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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 rnodified with a customized quadrupole gradient 

coi1 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 rnodel predicted local coi1 temperatures 

to within W C  of measured values. Important parameters in minimizing coi1 

temperature were small radius, large copper mass, and forced cooling. The 

gradient coi1 set pemitted collection of 33 cardiac gated images in 64 seconds with 

no temperature change. The signal to noise ratio in the high resolution images 

(94 pm pixels x 2.5 mm thick) was increased by averaging 8 sets of data. 

A hydrogenless fluid (1 ,l,2-trichloro-l,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 dernonstrated to be compatible with arterial tissue for periods under 

7 hours as assessed in terms of tensile stress-strain, MR relaxation times (T, and 

TJ, rnagnetic 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 rns and 50-75 rns, 

res pectively) . 
An exponential rnodel of tensile stress-strain curves demonstrated that the 

use of a single exponential parameter a was more descriptive in describing arterial 

stiffness compared to elastic modulus. A rnethod of extrapolating incremental 

stress-strain data to full stress-strain data was derived using this model. 

iii 



lncremental tensile tests demonstrated that a could be predicted to f30% using 

incremental data with stresses under 75 kPa. lncremental experiments using a MR 

tagging method with aortic phantoms and intact porcine aortas showed that a 

could be predicted to -0%. 
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phantoms; elastic arterial model; distensible hydrogel; tensile test; incremental 

elastic modulus; exponential stress-strain curve; extrapolation; local atherosclerotic 

plaque; lesion; material stiffness. 



Acknowledgements 

I would like to begin by thanking rny supervisor, Dr. Brian K. Rutt, who had 

the courage to accept a working chernical engineer as a graduate student without 

knowing if I had a scholarship or not. Not only did Brian guide me through these 

past years, but he also stimulated my intellectual freedom, which resulted in the 

multi-disciplinary thesis presented here. 

I would like to thank al1 of the members of the lmaging Research 

Laboratories who have provided not otily constructive criticism, but open 

conversations and ideas, as well as solutions to mathematical, computer and 

machine shop related problems. Two of the key people, who deseme special 

thanks are R.Frayne, and S.Tong, who patiently explained medical physics to a 

person with little experience in this field. One other person who I must 

acknowledge as a great help is J.McKaig, Manager of Department of Physics 

Stores. Mr. McKaig permitted me to acquire much of the chemicals and equipment 

necessary for my experiments without having to deal with the usual bureaucracy 

and paper work. Of course, there were many other people who assisted me in 

different aspects of this project. Some of these people were (in alphabetical order): 

A.Alejski, €.Barberi, J.Brown, P.Canham, N.Cardinal, L.Carey, BChronik, 

LCunningham, M.Drangova, J.Dunmore, A.Fenster, B.Goodyear, D.Holdsworth, 

C.Jones, RKratky, LLauzon, T.Y .Lee, I .MacDonald, C.Maier, A.J.Martin, J.Miller, 

R.Mitchell, M.Moreau, H.Nicolov, P.picot, D.Rickey, L.Rigutto, RSrnith, 

D.Steinman, S.Thielen, C.Thomas, and M.Westmore. 

I am also grateful to P.Roerner (G.E.) and RRogers (Techron) for valuable 

discussions and suggestions on fabricating and safely implementing my gradient 

coils on the clinical MR scanners at University Hospital (London Health Sciences 

Centre). D.G ray and S .Whitworth (DuPont Canada) provided technical advice and 

samples of polyvinyl alcohol and Freon which are the basis of two chapters in this 

thesis. 

l acknowledge personal financial support from the Medical Research Council 

of Canada, and Meloche-Monnex lnsurance Brokers, a well as that of my 



supervisor who received research grants from the Medical Research Council of 

Canada and University Hospital-Centre for the Advancernent of Medical Device 

Technology. Without this funding none of the work here would have been possible. 

Finally, I wish to thank my parents who had the foresight to always 

encourage their children to obtain the best education possible. But speciai thanks 

goes to Melanie, rny fiancee, for saying yes! Especially after putting up with al1 the 

related problems that living with a financially strapped student has to offer. Without 

her, and her support, my graduate work would have not been nearly as enjoyable. 



TABLE OF CONTENTS 
Page 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  CEFKiFICATE OF EXAMlNATlON ii 
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  iii 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Acknowledgements v 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Table of Contents vii 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  List of Figures xii 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  List of Tables xvi 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Chapter 1 Introduction 1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.1 Overview 1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.2 Vascular Disease 1 

. . . . . . . . . . . . . . . . . . . . . . . .  1.2.1 Possibie Mechanisms 1 
. . . .  1.2.2 Differences in Local Elastic Properties Hypothesis 5 

. . . . . . . . . . . . . . . . . . .  1.2.3 Limitations of the Hypothesis 6 
. . . . . . . . . . . . . . . . . . . . .  1.3 Elastic Measurements of Arteries 7 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.3.1 T'ensile Tests 7 
. . . . . . . .  1.3.2 Mechanical Transducers to Measure Strain 8 

. . . . . . . . . . . . . . . . . . . . . . . . . .  1.3.3 Ultrasound lmaging 10 
. . . . . . . . . . . .  1.3.4 X-Ray lmaging of Vascular Geometries 11 

. . . . . . . . . . . . . . . . . . . . . . . . .  1.3.5 Pulse Wave Velocity 12 
. . . . . . . . . . . . . . . . . . . . .  1.3.6 Non-Tagging MR Methods 13 

. . . . . . . . . . . . . . . . . . . . . . . .  1.3.7 MR Tagging Methods 14 
. . . . . . . . . . . . . . . . . . . . . . .  1.4 Magnetic Resonance lmaging 14 

. . . . . . . . . . . . . . . . . . . . . . . . . .  1 .4.1 General Description 14 
. . . . . . . . . . . . . . . . . . . .  1 A.2 Relaxation Times T, and T, 15 

. . . . . . . . . . . . . . . .  1.4.3 Spatial Encoding Using Gradients 16 
. . . . . . . . . . . . . . . . . . . . . . . . . .  1.4.4 Spin Echo lmaging 18 

. . . . . . . . . . . . . . . . . . . .  1.4.5 Inversion Recovety lrnaging 20 
. . . . . . . . . . . . . . . . . . . . .  1 .4.6 Gradient Recalled Echoes 21 

. . . . . . . . . . . . . . . . . . .  1.4.7 MR Gradients and Resolution 21 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.4.8 MRTagging 22 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.5 Research Goal 23 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.6 Thesis Outline 25 

1.6.1 Gradient Coil Design and Evaluation . . . . . . . . . . . . . .  25 
. . . . . . . . . . . . . . . . . . . . . . . .  1.6.2 Gradient Coil Heating 25 

vii 





. . . . . . . . . . . . . .  Chapter 4 Trïchlorotrifluoroethane as a Pumping Fluid 79 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.1 Introduction 79 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.2 Background and theory 81 

