingpoﬁtﬁ 47.6°C
Vapour pressure 44.5 kPa
Density 157 gem®
Viscosity 0.68 cp
Solubility of water in R-113 0.011 wt %
Solubility of R-113 in water 0.017 wt %
Dielectric constant 2.41

Volume susceptibility (x,)

-9.12x10° (dimensionless, S.1. units)

CT number® @90 kVp, 3mm Al

1600 HU
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plastic vial with humid air, distilled water, 0.9% saline solution, or R-113. Detalls
of all subsequent preconditioning for a total of either 7 or 74 hours at 4°C, are
shown in Table 4.2. Briefly, the preconditioning experiments described in Table 4.2
can be categorized into 5 sections:
(a) eight different arterial rings were stored for 7 hours in moist air before
being MR imaged. To include intra- and inter-sample variations, five rings
were from one aorta and three other rings were from three different aortas.
For comparison, the reiaxation times from an arterial ring submersed in
R-113 for 7 hours was obtained.
(b) one sample was stored only in R-113. The sample was MR imaged
after 7 and 74 hours of submersion.
(c) the eight samples from (a) were re-imaged after a total of 74 hours. For
comparison, there were two specimens stored in water, and two specimens
in saline solution. One specimen with each liquid was frozen for 74 hours
and thawed before imaging.
(d) two different specimens were stored in saline for 7 hours. One specimen
was imaged as is, while the other specimen was submersed in R-113
(1 hour) for MR imaging.
(e) one specimen was placed in saline solution for 7 hours before replacing
with R-113. The specimen was imaged in R-113 at 1 and 67 hours later.

All imaging was performed at 20°C on a 1.5T General Electric Signa
(Milwaukee, Wisconsin) imager with a 50 mT/m 10cm diameter gradient coil set'?
and a solenoidal transmit-receive(T/R) RF coil (4.5 cm diam x 9.5 cm long). A slice
thickness of 4 mm, FOV of 24 mm, 256x128 matrix, 1 NEX, and a TR of 4
seconds were used for all scans. To get an average T, measurement of the artery
pieces, an inversion recovery spin echao imaging sequence was used and repeated
using 7 different inversion times (Ti). A T, map was made by performing pixel by
pixel non-linear least squared fit to the equation 1=l (1-2exp(-TI/T,)), where |, is
the pixel intensity at the time TI, and |, is estimated by the fitting routine to be the




Table 4.2,

Relaxation properties of porcine upper thoracic aortae in various fluids measured at 20°C. Afier sacrificing the animal, the aorta was
immediately excised and stored in moist air for 11 hours at 4°C. The times indicated below refer to the period thereafter, just before
MR imaging. MR imaging always occurred after 7 or 74 hours of pre-conditioning.

Experiment || Specimen | Preconditioning of specimen T, T, Number Significance
Code (ms) (ms) of points at P=0.05
averaged
a A1,A2 A3, moist air measured at 7 hr 51171 | 5117 80 None
A4,A5,B4,
C4,D4
D1 R-113 (7 hr) 49218 5414 10
b D1 R-113 (7 hr) 49218 5414 10 T,is
ditferent
D1 R-113 (74 hr) 423110 | 5918 I 10
l c A1,A2,A3, | moist air measured at 7 hr, 494164 | 5017 | 160 T,and T,
A4,A5B4, | and then at 74 hr are
C4,D4 ditferent
B2,C2, water measured at 7 hr & at 74 hr; 622155 | 70x11 | 60
B3,C3 saline measured at 7 hr & at 74 hr;
frozen in water 74 hr & thawed;
frozen in saline 74 hr & thawed
| - _.T______——l—*————_ﬁ____
d c2 saline measured at 7 hr 594173 | 5617 10 None
D2 saline (7 hr), drained & 599139 | 608 10
replaced with R-113 (1 hr)
e D2 saline (7 hr), drained & 599139 | 6018 | 10 T,is
replaced with R-113 (1 hr) different
D2 saline (7 hr), drained & 511116 | 6217 10
replaced with R-113 {67 hr)

G8
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maximum possible intensity. Similarly, an average T, measurement was
determined by using a set of six spin echo imaging sequences each only differing
in the TE value. A T, map was created by non-linear least squared fitting the pixel
elements to the equation l,g=I_exp(-TE/T,), where | is the pixel value in the image
at time TE. Measurements were averaged from 10 pixels located in the medial
portion of the arteries at various points around its circumference. The mean T, and
T, values along with their standard deviations are reported in Table 4.2. A pooled
t-test’® was performed on each pair of experiments listed in Table 4.2 to
determine the significance (P < 0.05) in the differences in the means.
4.3.2 Results

Table 4.2 reveals that measured T, and T, can be correlated with the 5
different preconditioning categories described above. Some of the experiments
used only a few specimens since | was not interested in biological heterogeneity,
but rather gross systematic changes due to preconditioning. The resuits can be
summarized as follows:

a) samples that were stored in moist air for 7 hours have a T, range of

511+71 ms and a T, range of 51+7 ms. Their standard deviations reflect

both intra- and inter- sample errors as well as errors in the fit to real data.

These values were obtained by averaging 80 data points from 8 different

arterial rings. When compared to a sample placed in R-113 for the same

amount of time, the relaxation times were not significantly different.

(b) a sample submersed in R-113 for 7 hours compared to 74 hours shows

a significant decrease in T, from 49248 ms to 423+10 ms. There was no

significant change in T,.

c) samples submersed for either 7 or 74 hours in saline solution or water,

and regardless of being frozen or not, have a T, range of 622+55 ms, and

a T, range of 70+11 ms. These relaxation times were significantly higher

than for specimens stored in moist air for either 7 or 74 hours.

d) a sample that was stored in saline for 7 hours followed by R-113 (1 hour)

has a T, range of 599+39 ms, and a T, range of 60+8 ms. These relaxation
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times were not significantly different from a specimen stored in saline

solution for 7 hours.

e) a sample that was stored in saline solution (7 hours) followed by R-113

and MR imaged at hours 7 and 74, respectively, shows a significant

decrease in the mean T, value (from 599+39 ms to 511+16 ms). There

were no significant changes in the T, values.
Samples stored in R-113 for 7 hours, and imaged in R-113 have T, and T, values
similar to samples stored and imaged in air (7 hours). The sample stored in saline
solution (7 hours) and imaged in R-113 (1 hour), has T, and T, values similar to
samples stored and imaged in saline (7 hours). Hence, we deduce that short term
exposure to R-113 does not significantly affect the T, and T, times of arterial
specimens. However, long term exposure (greater than 67 hours) to R-113
appears to decrease the average T, times by as much 15%. This may be
attributed to dehydration, or cellular defatting, and/or absorption of R-113 over long
periods of time. It is recommended that specimens be submersed in R-113 only
during imaging and that the time period be less than 7 hours exposure.

Those samples stored in either distilled water or saline solution (for 7 hours
and 74 hours, or frozen 74 hours) and imaged in the same fluid have average T,
and T, values that are enhanced by 26% and 40%, respectively, when compared
to samples stored and measured in air (for 7 and 74 hours). This suggests that the
storage of all arteries in moist air for 11 hours (prior to receiving the specimens)
caused (1) the samples to dehydrate modestly, and were re-hydrated to their
proper level by submersion in water or saline solution; or (2) the specimens to
hyper-hydrated upon submersion in water or saline.

We cannot conclusively state which T, and T, values are closest to the in
vivo situation since the measurements were made ex vivo at 20°C. However, my
results show that when ex vivo arterial specimens are exposed to R-113 for less
than 7 hours, the relaxation times are not significantly affected when compared to
fresh specimens handled in a similar manner. Hence the values presented here

can only be compared relative to other specimens preconditioned in a similar
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fashion. Measurements made in vivo (37°C) will produce lower relaxation times.

Although not shown in detail, my data suggests that freezing does not
significantly affect the relaxation data; however, we must keep in mind that cellular
damage may occur due to ruptured cell membranes. Since repeated handling of
the tissue can cause dehydration and changes in relaxation times,' all samples
should be treated in the same manner with minimum handling.

4.4 Contrast and signal to noise
4.4.1 Methods

The coil quality (Q) of the T/R RF coil was measured using an HP 4195A
Network-Spectrum Analyzer in transmit-receive spectrum mode to monitor the
frequency response (to within 2.5 kHz) when unloaded and loaded with arterial
specimens submersed in air, water, saline solution, and R-113. All measurements
were made with the RF cail inside the gradient coil set. The ratios of loaded to
unioaded Q's are reported in Table 4.3.

Two porcine aortic specimens were obtained after being stored in moist air
for 11 hours at 4°C. Each specimen was cut into three sections and placed in
separate vials with 0.9% saline solution for 24 hours at 4°C. Each vial was then
MR imaged (spin echo, TE=16 ms, TR=416 ms, £16kHz receive bandwidth, 24
mm FOV, 1 mm thick, 1 NEX, 256x256 matrix) with each specimen surrounded by
saline solution. Immediately after imaging, pairs of vials were randomly drained
and filled with (i) moist air, (i} water, or (iii) R-113. Within minutes of filling, another
MR image was obtained. Since the mass of hydrogen protons in each of the
samples were different, the transmitter and receiver gains were optimized by using
the Auto-Prescan sequence on the GE Signa imager. The images are shown in
Figs. 4.2a-d.

The SNR and CNR was measured from 10 different regions throughout
each of the images, and the results are shown in Table 4.3.

4.4.2 Resuits

The Qiuageaunicades Values for the samples in air, water, and R-113 were not

significantly different; whereas the samples in saline solution had a 5% lower
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Table 4.3. The ratio of Quggequncaces fOr the RF coil used in this study and the corresponding

increases in image SNR and CNR of arteries when surrounded with various fluid.

I
Quuaeanncaces | To iNCrease in | % increase

SNR CNR
compared to compared to
saline saline

unloaded 1.00£0.01 - -

artery in air 1.00+0.01 2.6+0.1 38.1£0.1

artery in water 0.99+0.01 2.8+0.1 0.0£0.1

antery in saline 0.95+0.01 0.0+0.1 0.0£0.1

solution

artery in R-113 0.99+0.01 10.840.1 60+0.1
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(a) (b)

(d

Figure 4.2. High Resolution spin echo images (0.94 mm pixels, 1 mm thick, TE=16 ms,
TR=416 ms, 4 NEX) of an excised porcine thoracic aortic specimen submersed in
(A) saline, (B) air, (C) water, and (D) R-113.
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Qiuaceaunicaces VaIUE. Since the SNR of spin echo images'® is proportional to VQ
one would expect the SNR to decrease by 2.2% by imaging specimens in saline
solution. The measurements reflect this since the SNR benefits of using air or
water rather than saline solution was approximately 2.7%. An unexpected
increased in SNR of 10.8 % was measured when the specimen was submersed
in R-113. In these MR images, the noise level remained the same, while the signal
increased. It is unclear why this benefit was observed.

Although high contrast can be obtained by surrounding the artery in air, the
geometry may not be accurate. This is attributed to a) a decrease in B,
homogeneity because the magnetic susceptibility difference at the air-tissue
interface (x, for air is +0.364x10°); and b) a modest amount of dehydration can
cause the artery to shrink. For these reasons, we do not recommend increasing
the CNR of arterial specimens by imaging in air. In addition, the artery may
collapse under its own weight.

The average CNR was measured for each fluid, and we have found that
specimens submersed in R-113 inherently had the highest CNR (60% more than
that of specimens in saline solution). Specimens in moist air showed a 38%
increase in CNR compared to specimens in saline solution. This increase is not as
high as that found with R-113, and may be attributed to susceptibility differences
at the air-artery interface. There was no difference in CNR between samples
placed in water or saline solution. Thus, it is recommended that specimen be
submersed in R-113 since the this fluid gives no signal and the CNR is inherently
maximized. With the SNR and CNR maximized, MR parameters such as TE and
TR can be optimized to reveal structural differences within the artery wall.

4.5 Tensile Properties
4.5.1 Methods

The straight portion of another excised porcine aorta was cut into 10
adjacent circular rings each 7 mm in width. The rings were numbered
consecutively, and the odd numbered rings were submersed in 0.9% saline
solution while the even numbered rings were submersed in R-113. After 48 hours,
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each of these rings were cut longitudinally to form strips. Thickness measurements
of the aortic wall were made using callipers with a 12 gram load. After the
dimensions were measured, each end of the aortic strip was mounted onto
separate grips so that the circumferential tensile properties could be measured
while submersed in saline solution. A strain rate of 2 mm/min was used. All
specimens were pre-stressed by cycling the load from 0 to 400 grams four times
before the tensile data was collected. The true stress (load/[actual area]) was
estimated by multiplying the engineering stress (load/[initial area]) by the factor
(1+strain).
4.5.2 Results

The tensile stress-strain curves for aortic sections submersed in saline
solution or R-113 are shown in Fig. 4.3. Qualitatively, there are no major
differences in the shapes of the stress-strain curves. Small differences in the
individual curves can be attributed to biological variations between samples. This
suggests that the R-113 does not attack or dissoive the elastin or collagen
structure which govern the physical properties of the artery wall.'®
4.6 Histology
4.6.1 Methods

To study the effect of R-113 on aortic tissue at a cellular level, another
porcine aorta was cut into 10 adjacent rings each 1 cm in width. The rings were
numbered consecutively, and the odd numbered rings were submersed in R-113,
while the even numbered rings were stored in saline solution. After a time period
of 0.5, 1, 2, 3 and 7 hours at 4°C, one set of bottles with each of the solutions was
removed. The arterial rings were removed and fixed in buffered formalin solution.
Each ring was embedded in paraffin wax and 7 um thick microtomed sections
were mounted on slides to be exposed to Movat's trichrome stain system with
alcohol rinsing between stains. Fig. 4.4 shows typical microscopy images at 100X

magnification.
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Figure 4.3. Circumferential stress-strain curve for porcine aortic rings submersed in R-113 or

saline.




Figure 4.4,
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Histological sections of porcine aortas submersed for 7 hours in saline (top) and
R-113 (bottom) before being fixed in buffered formalin solution and stained Movat's
trichrome stain system. The grayscale image shown here does not reveal the
purple-black, green-yellow, and pink-red colors from the original slide. Elastin is
shown as wavey horizontal lines; collagen and GAG are the white regions; and
smooth muscle cells are the greyish tick marks regions within the GAG.
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4.6.2 Results

Qualitative comparisons by an experienced technician in examining
histology slides of arterial specimens reported that porcine aortas exposed to
R-113 for 7 hours showed no major effect on the structure and packing density of
the elastin, collagen, glycosaminoglycan (GAG), and smooth muscle cells when
compared to similar specimens submersed in saline solution. No gross differences
in wall thickness could be observed. Automated image analysis programs that
measure total areas of a single colour in histological slides were not used since
biological and location differences of the specimens may account for some of the
variations. It was more important to observe that the elastic laminae, collagen
fibres, and smooth muscle cell membranes were not dissolved or attacked.

Even though R-113 is an excellent solvent for non-polar liquids, the
histologist did not observe any unusual regions of defatting on the tissue. Fatty
plaques and tri-lipids found on arteries generally consist of high molecular weight
molecules, and may not necessarily be soluble in R-113, especially with short
exposure times. These findings are in agreement with those of Martin et al.’

It should be noted that it is possible to incur sub-ceilular damage as
reported by McKnight'? who observed that R-113 applied to the backs of live
mice for 10 minutes per day over a period of 20 days caused mitochondrial
damage in liver cells when revealed by electron microscopy. Hence, when imaging
specimens other than arteries, caution must be used to confirm that R-113 does
not substantially affect the sample.

4.7 Safety concerns with R-113

R-113 can be considered to be low in toxicity for both inhalation (rat LDg,
52,000 ppm/4 hour exposure'®) and skin contact (rabbit, approximate lethal dose
> 10,000 mg/kg). Inhalation of R-113 vapour can have an anaesthetic effect; and
at high concentrations, it can cause suffocation by reducing the oxygen available
for breathing. Because it is an excelient defatting agent, it can cause dermatitis on
long exposure.