. . . . . . . . . . . . .  4.3 Effect of R-113 on MR relaxation properties 82 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.3.1 Methods 82 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.3.2 Results 86 
. . . . . . . . . . . . . . . . . . . . . . . . .  Contrast and signal to noise 88 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.4.1 Methods 88 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.4.2 Results 88 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Tensile Properties 91 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.5.1 Methods 91 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.5.2 Results 92 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Histology 92 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.6.1 Methods 92 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.6.2 Results 95 

. . . . . . . . . . . . . . . . . . . . . . . . .  4.7 Safety concems with R-113 95 
. . . . . . . . . . . . . . . . . . . . .  4.8 Compatibility with other materials 96 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.9 Summary 96 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.10 References 97 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  Chapter 5 Polyvinyl Alcohol Cryogel 99 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.1 Introduction 99 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.2 Methods 101 

5.2.1 P hysical Testing . . . . . . . . . . . . . . . . . . . . . . . . . .  102 
. . . . . . . . . . . . . . . . . . . . . . . . . .  5.2.2 MR relaxation times 102 

. . . . . . . . . . . . .  5.2.3 Aortic phantom with stiff elastic plaque 103 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.3 Results and Discussion 103 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.3.1 Tensile Testing 103 

. . . . . . . . . . . . . . . . . . . . . . . . . .  5.3.2 MR relaxation times 107 
. . . . . . . . . . .  5.3.3 Aortic phantom with dual elastic modulus 109 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.4 Summary 111 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.5 References 112 



. . .  Chapter 6 Stress-Strain Curves Extrapolated from lncremental Data 1 16 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.1 Introduction 116 
6.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  118 

. . . . . . . . . . . . . . . . . .  6.2.1 lncremental Modulus of Tubes 118 
6.2.2 First Principles: Exponential Stress Strain 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Relationship 120 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.2.3 Elastic Modulus 122 

. . . . . . . . . . . . . . . . . .  6.2.4 lncremental Stress-Strain Data 125 
6.2.5 Relating lncremental Data to the Exponential Stress- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Strain Cuwe 126 
. . . . . . . . . . . . . . . . . . . . . . . . . .  6.2.6 Estimating cc and E, 127 

. . . . .  6.2.7 Slope and Error in the Fitted Exponential Cuwe 128 
. . . . . . . . .  6.2.8 Stress Calculations for Thick Walled Tubes 129 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.3 Methods 130 
. . . . . . . . . . . . . . . . . . . . .  6.3.A Phantoms and Specimens 131 

. . . . . . . . . . . . . .  6.3.A.i Straight PVA Cryogel Tubes 131 
. . . . .  6.3.A.ii PVA Cryogel Tube With Cosine Stenosis 131 

6.3.A.iii Aortic Phantom With Stiff Elastic Plaque (Dual 
. . . . . . . . . . . . . . . . . . . . . . . .  PVA Phantoms) 132 

. . . . . . . . .  6.3.A.i~ Porcine Thoracic Aortic Specimens 132 
. . . . . . . . . . . . . . . . . .  6.3.6 Tensile Testing to Determine P 132 

. . . . . . . . . . . . .  6.3.8.1 PVA and Porcine Aortic Strips 132 
. . . . . . . . . . . . . . . . . . . .  6.3.C l ncremental Tensile Testing 134 

. . . . . . . . . . . . . . . . . . . . . . . . .  6.3.D MR lmaging Systern 134 
. . . . . . . . . . . . . . . . . . . . . . . . . .  6.3.D.i MR lmaging 134 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.3.D.i MR Tags 134 
6.3.D.iii MR Compatible Pulsatile Pumping System . . .  135 

. . . . . . . . . . . . . . . . . . . . . . .  6.3.D.i~ Pressure Data 136 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.3.E Post processing 136 

6.3.E.i Geometric Dimensions of Cylindrically 
. . . . . . . . . . . . . . . . . . . . .  Symmetric Vessels 136 

6.3.E.ii Dimensions of Dual PVA f hantoms . . . . . . . . .  137 
6.3.E.iii Tag Intersections and Length of Lines . . . . . . .  138 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.4 ResuIts and Discussion 138 
. . . . . . . . . . . . . . . . . . . . . . .  6.4.A PVA Cryogel Phantorns 138 

. . . . . . . . . . . . . . . . . . . . . . . . .  6.4.6 P From Tensile Tests 141 



. . . . . . . . . . . . . . . . . . . . . . . . . . .  6.4.8.1 P For PVA 141 
. . . . . .  6.4.B.2 P From Tensile Tests of Porcine Aortas 141 

. . . . . . . . . . . . . . . . . . . .  6.4.C lncremental Tensile Testing 144 
. . . . . . . .  6.4.C.1 lncremental Tensile Testing for PVA 144 

6.4.C.2 lncremental Tensile Testing for Porcine Aorta . 148 
6.4.D.i lncremental Data from Cosine Stenosis 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Phantom 151 
6.4.D.ii PVA phantom With Dual Elastic Properties . . .  156 

. . . . . . . . .  6.4.D.iii Tagging method with Porcine aorta 160 
. . . . . . . . . . . . . . . . . . . .  6.5 General Discussion and Summary 162 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.6 References 165 

. . . . . . . . . . . . . . . . . . . .  Chapter 7 Summary and Future Applications 171 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.1 Overview 171 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.2 Gradient Coils 172 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.2.1 PC Boards 172 
. . . . . . . . . . . . . . . . . . . . .  7.2.2 Accuracy of Current Paths 172 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.2.3 Heat Dissipation 173 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.2.4 Installation 174 

. . . . . . . . . . . . . . . . . . . . . . . . . .  7.2.5 Alternative Designs 174 
. . . . . . . . . . . .  7.3 Hydrogen Free Medium For Aortic Specimens 174 

. . . . . . . . . . . . . . . . . . . . .  7.3.1 Practicality of using R-113 175 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.4 PVA Cryogel 176 

. . . . . . . . . . . . . . . . . . . . . . . .  7.5 Elastic Properties of Arteries ln 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.5.1 MRTagging 1 ï 7  

. . . . . . . . . . . . . . . . . . .  7.5.2 Modelling Stress-Strain Data 178 
. . . . . . . . . . . . . . . .  7.5.3 Validation of Stress-Strain Mode1 178 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.5.4 Limitations l79  
. . . . . . . . . . . .  7.5.5 Future of Local Elasticity Measurements 179 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.6 Overall Conclusions 180 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.7 References 181 

. . . . . . . . . . . . . .  Appendix Permission from CO-authours and publisher 186 



List of Figures 

Figure 1.1 

Figure 1.2 

Figure 1.3. 

Figure 2.1. 

Figure 2.2a. 
Figure 2.2b. 
Figure 2.2~. 

Figure 2.3a 

Figure 2.3b 

Figure 2.3~ 

Figure 2.3d 

Figure 2.4. 