R-113 is suspected to be an ozone destroying chemical when released into
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the atmosphere. It is recommended that waste R-113 be recycled by simple
distillation at 100°C followed by condensation. Evaporation of R-113 in open
containers can be minimized by floating a thin layer of water on top of the R-113.
4.8 Compatibility with other materials

Sealable glass or metal containers are ideal for storing and handling R-113.
However, for MR imaging experiments, it is often more appropriate to use plastic
containers. Polymers such as polyethylene or polypropylene have low permeability
rates and are non-reactive with R-113. Other common plastics such as acrylic and
polystyrene may be damaged by R-113. For sealing purposes, the best o-rings to
use are made from Buna N (butadiene / acrylonitrile} or Polysulphide, which swell
the least (1%) of all elastomers.”’ Since R-113 is an excellent solvent for oils and
greases, lubricated parts in pumps, for example, should not be exposed to R-113.
49 Summary

Submersion of excised arterial specimens in R-113 has been shown to
provide several benefits in high resolution MR imaging. Images have higher SNR
and inherently maximized CNR. MR images of arteries with R-113 as the
surrounding fluid do not appear distorted as a result of the nearly perfect match
between y, values of R-113 and water. The relaxation times of porcine arteries
were not significantly affected by R-113 when exposed for less than 7 hours.
However, at longer periods of time, the arterial T, starts to decrease.

In general, the relaxation times of arteries are dependent on whether the
specimen is surrounded in air or aqueous solution. My data suggests that storage
in (1) air causes dehydration and/or water and saline solution causes hydration,
and (2) short term storage in R-113 reflects the fluid it was previously in. In
addition, submersion of arteries in R-113 compared to saline solution shows very
little difference in tensile properties of the arteries. Histology confirms that at the
cellular level, there are no apparent differences.

Signal to noise improvements and contrast enhancement of specimens,
insects, phantoms, etc. can be obtained by utilizing R-113 as a surrounding
medium.
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CHAPTER 5 POLYVINYL ALCOHOL CRYOGEL
5.1 Introduction

It is recognized that arterial geometry and wall distensibility are involved in
atherosclerotic disease development.’ In-vitro studies have been limited to either
rigid models that do not provide an MR signal (glass?, acrylic®, polyester) or
flexible models (silicones®, latex rubber®) which do not have anthropomorphic
properties (such as proton density, T,, T,, chemical shift, and elastic modulus).
Materials such as hydrogels (polymers that retain more than 20% water within their
structure) have generally not been used for flow or elasticity studies due to their
poor inherent breaking strengths or non-realistic imaging properties. Examples of
simple hydrogels are gelatin’, agar*, agarose®, and polysaccharides® which have

been used for MR quality control phantoms.'®!

In many cases, the MR
properties are adjusted by using various additives (such as graphite’ or
paramagnetic ions'®). The physical strength can also be adjusted by chemically
cross-linking the gel.'' The recipes can often be very complex, and compromises
in some of the desired properties are generally accepted.

One specific type of hydrogel that is formed by freezing and thawing an
aqueous PVA solution'®'* has been shown to have rubber-like properties. The
freeze-thaw process causes the PVA mixture to cross-link through hydrogen
bonding™ with hydroxyl groups on PVA molecules. A material made by this
process is defined as a PVA cryogel. For reference purposes, the chemical

structure of the PVA molecuie is shown below:

L3

PVA cryogels are quite different from PVA hydrogels that are chemically
cross-linked'® by addition of compounds such as aldehydes or borates to a PVA
solution. Chemical cross-linking creates a gel with very low modulus and yield
strength, and can be described as having an appearance and strength similar to
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that of common gelatin. Therefore, a chemically cross-linked PVA hydrogel is not
suitable as a distensible phantom material.

The first report of PVA cryogel’s crystalline behaviour was reported in 1975
by Peppas.”® Nambu™ independently discovered the gel and recognized its
potential applications. In Tanabe's and Nambu’s patent claim,’” they found that
the "strength of the gel is remarkably enhanced and properties such as non-
stickiness and water resistance are improved..." by partial dehydration while the
gel is in its initial frozen state. Variations of the Tanabe and Nambu patent are now
extensively reported in the patent literature for specific uses. The material has
been reported to be ideal as an MR quality control phantom;'®'*®* as a skin

3

marker in MR?' and X-ray imaging;*®® as an ultrasound or radio frequency

thermal therapy transmission pad;®* as a conductive membrane to be used in

electroretinography;**?*¥” as a substitute for an ice bag;*®** as a wound

covering and bandage for bumn victims;***' as a denture base;*® and in other
medical applications."”

Several published papers have reported some of the properties of PVA
cryogel'>'®® after varying the number of freeze-thaw cycles. More recent
research has shown that although the number of freeze-thaw cycles can affect the
elastic modulus, it is not nearly as important as the rate of thawing® since the
physical cross-linking process can be described as an entropic reordering
phenomena. Cross-linking may occur by several mechanisms.' Inter- and intra-
molecular hydrogen bonding between hydroxyl groups can provide some cross-
linking. However, it is more likely that crystal nuclei are generated by freezing, and
upon thawing these sites grow into crystals which act as cross-linking sites for the
polymer. Subsequent freezing produces regions of pure ice crystals to form and
forces sections of polymer molecules to come into "closer proximity". The thawing
process allows the “close proximity" molecules to realign and hydrogen bond to
form crystallites. Larger and/or more numerous crystallite sites form to produce a
rubber-like gel. It is unclear whether the length of time frozen has a large influence
on the properties;'? however, higher concentrations of PVA require lower freezing
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temperatures. There is some evidence that a monolayer of water is bonded
between each PVA molecule in the crystallites.®®

PVA cryogel has been reported to be ideal as an MR quality control
phantom material since the relaxation properties are stable over a 6 month period
of time and can be easily reproduced.”® However, other researchers challenged
that a material with a stability period of 6 months is too short to be used as MR
quality control phantom.’®"

In this chapter, experimental data indicate that PVA cryogel is a near ideal
material for the fabrication of distensible phantoms. Because of the simplicity of the
manufacturing process, phantoms are made and used before long term stability
problems arise. The tensile strength, dimensionai changes, and MR relaxation
times of PVA cryogels made with varying number of freeze-thaw cycles are
examined. In addition, aortic phantoms with and without artificial plaques were
made and imaged using a spin echo sequence. Pulsatile motion was studied using
a gated fast gradient echo pulse sequence modified to apply DANTE tags to the
cross-section of the phantom.

Although not discussed here, this phantom technology can be adapted to
more complicated geometries and can also be used in ultrasound and X-ray
imaging studies.

5.2 Methods

A sealed container of aqueous solution of 15.0+0.2% by weight PVA
(available from Business Development Office, London Heaith Sciences Centre,
London, Ontario N6A 4G5) was heated in boiling water for 30 minutes. The hot
PVA solution was poured into eleven pairs of annular polycarbonate molds. The
time the PVA solution was exposed to air was minimized to less than 2 minutes
to prevent evaporation of water. Each pair of molds was designed to create two
PVA cryogel tubes with 3.175 mm wall thickness, 15.2 cm long. One of the tubes
had a 9.58 mm inside diameter (I.D.) while the other had a 12.7 mm [.D. The
annulus was sealed at both ends using rubber O-rings. Air space was deliberately
maintained to allow for expansion while the aqueous solution froze. All of the tubes
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were stored vertically at room temperature for 24 hours to allow small air bubbles
to rise out. Following which, each tube was air cooled at a rate of 0.5°/minute to -
20°C; then after 10.5 hours at -20°C, they were thawed by raising the air
temperature by 0.27°/min to 25°C and held at that temperature for 9.2 hours.
(Freezing and thawing of samples was accomplished using a programmable
temperature controller, an electric heater and commercial freezer with air
circulation). Each of the eleven sets of tubes were given a different number of
freeze-thaw cycles ranging from 1 to 11.
5.2.1 Physical Testing

A circular ring 7 mm wide was cut from tubes with a 12.7 mm |.D. Each ring
was then cut along the longitudinal axis to form strips. Thickness and width
measurements were made using calipers. Each end of the strip was mounted to
grips so that the circumferential tensile properties could be measured while
submersed in water. An elongation rate of 2 mm/min was used and specimens
were pre-stressed before the tensile data was collected.
5.2.2 MR relaxation times

The relaxation times of all 22 tubes were measured on a 1.5T GE Signa
imager. The T, was obtained by using an inversion recovery spin echo imaging
sequence that was repeated using 7 different inversion times (Tl). The imaging
conditions were: body coil transmit, spine surface coil receive, 24 cm FOV,
256x128 matrix, +12.8 kHz RBW, TR=4 s, TE=12 ms, TI=50, 100, 200, 400, 800,
1600, and 3200 ms. The T, and |, values were calculated by performing non-linear
least squared fit to the equation I;,=l,(1-2exp(-TI/T,)), where |}, is the pixel intensity
at time TI. Similarly, T, was determined by using a set of six spin echo imaging
sequences each differing only in echo time (TE). The imaging conditions were:
body coil transmit, spine surface coil receive, 24 cm FOV, 256x128 matrix, +12.8
kHz RBW, TR=4 s, TE= 12, 24, 48, 96, 192, 384 ms. T, and [, was estimated from
non-linear least squared fitting to the equation |,z=I exp(-TE/T,), where l;¢ is the
pixel value at time TE.
5.2.3 Aortic phantom with stiff elastic plaque
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A PVA tube that underwent ten freeze-thaw cycles was split longitudinally into four
equal pieces. One of the pieces was placed longitudinally in a mould and the
surrounding volume filled with PVA solution. This mould was then frozen and
thawed twice. A high resolution MR spin echo image was obtained with the
phantom in its mold. Another image was obtained with the tube removed from its
mold and mounted in air and its internal pressure increased to 47mm Hg pressure
using water. The imaging conditions were 3 cm FOV, 256x192 pixels, 2.5 mm
thick, TE=30 ms, TR=1 s, 1 NEX, BW = £16 kHz.

A computer controlled pump® filled with trichlorotrifluoroethane® was
used to pulsate the mounted specimen. A gated fast gradient echo pulse sequence
modified to apply DANTE tags during diastole was used to create images at
equally spaced phases throughout the cardiac cycle. The transmural pressure at
the scan location was transferred to a solid state pressure transducer using 45 cm
of 1.56 mm |.D. catheter tubing.

5.3 Results and Discussion
5.3.1 Tensile Testing

The solid lines in Fig. 5.1 are the stress-strain curves for strips cut from
PVA tubes that under went 1,2,3,4,5 and 10 freeze-thaw cycles. After 5 freeze-
thaw cycles, the shape of the stress-strain curves no longer changes. The dashed
lines are stress-strain curves of porcine aortas measured under similar
conditions.*” At low stress levels (20 to 50 kPa) where typical strains values are
less than 0.2, the elastic modulus was calculated to be 17546 kPa for the porcine
aorta, and 190+30 kPa for PVA cryogel with two freeze-thaw cycles. The errors
reported are the inter-sample standard deviations. An unpaired t-test (p=0.005) on
the data does not show any significant difference in the two means.

Fig. 5.1 shows that the porcine aorta's elastic modulus (i.e. slope) increases
drastically above a strain of approximately 0.5. This occurs because the collagen
matrix in the aorta limits further elongation. A simifar behaviour was not observed
with the PVA cryogel tube; but since strains above 20% are generally not observed
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Figure 5.1. Longitudinal stress-strain measurements of strips cut from PVA cryogej rings that

underwent 1,2,3,4,5 and 10 freeze thaw cycles. Data from a fresh Porcine aorta
are plotted on the same graph for comparison (dashed lines). To compensate for
the cross section area reduction during extension of the strips, the stress was
calculated as [ (1+strain) * force / (original cross-sectional area) ]. The inset is a

magnified view of the stress-strain curves at low stress and strain values.
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in vivo, this difference in biomechanical properties was not a concern for my in
vitro studies with physiological pressures. At high stress levels of 300 to 350 kPa,
where the collagen matrix is bearing most of the [oad, the average elastic modulus
for porcine aortas was measured to be 5900+1100 kPa. This value is significantly
higher than the elastic moduli (1840+60 kPa at the same stress l[evels) of PVA
cryogels tubes that underwent 4 to 10 freeze-thaw cycles (unpaired t-test with
p=0.005). The values of elastic modulus (at high stress) levels are within the
magnitude of moduli (at high stress) reported for excised human abdominal
aortas®™® (E=2600+800 kPa, from 5 normal aortas with mean age=66=11;
E=3600+£1000 kPa, from 7 aortas with aneurysms with mean age=63+13).

Since cryogel stiffness varies directly with PVA concentration, thawing
time,* number of freeze-thaw cycles, and amount of dehydration,” it is
theoretically possible to create an aortic phantom with stress-strain characteristics
similar to that of real aortas by constructing the phantom in a composite fashion
using different PVA cryogels. The concept can be visualized through the following
example: a very thin walled PVA cryogel tube with a star (or crimped) shaped
cross-section (instead of a circular cross section) is frozen and thawed at least 12
times. The star shaped PVA cryogel tube is placed into a larger annular moid and
the surrounding space is filled with PVA solution. After this moid is frozen twice,
one can visualize how the PVA tube will expand until the star shaped layer is fully
expanded into a circular form. At this point, the stress-strain properties will be
dominated by the PVA frozen many times. The dual stress-strain properties of this
mold will mimic that of real arteries.

PVA cryogel can also be used to mimic other organs or tissues since the
cryogel’s elastic moduli is controllable (approximately 100 to 1000 kPa) by varying
the number of freeze thaw cycles or the PVA concentration (not shown).

It should be noted that my method of tensile testing provides data for
relative comparisons. The cryogel volume was assumed to be conserved during
testing, and hence, a factor of (1+strain) was applied to the nominal stress
(=force/(original cross-sectional area)] and the resuitant product is shown in Fig.
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5.1. This assumption is appropriate at low strains where the specimen cross-
section decreases proportionally to the elongation. More accurate and precise
tensile test resuits can be obtained by using standardized material test methods®
which require dog-bone shaped specimens with markers placed on the narrow
section of the dog-bone.

Fig. 5.2 reveals that the thickness of the PVA-cryogel tube changes with
increasing number of freeze-thaw cycles, and reaches an equilibrium after 5
cycles. The error bars represent the measurement error in using vemier calipers
on soft materials. The dotted line represents the nominal tube thickness defined
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Figure 5.2. PVA cryogel tube wall thickness measured as a function of freeze-thaw cycles.

The nominal mold wall dimension was 3.125 mm (dashed line).
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by the mould. The manufacturing tolerances on the polycarbonate parts were
accurate to £0.38 mm. Increased accuracy can be obtained by custom machining
each piece to a specific dimension and taking into account any dimensional
changes that may occur during the freezing and thawing of the PVA solution.

From Fig. 5.2, it can be observed that the wall thickness decreased by a
total of approximately 25% after five freeze-thaw cycles. This is attributed to an
increase in PVA cryogel density after each freeze-thaw cycle because free water
is expelled from the gel as the crystallinity increases. It should be noted that the
final concentration of the PVA cryogel becomes higher, and the quoted PVA
content is correct only for the initial concentration. Although, it is reported that the
PVA cryogel wall thickness decreases with freeze-thaw cycles, it must be
emphasized that aqueous PVA solution expands during freezing just as pure water
would. Hence, creating an aortic phantom with exact dimensions is possible only
after characterizing the amount of expansion during freezing and the amount of
shrinkage after removal from the mold. It must be kept in mind that a slow thaw
rates will increase the amount of PVA cross-linking and shrinkage. For example,
Nambu®* reported that the PVA cryogel elastic modulus can be increased by
several factors by thawing samples at 1°C instead of 37°C. Hence, to obtain
reproducible PVA cryogel specimens regardless of the freeze-thaw conditions, the
manufacturing conditions should be kept identical for each specimen.

A drawback of manufacturing PVA cryogel phantoms, compared to agar or
gelatin based phantoms that set immediately when cooled, is that cryogel based
phantoms may take a few days to form depending on the required number of
freeze-thaw cycles.