A schematic diagram of the structure of atherosclerotic plaque 
isshown . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 
A sketch of a simplified stenosed arterial rnodel; steady flow 
streamlines show that imrnediately after the stenosis there is 
a separation zone where flow may be reversed and residence 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  times are long. 3 
A schematic diagrarn of how the digitized signal is stored in 

. . . . . . . . . . . . .  a 2-0 array (1 6 x 16 in size) called k-space. 19 

The azimuthaî angles of the l 8  and fh wires are shown for 
. . . . . . . . . . . . . .  calculating the cos(20) curent distribution. 37 

. . . . . .  The PC board design for the 96 wire Webster design. 39 
The PC board design for the optimized 192 wire design. . . . .  40 
The PC board design for the optimized 16 wire optimized 
design. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41 
Contour plot of one quadrant of the central transverse 
gradient uniformity in units of % deviation from the central 

. . . . . . . . . . . . . . .  value for (a) the 96 wire Webster design. 45 
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 wRh the cost function calculated for 

. . . . . . . . . . . .  a square region with side equal to the radius. 46 
Contour plot of one quadrant of the central transverse 
gradient uniformity in units of % deviation from the central 
value for the optimized 16 wire design with the cost function 
calculated for a square region with side equal to the radius. . .  47 
Longitudinal contour plot of the gradient uniformity for the 

. . . . . . . . . . .  central plane of the optirnized 16 wire design. 48 
Two MR images (2 cm FOV) of a hurnan iliac artery (ex-vivo) 

. . . . . . . . . . . . . . . . . . . . . . .  using the 16 wire gradient coil. 49 

xii 



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. 50 

Figure 3.la PC board design of quadrupole gradient Coil "DM. The coils 
longitudinal and azimuthal directions are the vertical and 

. . . . . . . . . . . . . . .  horizontal axis of the figure, respectively. 56 
Figure 3.1 b Schematic showing various dimensions of a cylindrical 

. . . . . . . . . . .  gradient coi1 made from PC board construction. 57 
Figure 3.2 Natural convective and radiative heat transfer coefficients are 

. . . . . . . . . . . . . . .  piotted as a function of coi1 temperatures. 69 
Figure 3.4 The temperature response of various coils with different 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  currents. 73 
Figure 3.5 The theoretical iemperature response of coi1 "A" mounted 

horizontally given various lm,. Çailure modes at 22 A and 71 
. . . . . . . . . . . . . . . . . . . .  A were experimentally determined. 76 

Figure 4.1. High resolution 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. 80 
Figure 4.2. High Resolution spin echo images (0.94 mm pixels, 1 mm thick, 

TE-1 6 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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  90 

Figure 4.3. Circumferential stress-strain curve for porcine ao rtic rÏngs 
. . . . . . . . . . . . . . . . . . . . . . .  submersed in R-113 or saline. 93 

Figure 4.4. 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. 94 

Figure 5.1. Longitudinal stress-strain measurements of strips cut from 
?VA cryogel rings that undenvent 1,2,3,4,5 and 10 freeze 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  thaw cycles. 104 

xiii 



Figure 5.2. 

Figure 5.3. 

Figure 5.4. 

Figure 6.1 . 

Figure 6.2. 

Figure 6.3. 

Figure 6.4. 

Figure 6.5. 

Figure 6.6. 

Figure 6.7. 

Figure 6.8. 

Figure 6.9. 

PVA cryogel tube wall thickness measured as a function of 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  freeze-thaw cycles. 106 

The Tl and T2 relaxation tirnes (at 1.5T) for PVA cryogel 
tubes that undenvent various freeze-thaw cycles. . . . . . . . . .  1 08 
High resolution MR image of an aortic model with a dual PVA 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  structure. 1 10 

A theoretical example of how stress-stress strain curves 
. . . . . . . . . . . . . . . . . . .  depend on the parameters a and P. 123 

A schematic showing how an exponential stress-strain curve 
. . . . . . . . . . . . . .  is linearized by taking small line segments. 124 

A schematic stress-strain curve showing four incremental data 
points plotted from q,,,=O. The inset shows the full stress- 

. . . . . . . . . . .  strain curve, compared to the incremental data. 124 
A schematic diagram of the cosine stenosed mold used to 

. . . . . . . . . . . . . . . . . . . . . . .  fomi a two diameter phantom. 133 
A schematic diagram of the equipment necessary to provide 

. . . .  in vitro dynamic studies of aortic phantorns and arteries. 133 
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). 139 
Stress-strain curves for PVA cryogel frozen 1, 2, 3, 4, and 10 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  times 139 
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 a and j3 equal to the average of the 

. . . . . . . . . . . . . . . . . . . . .  values from the 28 individual fits. 143 
lncrernental tensile stress-strain data for ?VA cryogel. . . . . . .  145 

. . . . .  Figure 6.1 0. lncremental tensile stress-strain data for porcine aorta. 149 
Figure 6.1 1. MR image of the longitudinal cross section of a PVA cryogel 

. . . . . . . . . . . . . .  tube with a cosine stenosis (4.8 cm FOV). 152 
Figure 6.12. Circular cross sections of cosine stenosis 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 (c and 
d). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  153 

xiv 



Figure 6.13. A typical plot of mean 4 versus In(T/B+I) 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 LJa. When the data is plotted as average 
Ti,, versus q,,, the results are shown below in (b). . . . . . . . . .  154 

Figure 6.14. 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. . . .  157 

Figure 6.1 5 A typical stress-strain curve for the dual elastic phantom. The 
top graph shows the original incremental data. The slope of 
the linear least squares fit line (solid lines) is E,,,. The solid 
squares represent the average data from the stiff region, and 
the open circles represent the average data from the flexible 
region. The extrapolated data are also shown in the lower 
plot. ..........................................158 

Figure 6.16. Ex-vivo porcine aorta undergoing pulsatile motion. Horizontal 
DANTE tags were applied at diastole (P,=12.2 kPa). . . . . . . .  1 6 1 

Figure 6.17. Average stress-strain curve for porcine aorta. The incremental 
data are shown as solid circles, and E,,, is the slope of the 
solid straight line. The extrapolated data are shown as hollow 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  circles. 161 



List of Tables 

Table 2.1. 

Table 3.1. 

Table 3.2. 

Table 3.3. 

Table 4.1. 

Table 4.2. 

Table 4.3. 

TabIe 6.1 . 

Table 6.2. 

Table 6.3. 

. .  Properties of 3 different quadrupole gradient coils designs. 44 

Physical, electrical, and thermal properties of the five 
quadrupole gradient coils. . . . . . . . . . . . . . . . . . . . . . . . . . .  59 
Constants for determining the natural convection heat transfer 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  coefficients.. 62 
Typical thermal properties of several materials (at 20°C) that 
can be used in gradient coi1 fabrication. (Note the properties 
will Vary depending on the additive types, amounts, chemistry, 

. . . . . . . . . . . . . . . . . . . . . . . . .  and rnanufacturing rnethod). 68 

Typical chernical properties of R-113 at 25'C and 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  101.3 kPa. 83 

Relaxation properties of porcine upper thoracic aortae in 
various fluids measured ai 20°C. . . . . . . . . . . . . . . . . . . . . .  85 
The ratio of Q,,,,,,, for the RF coi1 used in this study and 
the corresponding increases in image SNR and CNR of 
arteries when surrounded with various fluid. . . . . . . . . . . . . .  89 

Stihess parameter, a, for PVA cryogel as a function of 
freeze-thaw cycles. The scaling parameter, P, was assurned 
to be 64.759 kPa. The values in brackets are the percent 

. . . . . . . . . . . . . . . . . . . . . . . . .  deviation frorn the mean a. 164 
Typical incremental tensile data for PVA cryogel frozen Nice. 
The values in brackets are percent deviation from the actual 
value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  165 
Typical incremental tensile data for porcine aortas. The values 
in brackets are percent deviation from the actual value. . . . . .  166 



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 resolution 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 rneant to describe 

different segmental sections when viewing a circular tube (see Fig. 1 A ) .  The terni 

"phantom" is used to describe a physical model made to rnimic a specific tissue. 

1.2 Vascular Disease 

Cardiovascular disease, including heart attacks, stro kes, 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 sunhvors of stroke, 55% require special care 

and 15% are totally disabled. In 1994 more than 6 million people died from stroke 

world ~ i d e . ' * ~ ~  

1.2.1 Possible Mechanisms 

Atherosclerosis is one forrn of cardiovascular disease and resuIts 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). It is 

hypothesized that, by having a high concentration of lipids within blood, there is a 
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Figure 1.1 A schematic diagram of the structure of athemsclerotic 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 local elastic properties at points X and Y (in adjacent 

sectors of th8 artery cross section) are different because of the presence of the 

plaque. 
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Figure 1.2 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 long. Further downstrearn 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. 



high probability that lipids will infiltrate the vascular wa11.~~ Over time, a 

complicated cascade of events causes the lipid deposits to becorne fibrotic. In 

more advanced stages of the disease the lesion may eventually become 

thrombotic andlor calcified. An altemate mechanism for lesion formation may be 

injury to the vascular wa1L4 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 foming 

connective tissue leading to fibrotic plaques (see Fig. 1 A). However, the exact 

cause of the initial lesion formation is not clea* since the mechanisms described 

above do not explain why atherosclerotic lesions f o n  as localized patches near 

bends and bifurcations of arteries7 as shown by pathology studieç. 

The patchy distribution of atherosclerotic plaques suggesrs that local 

mechanical factors, such as hemodynarnic forces and mechanical stresses within 

the artery wall, must have a strong influence on the lesion deve~opment.~ The 

geometric location of bifurcations, tapers and curves causes the blood flow 

patterns to experience fluid acceleration, fluid 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 vesse1 wall and the endothelial cells may be damaged 

or injured, which leads to plaque de~eloprnent.~ In the separation regions the 

blood velocity experience reverse flow andlor undergo near stagnant flow rates.'' 

In these regions lipids within in the blood have long residence tirnes, 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 distensibiiity of the arterial wall. It is still unclear as to whether 

the hernodynamic 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 blood 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 A ) ,  it is reasonable to expect that there are localized differences 

in the wall stiffness in both the circumferential and longitudinal directions as 

measured frorn excised arterial ~ t r ips. '~  For in vivo situations, elastic properties 

in the circumferential directions can be deterrnined 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 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 thesis addresses some of the technical and 

theoretical issues related to proving this theor-y 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 tools 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 perforrn both in vitro and in vivo studies of the morphology and geometry 

of both healthy 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 o~cur . '~  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 a r t e r i e ~ , ~ ~ ~ * ~ * ' ~  has not developed. Several studies have shown that in the 

general population, arterial stiffening occurs with The importance of 

being able to measure local elastic properties is much more valuable for 

asyrnptomatic 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 distensible14). 

Arteriosclerosis can be diagnosed through the measurement of gross elastic 

properties of arteries as studied by nurnerous 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 sernantics, 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 cornparison 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 

MiInor" and ~ u n g ' ~  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 terrns "material stiffness" and "structural stiffness" 

is used sporadically, and I 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 fundamental rneasurement of material stiffness at a particular stress 

and strain level is the Young's modulus or elastic modulus, El which is defined as 

the slope of the stress-strain cuive.' ' Because in vivo experiments cannot yield 

a complete stress-strain cuwe, researchers have approximated E using different 

definitions as described in Sections 1.3.2, 1.3.5, and 6.2. In vitro expenments, on 

the other hand, can be designed to yield a cornplete stress-strain data from either 

strips of arteries (uniaxial testing) or intact sections of arteries (biaxial testing); thus 

these experiments provide a more cornplete understanding of the fundamental 

characte ristics of a mate rial. 

1.3.1 Tensile Tests 

In the case of artenal strips, the most basic quantitative physical 

measurement is obtained from the uniaxial tensile test.18 The force-length data 

from such a test can be converted to a stress-strain graph. Tensile tests have 

been perfoned on artenal 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 



strain rate has no significant effect on the stress-strain measurernents, 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.12 

1.3.2 Mechanical T ransducers to Measure Strain 

In most methods that measure elasticity, the strain is obtained by recording 

sorne dimensional change in the specimen. Over the years, more sophisticated 

methods of strain detection have been reported. For example, in vivo 
~f~di~~a,23,Z4t2s reqiiired the physical attachment of light-weight strain gauges 

ont0 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:26 

where Dm 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 rneasured. Since artery volume is conserved2' and specimen 

length kept constant, the inner diameter becomes a function of the outer diameter 

as given by: 

where Di is the inner diameter, Do is the outer diameter, V, is the volume of the 

wall with a length L. Because the inner diameter iç now detemined, it is possible 



to calculate the incremental elastic modulus, E,,,, at a mean pressure P2 u ~ i n g ~ ~  

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 consen/edz7, as the 

diarneter increases, the wall thickness will decrease by the same factor. 

Eq. 1.3 was used by 6erge12' 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 r e s e a r c h e r ~ ~ ~ * ~ ~ * ~ '  have modified Eq. 1.3 by 

assuming a circular geometry and replacing the intemal and extemal diameter with 

interna1 and extemal circumference (c, and c,, respectively) to get 

where dc, is the change in outer circumference due to a change in the intemal 

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. 



1.3.3 Ultrasound lmaging 

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 Rs 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 rep~rted.'~ 

Vascular geornetries can be obtained using B-mode or M-mode ultrasound 

in~aging.~~ Brnode 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 

e~ernents?~ A typical clinical image can be acquired in 30 to 60 ms range. The 

resolution of 6-mode images, on the other hand, is lirnited 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?4 

lnstead of collecting a 2-0 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 irnaging 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 collected rapidly as a function of time, and hence, the image 

is typically displayed as diameter versus tirne? Specialized M-mode ultrasound 

equipment with echo tracking features can measure the diameter of artenes with 

high precision (2-1 Oprn); however, the accuracy of the diameter measurernent is 

between 30 to 200 prn due to variations in the cardiac output and errors in 

positioning the transducer?' 