5.3.2 MR relaxation times

T, and T, relaxation times of the PVA cryogel are shown in Fig. 5.3, and
their values decrease rapidly for the first five freeze-thaw cycles. Thereafter, the
T, and T, relaxation times slowly reach equilibrium values of approximately 4735
ms and 41+1 ms, respectively. The error bars in Fig. 5.3 represent the standard
deviations of relaxation values taken from 20 pixels in each pair of tubes with
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Figure 5.3. The T1 and T2 relaxation times (at 1.5T) for PVA cryogel tubes that underwent
various freeze-thaw cycles. The dashed lines indicate upper and iower bounds of
measured relaxation times for excised porcine aortas.
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identical freeze-thaw cycles. Although not shown, a single exponential fit to the
relaxation data was found to be appropriate for calculating T, and T, times of PVA
cryogels.'

For comparison purposes, Fig. 5.3 also includes the upper and lower
bounds of relaxation times for excised porcine aortas measured in a similar
fashion.”” The range of healthy porcine aortic T, and T, relaxation times can be
obtained with PVA cryogels by using 2 to 5 freeze-thaw cycles, or 2 to 3 freeze-
thaw cycles, respectively. When taking the elastic modulus into account, an ideal
number of freeze-thaw cycles is 2. This will produce a phantom with relaxation
times and elastic modulus that is similar to that of porcine aortas. Although the T,
and T, times can be modified (i.e. decreased) by the addition of paramagnetic
particles,'’ there was no need to do so in this study.

Since the PVA gels have a high viscosity, and their T, values are less than
100 ms, | am confident that the measurements using our clinical MR imagers are

4041 Because the

not susceptible to various errors reported by other authors.
cryogel properties can be affected by the thawing rate,* different T, and T, values
can be obtained even though the same PVA concentration and number of freeze-
thaw cycles are used. Since many grades of PVA are available through several
manufacturers, the exact structure, molecular weight, percent hydrolysis and
impurities will affect the final relaxation times and properties. It is recommended
that researchers be consistent in choosing their PVA.
5.3.3 Aortic phantom with dual elastic moduilus

Fig. 5.4a is a high resolution spin echo image of my aortic model with a dual
PVA structure. The phantom is inside its acrylic mold. The image clearly shows the
PVA plaque structure due to differences in the MR properties of the two PVA
cryogels where the plaque underwent 12 freeze-thaw cycles versus 2 freeze-thaw
cycles for the bulk of the PVA tube. Since the PVA cryogel's outer diameter
shrinks, a small layer of pure water can be seen surrounding the PVA cryogel
tube. [n Fig. 5.4b, the same phantom is mounted in air and its intemal pressure
increased to 47mm Hg pressure using water. Small air bubbles can be seen at the
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High resolution MR image of an aortic model with a dual PVA structure. (a) The
phantom is inside its acrylic mold. The image conditions were spin echo, 3 cm
FOV, 256x192 pixels, 2.5 mm thick, TE=30 ms, TR=1 s, 1 NEX, BW =16 KHz.
(b) The same phantom mounted in air and its internal pressure increased to 47mm
Hg pressure using water. The imaging parameters are identical to that in Fig. 5.4a.
(c) The same phantom undergoing sinusoidal motion at 1 Hz. A gated fast gradient
echo pulse sequence modified to apply DANTE tags during the pressure wave
minima was used to obtain this image. The image shown is 285 ms after the tags
were applied, and the transmural pressure was 100 mm Hg. The imaging
parameters were 20° flip angle, 3 cm FOV, 256x128 pixels, 2.5 mm thick, TE=3.4
ms, TR=12 ms, 4 NEX, BW= £16 kHz, 34 phases.
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water-PVA cryogel interface. A small film of water on the lower left still adheres to
the outer wall of the cryogel tube. On the right side of Fig. 5.4b, it can be observed
that the stiff cryogel region does not become significantly thinner as the tube
diameter expands. It is apparent that there are shear stresses at the stiff PVA-
flexible PVA boundaries. At zero lumen pressure, these stresses are not present.
Although it is unclear whether this stress situation is representative of human
plaques, the phantom motion is probably similar to that of a health artery
embedded with a stiff atherosclerotic plaque. Fig. 5.4¢c shows the same phantom
while undergoing sinusoidal motion at 1 Hz. A gated fast gradient echo puise
sequence modified to apply DANTE tags during the pressure wave minima was
used to obtain this image. The image shown was collected 285 ms after the tags
were applied, and the transmural pressure was 100 mm Hg.

Qualitatively, the elastic behaviour of the dual PVA cryogel tube is as
expected. The stiffer PVA cryogel does not distend or compress compared to the
lower elastic modulus material. Although not shown here, quantitative analysis of
the exact strain behaviour can be determined from a series of images obtained at
various phases of the pressure wave by methods proposed by other
researchers.*?*

5.4 Summary

| have developed an elastic vascular phantom using PVA cryogel
technology. The phantom (1) is inherently flexibie and tough, (2) has similar elastic
properties to that of porcine aortas, and (3) has MR relaxation times that are
similar to porcine aortas. Regions of varying elastic moduli can be placed
throughout the phantom, and under pulsatile flow, MR imaging techniques can
reveal different strains in different regions.

The simplicity of the PVA cryogel recipe along with its excellent properties
such as signal intensity, relaxation times, elasticity, and strength makes PVA a
near-ideal phantom material. A drawback of using PVA cryogel is that its outer
dimensions expands upon freezing and shrinks with subsequent freeze-thaw
cycles; however, this shrinkage is reproducible and can be compensated for.
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Although this study was limited to aortic phantoms, it is possible to create
larger distensible phantoms such as those for studying cardiac motion and flow.
The elastic properties can be adjusted to be similar to that of most tissues.
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CHAPTER 6 STRESS-STRAIN CURVES EXTRAPOLATED FROM INCREMENTAL DATA
6.1 Introduction

Atherosclerosis is one form of cardiovascular disease and resuits in the
formation of lesions or plaques in the artery wall. The lesions form in localized
patches and eventually develop into fibrous or calcified structures. Over a long
period of time, some patients display chronic health problems related to plaque
growth as the artery becomes almost fully stenosed. However, it is more serious
when the plague unexpectedly ruptures to induce the onset of acute stroke or
myocardial infarction which can result in varying degrees of paralysis or death.’
Hence, it is important to understand the fundamental stress-strain characteristics
of atherosclerotic plaques so that it may be possible to determine which plaques
have characteristic signs of occluding or rupturing.

Since the elastic properties of plaques and healthy arterial tissue are
different, it should be theoretically possible to detect early signs of fibrous and
calcified plaque growth by distinguishing differences in the elastic properties of
diseased regions and healthier regions in an artery. This chapter addresses some
of the issues related to demonstrating this theory using tensile testing and MR
imaging. Aithough the procedures are based on in vitro experiments, an effort was
made to simulate /in vivo conditions wherever possible so that most of the concepts
can be adapted to non-invasive in vivo studies of the carotid or aorta-iliac arteries
in the future.

The long-term goal is to be abie to provide a technique that is capable of
measuring the elastic properties of arteries so that it can be used as early
identification tool of young people with a high risk of vascular disease (i.e. people
under the age of 30 with risk factors such as genetic predisposition,
hyperlipidaemia, hypertension, obesity, diabetes as well as lifestyle choices of
cigarette smoking, poor diet, and lack of physical activity).?> In addition, the
development of such a technique can be used to monitor the regression or
progression of atherosclerotic and arteriosclerotic disease in people undergoing
different drug therapies.
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The technique presented in this chapter is demonstrated using in vitro
samples, and involves the procedures and equipment described in the previous
chapters.>**¢  An important mathematical relationship that correlates
incremental stress-strain data with exponential uniaxial stress-strain curves is also
presented. This relationship will provide researchers who are measuring
incremental elastic modulus with 1) an improved fundamental understanding of the
behaviour of arteries in dynamic motion, and 2) a technique to compare
incremental elastic properties measured by different researchers, independent of
the experimental conditions from which they were obtained. To the best of my
knowledge this is the first application and demonstration of a technique correlating
incremental properties with material stiffness data (i.e. stress-strain curves). This
work differs from other researchers who have studied the structural stiffness of
arteries (which is dependent of pressure level and wall thickness) by modelling the
pressure-radius’ or tension-radius curves.®

In order to present this information in a logical fashion, this chapter is
separated into four sections:

1. The theory section describes an existing method of measuring gross
incremental properties and show its limitations for detecting local elastic properties.
An explanation is given on why incremental data from one set of experiments may
not be compared to other data unless they were performed under similar
conditions. An exponential model that can be used to describe arterial stress-
strain curves is presented, and by modifying the exponential modet it is possible
to use incremental data to extrapolate a complete exponential stress-strain curve.

2. The experimental methodology is described in Section 6.3. First a
description of specimen preparation is given. Next, | describe how tensile tests are
performed to determine the two parameters in the exponential model. Incremental
tensile tests were also performed to validate the proposed extrapolation model.
This is followed by the description of experiments using in vitro high resolution MR
imaging to measure arterial displacement in pulsatile specimens. To follow the

local strain within the sample wall, a description of image processing is given.
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3. In the results section, the parameters for the exponential model are
obtained for PVA cryogel and porcine aortas from tensile stress-strain curves.
Incremental tensile tests demonstrate the success of the extrapolation model as
well as its limitations. Incremental tests on PVA phantoms and aortic segments
measured using MR tagging®'®'"'>'3!* were obtained to measure of the
local elastic properties. | demonstrate through one simple experiment that
paradoxical results can arise from incremental moduli data when the stresses are
not known. The inconsistency was resolved by using the extrapolation method
derived earlier.

4. | discuss and summarize my work as well as present some of the
limitations in using my technique. Suggestions for future improvements and
quantitative analysis are also described. A short discussion is also made on the
potential of extending this theory to other imaging modalities which are currently
being used to measure incremental moduli.

6.2 Theory
6.2.1 Incremental Modulus of Tubes

In the field of material science, the elastic properties of a material are
commonly represented through the uniaxial stress-strain curve. The definitions for
stress and strain are, unfortunately, not consistent in the literature. Often the
definitions of strain are chosen to simplify a particular mathematical model, and
only in the low strain regime do the different strain formulae produce similar
values.'®'® Hence, one should be ciear on the definitions of the terms and the
specific reasons for these definitions.

Materials that have a linear stress-strain relationship are considered to obey
Hooke's Law of elasticity. In such cases, the slope of the stress-strain line is
defined as the elastic modulus and is one quantitative measure of material
stiffness. Most stiff solids at very low strains do exhibit a linear elastic relationship.
However, for the case of complex biological materials such as arteries, the stress-
strain relationship is non-linear, and it is impossible to quantify the modulus with
a single quantity. Despite this fact, many researchers have chosen to use an
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incremental modulus at a specific stress level as one method of describing the

material stiffness. The incremental modulus for samples that have a tubular shape

|17.18

such as arteries, is given by Berge as

_ P - P 2(1—v2)l':?,‘=2 R,

E_| = (6.1)
mclpz Ho, - Ra, Ra,2 - Hi,a

where P is the pressure, v is Poisson’s ratio, R, is the internal radius, R, is the
outer radius, and the subscripts 1,2,3 represent successive measurements of
pressure and radius. For Example, if R, and R, were measured at three different
pressure levels, the middle value of R, and R, is given the subscript 2 while the
first and last measurements are given the subscripts 1 and 3 for P, R, and R,

It is possible to simplify Eq. 6.1 by replacing the radius measurements with
the subscript 2 by the average of the radius measurements with subscripts 1 and
3. One should be cautious in using Eq. 6.1 because the assumptions for the
vessel include (1) circular symmetry with respect to geometry and material
properties, (2) linear elastic behaviour, (3) thin wall, (4) homogeneous and isotropic
properties, (5) undergoing low strain, and (6) no longitudinal strain. For samples
that do not follow these assumptions, the calculated E,. may have limited value.
A full appreciation for the assumptions required in deriving Eq. 6.1 can be obtained
through the geometric derivation of this equation.'*2#

Several researchers®®®?* have modified Eq. 6.1 by replacing the
internal and external radii measurements with internal and external circumferential
(¢, and c,, respectively) measurements to get

2
E =2(1-w) R %% (6.2)
dco c: - C,'Z

where dc, is the change in outer circumference due to a change in the internal
pressure dp. The advantage of making this substitution is to increase the
measurement accuracy when the exact centre of the vessel cannot be determined
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accurately. Eq. 6.2 is also less sensitive than Eq. 6.1 to inhomogeneities and non-
circularities around the circumference of the vessel wall. On the other hand, Eq.
6.1 has the advantage of representing the properties at the specific angular
location at which the radii are actuaily measured.

Even if the samples meet all of the assumptions, E,,. does not represent the
behaviour of the vessel wall at other stress levels because the stress-strain
behaviour is not linear. In fact, E, . does not even represent the slope of the stress-
strain curve at the same stress level. Fung et al®*'® reported that the incremental
modulus is determined by incremental experiments and "is not equal to the tangent
of the loading or unloading tensile curve" at equivalent stress levels. Fung® also
noted that some researchers "carelessly identify" E,. with the tangent, E, (i.e.
elastic modulus)® of the stress-strain curve at the same stress level.?’ Milnor®®
explicitly states that E, . "gives results quite different from calculations in which
unstressed length is the strain denominator”. It can be debated whether E or E .
is the more important modulus; however, these two quantities can be related to
each other through a simple mathematical formula as shown in Section 6.2.4. For
now, it is sufficient to say that E,. should only be compared to incremental
modulus data derived from incremental experiments performed and calculated in
a similar fashion.

The next section defines stress and strain from first principles, and
presents one exponential model to represent the full uniaxial tensile stress-strain
curve. By using the definitions of E,. and E, the mathematical model is modified
to permit incremental data to be extrapolated to obtain a full exponential stress-
strain curve. The exponential stress-strain curve can be used subsequently to
describe the elastic behaviour of the blood vessel wall at all stress levels.

6.2.2 First Principles: Exponential Stress Strain Relationship

In general, a uniaxial stress-strain curve can be generated from tensile
testing of artery specimens. This type of testing consists of mounting strips of
arterial material between two grips. One of the grips is fixed to a load cell, while
the other grip moves at a constant rate away from the fixed grip. The total distance
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between the jaws is measured as well as the load. This basic ex vivo test has
been used innumerable times over decades of research into arterial biomechanics
and has yielded fundamental knowledge about the elastic behaviour of arteries.

The following are some basic definitions of stress, strain, and modulus. A
few major references are included; however, it should be kept in mind that different
symbols and terminology can be found in the literature to define the same
quantities. In the work presented here, the dimensions of all quantities are in SI
units, except when specified otherwise.

In a stress-strain curve, the tensile stress® (i.e. engineering stress) is

defined as
F
T=_" 6.3
y (6.3)

o

where F= applied force, and A, is the original cross-sectional area with no load
applied. (A, is measured in a plane perpendicular to the direction of the applied
force.)

The strain®®® (also known as engineering or absolute strain) is defined as

- oot 4 (6.4)

where L is the total length of the specimen at some applied load T, and L, is the
original length at no applied load.
For arteries, one simple physiological model used to describe uniaxial

tensile data is given by:”'%%

T=(B-T") exp(a (e-€7)) - B (6.5a)

where o and B are characteristic parameters of the material and (¢, T) is a point

that the stress-strain curve is constrained to include. When & and T  are both zero,
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Eq. 6.5a can be re-written as
T =B ( exp(og)- 1) (6.5b)

Fig. 6.1 shows that o can be thought of as an exponential stiffness parameter
since higher values of o« (varying typically from 1 to 10 for artery walls) reflect a
material with a more rapidly rising stress-strain curve. B on the other hand, can be
defined as a scaling parameter as revealed in Eq. 6.5b. Fig. 6.1b shows that the
initial slopes of the stress-strain curves are strongly dependent on f3.
Improvements to Eq. 6.5a may be obtained by using a set of two

1530 where one equation represents the lower stress data,

exponential equations
and the other equation represents that higher stress data. However, for this work,
Eq. 6.5b is sufficient as long as the stress T is maintained within a normal
physiological range.
6.2.3 Elastic Modulus

The next three sections are provided for background purposes only. More
advanced readers will see that the value and application of Eq. 6.5b continues in
Section 6.2.6. For linear stress-strain relationships, the material stiffness has
traditionally been characterized by the elastic modulus (i.e. slope of the stress-
strain plot). Medical researchers have often made several simplifications to the
non-linear arterial stress strain curve in attempts to report a single value to
represent the artery wall stiffness. The following describes some of these
simplifications.