The vesse1 compliance3' can be rneasured (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 



various arteries in vivo have been reported26r35*36 to measure the distensibility of 

superficial arterie? and the a ~ r t a . ~ ~  The drawbacks of this method are in its 

assumptions: i) a single rneasured diameter is sufficient to descibe the artery 

geornetry (which would be true only for circular geometries), and ii) the ultrasound 

beam passes perpendicularly through the center of the artery. In al1 cases, it is 

necessary to determine the wall stress which is calculated frorn measuring the 

pressure either directly using a cathetef6 (invasive) or by inferring it through non- 

invasive monitoring of the pressure in external artenes? 

1.3.4 X-Ray lmaging 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. 2-0 images are 

acquired as the bolus travels through the vessel. Digital s~b t rac t ion~~ of the pre- 

and post-contrast agent images wiil 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 

devûloped two çpecialized CT i rnager~'~.~~ for in vitro studies of vascular 

mechanics. One is optimized for high spatial resolution (1 50 pm) 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 



high x-ray dosage involved in col!ecting 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, c,, of 

arteries and show that it increases with stiffne~s?~ 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 rnuscular arteries (such as the iliac and femoral) which 

have values in 8 to 12 ms" range. 

There are two approaches in calculating c,. The first method involves 

determining the volume elastic rnodulus 6: 

AP 
= / A", 

where Ml 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 u l t ras~und~~  of diameter changes, or MR imagingt5 of lumen cross sectional 

images). The reciprocal of E,, is the volume distensibility and is sometimes 

incorrectly called comp~iance.~~ The arterial ~ompliance'~*" C is equal to AV/AP, 

where AV is the change in lumen volume. 

The pulse wave velocity, can be calculated as4' 

where p, is the fluid density. When the wall thickness is known, the incrernental 

elastic modulus can be obtained from Eq. 1.3 or an alternative estimate of the 

elastic rnodulus can be obtained using the Moens-Korteweg e q ~ a t i o n ~ ~  



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 wa11.16 

Caution must be used in reporting the results because of the many conditions 

imposed in the derivation of this equation. 

Altematively, the pulse wave velocity can be obtained by simultaneous 

monitoring of the lumen diameter (or blood velocity or pressure wave front as a 

function of tirne) 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 A 6  Non-Tagging MR Methods 

General tagging techniques are necessary for rneasuring local strains. For 

in vivo studies, MR tagging is much less invasive than physically attaching markers 

onto the elastic material to be s t ~ d i e d . " ~ ~ ~ ~ * "  Other researchers have reported 

success in using MR phase contrast methodsu* to estimate strain with the 

heart from a series of images containing pixel by pixel velocity. The principle 

behind this method iç that the distance each pixel moves from one image to the 

next image can be calculated as the time between the adjacent images multiplied 

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 

shear4' as well as local wall motion. 



A completely novel method of estimating the stress-strain curve of excised 

arteries was described by Vinee et and Constantinesco et aL4' They 

reported a mathematical correlation between MR relaxation tirnes, T, and T2, 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 T2 measurernents of arterial 

sections. 

1.3.7 MR Tagging Methods 

I 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 

 technique^.^^^^*^^ M R tagg ing techniques are described in detail by others;=' 

a short description is given in section 1.4.8. In brief, dark tag lines c m  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 rnoved 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 lmaging 

1.4.1 General Description 

Although magnetic resonance (MR) imaging is a relatively new medical 

imaging modaiity there are several general references that explain how this 

technology ~ o r k s . ~ ~ ~ ~ 0 ~  The popularity of MR imaging is increasing because: 



i) it does not use hamful ionizing radiation, ii) it has excellent resolution 

comparable to other medical modalities, and iii) 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 rnagnetic 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 parallel (low energy 

state) or anti-parallel (high energy state) to the main magnetic field, Bo. By 

convention, the direction of Bo is called the z-axis or the longitudinal direction. At 

thermal equilibrium, the net magnetic moment, Mo, will be aligned parallel with Bo 

and precesses at a frequency given by the Larmor equation: 

where f is the frequency in MHz, and y is the gyromagnetic ratio for hydrogen 

(y12ir) = 42.58 MHzTT). 

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) Mo away from the 

z-axis through an angle q. When the RF energy is turned off, this results in a 

transverse magnetic moment, Mt, in the plane perpendicular to Bo such that 

M,=M,sin(q). The amount of remaining longitudinal magnetization, M,, is 

M,M,cos(cq). Receiver coils placed near the object can be tumed on to detect Mt. 

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 tumed off, M, eventually retums to its steady state 

value Mo by transferring energy to the surrounding chernical lattice. The regrowth 

in the magnitude of M, to Mo is a function of time, t, and is dependent on the Tl 

time constant as described by: 



ln the transverse plane, the net magnitude of Mt 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 

When there are other magnetic field inhomogeneities specific to Our MR system 

such as magnetic susceptibility gradients, eddy currents, and Bo inhomogeneities, 

the observed rate of the loss in phase coherence increases and Mt can be 

described by: 

where 

and 6B is the total magnetic field inhornogeneity 

(1.12) 

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 

ln 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 6,. Thus Eq. 1.8 becomes 



where r=(x,y,z); x,y,z is the location to which the spatial encoding is applied; G(G,, 

Gy, G,) is equal to the magnetic field gradients (aB@x, aB#y, aBJaz); and B, is 

the z component of the gradient field in the z direction. Each of the three gradients 

sewe a different purpose. For example, in a 2-D axial image, the slice thickness 

is governed by the slice encode gradient G,; Gy 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 2-0 object. 

The 2-D Inverse Fourier transfomi, FT', may then be used to decompose the total 

signal as a function of amplitude and frequency (i.e. spatial location). 

Because the FT' and 2-D Fourier transfomi, 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 ~pace" ) .~ ' *~~  If one assumes: i) al1 signals originates from 

a 2-D plane, ii) 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: 

where M,(x,y) is proportional to the net longitudinal rnagnetitation (before the 

imaging sequence is started) at the location (x,y), i=fi S(k(t), $(t)) is the spatial 

frequency content of the object at the k-space location (k(t), $(t)), and 



and 

where (h, $) 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 Gy 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 fiIl one 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 Gy), then this will 

fiIl another horizontal line in k-space (see Fig. 1.3). After 256 signal acquisitions 

(al1 with different k$), a 2-D FT' on the k-space data will produce an image with 

intensities proportional to M,(x,y): 

In reality, relaxation effects cannot be ignored. These effects are dependent 

on the chernical 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 lrnaging 

Clinical MR imaging typically 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 Tl or T, 



k-space 

Figure 1.3. 

image-space 

A schematic diagram of how the digitized signal is stored in a 2-D array (16 x f 6 

in site) called k-space. The k-space data and image are Fourier conjugates and 

can be converted to one another using the FT or Fi? 
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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 pulse 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. lmmediately 

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 matrîx is filled, and the 2-D FT' used to produce an 

image with intensities, I(x,y), at the coordinate (x,y) approximated by: 

where Io is proportional to p,, and TR is the time of repetition of spin-echo 

experiments. If TR>>T,, Eq. 1 .18 can be approximated as: 

where I,(x,y) is the image intensity at time TE. 1, is dependent on the material 

properties po 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 nurnerically 

calculate Io and T,. 