Since any non-linear curve can be divided into small linear segments. As

shown in Fig. 6.2, the slope of the | linear segment, E_,,, can be defined as:

g.j*

T -T
Eol &) = _’e_"‘ , where j=1,2,3,...n (6.6)
g -
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Figure 6.1. A theoretical example of how stress-stress strain curves depend on the

parameters o and B. In (a), a is varied from 0.94 to 3.35 with f fixed at 64.759
kPa. The bottom plot (b) varies B by factors of 10 with a fixed «=5.87.
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data. Note that the slope of the incremental data is higher than the slope of the full

stress-strain curve at the same stress level.
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Note at E 4 (¢;) is approximately equal to the elastic modulus E (i.e. tangent to the

stress-strain curve):

g ~ 8/-1) - _d_7_-| e (6.7)

Ewg®) = E ( 2 de ==

Hence, if one calculates E,(g), this can be considered as a measure of the
material stiffness at a strain of (g+¢,,)/2. This information is useful to know
especially if (¢g7+¢;.,)/2 is within the typical strain range which the material normally
experiences.’

Measuring E,, (¢, is relatively simple in ex vivo or in vitro experiments since
g can be determined by applying Eq. 6.4 with L, measured with no external load.
However, from in vivo experiments, it is usually impossible to measure E, (g)
because the zero load length L, is not known.*® The implications of this fact are
discussed further in the next section.
6.2.4 Incremental Stress-Strain Data

The diameter or cross sectional a pulsating artery can be obtained using
ultrasound,®33  MR%¥%®  or X-ray® imaging modalities. One generally
obtains a series of images of the artery cross section at different stages of the
cardiac cycle. Assuming there are two identifiable points that can be used to track
local dimensional changes, then the incremental strain can be written as*

e =..__._.L"-L‘=_Li—1 (6.8)

inc, i L1 L1

where i is the image number, L, refers to the total distance (i.e length) between the

°Aside: Because E,,, is the ratio of stress and strain, and stress is a function
of strain (see Eq. 6.5b), the modulus is also a function of strain. However, modulus
is traditionally not reported with an associated strain level, rather it is reported with
an associated stress level. Hence for consistency of reporting modulus values, we
will also report modulus with an associated stress level, and only for our
mathematical analysis will we express E as a function of €.
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two identifiable points in the i, image, and L, is the length measured in the first

{" who

image. Eq. 6.8 differs slightly from the definition used by Milnor*® and Berge
used the mean length as the denominator of the incremental strain term. If the
incremental tests are performed over increasingly smaller strain ranges, Eq. 6.8
will approach that of Milnor's definition.?®

Note that g, for i=1 will always equal zero by definition. Assuming that the
stress T, at a point mid-way between the two identifiable points can be calculated
for each image, then as shown in Fig. 6.3, a plot of T, verses g, will produce an
approximately straight line (for a small range of g,.) with a slope equal to the

incremental modulus

T, - T
Emc = Einc,l = e - 8-1
inc,i ing.1 (6.9)
AR
( Lf - L‘I )

where the subscript i is the image number and ranges from 1,2,3,...,n.
Combining, Egs. 6.4, 6.6 and 6.7 gives E, =L, (T,-T_,)/(L-L,) = E. If we let
j=2, and compare the result with Eq. 6.9 with i=2, we get E,_=E(L,/L,) for equal
stress levels. The same results can be obtained by using infinitesimally small
steps. Note that E,_ is always higher than E, and that as L, becomes much larger
than L, the difference between E,. and E becomes larger. These results
emphasize the importance of using E, and not E, for accurate estimation of the
slope of the stress-strain curve.
6.2.5 Relating Incremental Data to the Exponential Stress-Strain Curve
As explained earlier, in vivo imaging can be used to calculate g, ; data. To
derive a full stress-strain curve from incremental data, it is necessary to convert
to . This can be accomplished by combining Eq. 6.4 and Eq. 6.8 to obtain

einc.i
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e - TE _y (6.10)

inc,i 1 . 81

or rearranging:

g =(1+g)(1+g.;) -1 (6.11a)

!

- L
where g, = b - 2 = .é‘. -1 (6.11b)

o

and ¢, is generally unknown. Fortunately, €, can be approximated if the material’s
stress-strain relationship can be described by Eq. 6.5b and the constant B is
known. (The implication of using an incorrect B is described in the Results and
Discussion).
6.2.6 Estimating o and g

In imaging experiments, one calculates incremental strain by measuring
some specific length L, as a function of pressure P,. Thus, substituting Eq. 6.4 (with
L=L) into Eq. 6.5b gives:

L -L,

i

L

[}

T.=Bexp(a ) -B (6.12)

Eq. 6.12 can be rearranged as

L T,
L="0In(-i~1)-L, (6.13)
o B

1

It is clear from Eq. 6.13, that a plot of L, versus In(T/B+1) will yield an intercept
equal to L,, and a slope of L/o. Because L, has been determined, &, can be
directly calculated from Eq. 6.11b.

When re-analyzing other research papers, the original L; data may not be
available, but instead only &,.; is available. In this scenario, it is still possible to
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calculate a and g, by substituting Eq. 6.11a into Eqg. 6.5b, and rearranging to get:

1

=  _In( !

1) (e - 6.14
a(1+g) B (1*51 H) (6:14)

Einc,i
Now a plot of g, ; versus In(T/B+1), yields an intercept of (1/(1+¢,)-1) and a slope
of 1/(a(1+¢,)).

Thus, given a set of T, and g,,.; (or L) data, it is possible to determine « and
g, assuming a priori knowledge of the material scaling parameter . A full
exponential stress-strain curve can then be plotted (see Fig. 6.1). Thus by
calculating o, one obtains a complete description of the material stiffness which is
more valuable than just a single modulus value, such as E,. or E,, at a
corresponding stress level, T.
6.2.7 Slope and Error in the Fitted Exponential Curve

For comparison purposes, it is often desirable to calculate the slope of the
fit stress-strain curve, E;, at a stress T. This can be accomplished by taking the
derivative of Eq. 6.5b as:

E, = Cj_g = af exp( o ) (6.15a)

By rearranging Eq. 6.5b to obtain €, and substituting it into Eq. 6.15a, one can
show that:

E, =ap explal In(-L - 1))
a B

(6.15b)
=a(T-B)

From Eq. 6.15b, the slope of the stress-strain curve can be calculated at any

stress level, T. For example, at high stresses (i.e. T >> B), Eg is proportional to oT.

Similarly, it can be seen that the initial slope at T=0, is Eg r,=af. It will be shown

later that for arteries, aff is dependent on elastin-collagen matrix at zero load and

can be considered as a constant.
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It is possible to estimate the percent error in a calculated using incremental
data compared to o calculated from having a full stress-strain curve. By modifying
Eq. 6.15b for a constant T, and assuming f is a perfect fit to the actual data, it can
be shown that:

- AE
%0, = 10024 - 100 i

(6.16)
Ly Oy ( T+B)

where %a,,, is the percent error in a, o, is the best fit exponential stiffness
parameter to the full tensile stress-strain data, and AE,; is the absolute difference
between E;, and E at the stress level T. Thus it is clear that errors in o are
proportional to the difference in the slopes of the fit curve and the real data at the
same stress level. Eq. 6.16 assumes that B is a perfect fit and the full data is
exponential as described by Eq. 6.5b. In reality, Eq. 6.5b only approximates the
data so that §§ is only an estimate and hence, this is another source of error for ct.

Although o can be used to describe a full exponential stress-strain curve,
it should be kept in mind that o« was calculated from a limited amount of
incremental data. Hence, a should be considered as being extrapolated from the
incremental data.
6.2.8 Stress Calculations for Thick Walled Tubes

In the Section 6.2.2, | described how the stress is calculated in uniaxial
tensile testing. To compare the uniaxial tensile data with incremental stress-strain
data from tubular phantoms or arteries, one needs to be able to calculate the
stress within the artery wall. Since this thesis only deals with the stress and strain
in the circumferential direction, it can be shown that at a radius r in a pressurized,
cylindrical, isotropic, thick walled, elastic tube, the circumferential stress, T,, is

given by:20218
2 2

T, = P A (1~ Ao ) (6.17)
Raz - Hia rZ

Because the material was assumed to be isotropic, this equation is only




130

valid away from any discontinuities where shear stresses must be considered. | will
use Eg. 6.17 to obtain stress from pressure and radius measurements to
determine the exponential stiffness parameter. Aithough Eq. 6.17 was derived for
a linearly elastic body, | assume that it is a reasonable estimate of circumferential
stress in the exponential model for the somewhat linear region below the heel of
the stress strain curve. Improvements in Eq. 6.17 can be made by using Eq. 6.5b
instead of Hooke's law of linear elasticity®®?"'? in its derivation. However, the
analytic solution becomes more difficult, and numerical methods must be applied.

In using Eq. 6.17, it is necessary to have a center reference point so that
radial distances can be obtained. In real specimens, the wall thickness is not
generally constant, and thus the center is not well defined. In this work, the center
was arbitrarily chosen as the best fit circle to the inner lumen wall. For stress
calculations this choice is acceptable since it is not necessary to accurately know
the precise center. For exampie, the radial distances in high resolution MR images
are typically 60 to 80 pixels and thus an error of 1 or 2 pixels in the center location
resuits in a small stress error of approximately 1 to 3%.
6.3 Methods

In order to validate the proposed theory, the methods section is sub-divided
in to five different parts. In Part A, the preparation of the samples is described.
These include fabrication of PVA cryogel phantoms into tubes that (i) are straight,
(i) have a cosine stenosis, and (jii) have dual elastic properties. [n section (iv), the
preparation of intact porcine aortic sections are described. In Part B, fuil uniaxial
tensile tests were performed on strips of PVA cryogel and porcine aortas so that
the average f could be determined for each of the material types. in Part C, some
of the specimens used in Part B were also subjected to incremental tensile tests.
These experiments permitted us to validate the extrapoiation method. In Part D,
| describe a specialized MR imaging system required to image dynamic arterial
specimens and phantoms in vitro. in Part E, post processing techniques required
to determine the geometric dimensions of (i) cylindrically symmetric PVA phantoms
and intact porcine aortic sections, and (ii) PVA phantoms with dual elastic
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properties are explained. Finally we describe how MR tag lines are used to
measure length (and hence strain) from image to image.

6.3.A Phantoms and Specimens

6.3.A.i Straight PVA Cryogel Tubes

An aqueous solution of 15.0+0.2% by weight PVA (available from Business
Development Office, London Health Sciences Centre, London, Ontario N6A 4G5)
was poured into annular polycarbonate molds to produce phantoms with
dimensions 15.2 ¢cm long, 19.1 mm O.D. and 12,7 mm |.D. Each tube was air
cooled to -20°C for 10.5 hours and then thawed using an air temperature of 25°C
for 9.2 hours. Each tubes was given a different number of freeze-thaw cycles®
ranging from 1 to 10.
6.3.A.ii PVA Cryogel Tube With Cosine Stenosis

In this section a technique of manufacturing a distensible tube phantom with
a cosine stenosis is described. This tube will be used in MR experiments to verify
that incremental elastic measurements can be extrapolated to give exponential
stress-strain curves.,

An aluminum rod 9.52 mm diameter by 28.2 cm long was lathed in such a
way that a cosine shaped narrowing was formed into the rod. The exact shape of
the narrowing can be described using the following equation for the rod radius in
units of mm: r,,,=4.07+0.69cos(2n(x-202)/16.7), where x is the longitudinal distance
along the rod and ranges from 202 mm to 218.7 mm. This rod was placed inside
a polycarbonate tube (15.9 mm I.D., 22.2 mm O.D., and 22.8 cm long) and centred
using rubber O-rings. The space between the tube and rod was filled with a 15%
PVA solution. The complete mold assembly was frozen twice. This created a
phantom with a cosine stenosis near the distal end of the mold. Fig. 6.4 is a

schematic of the mold shape. A total of four phantoms were made and tested.

® Chapter 5 reported that the elastic properties of PVA cryogel can be adjusted
by freezing and thawing, and that 2 freeze-thaw cycles produced a material that
has similar properties to porcine aortas.’
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6.3.A.iii Aortic Phantom With Stiff Elastic Plaque (Dual PVA Phantoms)

A straight PVA tube (from Section 6.3.A.i) that underwent ten freeze-thaw
cycles was split longitudinaily into two equal pieces. One of the pieces was placed
longitudinally into another mold of the same dimensions, and the surrounding
volume filled with 15% PVA solution. This mold was then frozen and thawed twice.
The new phantom had approximately half of its circumference made with 15% PVA
cryogel frozen twice, and the remainder was a stiffer PVA cryogel frozen 12 times.
A total of four tubes were made.
6.3.A.iv Porcine Thoracic Aortic Specimens

Porcine aortas were excised from 6 month old pigs at a local abattoir. The
specimens were stored in moist air for approximately 11 hours at 4°C. After this
time, the surrounding connective tissue from the thoracic aortas were removed.
Only sections from intercostais 3 to 6 were used due to the straightness of this
region. The specimens were then stored in 0.9% saline solution for another 74
hours before MR imaging or tensile testing as described below.

6.3.B Tensile Testing to Determine j
6.3.B.1 PVA and Porcine Aortic Strips

Circular rings approximately 7 mm wide were cut from porcine upper
thoracic aortas (between intercostals 3 to 6) or straight PVA cryogel tubes. Each
ring was cut longitudinally to form a strip 7 mm wide. Thickness and
widthmeasurements were made using calipers. Each end of the strip was mounted
to grips so that the tensile properties in the circumferential direction®® could be
measured. The PVA cryogel samples were tested while submersed in water to
prevent dehydration. For this same reason, the aortic strips were submersed in
0.9% saline solution during testing. Differences in the stress-strain properties of
arteries as a function of test speed have been reported to be insignificant.”°
Hence, in this work, an elongation rate of either 2 or 10 mm/min was used. The
specimens were pre-conditioned by cycling the applied load at least four cycles
before any tensile data were collected. For complete stress-strain curves, the load
was cycled from 0 to 400 g.
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Figure 6.4. A schematic diagram of the cosine stenosed mold used to form a two diameter
phantom.
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Figure 6.5. A schematic diagram of the equipment necessary to provide in vitro dynamic

studies of aortic phantoms and arteries. In the diagram, everything to the left of the
pressure sensor is inside the MR room. The specimen holder is mounted in an RF
coil and placed inside a high resolution gradient coil set centered in the bore of the
1.5T GE Signa MR magnet (not shown).
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6.3.C Incremental Tensile Testing

Some of the PVA and porcine aorta specimens tested in section 6.3.B were
also tensile tested by increasing the load from O g to a preset maximum, and then
cycling from the maximum load to 50 g less than the maximum load. Eight different
maximum loads were used: 50, 100, 150, 200, 250, 300, 350, and 400 g. An
elongation rate of 10 mm/min was used. The specimens were pre-conditioned by
cycling the applied load at least four cycles before any tensile data were collected.
In all cases the complete stress-strain curves from 0 to 400 g was also recorded.
6.3.D MR Imaging System
6.3.D.i MR Imaging

All imaging was performed inside a water cooled gradient coil with a peak
strength of 50 mT/m. A gated fast gradient echo pulse sequence (G.E. Signa 5.4)
was modified to allow the option of applying DANTE (Delays Alternating with
Nutations for Tailored Excitations'®) tags after detecting a trigger signal from the
computerized pump. The trigger was set to occur when the diameter of the
pulsating specimen was at its minimum. The MR imaging parameters were: 20° flip
angle; 3.4 ms TE; 16 kHz receive bandwidth; 2 k-space lines collected per
segment, 33 images per cardiac cycle, 8 NEX; 2.4 cm FOV, 2.5 mm thick slices;
256x128 pixel resolution. Total scan time was 8 minutes and 34 seconds.
6.3.D.ii MR Tags

The DANTE preparation parameters were: 4 hard RF pulses, with pulse
spacings of 1500 us (250 us on and 1250 us off). The RF power was adjusted to
give a total of 90° flip after the fourth RF puise. The tag spacing in the image
(chosen to be 2 mm over a 24 mm FOV) was controlled by adjusting the amplitude
of trapezoidal gradient pulses applied between each RF pulse. After the last RF
pulse was applied, a full strength crusher gradient was used to dephase any
remaining transverse magnetization. Although tags in two directions could be
applied, | chose to use unidirectional tags in the frequency encoding direction
only.*' Each experiment was performed twice, with the frequency encoding and
the phase encoding directions swapped for the second set of images. This yielded
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sharper tags and permitted simpler tag locating algorithms to be implemented. In
addition, the time required to apply one directional tags is half of that required to
apply two directional tags. Superposition of the two orthogonal tag locations yields
tag intersections that can be tracked precisely. Because this method requires 2
sets of images at a resolution 256x128, the imaging time is the same as that of a
256x256 image, yet the post processing is significantly simplified.*’ The
drawback in using two sets of orthogonal directional tags to form a cartesian grid
is in the assumption that the motion is reproducible between the two sets of
collected images, and that there are no phase errors in swapping the frequency
and phase encode gradients. This drawback was not a concern in this study since
the intersection of the outer boundaries of the arterial specimens (and phantoms)
with the one directional tags were chosen for the length (and strain)
measurements.
6.3.D.iii MR Compatible Pulsatile Pumping System

A schematic diagram of the system is shown in Fig. 6.5. A computer
controlled pump filled with trichlorotrifluoroethane® (R-113) was used to generate
sinusoidal pressure waves with an amplitude of approximately 4 to 5.3 kPa (30 to
40 mm Hg) at 1 Hz. The height of the pump reservoir was adjusted to provide
mean pressures near 13.3 kPa (100 mm Hg). To obtain the proper pressure
waveform, the optimum flow rate, Q,, for the pump was set to deliver Q=(6-
Bcos(2nt)) ml/s, where t is the time. R-113 was used because it has no hydrogen
protons, and thus did not contribute to any flow artifacts in the in vitro experiments.

The transmural pressure at the centre of the specimen was transferred to
a solid state pressure transducer (Model PX26-005GV, Omega Engineering,
Stamford, CT) using 45 cm of 1.56 mm 1.D. polyethylene catheter tubing. The
pump computer program was programmed to provide a trigger signal to the MR
scanner to indicate when the specimen was near "diastole” (i.e. minimum
diameter). All specimens were mounted horizontally and surrounded with 100%
humid air at 20°C.
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6.3.D.iv Pressure Data

The gated pressure data were collected before and after MR imaging and
averaged and fit to a cosine waveform by using a least squares fitting routine. The
cosine waveform equation was

P = Py - Pycos( ot +¢,) (6.18)

where P is the measured pressure, P is the mean pressure, P, is the amplitude
of the pressure wave, o is the frequency of the pressure wave in radians per
second, and ¢, is the phase shift. The pressure at the time of the image data
collection was calculated from the fit equation.

In phantoms where the imaged inner diameter was different from the
diameter where the catheter probe was located, the pressure at the imaging
location was estimated by applying a modified Bernoulli's Equation:

p, V2 A
Pi=P+ = (1'7,.) (6.19)
where P, is the lumen pressure at the imaging plane, A, is the lumen cross
sectional area at the imaging plane, A is the cross sectional area of the lumen
where the catheter is located (not including the catheter itself), p; is the density of
the fluid, and V is the average fluid velocity at the catheter location. V is calculated
as the pump flow delivery rate Q, divided by A. In general, these corrections were
always less than 2% of the actual pressure.
6.3.E Post processing
6.3.E.i Geometric Dimensions of Cylindrically Symmetric Vessels

All MR images underwent post-processing so that the inner and outer edges
of the specimen cross-sections could be accurately determined. The procedure for
each image was as follows. 1) All pixels with intensities less than the mean noise
level were set to zero. 2) A Sobel operator edge detection algorithm*? was used
to create a binary image which assigned a value of one to all edges in the original
MR image. Pixel growing techniques could not be used to find the inner and outer
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walls in the binary image because the DANTE tag lines caused the lumen wall to
have discontinuities. The binary image was superimposed onto the original image
so that 3) a semi-automated process could be used for finding the locations of 12
points around the circumference of the binary image. | manually picked 12 points
nearthe edge of the binary circumference, and the computer determined the exact
pixel location of the nearest edge point. This process was repeated for both the
lumen and outer walls in the image. 4) The inner and outer picked points were fit
separately to a rotated ellipse in a least squares minimization program to find (with
sub-pixel accuracy) the centre coordinates X, and Y, the ellipse dimensions a and

b, and the major axis rotation angle © based on the equation:

Xy (XYoo (6.20)
a b

where X"=Rcos(-0), Y"'=Rsin(-0), and R=[(X-X,)* +(Y-Y,)*]"% and X and Y are the
corresponding cartesian coordinates from the 12 picked points. | chose ellipses
rather than circles so that any non-circularities couid be accounted for. Most data
sets showed a nearly circular form. 5) From the ellipse parameters, the
boundaries of both inner and outer walls were interpolated back to X-Y coordinates
at regular angular intervals of 0.05 radians (2.86°) with respect to each ellipses’
centre coordinates (from the fitting routine). This produced 125 points (with sub-
pixel accuracy) describing the inner and outer boundaries. 6) Before any radius
measurement could be made, it was necessary to pick one reference point in each
image. This point was arbitrarily picked as the centre of the best least squares fit
circle to the twelve inner wall points picked in step 3. 7) With this reference
centre, the 125 X-Y points of the inner and outer walls were converted to polar
coordinates, and the corresponding inner and outer radii recorded at 125 equal
intervals.
6.3.E.ii Dimensions of Dual PVA Phantoms

Samples with a dual PVA structure were treated slightly differently than the

more homogeneous samples. For these phantoms, there were essentially four
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different surfaces that had to be fitted: The inner and outer walls of the flexible
PVA cryogel (frozen twice), and the inner and outer walls of the stiff PVA cryogel
(frozen 12 times). Hence, four different rotated ellipses were fitted to the semi-
manually picked points described above. To separate points belonging to the stiff
or flexible PVA, the program asked that the boundary of the stiff material be
selected. With this information, the complete boundary in cartesian coordinates
could be reconstructed with sub-pixel accuracy. To measure the radius of this non-
symmetrical boundary, the reference center point in each image was the centre of
the circle that best fit all of the picked points of the inner wall.

6.3.E.iii Tag Intersections and Length of Lines

Although sophisticated tag locating algorithms have been developed as the
basis of several major studies,*®****447 | chose to simplify this study by
magnifying the images and manually selecting a vertical tag centre near either the
inner and outer boundaries. A simple algorithm interpolated the fitted X-Y boundary
to locate the exact intersection with the selected vertical tag. Images with
horizontal tags were first rotated 90° and then treated in the same fashion.

Fig. 6.6 shows a schematic of how a line AB with length L, can be
decomposed into radial and circumferential components. If the angle of line AB is
®,, and the angle of the radial axis is ‘P, then line AB can projected to have a
radial length L=L"cos(¥-® ) and a circumferential length Lg=L"sin(‘¥-® ). The
radial axis is defined as the line from the centre reference point to the midpoint of
line AB. This methodology ignores any changes in length due to shearing.

6.4 Resuits and Discussion
6.4.A PVA Cryogel Phantoms

The fabricated PVA phantoms were found to (1) be flexible and tough, (2)
have similar elastic properties to that of porcine aortas, (3) be fully compatible with
the pumping fluid R-113, and (4) have MR image intensities similar to porcine
aortas. The PVA cryogel was found to be easily adaptable to pumping systems
without leaking; thus the PVA cryogel was considered as the ideal phantom
material for this study.




Figure 6.6.
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A schematic diagram showing how the length of a line segment (thick line) defined
by two points in a cartesian coordinate system can be described in a polar
coordinates based on a reference point (i.e. [lumen center).
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Stress-strain curves for PVA cryogel frozen 1, 2, 3, 4, and 10 times. The
measured data are the dashed lines and the least squares fitted data (with § fixed
at 64.759 kPa) are the solid lines. The + symbol is the best fit line representing
porcine aortas as described in the next section.
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Table 6.1. Stiffness parameter, a, for PVA cryogel as a function of freeze-thaw cycles. The

scaling parameter, B, was assumed to be 64.759 kPa. The values in brackets are

the percent deviation from the mean c.

16% PVA Cryogel, | mean & | pnec Range of a4
times frozen (% from mean a)

1 0.94 0.49 (52) 1.43-0.71

2 1.72 0.74 (43) 2.44-1.26

3 2.53 1.22 (48) 3.75-1.94

4 3.00 1.38 (48) 4.38-2.28

5 3.14 1.43 (46) 4.57-2.44

10 3.35 1.52 (45) 4.87-2.60
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6.4.B § From Tensile Tests

As described in the theory section, my hypothesis depends on knowing the
scaling parameter B for various classes of materials. For these reasons, § was
measured for 15% PVA cryogel and for porcine thoracic aorta.
6.4.B.1 B For PVA

Fig. 6.7 shows typical stress-strain curves for PVA cryogel frozen 1, 2, 3,
4, and 10 times. A non-linear least squares fit to Eq. 6.5b was performed on these
samples as well as 8 other stress-strain curves from 15% PVA cryogel (frozen
twice) samples. After the optimum o and B for each sample were determined, the
average B and its standard deviation were caliculated to be 64.759 + 35.017 kPa.
Using this average B for PVA cryogel, all of the stress-strain data were fit to Eq.
6.5b with o allowed to vary. The results are shown in Table 6.1. For example, the
15% PVA cryogel frozen twice had an average o of 1.72 and a standard deviation
in o of £0.37 (n=9).

An alternative estimate of the error in the o parameter is obtained by
calculating the best fit o given a fixed B increased or decreased by one standard
deviation compared to the average (i.e. 99.776 or 29.742 kPa). The maximum
difference between these new o values and the original o (with average =64.759
kPa) is reported in Table 6.1 as 0., » the error due to 3. As shown in Table 6.1,
Cgmax Was approximately 43 to 52% of the average a. value for all PVA samples.
Hence the error in o can be quite substantial; however, because g m,, is known,
it is possible to estimate a lower and upper bound to the estimated o due to
having an incorrect 8. To gain a full appreciation of the true errors, a full
quantitative error analysis should be performed.
6.4.B.2 B From Tensile Tests of Porcine Aortas

A similar procedure was used to determine § for porcine aortas. The stress-
strain data from 28 samples (four pieces of aortic rings from 7 different aortas)
where fit to Eq. 6.5b and values for o and f extracted from the fit. The average
was determined to be 7.357 + 3.935 kPa. Using a fixed § of 7.357 kPa, all of the
stress-strain data were then fit to £q. 6.5b to find the best o. The average a and
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standard deviation from all 28 porcine stress-strain curves was 5.87 £ 0.72.
Typical tensile testing data from the porcine aortas are shown in Fig. 6.8. The
numerically best fit line falls within the range of most cf the experimental data. At
low strain levels (e=0 to 0.3), the fit curve underestimates the stress. Qualitatively,
it is apparent that the single exponential model is not ideal for porcine aortas, and
should only be considered as a first approximation to the data.

Regardless of the shortcomings of the exponential model, | propose that at
low stresses. i.e. below the heel of the stress-strain curve (i.e. 75 kPa), the
application of Eq. 6.5b is adequate. This is a reasonable assumption because at
higher stresses, the specimen would be in a state of hypertension and the strain
on the artery would be limited by the collagen matrix within its wall. This higher
stress range is not the normal physiological regime that | wish to study.

In addition, improved methods of choosing the average B may be needed.
| arbitrarily took the average B of 28 different stress-strain curves. It may be more
appropriate to subdivide'® the stress-strain data into a high stress region and a low
stress region, and then determine a B for each region separately. Or perhaps a
more sophisticated multi-parameter mode! can be used to fit the actual data.*®®
Unfortunately, the parameters in such models have no direct physical meaning.
Although Wuyts et al*® proposed a sophisticated mathematical mode! with each
of its 8 parameters representing different physical properties of the structural
components found in arteries, 4 of the parameters had to be measured from
histological studies of the individual specimens, and the other 4 parameters were
numerical fit from experimental tension-radius curves performed using ex vivo
segments.

Physiologically, it is reasonable to assume that the product af is nearly
constant for arteries from the same age group. Arteries with similar compositions
have similar initial slopes in a stress-strain curve because the elastic behaviour of
arteries at low stress is controlled by the energy required to strain a composite
mixture of elastin and collagen above its zero-load state. For example, the 28
porcine aortic stress-strain curves in this study had an average initial siope, o8, of
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Stress-strain curves from 28 samples of porcine aortas are shown by the dots. The
solid line is the theoretical fit line using Eq. 6.5b with «« and B equal to the average
of the values from the 28 individual fits. Since the theaoretical line does not closely
mimic the true stress-strain data, it is apparent that the single exponential model
may not be the best model to use.
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43 kPa. This compares favourably with the initial slopes of stress-strain curves of
aortas measured from data extracted from He et al® (E.,~ 37 to 75 kPa);
Storkholm et al®' (E;,~ 58 to 104 kPa); and Roach and Burton® (E;_, 14 to 65
kPa).

6.4.C Incremental Tensile Testing

6.4.C.1 Incremental Tensile Testing for PVA

In order to evaluate how well incremental tensile data can be used to obtain
an estimate of the full uniaxial tensile curve, | performed incremental tensile tests
(with different average stress leveis) on samples of PVA cryogel (frozen twice). A
full stress-strain curve was also obtained by cycling the load from O g to 400 g.
Typical results are shown in Table 6.2 and Fig. 6.9.

Figure 6.9a shows the data from the original incremental experiments
plotted on the left; on the right side of the same plot is the same data with the
strain linearly shifted so that the incremental data for each experiment starts from
the full stress-strain curve. It is clear that slopes of the incremental data are not
equal to the tangents of the full stress-strain curve at any stress level (Table 6.2).
Fig. 6.9b shows the incremental strain adjusted by applying Eq. 6.11a with ¢, set
equal to the linear shift used in Fig. 6.9a. Fig. 6.9b shows that there is good
agreement between the adjusted incremental data and the full stress-strain curve.

However, &, is not normally known, and it is necessary to estimate it using
the procedures described in section 6.2.6. These resuits are shown in Fig. 6.9c.
Qualitatively, it is apparent from Fig. 6.9c. that the extrapolation method does not
accurately predict the proper stress-strain curves when the stress level is higher
than approximately 75 kPa. From Table 6.2, it can be seen that at the highest
stress level, g, is severely underestimated (by as much as 75%) which causes o
to be over estimated by a factor of 2.7. The error in predicting a is caused by the
single exponential fit with a single fixed f§ to the actual stress-strain curve. The
dashed line in Fig. 6.9c is the best single exponential fit to the actual data.
Qualitatively, the dashed line appears to be a reasonable fit to the actual data.
However, it is apparent that the dashed line starts to deviates at the high stress
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Incremental tensile stress-strain data for PVA cryogel. In (a), the strain of
incremental data always starts at zero. A linear shift applied to g, reveals that the
slope of the incremental data is always higher than the slope of the full stress-
strain curve at similar stress levels. By using Eq. 6.11a with g, chosen as the linear
shift value used in (a), the resuits in (b) match closely to the stress-strain curve.
The results from using Eg. 6.13 are reported in (¢). The solid lines are the actuai
data. The dashed line is the best fit by Eq. 6.5b to the full stress-strain data; and
the dotted line is from Eq. 6.5b with a=1.72 (i.e. PVA cryogel frozen twice).




Table 6.2,

Typical incremental tensile data for PVA cryogel frozen twice.

The values in brackets are percent deviation from the actual valus.