1.4.5 inversion Recovery lmaging 

Another method of adjusting contrast in MR images is obtained by using an 



inversion recovery (IR) pulse sequence. In this method, a 180' RF pulse is applied 

at a time TI (tirne of inversion) prior to the start of the spin echo sequence. When 

TR>>T, and TEceT,, the image intensity at time TI, I,(x,y), can be described as 

The image intensity is now a function of the material properties p, and Tl, as well 

as the MR pulse sequence adjustable parameter TI. By obtaining a series of 

images at different Tl's, it is possible to numerically calculate 1, 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 rnagnetization by an angle less than 

90". lmmediately 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 tirne when the sum of these two gradients are zero. GRE pulse 

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 visualite 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,, Gy, Gr Recall that in clinical superconducting MR 

scanners, the magnetic bore axis is referred as the z-direction. The vertical 

direction is the y-ais, and the horizontal direction is the x-ais. If the G, gradient 

was on, the measured z-component of the magnetic field varies only in the x- 



direction. Similarly, if the Gy 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 

1 FOV = - 
M. 

where Ak, is the spacing between adjacent k, points in k-space. Similarly, the 

spatial resolution, Mt in image-space is 

Using Eq. 1.15 with G, set at a constant amplitude for a fixed time f, it can be 

shown that: 

Thus the spatial resolution is inversely proportional to the gradient strength and the 

duration of the gradient. When f is fixed, higher gradient strengths will give a 

smaller 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 



is temporary and the longitudinal magnetization will recover as given by Eq. 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 o 

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,=M,sin(q) and 

the selected protons have Mo equal to zero, Mt will also be zero (Le. 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 wiil 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. 

1.1 5) will govem 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 Gy instead of G,. 

In the special case when the train of RF pulses consists of only two pulses 

(each with the power for a 45" flip), the resulting object space will have 

presaturation stripes in a sinusoidal pattern. This technique is given the acronym 

SPAMM' (Spatial Modulation of Magnetization). 

1.5 Research Goal 

Since atherosclerotic lesions occurs in localized patchy regions, one 



possible method of detecting atherogenesis before the disease becomes 

symptornatic, 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 (cl00 pm pixels) images within a 

reasonable amount of tirne (40 minutes), ii) design a pumping systern to deliver 

reproducible pressure wavefons to in vitro specimens, and not introduce flow 

artifacts in the MR images, iii) develop a synthetic phantom material that mirnics 

the properties of arteries in both biornechanical and MR properties iv) modify an 

GR€ pulse sequence to permit non-invasive MR tagging of dynamic arterial 

specimens, v) rneasure the local elastic properties of pulsatile arteries and arterial 

phantoms in vitro, and vi) make an effort to simulate in vivo conditions in ail 

experiments and to consider at al1 stages of the research how each development 

can be adapted to in vivo studies in the future. 

To fulfil the objectives outlined above, I have developed a high resolution 

MR imaging method that uses DANTE tagging techniques to track the strain in 

pulsatiie aortic specimens and phantoms. Since clinical MR gradient strengths do 

not permit high resolution imaging in short time periods, 1 have developed a 

rnethod of designing and manufacturing MR gradient coils from printed circuit (PC) 

boards. When instalied 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 coi1 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. lts properties were 

reproducible, and could be measured in a tensile tester. Finally, I rneasured the 

incremental elastic properties of several phantorns and aortas. To compare these 
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results to that of full tensile test results, I present a new method of extrapolating 

incremental data to full exponential stress-strain CU mes. 
1.6 Thesis Outline 

1.6.1 Gradient Coil Design and Evaluation 

Chapter 2 is based on the paper "Quadrupole gradient coi1 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 coi1 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 coi1 heat dissipation" by K.C. 

Chu (the author) and Dr. B.K. Rutt (supervisor), which appeared in Magnetic 

Resonance in Medicine, Volume 34, pages 125-1 32 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 coi1 

designs were modeled using simplified engineering equations and verified through 

direct measurements. The model predicts that the coi1 temperature approaches a 

maximum as an inverse exponential function, and that the maximum temperature 

is govemed by two parameters: a local power density and a cooling tem. The 



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 coi1 former with high thermal conductivity and 

thin walls, and (3) varying the emissivity of the coi1 surfaces. 

For a given gradient strength, the average temperature rise is minimized by 

designing a coi1 with a small radius and thick copper. The coi1 temperature model 

predicted the local temperatures rise to within 5OC of the rneasured values. 

1.6.3 Trichlorotrifluoroethane as a Pumping Fluid 

Chapter 4 is based on the paper "lmproved MR images of arterial 

specimens by submersion in trichlorotrifluoroethane" by K.C.Chu (the author), 

AdMartin (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 perforned 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-1,2,24rifluoroethane 

(also known as refrigerant R-113) with arterial specimens. J.Dunmore provided 

assistance with the histological portion of this work. 

In Chapter 4, 1 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-713 has no hydrogen atoms, so it yields no proton signal; 

hence, the contrast between the specimen and its background is inherently 

maximized. SNR is rnaximized because (1) R-113 is non conductive so coi1 

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 terni submersion of porcine aortas in R-113 was found to have no 

significant effect on the artery's hydration level, relaxation tirne, nor tensile 

strength. The structure and quantity of elastin, collagen and smooth muscle cells 

remain unchanged. 

1.6.4 Polyvinyl Alcohol Cryogel 

Chapter 5 is based on the paper "Polyvinyl alcohol cryogel: an ideal 



phantom material for MR studies of arterial flow and elasticityt' by K.C.Chu (the 

author) and 6.K.Rutt (supervisor), which appeared in Magnetic Resonance in 

Medicine, Volume 37, pages 314-319 in 1997. Al1 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, I 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. I 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 

p hantom undergoing pulsatile motion are shown. 