Load Mean E,.: kPa, E, kPa, Ey. kPa, Il estimated actual % Yoty t,, fitted €,
range, g | Swess, | (% from E) | from full {% from E) a eror in & as predicted {% from theory
kPa stress- relative 10 by theorstical
strain curve ,,=1.33 Eq. 6.16 value)

0-50 1.7 102 (-4) 106 102 (-4) 1.34 1 -6 0.01 (1) 0.00
50-100 334 146 (33) 110 118 (7) 1.20 -10 15 0.25 (-14) 0.29
100-150 55,3 225 (54) 146 164 (12) 1.37 3 22 0.38 (-22) 0.49
150-200 | 77.4 343 (74) 197 244 (24) 1.72 29 42 0.41 (-37) 0.65
200-250 | 99.1 494 (87) 264 356 (35) 2147 63 65 0.39 (-49) 0.76
250-300 120.8 749 (118) 343 586 (71) 3.06 130 143 0.32 {-62) 0.85
300-350 | 1429 884 (106) 430 655 (52) 3.16 138 113 0.35 (-62) 0.91
350-400 | 164.6 1105 (120) | 503 827 (64) 3.60 7 142 0.24 (-75) 0.96

114"
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levels (above 75 kPa), and the slope of the dashed curve at these stress levels is
significantly lower than that of the actual data. In general, large differences
between the slope of the fit curve (E;,) and the slope of the real stress-strain curve
results in large errors in o as shown in Table 6.2 and Figure 6.9c. Table 6.2
alsocompares the measured percent error in the estimated a's with the theoretical
error (Eq. 6.16). The theoretical errors do not accurately reflect the actual
measured errors. However, they do provide a guide on how the order of magnitude
in the errors escalates with the absolute differences in the slope of the fit stress-
strain curve and the real data. Since the differences in slopes increase at high
stress levels, improved estimates of a. can be obtained for the high stress regime
only if the mathematical model could be adjusted so that the fit is more accurate
at higher stress levels.

At stress levels below 75 kPa, Tabie 6.2 show that the error in the
calculated o varies from -10 to +29% which is reasonable for extrapolation
methods. Hence, the concept of extrapolating incremental data to a full exponential
stress-strain curve represented by a single a value (with a fixed B) is feasible.

In terms of elastic modulus, Table 6.2 shows that E, . varies from -4 to
+120% of E. After applying the extrapolation, the difference between E; and E is
reduced to -4 to +64%. If | consider only data corresponding to stresses below 75
Kpa, the error in Ej, is less than 24%. Hence, compared to the E,, E; can be
considered as an improved estimate of E. Remaining differences between E and
E,, can be explained by the single exponential model not being able to fit the real
data accurately at higher stress levels.

It is unclear as to whether the extrapolation method can be improved by
using a double exponential model since incremental data from in vivo studies do
not cover a large range of strain values and the strain data may contain a
significant amount of noise. In addition, by using a more sophisticated model, the
simplicity of having a single stiffness parameter to represent a complete stress-
strain curve is lost. It may be more useful to use two single exponential models to
represent the low and high stress ranges separately.'®
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The importance of using the a rather than E,. is now clear. The exponential
stiffness parameter gives the full stress-strain curve from which the slope can be
calculated at any stress-strain level; whereas, E, . only gives a single over-estimate
of E at one particular stress level. However, caution should be used as in any
extrapolation method, the errors can be significant.
6.4.C.2 Incremental Tensile Testing for Porcine Aorta

An experiment was performed to determine how well incremental tensile
data from porcine aortas could be used to estimate the a parameter of their full
uniaxial tensile curve. Typical results are shown in Table 6.3 and Fig. 6.10.

Figure 6.10a shows the data from original incremental experiments plotted
on the left; on the right side of the same plot is the same data with the strain
linearly shifted so that the incremental data for each experiment starts from the full
stress-strain curve. It is clear that slopes of the incremental data are not equal to
the tangent of the full stress-strain curve at the same stress levels except for the
lowest stress levels. Fig. 6.10b shows the incremental strain adjusted by applying
Eg. 6.11a with €, set equal to the linear shift used in Fig. 6.10a. In Fig. 6.10b there
is good agreement between the adjusted incremental data and the full stress-strain
curve. However, the agreement is not perfect. The remaining differences in the
slopes are attributed to the ability of the arterial specimen to react differently
depending on its previous stress-strain history.

Since g, is not normally known, | must calculate it using the procedure
described in section 6.2.6. These results are shown in Fig. 6.10c and Table 6.3.
At the highest stress level, g, is severely underestimated by as much as 71%
which causes o to be over estimated by a factor greater than 4. Qualitatively, it is
apparent from Fig. 6.10c that the extrapolation method does not accurately predict
the proper stress-strain curves at stress levels above 75 kPa. The dashed line in
Fig. 6.10 is the best single exponential fit to the actual data, and it is apparent that
the slope of the dashed curve deviates significantly from the actual data at stress
levels above 75 kPa. Table 6.3 also compares the measured percent error in the
estimated o's with the theoretical error (Eq. 6.16). The theoretical errors provide
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Incremental tensile stress-strain data for porcine aorta. (a) shows that strain of
incremental data always starts at zero. A linear shift applied to g, reveals that the
slope of the incremental data is always higher than the slope of the full stress-
strain curve at similar stress levels. By using Eq. 6.11a with g, chosen as the linear
shift value used in (a), the results in (b) match closely to the stress-strain curve.
The resuits from using Eq. 6.13 are reported in (c). The solid lines are the actual
data. The dashed line is the best fit by Eq. 6.5b to the fuil stress-strain data; and
the dotted line is from Eq. 6.5b with a=5.87 (i.e. average value for parcine aortas).




Tabie 6.3.

Typical incremental tensile data lor porcine aortas.

The values in brackets are percent deviation ifrom the aclual value.

Load Mean E,., kPa, E, kPa E,, kPa, estimated aclual % Yotr,, €,, fitted [
range, g | Swress, | (% from E} | from full (% trom E) [ erorina | as predicted by (% trom theory
kPa slress-shiain relative to | Eq. 6.16 theoretical
curve 1,,=5.55 value)

0-50 11.5 123 (-10) 136 131 (-4) 6.98 26 -5 0.02 (2) 0.00

50-100 a1 306 (37) 224 228 (2) 47 -15 1 0.33 (65) 0.20

100-160 | 68,5 647 (75) 370 472 (28) 6.22 12 24 0.34 (3) 0.33

150-200 | 94.8 1389 (110) | 663 1137 (1) 1 100 84 0.22 (-45) | 0.40

200-250 | 122 2490 (151) | 994 2137 (115) kﬂ 16.5 197 159 0.17 (-61) | 0.44

250-300 | 150 3677 (157) 1432 33 (M7) 19.8 257 192 0.15 (-67) { 0.46

300-350 | 178 4731 (182) | 1680 4024 (140) 21.7 291 228 0.14 (-71) | 0.48
II 350-400 | 205 5720 (213) 1826 4867 (167) 23.0 314 258 0.14 (-71) | 0.49

oSt
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a guide on how the order of magnitude in the errors escalates with the absolute
differences in the slope of the fit stress-strain curve and the real data. Since the
differences in slopes increase at high stress levels, an improved estimated of «
can be obtained for the high stress regime only if the mathematical modei could
be adjusted so that the fit is more accurate at higher stress levels.

From Table 6.3, it can be seen that at stress levels below 75 kPa, the error
in predicting o. ranges from -15 to +26% of the actual value of ay,=5.55. Thus the
extrapolation of incremental data to a full stress strain curve represented by a
single o value (with a fixed B) is reasonable only at low stress levels. Even though
the single exponential model is very simplistic, | have demonstrated that the
technique does an adequate job in handling the biological variations found in
theporcine aortic stress-strain curves.

Table 6.3, shows that E, is a good estimate of the elastic modulus E. At
stress levels below 75 kPa, E,, is always within 28% of the actual elastic modulus.
Without performing the extrapolation procedure, the error in E, . varies up to 75%
over the same stress range. Table 6.3 also reveals that the differences between
E,. and E increases quite rapidly as the stress is increased. Clearly, E,,. cannot
be considered to be the same as E.
6.4.D0 Incremental Data From MR Imaging
6.4.D.i Incremental Data from Cosine Stenosis Phantom

The results from the cosine stenosis phantom experiments demonstrate the
limitations in reporting E, values. Fig. 6.11 shows the longitudinal MR image of
this cosine stenosis phantom. Two separate series of cross-sectional MR images
were made: one at the thick section and the other at the thin section of the
phantom. In each series, 33 gated MR images corresponding to cross-sectional
views at various times throughout the cardiac cycle were obtained. Images at the
two separate locations are shown in Fig. 6.12. Figs. 6.12 (c) and (d) ailso show an
example of how 12 consecutive tag points on the outer boundary of the phantom
are used to form 11 different lines that can be tracked from image to image. By
following the lengths of each line, the incremental strains can be calculated using
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Eq. 6.8 where the first image (diastole) contains the lengths L,.

By using Eq. 6.17 to calculate the incremental circumferential stress for
each image. A typical plot of average L, versus In(T/B+1) for the thick and thin
walled regions of a PVA stenosis phantom is shown in Fig. 6.13a. The
extrapolation process described in the theory section predicts that the intercept is
L, and the slope is L /a. From this information, €,. can be adjusted using Egs.
6.11a and 6.11b so that Fig. 13b can be made. Typical stress-strain curves for the
thick wall section (at the stenosis) and thin wall sections (2.5 cm down stream from
the stenosis) are shown in Fig. 6.13b. Note that in Fig. 6.13b, the incremental data
is shown on the left side starting with an incremental strain of zero. The average
E, for the thin wall section was 209 kPa, and the average E,, for the thick walled

Figure 6.11. MR image of the longitudinal cross section of a PVA cryogel tube with a cosine
stenosis (4.8 cm FOV).
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Figure 6.12.
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Circular cross sections of cosine stenagsis phantom at the thick wall region in the
centre of the stenosis (a and b), and in the thin wall region 2.5 cm upstream of the
stenosis (¢ and d). Images (a) and (c) were obtained 70 ms after the gating signai
(diastole) while (b) and (d) were obtained 406 ms aiter the gating signal (systole).
A few tag points are shown on the outer top half of the thin wall images (c¢) and
(d). P, at diastole and systole were 11.8 kPa and 14.5 kPa, respectively. The
mean pressure was the same for both the thick and thin wall sections.
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A typical plot of mean L, versus In(T/B+1) for the thick and thin walled regions of
a PVA stenosis phantom (a). The results from the thin wall section are given by
squares, while the thick walled stenosed results are given by the circles. A linear
least squares fit to each data set gives an intercept of L, and the slope is Lo
When the data is plotted as average T, versus g, the results are shown below
in (b). The strain values of actual incremental data starts at zero. The adjusted
data is shown to the right of the incremental data. The best fit solution is
presented as the solid line. The dashed line is for the mean value for PVA cryogel
frozen twice (=1.72). The dotted line represents o 0.37 (one standard deviation).
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section was 132 kPa. The average pressure was essentially the same (13.2 kPa
or 99 mm Hg) for both measurements. These different E, . values imply that the
thin wall section is approximately 1.6 times stiffer than the thick wali section. Yet
subsequent tensile tests performed after MR imaging using the same phantom, at
the thin and thick wall locations, reveal that the stress-strain curves are nearly
identical for both the thin and thick wall sections (not shown). The discrepancy in
reporting £, is from not knowing the associated stress levels for each E;,. value.
However, just by knowing the associated stress value still limits the understanding
of the full stress-strain characteristics. For example, if one were to report that the
thin section had a E,_ = 209 kPa at an average stress of 35.2 kPa, and the thick
section had a E,; = 132 kPa at an average stress of 11.4 kPa, is the additional
stress information significantly more useful°? | address the answer to this question
as follows.

By using a priori knowledge of the material's scaling parameter B, it is
possible to estimate a from incremental data. Fig. 6.13b shows a plot of T, versus
£ S well as T, . versus g (shown on the right side of Fig. 6.13b). The exponential
stiffness parameter for the thin and thick wall sections was estimated to be 1.74
and 1.59, respectively. Since the cosine stenosis phantom was made from PVA
cryogel frozen twice, these o results are well within the average + standard
deviation of 1.72+0.37 for PVA cryogel reported in Section 6.4.B.1 above. A
graphical representation of the full stress-strain curves given by these o
parameters is shown in Fig. 6.13b as the dashed lines. The o parameter for thick
and thin sections describe a full exponential stress-strain curve, whereas the E; .
values reported earlier are only valid at the stress level the measurements were
made. Thus | conclude that o is a much more descriptive in characterizing the

stress-strain behaviour of arteries compared to E,..

° Having E;,. and T, are not sufficient for estimating the associated strain
because the stress-strain curve is not linear. Only for the case of Hookean
materials does strain=stress/modulus.
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A total of four different stenosis phantoms were evaluated and the average
o for all eight series of images was 2.1+0.5. Again, this is within the average +
standard deviation of PVA cryogel frozen twice.
6.4.D.ii PVA phantom With Dual Elastic Properties

The unique characteristics of PVA cryogel permitted me to fabricate a
simple elastic tube with two physically different stiffnesses in the azimuthal
direction.® Cross-sectional MR images of one such tube is in Fig. 6.14, and the
two distinctly different PVA regions can be seen. At diastolic pressure the tube
expands from its no-load state. The stiff PVA region shows a larger wall thickness
than the flexible region because the former does not distend circumferentially
nearly as much as the flexible PVA region. The incremental stress-strain data are
plotted in Fig. 6.15. The average E, for the stiff region was 277 kPa with an
average stress level of 17.7 kPa. Similarly, the flexible region had a E, . of 176
kPa, and a stress level of 24.6 kPa. It is apparent that incremental modulus does
reveal some insight to the materials true physical characteristics since the stiff PVA
has a E;

Inc

because the stress levels are different, one cannot simpiy compare the E, . values.

approximately 1.6 times higher than that for the flexible PVA. However,

Because the stiff region wall thickness remains much larger than that of the thin
region, the circumferential load on the thick region is carried over a larger area,
and this results in a lower circumferential stress for the stiff region.

When the extrapolation method is applied, | find that the stiff PVA region
has a mean 0=3.20, while the flexible region has a mean a=1.79. These values
are, respectively, within 6% and 4% of the PVA values reported in Table 6.1. Fig.
6.15 qualitatively shows that the extrapolated curves are reasonable fits. Since «
is not dependent on any particular stress level, | can compare these two values
directly, and get a more quantitative estimate of the materials’ circumferential
stress-strain characteristics.

It should be noted that in the stiff region, the maximum strain was found to
be less than 3% from diastole to systole. Hence, with errors by +1 pixel and total
lines lengths of approximately 10 pixels, this was enough to severely compromise
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Cross sectional MR image of a PVA tube two distinct stiffness regions. The stiff

region has been frozen and thawed 12 times, and the flexible region has been
frozen only twice. The left image was taken 70 ms after the gating signal, and its
corresponding diastolic pressure was 5.48 kPa. The image on the right was
coilected 406 ms after the gating signal and a systolic pressure of 9.3 kPa.
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the overall accuracy of the strain measurements. Often the strains in the stiff
regions were found to be negative due to errors in the manually selected tag
intersections. In these cases, the adjacent strains from 3 or more lines were
summed together having the effect of measuring the strains from a line length of
30 or 40 pixels. This significantly improved the incremental strain values. Because
the strain measurements were more susceptible to errors than the stress
measurements, | did not calculate E,_ as the slope of a stress-strain plot, but
instead | plotted strain versus stress, and calculated E,,. as the reciprocal of the
slope of this new plot.

It should be noted that my semi-manual grid point selection method
described in Section 6.3.E is only accurate to approximately +1 pixel. This
accuracy can be improved ten fold by using sophisticated computer

algorithms, 143444546

For example, in all of my images, the radius and outer
circumference were measured to be at least 50 and 314 pixels, respectively.
Assuming there are 10 evenly spaced tag intersections around the circumference,
each arc length will be approximately 31 pixels long. When the measurement
technique can detect a 1 pixel change in 31 pixels, the measurable strain is
approximately 3% (as | have found experimentally). However, if the measurement
technique is accurate to 0.1 pixels, then the minimum measurable strain is 0.3%.
Thus it is highly recommended that sub-pixel tag locating algorithms be used. This
simple analysis describes the minimum length change that stiff arteries or plaques
must undergo in order that its elastic properties be measured.

It was not possible to properly apply Eq. 6.1 to the data since the choice of
a center reference point (the best circle to fit the lumen wall) forced both the stiff
and flexible walls to appear to have equal displacements throughout the cardiac
cycle. If Eq. 6.1 were applied to the data at various azimuthal angles, the
numerical result of E, s would indicate a higher value for the flexible wall. This is
clearly incorrect. Most of the displacements were due to the flexible wall and not
the stiff wall, but because of the choice of center, the radii measurements do not

properly reflect the proper displacements. Alternatively, it may be possibie to apply
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Eq. 6.2 to the data assuming the specimen samples are circular with thin walls
and that the variables ¢, and c, can be replaced with arc lengths; however, without
proper markers on the inner and outer walls, accurate arc lengths may not be
obtainable.