1.6.5 Stress-Strain Cunres Extrapolated from lncremental Data 

Chapter 6 is based on the two part paper "Stress-strain curves of arterial 

phantoms and arteries extrapolated frorn incremental data obtained from high 

resolution MRI" by K.C.Chu (the author) and 6.K.Rutt (supeivisor), which is being 

submitted to the Journal of Biomechanics. Most of the research was perfoned by 

the author. Dr. Rutt was instrumental in vastiy 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 mode1 is used to describe the 

stress-strain c haracteristics of arteries. A de rivation 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 estirnate 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 ( e 8 % )  only 

for stress levels less than 75 kPa. At these same stress levels, the extrapolation 



rnethod is shown to be reasonably valid in estimating the exponential stiffness 

parameter cr to e6%, which is reasonable given that there are biological variations 

in the aortic specimens. The errors are aîtributed to the limitations of using a single 

exponential mode1 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 

structural stiffness properties of a r t e r i e ~ . ' ~ ~ " ~ ~  A final demonstration of the 

extrapolation method using incremental data from MR images of pulsating porcine 

aortas resulted in full stress-strain curves sirnilar 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 coi1 construction and cooling described in Chapters 2 and 3 has already 

been adapted to evaluate new MR gradient coi1 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 COIL DESIGN AND EVALUATION 

2.1 Introduction 

Proper gradient coi1 design is vital in MR imaging. Parameters such as the 

efficiency, inductance and resistance of the gradient coi1 govem 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 unifomity 

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 unifomity should 

provide less than 11256 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 (Le. dependent on al1 

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 coi1 that bas a large region of unifomity and 

high gradient efficiency is the quadrupole design.'lZ3 ln 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 azimutha1 angle.' In practice, this current distribution is 

approximated by winding discrete wires and the volume of unifomity 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 

grooveç cut into an insulating f ~ r r n e r . ~ ~ ~ * ~  The disadvantage of this method is 



that the milling of the grooves and the winding of the wires is often 

time consuming. In addition, compiicated wire designs are almost 

fabricate without numerically controlled milling machines. 
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laborious and 

impossible to 

These issues were resolved by developing a simple design and fabrication 

technique for quadrupole gradient coils. The technique positions each wire using 

n urnerical optimization and a printed circuit (PC) board ap proach . With this 

method, researchers can design and construct a high strength dual-axis (X-Z or 

Y-2) quadrupole gradient coi1 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 coi1 axis must be placed transverse to the main 

magnetic field axis, this design is ideal for researchers who have access to clinicat 

MR scanners but wish to perforrn high resoiution imaging of small animais, 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 quadru pole coils constructed 

using the PC board method are described. Numerical optirnization of wire positions 

was used in two of these designs to irnprove the region of gradient uniforrnity. 

Gradient field calculations are shown for each coil. The effect of a 0.5% error in 

the wire positions is shown by simulation and experiment for the third coil. Finally, 

coi1 properties from al1 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 

recommendation2 of three wire clusters at 22S0, 45" and 67.5" azimuthal angle in 

each quadrant with relative current densities of 7, 10, and 7, respectively. Two 

other designs discretely sam pled the cos(20) 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 8, and AQ, in Eq. 2.1 : 

where 0, is the angular position of the ith wire, (A9,.,+A8,)/2 is the angle between the 

centre positions of the and 8," wires, c=constant of proportionality, AB, = (wire 

width + wire gap)/(coil radius) and 8, = A8,/2 is the position of the first wire. My 

method of detemining 8, differs from that of Bolinger7 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 pm (2 oz.) thick copper PC boards were used with a 

minimum spacing between tracings of 0.38 mm. Using these dimensions, the 

fusing current, lm, (applied for 20 ms), for flat copper conductors could be 

estimated.8 To maintain a good margin of safety so that the copper does not 

melt, my maximum operating current never exceeded I,J20. 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 ImJ200. Chapter 3 describes a mathematical model 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, 6, (i.e. the component parallel to the main magnetic field) was 

determined by integration of the Biot-Savart law6 along a straight wire at each of 

the locations 8,. A B, field map for the gradient coi1 was produced for the central 

transverse plane6 and the central longitudinal plane by summation of the 6, 

contributions from al1 wires. The gradient field was estimated numerically using 

finite differences. Contour plots of the gradient uniformity show the 9.4,5,10, and 



25% deviation from the central value. The magnetic field contribution from the 

retum paths (i.8. 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 coi1 was less than 0.04%. 

Figure 2.1. The azimuthal angles of the IL and im wires ara shown for calculating the cos(20) 

current distribution. The conducting paths are shown as thick ban L 
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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 possible to provide a perfect cos(28) current 

distribution on a cylindrical surface. However, it was possible to optimizeg the 

angular positions of a finite set of wires to maxirnize 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 ~oolbox. '~ This minimization technique was based on a sequential 

(Le. recursive) quadratic programming rnethod" where the general problem is 

reforrnulated into a quadratic approximation of the Lagrangian function which is 

solved nurnerically. The initial starting points for the optirnization were obtained 

from the Webste? 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 coi1 sets (9.5 cm dia. x 25cm 

long) were constructed. The first design was the design proposed by Webste? 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 ont0 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 ont0 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 c show the circuit 

board designs for each of the coils designs. After the PC board was glued ont0 the 

circumference of an acrylic cylinder, it was mounted in the X-direction of a whole 



Figure 2.2a. The PC board design for the 96 wire Webstef design. The horizontal axis is the 

azirnuthal direction, and the vertical axis is the longitudinal direction of the coil. 



Figure 2.2b. The PC board design for the optimized 192 wire design. The horizontal axis is the 

azimuthai direction. and the vertical axis is the longitudinal direction of the coil. 



Figure 2.2~. 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. 



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) rnilled into its plane was filled with CuSO, solution 

and placed inside a single tum 7.0 cm diameter x 11.1 cm long transmiüreceive 

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 pH and 2 S2 of the theoretical v a ~ u e s , ' ~ ' ~  respectively. 

My inductance calculations included the self and mutual inductances of the main 

wires as well as the return wires (which were assurned to be straight). The 

gradient strength was determined by varying the current to each of the coils and 

comparing the rneasured 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 coi1 gradient efficiencies were found to be approximately proportional 

to the number of windings (6.77~10" Gcm-'~'winding"). A gradient strength of 4 

G/cm could be easily obtained in each of the coils to produce a resolution of 78 

~m/pixel from a 2 cm FOV image (256x256, 16 kHz bandwidth). 