6.4.D.iii Tagging method with Porcine aorta

The concept of extrapolating incremental data derived from imaging data to
full stress-strain curves was tested using porcine aortas. Figure 6.16 is a cross-
sectional image of an aorta at diastole. In this example, the MR tags were applied
in the horizontal direction. The image analyses remained the same as reported
earlier. The average stress-strain data for one aorta is shown in Figure 6.17. The
estimated o was 4.8 for this sample, which is -18% below the average o of
5.87+0.72 for porcine aortas.

This sample was tested at a stress levels of 75 kPa to 118 kPa, which is
at the limit of the applicability of the extrapolation method. The stress levels from
three other porcine specimens tested were also near the 100 kPa range. One
important aspect of this study is that a transmural pressure range of 12 to 17 kPa
(90 to 130 mm Hg) caused the artery to have a very high strain of 50 to 65%. At
porcine physiological pressures® of 19 to 24 kPa, the strains would even be
higher. Strains in this range indicate that the artery expansion is limited by the
collagen matrix straightening out from its normal crimped state. These high strains
are twice as high as those for human arteries.®® It is unclear whether the
surrounding connective tissue bears some of the load induced by the lumen
pressure in the in vivo case. If the connective tissue does support some of the
load, then the proper stress level can be calculated only when the total thickness
of both the artery wall and connective tissue is known. | suspect that the
connective tissue does carry some of the load and that the normal wall stress for
pigs in vivois in the 75 kPa range. This can only be confirmed through a carefully
designed set of experiments. It is In the mean time, it is suggested that future
studies be performed at lower incremental pressure ranges (or several ranges
starting from zeroc kPa).




Figure 6.16.
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Ex-vivo porcine aorta undergoing pulsatile motion. Horizontal DANTE tags were
applied at diastale (P,=12.2 kPa). The 2.4 cm FOV image was acquired 70 ms
after the gating signal.
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solid circles, and E, is the slope of the solid straight line. The extrapoiated data
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6.5 General Discussion and Summary

The concept of using non-linear stress-strain analysis is not new. However,
there are no reports on how incremental data from arterial specimens can be
correlated to absolute stress strain curves from uniaxial tests. Stewart and
Lyman® have attempted to correlate vascular compliance with stress-strain
curves with limited success. In this chapter, a general method of extrapolating
incremental data to full stress-strain curves is described. The method presented
can be applied to any incremental data set (including previously published data)
as long as the original stress and strain (or length) data are given. However, as
with any extrapolation technique, the errors can be quite significant and caution is
always required.

| have qualitatively demonstrated through several examples that it is
possible to extrapolate incremental data from materials that show an exponential
stress-strain behaviour. This technique requires that the scaling parameter § for
the material be known with an accuracy of approximately 50%. The method
appears to only be applicable when wall stresses are less than 75 kPa. The
differences in the real stress-strain curve and the extrapolated curve from
incremental data are most likely caused by differences between the model and real
data. Differences in the slopes of the fitted and real curves at high stress levels
above 75 kPa are suspected to propagate as significant errors in the extrapolation
method. Improvements in the theory can be made by choosing a statistically
appropriate p for a tissue type, and/or using an improved mathematical
model.'53%42

The o values reported in this chapter are not so different from the stiffness
parameter proposed by Hayashi’ who used a single exponential model to describe
normalized pressure-radius curves of arteries. Hayashi’ reported the stiffness
parameter for ex vivo human thoracic aortas to range from approximately 3 to 13
for 6 to 70 year olds, respectively. Hansen et al* found similar results in the
stiffness parameter measured in vivo for human common carotid arteries and it
ranged from 4.1£0.7 for 15 year old males to 13.2+3.6 for 70 year old males.
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These results give an intuitive feeling of the different values and precision that one
might expect from in vivo measurements of o.

The experimental data presented here is strictly for circumferential stress-
strain data. Smooth muscle cell activity, bi-axial effects and viscous effects are be
assumed negligible. It should be kept in mind that the stress calculations assume
there are no intemnal stress within the specimen wall. Clearly this is not correct for
real arteries. Internal wall stresses are discussed elsewhere;*® however, these are
generally small compared to the applied stressed induced by the lumen pressure.®
In addition, since Eq. 6.17 assumes no shear stresses, the stress equation is only
accurate for thick walled non-homogeneous specimens far away from areas of any
discontinuities. Stress analysis in complex geometries® has been attempted by
others. Incorporating more complex stress analysis is possible when the exact
geometries are known, and may require numerical methods to solve. As discussed
in the previous section, the actual wall stress for in vivo studies may require the
exact vessel dimensions including its connective tissues. Otherwise, simple lumen
pressures may overestimate the true wall stress and lead to errors.

General tagging techniques are necessary for measuring local strains. For
in vivo studies, MR tagging is much less invasive than physically attaching
markers?? onto the elastic material to be studied.”*®%%° Qther researchers
have reported success in using MR phase contrast methods®® to estimate
cardiac strain from velocity measurements. Although phase contrast methods are
not easily interpreted without significant post processing, they have an added
advantage of being able to measure flow velocities within the [lumen, as well as the
wall itself. This would allow direct measurements of fluid shear,” as well as local
wall motion. Other imaging modalities such as ultrasound can use speckle patterns
as markers to measure strain. Since all of the techniques will require direct
pressure measurements to obtain true stress levels, the described methods may
not be fully non-invasive, unless the pressure can be estimated by other
techniques.*® Puise wave velocity techniques*®** have been shown to be able to

estimate gross elastic modulus of arteries without requiring pressure
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measurements. However, these techniques cannot measure local differences in
elastic properties within the artery wall.

Alternatively, non-invasive tagging via MR techniques such as DANTE or
SPAMM' (Spatial Modulation of Magnetization) produce direct visual images
showing wall motion, and are among the best techniques for future in vivo studies.
In the last few years, several research groups have reported automatic tagging
algorithms that can detect the center of tags with sub pixel accuracy. It is strongly
recommended that these computer software techniques be applied to future
studies. This would allow for improved strain estimates which is necessary for
accurate resulits.

One problem with MR tagging methods is that the tags fade over the
cardiac cycle. The fading depends on the T, relaxation time of the underlying
tissue. In regions where there may be fibrous plaques, the T, is shont, and the tags
fade relatively quickly. This would again suggest MR velocity techniques may be
useful. Others®'® have correlated the relaxation times with the exponential
stiffness parameter for excised human arteries. Aithough the correlation coefficient
was relative low, it must be kept in mind that such a correlation given biological
variations is impressive.

In summary, in this chapter, | have (1) introduced the use of the exponential
stiffness factor o as the primary estimate of a materials stress-strain
characteristics, (2) developed a new concept for extrapolating incremental data to
full stress-strain curves, (3) demonstrated with tensile testing that the error in o
can be significant, but within £30% of the actual value when the stress is less than
75 kPa, (4) show that after the extrapolation method, E,, is an improved estimate
of the elastic modulus compared to E,, (5) used high resolution MR imaging in
conjunction with DANTE tagging to determine the local incremental elastic
properties and (6) demonstrated the extrapolation method using sophisticated PVA
cryogel phantoms and excised porcine aortas.

The extrapolation method demonstrates the importance of using o instead

of E,,., and is a novel method of measuring and distinguishing differences in the
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local elastic properties of a pulsating vascular phantom.

Further research is necessary in improving this work. With the improvement

of medical imaging techniques, more researchers will be involved with the

measurements of incremental elastic properties, and the concepts presented here

will be of significant value in improving our overall understanding of the arterial

behaviour during atherogenesis.
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CHAPTER 7 SUMMARY AND FUTURE APPLICATIONS
7.1  Overview

The goal of this research was to develop a magnetic resonance (MR)
imaging system for dynamic imaging of arteries and phantoms in vitro. The system
was used to study differences in the local elastic properties which may be
important in the early detection of fibrous atherosclerotic plaques. The system and
the in vitro data presented will aid in the long-term goal of being able to provide
a method of early identification and management of people at high risk of vascular
disease. In addition, such tools can be used to monitor the regression or
progression of disease in people undergoing different drug therapies.

The tools developed in this thesis included i} the modification of a clinical
MR scanner (1.5T GE Signa) to permit distortion free, fast high resolution (<100
um pixels) images, ii) the application of a pumping fluid that is compatible with
arterial specimens and does not introduce flow artifacts in the MR images, iii) the
development of a synthetic phantom material that mimicked the properties of
arteries in terms of biomechanical and MR properties iv) the modification of a GRE
pulse sequence to permit non-invasive MR tagging of dynamic arterial specimens,
and v) the measurement of local elastic properties of pulsatile arteries and arterial
phantoms in vitro. The following is an recap on the development these tools
presented in this thesis.

The concept of manufacturing and testing gradient coil designs with minimal
time and expense was presented in Chapter 2. Chapter 3 discussed the practical
issue of minimizing the temperature rise in gradient coils when they are used in
high duty cycle applications. In Chapter 4, the application of a unique nen-aqueous
fluid that could keep biological specimens moist for MR imaging is reported. This
fluid was trichlorotrifluoroethane (R-113) and MR images of specimens submersed
in R-113 had improved SNR and CNR. As a pumping fluid, R-113 is ideal for in
vitro MR studies since it does not produce flow artifacts. Unfortunately, R-113
cannot be used in vivo. The problem of flow artifacts for in vivo studies cannot be
avoided and is addressed in Section 7.3.1. The introduction of the PVA cryogel
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(Chapter 5) has been demonstrated to be the only known elastic phantom material
with properties that mimic real tissue in mechanical and imaging properties. Due
to its bio-compatibility, PVA cryogel shows tremendous promise for medical
researchers beyond being utilized as phantoms. Finally, the concept of
extrapolating incremental elastic data to full stress-strain curves was possible
through the clarifications of basic stress-strain definitions and by using an
exponential model of arterial stress-strain. The theory was also demonstrated using
MR imaging of segments of porcine aortas and vascular phantoms made from PVA
cryogel. The theory was presented in such a way that it can be applied to any
clinical imaging modality and can be used to re-analyze and extrapolate
exponential stress-strain curves from previously published incremental data.
7.2 Gradient Coils
7.2.1 PC Boards

In Chapter 2, | have presented a simple technique for accurately
constructing a dual axis quadrupole gradient coil set that is necessary for fast high
resolution MR imaging. The construction method used dual sided flexible PC board
technology. Although ! demonstrated the process on quadrupole designs, the
methodology can be and has been used with more complicated design
patterns.'? Traditionally, researchers have mathematically modeled gradient coil
designs and had to hand wind wires into grooves milled or lathed in plastic
formers.®*® Numerically controlled milling machines have simplified the cutting
of the grooves but the winding of the wires is often [aborious and time consuming.
For these reasons alone, some research papers report theoretical gradient coils
years before any experimental verification.*®” The PC board method described
in Chapter 2 allows sophisticated gradient coil designs to be manufactured and
tested within a few hours after completing a design. Typical material costs are less
than a few hundred dollars.
7.2.2 Accuracy of Current Paths

A high degree of gradient accuracy and uniformity is desirable for MR
gradient coils. In an image with 256x256 pixels, the gradient uniformity should
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provide less than 1/256 or 0.4% deviation across the field of view in order that
image warping algorithms not be needed to correct for spatial distortions. By
numerical optimization of a 192 straight current path gradient coil, the volume
having 0.4% gradient uniformity for MR imaging was shown to be a factor of 4.7
larger than the reference Webster® quadrupole design.

The effect of imprecise wire position was investigated by comparing
computer simulations with an image made from a coil constructed with a small
error. Theoretical analysis shows that an error of -0.5% in all of the wire positions
during construction will asymmetrically reduce the volume having 0.4% gradient
uniformity by half. However, the volume having 5% gradient uniformity was less
sensitive to systematic errors in the wire position and did not significantly change.
7.2.3 Heat Dissipation

Although the PC board technology is ideal in testing gradient coil designs,
it is not recommended for permanent heavy duty applications. For these
applications it is important to understand that the electrical power used for high
resolution MR imaging must be removed by forced cooling. In small gradient coils,
where the subject may be in close proximity to the coil, it is vital that the
temperature of the coil be maintained at a comfortable level. For example, it is not
unusual for the small customized gradient coils in high resolution MRI to
continuously use 500 to 2000 watts of power; thus, the need for forced cooling
becomes apparent. The mathematical model derived in Chapter 3 accurately
predicted the transient temperature rise and its peak value to within 5°C. The
model reveals that to minimize the temperature rise in gradient coils, the coil radius
should be minimized and the copper thickness maximized. This latter requirement
negates the use of copper PC boards for high duty cycle gradient coil applications.
in addition, the use of a high thermal conductivity coil former along with circulating
water will significantly enhance the cooling of the coil. When no forced cooling is
used, toth natural convection and radiation play significant roles in cooling. They
are, however, limited in the amount of heat they can dissipate. The best method
of cooling is a water cooling system. It is strongly recommended that a
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recirculation water system be used with the water temperature maintained at 20°C.
Colder water temperatures may cause the gradient coil to become uncomfortably
cold for in vivo studies. The water should be doped with paramagnetic ions to
minimize aliasing of extraneous signals back into the MR images.
7.2.4 Installation

Another aspect to consider is the installation of customized gradient coils
in clinical MR scanners. Although briefly discussed in Chapter 2, it is important to
realize that clinical MR scanners have sophisticated feed back circuitry installed
on their amplifiers so that current rise times are critically dampened (i.e. the rise
time to achieve maximum current output is just fast enough so that delivered
output current does not exceed the requested amount). Customized gradient coils
with inductances and resistances that are significantly different from the
manufacturer's original gradient coils may cause the amplifiers to oscillate and
result in significant damage. It is recommended that the manufacturer's service
technician assist researchers in the initial installation of any customized gradient
coil set.
7.2.5 Alternative Designs

Although | have found that the quadrupole design is an excellent choice as
a small diameter gradient coil, these designs cannot be used for in vivo
applications because the coil is perpendicular to the main magnetic field. Hence,
there is no easy access to the gradient coil once installed in the center of the bore
of a clinical superconducting magnet. However, quadrupole designs could be used
in open vertical field MR scanners. For in vivo applications, it is recommended that
the axis of the gradient coil be parallel to the bore of the superconducting magnet.
Designs such as the "“finger print" coils®*® can be used for this purpose. This
recommendation has been recently implemented at our research laboratories
(Department of Medical Biophysics, University of Western Ontario).
7.3 Hydrogen Free Medium For Aortic Specimens

Excised arteries must be kept moist to prevent dehydration, otherwise the
MR properties may be significantly different from the in-vivo
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situation,'®111213.14

Specimens are frequently submersed in an aqueous
solution'? or embedded into aqueous gels."' This results in a decreased contrast-
to-noise ratio (CNR) since the surrounding fluid also yields an MR signal. In
Chapter 4, | reported that R-113 can be used a medium for which porcine aortic
specimens can be stored during MR imaging. Since there were no previous reports
on the short and long term effects of arterial specimens submersed in R-113, the
experiments in Chapter 4 were performed with the following results.

Biological sampies were shown not to dehydrate while submersed in R-113
because of the immiscibility of water in R-113. An 11% higher SNR was obtained
for MR images of specimens submersed in R-113 compared to saline solution.
This is attributed to the fact that R-113 is non conductive; thus the RF coil loading
and inductive noise are minimized. As a result of the nearly perfect match between
the volume susceptibility x, of R-113 and water, MR images of arteries submersed
in R-113 are not distorted. Another advantage in using R-113 instead of water or
saline solutions is that there are fewer air bubbles adhering to the specimen. This
is attributed to the extra buoyancy of the air bubbles in the denser and less
viscous R-113.

Short term (<7 hours) submersion of porcine aortas in R-113 was found to
have no significant effect on the artery’s hydration level, relaxation time, tensile
strength nor structure and quantity of elastin, collagen and smooth muscle cells.
However, at longer periods of time, the arterial T, relaxation time starts to
decrease.

Since R-113 has no hydrogen atoms, it does not yield a proton MR signal
and thus, cannot contribute to flow artifacts when used as a pumping fluid to
pulsate arterial specimens. R-113 is ideal for in vitro MR studies where it was
necessary to keep specimens moist and have a pumping fluid that would not
cause flow artifacts.

7.3.1 Practicality of using R-113

The novel application of R-113 for in vitro MR studies has been proven to

have several benefits. Although R-113 is relatively non-toxic, it is suspected to be
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harmful to the atmospheric ozone layer and is no longer manufactured in North
America as a common refrigerant. Thus, care should be used when handling
R-113, and the material redistilled for subsequent use. R-113 is still available for
research applications (e.g. high-pressure liquid chromatography).

For in vitro MR experiments, it is ideal to have a signal free fluid to eliminate
all flow artifacts. However, this situation does not exist for in vivo studies. For in
vivo studies, flow artifacts can be minimized but never eliminated. Since flow
artifacts only occur in the phase encode direction, it is feasible to perform two sets
of experiments where the phase encode direction is swapped with the frequency
encode direction in the second experiment. To avoid doubling the imaging time
compared to a standard 256x256 k-space data matrix, the number of phase
encode steps should be halved. By doing so, each k-space data is effectively
256x128 in size which resuits in lower spatial resoiution in the phase encode
direction. Since flow artifacts are present in the phase encode direction, one
should not be concerned about losing some resolution in that direction. Thus high
resolution quantitative motion can be studied in both directions without requiring
any additional imaging time. In terms of MR tagging, the tag lines should be
applied so that the tag widths are in the frequency encode direction where the
resolution is highest. In addition, post processing to track single lines is
significantly simplified compared to tracking tag intersections.'®
7.4 PVA Cryogel

Over the years, several research groups's'718192021.22  faye
presented various phantoms that can mimic tissue. For applications where the
phantom is stationary, agar and gelatin phantoms are adequate. However, there
have been no published reports of an elastic material that has mechanical
properties as well as MR imaging properties that are similar to vascular tissue.

In Chapter 5, | have developed a PVA cryogel material whose simple recipe
and manufacturing technique along with its realistic properties such as signal
intensity, relaxation times, elasticity and strength make it a near-ideal phantom
material. Preliminary studies (not shown) suggest that PVA cryogel could also be
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used as ultrasound imaging phantoms.?

Although this study was limited to aortic phantoms, it is possible to create
larger distensible phantoms for use in the study of cardiac motion and flow. The
elastic properties can be manipulated to mimic most tissues whether healthy or
diseased.

Not only is PVA cryogel very similar to real tissue, it is also fully bio-
compatible. For this reason, | predict that PVA cryogel will play a significant role
in the other medical applications such as artificial breast implants, heart valves or
arterial grafts. In addition, PVA cryogel's role as a controlled drug release
medium? will be important as shown in preliminary studies.?®
7.5 Elastic Properties of Arteries
7.5.1 MR Tagging

Early detection of fibrous atherosclerotic plaques necessitates that local
strain measurements be capable of detecting the development of patchy elastic
changes in arteries during atherogenesis. This requirement suggests that generali
tagging techniques be used. For in vivo studies, MR imaging is capable of
providing tags.26%7#23031  Thege techniques are adaptable to in vivo
studies and are much Iless invasive than physically attaching
markers.*>333383 |y Chapter 6, | demonstrated that DANTE MR tagging
used in conjunction with gated fast gradient recalled echo imaging can monitor
dimension changes from image to image. This non-invasive tagging technique
produces direct visual images showing wall displacement and is probably one of
the best non-invasive techniques that can be used for future in vivo studies.

In the last few years, several research groups®*®*%% have reported
the development of computer algorithms for automatic tag detection with sub pixel
accuracy. It is strongly recommended that this type of algorithm be applied to
future studies. This would allow for improved strain estimates necessary for
accurate results.
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7.5.2 Modelling Stress-Strain Data

In my analysis of stress-strain data and elastic modulus, the definition of
incremental modulus is first clarified.****® That is, incremental elastic modulus
is not equal to the slope of a full stress-strain curve at any stress level. Using this
fact and other basic definitions, the difference between incremental stress-strain
data and full stress-strain data was mathematically described. By using an
exponential model to describe stress-strain curves, it is possible to extrapolate the
full exponential stress strain curve from a limited amount of incremental data.

The general method of extrapofating incremental data to full exponential
stress-strain curves has the advantage of being applicable to any incremental data
set from arterial studies (including previously published data) as long as the
original stress and strain data are given. However, as with any extrapolation
technique, the errors can be quite significant and caution is always required.
7.5.3 Validation of Stress-Strain Model

| have demonstrated through several examples that it is possibie to
extrapolate stress-strain curves from incremental data of materials that have an
exponential stress-strain behaviour. This technique requires a priori knowledge of
the material scaling parameter f (in Eq. 6.5b). For example, the measured value
of B for PVA cryogel and porcine aortas was 64759 Pa and 7357 Pa, respectively.
By knowing 3, the material's stress-strain characteristic is now represented by the
exponential stiffness parameter o. Incremental tensile testing used in conjunction
with the extrapolation method demonstrates the importance of o (Eq. 6.5b), instead
of the more commonly reported incremental modulus E, ..

Experiments using two different PVA cryogel phantoms mimicking vascular
disease states resulted in E, values that appear to be contradictory to the true
material properties. Only through local stress-strain measurements followed by the
extrapolation method was it possible to understand the non-linear elastic character
of these phantoms. A final demonstration of the extrapoiation method using
incremental data from MR images of pulsating porcine aortas resulted in full stress-
strain curves similar to that obtained by direct tensile tests.
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To the best of my knowledge, this is the first report of the measurement of
local elastic properties of a pulsating vascular phantom using MR tagging.
7.5.4 Limitations

The extrapolation method appears to be applicabie only when wall stresses
are less than 75 kPa. At these stress levels, the estimates of a were within 30%
of the actual value. At stress levels above 75 kPa, large differences in the slopes
of the exponential model and actual data are suspected to propagate significant
errors in the extrapolation method. Improvements in the theory can be made by
choosing a statistically appropriate B for a tissue type, using a dual set of
exponential equations as suggested by Fung,*® or perhaps choosing a
completely different mathematical model all together.*

It should be kept in mind that the equation used for stress was for
cylindrically symmetric tubes and assumes no shear stresses in the tube wall.
Thus the stress from Eq. 6.17 is only accurate in areas without any discontinuities.
Incorporating more complex stress analysis is possible when the exact geometries
are known and may require numerical algorithms to solve. This will be left for
future studies.

The minimum length change that stiff arteries or plaques must undergo in
order that its elastic properties be measurable is 0.3%. This detection level
requires that sub-pixel tag locating algorithms be implemented. Semi-manual tag
locating methods can detect a minimum strain of 3%. Thus it is highly
recommended that sub-pixel tag locating algorithms be used.

7.5.5 Future of Local Elasticity Measurements

MR tagging techniques are probably one of the best non-invasive
techniques that can be used for future in vivo studies of local elastic properties.
One problem with MR tagging methods is that the tags fade over the cardiac cycle.
The fading depends on the T, relaxation time of the underlying tissue. In regions
where there may be fibrous plaques the T, is short and the tags fade relatively
quickly. This would suggest MR velocity techniques may be useful (i.e. MR phase
contrast).**“¢ Although phase contrast images are not easily interpreted without
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significant post processing, they have an advantage of being able to measure flow
velocities within the lumen as well as the wall itself. This would allow direct
measurements of fluid shear.” The dynamic range of phase contrast methods
may prove to be a limiting factor, but these methods deserve further investigation.

Others*®*® have correlated the relaxation times with the exponential
stiffness parameter for excised human arteries. Although the correlation coefficient
was relatively low (r<0.6), the results are quite impressive considering biological
variations in the data. | believe that this concept warrants further evaluation.

Since SNR is proportional to voxel size in high resolution MR imaging,
customized RF coils will be required to maximize the SNR. Future in vivo research
will probably involve the carotid arteries because customized RF coils can be
easily placed in close proximity to these arteries. It is anticipated that SNR will be
improved in the future years ahead.

Since most of the techniques require direct pressure measurement to obtain
true stress levels, the described methods may not be fully non-invasive, unless the
blood pressure can be estimated by other techniques as suggested by Tardy et
al.*

7.6 Overall Conclusions

This thesis demonstrated that it was possible to measure the elastic
properties of pulsatile arteries and arterial phantoms in vitro by modifying a clinical
MR scanner. Custom designed high strength gradient coils provided image
resofution with 94 um pixel size. Fast GRE imaging with DANTE tagging produced
33 images in 64 seconds. Signal averaging of 8 sets of data required 8.5 minutes.
These imaging times are practical for in vitro imaging, and more importantly, for
future in vivo studies.

As medical imaging techniques improve, more researchers will be involved
with the measurement of incremental elastic properties. The concepts presented
here will be significant to improving the overall understanding of the complete
elastic behaviour of heaithy and diseased arteries.
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Dr. R.T.Woodhams
Anhydride coupling agents in mica filled

polypropylene

Chemical Engineering, University of Toronto

Dr. R.T.Woodhams

High intensity mixing of mica filled polypropylene
composites using a Gelimat mixer

Medical Biophysics, University of Western
Dr. Brain K. Rutt

High resolution MRI system

to measure arterial elasticity in vitro

RESEARCH AND INDUSTRIAL EXPERIENCE:

May 1981-Sept. 1982

Apr. 1985-Nov. 1980

TEACHING EXPERIENCE:
Sept. 1983-May 1995

Sept. 1983-June 1985

Sept. 1992-Dec. 1992

Research Assistant: Medical Physics
Ontario Cancer Institute

Toronto, Ontario

Supervisor: A.Fenster

Research Scientist: Polymer Processing
DuPont Canada Inc.

Kingston, Ontario

Manager: B.Kershaw

Teaching Assistant: Polymer Chemistry,
Mass Transport, Kinetics
University of Toronto

Private Tutor: Chemical Engineering
Toronto, Ontario

Teaching Assistant: Biomechanics
University of Western Ontario
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HONOURS AND AWARDS - ACADEMIC:

Undergraduate
1979-80 UofT  J.W.Billes Scholarship
1980-81 UofT  B.P.Canada Scholarship
1981-82 UofT  J.W.Billes Scholarship
1982-83 UofT  J.W.Billes Scholarship
Graduate
1983-84 UofT  J.R.Bradfield Graduate Fellowship
1983-84 UofT  NSERC Post Graduate Scholarship
1983 (Declined) UofT  Ontario Graduate Scholarship
1983 (Declined) UofT  Open Master's Fellowship
1984-85 UofT  J.R.Bradfield Grad. Fellowship
1984-85 UofT  NSERC Post Graduate Scholarship
1985 (Declined) UofT NSERC Post Graduate Scholarship
1991 (Declined) UWOQ Ontario Graduate Scholarship
1991 (Declined) UWO NSERC Post Graduate Scholarship
1991-93 UWO Entrance Scholarship
1991-94 UWO  Medical Research Council Studentship
1991-94 UWO Medical Research Council Travel Stipend
1992 UWO Dean's Research Travel Award
1993-94 UWO Meloche-Monnex Scholarship
1993 UWO Soc. of Magn. Res. in Med. Student Stipend
1993 UWO  Sunnybrook Invited Speaker Honorarium
1994 UWO Neille Farthing Fellowship Nominee
1994 UWQO Dean's Research Travel Award
AWARDS - INDUSTRIAL:
1987 DuPont Canada, Inc. Research Center Dedication Award
1988 DuPont Canada, Inc. Research Center Innovation Award
GRANTS:
1996 University Hospital- CAMDT PVA cryogel development

MEMBERSHIPS IN PROFESSIONAL ORGANIZATIONS:

1983-1991
1987-
1991-1993

1994-

1994-
1994-

Society of Plastic Engineers (SPE), Member

Professional Engineers of Ontario (PEO), Member

Society of Magnetic Resonance in Medicine (SMRM),
Student Member

International Society of Magnetic Resonance in Medicine
(ISMRM), Student Member

International Brotherhood of Magicians (IBM), Member
Canadian Organization of Medical Physicists (COMP),
Student Member
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COMMITTEE APPOINTMENTS:

1985-86 Society of Plastics Engineers Student Chapter,
University of Toronto, President

1987-90 Recreation Committee of Big Brothers of Kingston, Member
1890-91 Recreation Committee of Big Brothers of Kingston, Chairman
1991-94 Activities Committee of Big Brothers of London Member
1991-95 Fund Raising Committee of Big Brothers of London Member
1991-93 Society of Graduate Students, UWO Representative
1992-93 Society of Graduate Students Athletic Coordinator
1992-93 University Student Council Athletics Liaison

PATENTS:

1.

K.Chu, "Polyolefin Concentrate - Meit Mixing of Polyolefins and
Polyisobutylene”, U.S. Patent No. 4,877,840 (31 October 1989).

K.Chu, "Polyolefin Concentrate - Melt Mixing of Polyolefins and
Polyisobutylene", Canadian Patent No. 1 289 711 (1 October 1991).

K.Chu, "Concentrate of Polyolefins and Modifying Agent”, Canadian Patent
No. 1 323 123 (October 12, 1993).

K.Chu, "Polyolefin Concentrate", British Patent Application No. 87.01914
K.Chu and B.J.Kershaw, "Coated Synthetic Polymer Pellets", U.S. Patent
Application No0.07/202,230 (filed June 1, 1988), and European Patent
Application No. EP 294,141 (filed Dec. 7, 1988.)

S.Dykes, K.Chu and G.White, "Concentrate Capsules", European Patent
Application No. EP320,120 (filed Sept. 11, 1988).

B.K.Rutt, C.F.Maier and K.Chu, "Transverse Magnetic Gradient Coil",
Disclosure submitted to University Hospital, London, March 10, 1994.
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PUBLICATIONS:

1.

10.

11.

K.Chu and A.Fenster, Determination of x-ray spectrai distribution from
transmission measurements using k-edge filters, Medical Physics, 10, 772-
777, 1983.

K.Chu, A.N.Wright, and R.T. Woodhams, One step delamination and
compounding of mica for optimum reinforcement of polypropylene, Proc. 41st
Annual Conference, Reinforced Plastics/Composites Institute, The society of
the Plastics Industries, 21C1-4, Jan. 1986.

K.Chu, "Powder coating of molten pellets to prevent blocking (sticking)”,
DuPont World Wide Compounding Conference, 2.3.1-2 (Proprietary), 1989.

R.Frayne, L.M.Gowman, D.W.Rickey, D.W.Holdsworth, P.A.Picot,
M.Drangova, K.Chu, A.Fenster, B.K.Rutt., An in-vitro multi-modality phantom
for the assessment of vascular imaging systems, Med. Phys., 19, 798, 1992.

R.Frayne, L.M.Gowman, D.W.Rickey, D.W.Holdsworth, P.A.Picot,
M.Drangova, K.Chu, C.B.Caldwell, A.Fenster, B.K.Rutt., A geometrically
accurate vascular phantom for in-vitro x-ray, ultrasound and MR flow studies:
construction and geometric verification, Med. Phys. 20, 415-25, 1993.

K.C.Chu and B.K.Rutt, Quadrupole gradient coil design and optimization: A
printed circuit board approach, Magnetic Resonance in Medicine, 31, 652-
659, 1994,

K.C.Chu and B.K.Rutt, MR gradient coil heat dissipation, Magnetic
Resonance in Medicine, 34, 125-132, 1995.

C.F.Maier, K.C.Chu, B.A. Chronik, B.K.Rutt, A novel transverse gradient coil
design for high-resolution MR imaging, Magnetic Resonance in Medicine, 34,
604-611, 1995.

K.C.Chu, A.J.Martin, B.K.Rutt, Improved MR images of arterial specimens
by submersion in trichlorotrifluoroethane, Magnetic Resonance in Medicine,
35, 790-796, 1996.

K.C.Chu, B.K.Rutt, Polyvinyl alcchol cryogel: an ideal phantom material for
MR studies of arterial flow and elasticity., Magnetic Resonance in Medicine,
37, 314-319 (1997).

C.F.Maier, H.N.Nikolov, K.C.Chu, B.A.Chronik, B.K.Rutt, Practical design of
a high-strength gradient coil for diffusion/microvascular imaging of breast
tumours, Magnetic Resonance in Medicine, Submitted March 7, 1997.
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