A measure of the gradient uniformity was denved 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 c show example maps of the gradient uniformity from the 



43 

96 wire Webste? design, the optimized 192 wire design, and the optimized 1 6 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 

optirnized 16 wire coi! is shown in Fig. 2.4. Figs. 2.5a and b show the transverse 

field plot and corresponding square phantom imaged using the Webste? 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% unifomity can be significantly 

improved using numerical optimization of the wire positions. In Fig. 2.3a, the 

Webstef design was approximated by placing the 3 clusters of wires as close as 

physically possible to the 22.6, 45.0' and 67.5' positions using the PC board 

method. In the ideai situation, where each wire is infinitely thin, rny results would 

approach those reported by ~ e b s t e r . ~  Although not shown, numerical optirnization 

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 coi1 diameter. This compares well with more 

traditional gradient coil designs where the ROI with better than 5% deviation is 

typically 70% of the diameter.14 

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 8856 of the coi1 

diameter, respectively. Depending on its application, the designer must balance the 

nurnber 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(20) current distribution, and at least 40 wires are needed to obtain 

a gradient uniformity similar to that in Fig. 2.3a. lncreasing the number of wires 



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

~ebstei!  Cos(20) 

Optimized 

Cos(28) 

Optimized 

Coil 

Design 

11 Total Nurnber of Wires 

II Wire Width (mm) 

(1 20 rns Fusing Current I,, : copper [solder1 

II Inductance: rneasured [thearetical] (pH) 

1 Resistance: rneasured [theorefical] (R) 

II Time Constant r (1s) 

0.4% [5%] Transverse Uniforrnity 

(% of total diameter) 

0.4Oh [5%] Longitudinal Unifonnity 

(% of length) 

Gradient Efficiency: rneasured [theoretical] 

(Gcm"K1) 



Figure 2.3a Contour plot of one quadrant of the central transverse gradient unifomity in units 

of % deviation from the central value for (a) the 96 wire Webste? design. Wire 

positions are indicated by 'x'. 
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Figure 2.3b Contour plot of a quadrant of the central transverse gradient unifonity 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. 



Radius in Z 

Figure 2.3~ Contour plot of one quadrant of the central transverse gradient uniformity in units 

of % deviation from the central value for the optimized 16 wire design with the cost 

function calculated for a square region with sida equal to the radius. Wire positions 

are indicated by 'x'. 
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Figure 2.36 Longitudinal contour plot of the gradient unifomity for the central plane of the 

optimized 16 wire design. 



Figure 2.4. Two MR images (2 cm FOV) of a human iliac artery (ex-vivo) using the 16 wire 

gradient coi/. 



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 Webste? 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 33.4% (i.e. 

Ç1 pixel in 256) images will appear distorted (d) and will require warp correction 
algorithms. 



increaseç the gradient uniformity at the cost of increasing the inductance. For a 

fixed inductance, the gradient unifomity is improved through optimization of the 

wire positions. 

There is no guarantee that any numerical optirnization method will find the 

global minimum. The chosen numerical optimization technique finds one of many 

local minima satisfying the cost function. It was obsewed that the initial wire 

locations, as well 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 

unifomity does not change significantly; therefore, finding the global minimum will 

not produce a significantly larger region of gradient unifomity. 

lndependent 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 al1 designs are 29% and 83% of the overall coi1 length, 

respectively. 

To compare gradient efficiency of the quadrupole design with a more 

conventional design, I have theoretically rnodelled an optimized 96 wire quadrupole 

coi1 with overall dimensions (66 cm dia., 132 cm length) and inductance (1 000 pH) 

similar to the transverse gradient coi1 on a GE Signa. The quadrupole coi1 gradient 

efficiency was found to be 0.0143 Gcm-'A*' with a region of 0.4% (and 5%) 

gradient unifomity covering 72% (and 78%) of the diameter and 33% (and 83%) 

of the length, which compares favourably with the GE gradient coi1 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 coi1 or too long due to an undersized former. The effect 

of these errors was investigated by simulating and constructing a coi1 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 srnall error in the wire 

positioning during construction will reduce the region of 0.4% gradient unifonity 



by more than a factor of 2. 

2.4.2 lmplementation 

Gradient coi1 optimization often includes a minimum inductance constraint14 

which could have been added to the optimization program; however this was not 

necessary for these small diameter gradient coils. Instead, I report the measured 

and calculated inductances (L) and resistances (R) in Table 2.1. Using a first order 

resistance-inductance circuit  mode^,^*" an ideal voltage step of amplitude V, 

produces a current response I(t)=V, (1-exp(-th)) 1 R. The time constant, r= UR, 

is the time it takes the gradient coi1 current to reach 63% of full strength (assuming 

a constant applied voltage) and govems the rate at which the gradients can switch 

on and off. The initial rate of current increase at time t=O is dl(O)/dt=VdL, and can 

be increased by applying higher voltages during gradient ramping. In each of the 

quadrupole designs, 7 was a factor of at least 85 tirnes 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 coi1 achieved a decreased r by an 

increase in R, which is not desirable as it causes the coi1 heat loading (power=12R) 

to increase proportionally. The 16 wire design achieved fast rise tirnes through a 

decrease in L compared to the GE Signa whole body coil. 

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 couid cause the 

amplifier to oscillate. It is recommended that the amplifier manufacturer be 

contacted to confirm cornpatibility. 

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 coil integrity can also be the 185OC rnelting point of solder, its fusing current is 

also included. 

In addition to the fushg current, it is also important to determine the root 

mean squared current, lm, 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 I theoretically derive the goveming equations that calculates the 

maximum gradient coi1 temperature based on how the gradient coii is cooled. 

2.5 Summary 

I have developed a simple technique for accurately constnicting a dual axis 

quadrupole gradient coi1 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 Webste? quadrupole design. 

The effect of imprecision of wire placement was investigated by comparing 

cornputer simulation with an image made from a coi1 constructed with a small error. 

Theoretical analysis shows that an error of -0.5% in al1 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 

coi1 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 ~ o i l s ' ~ ~ * ~ ~ ~ * ~  for head,6 extremity, b r e a ~ t ~ * ' ~ ~  or 

specimen'~'~ imaging on clinical MF? 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 coi1 may be 

compromised, and (3) the precise current path locations may be altered due to 

local heating and themal 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 coi1 

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 mode! affects 

the coi1 temperature response is followed by experimental results. The 

experimental data were collected frorn five different experimental quadrupole 

gradient coils with a range of applied currents under different cooling conditions. 

The maximum root-mean-squared current (lm,), and hence, the repetition tirne (TR) 

that can be applied to a gradient coi1 is demonstrated. This methodology can be 

applied to other gradient coi1 designs. Suggestions for increasing the heat 

dissipation are also addressed. 

3.2 Methods 

The conductor positions of four different quadrupole gradient coi1 designs 

were optirnized by the method described by Chu and Rutt.lo The conductor 

positions of a fifth gradient coi1 (coil "Bu in Table 3.1) were based on the design by 

Webster and Marsden." A representative coi1 design (Coil "D") is shown in Fig. 

3.la, and reveals that the current densities of the main gradient conductors Vary 

around a cylinder to follow a cos(28) distribution, where 9 is the azimuthal angle. 



Figure 3.la PC board design of quadrupole gradient Coi1 'Du. The coils longitudinal and 

azimutha1 directions are the vertical and horizontal axis of the figure. respectively. 



7 Cross Sectional View of S 

Figure 3.1 b Schematic showing various dimensions of a cylindrical gradient coi[ made from PC 

board construction. 



For simplicity, the conductor widths within each coi1 were kept constant. The 

conductor patterns from each design were etched ont0 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 coi1 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 coi1 was measured with themiocou ples 

attached to the inside and outside surfaces of the central portion of the gradient 

coi1 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 rnounted horizontally, the coils were cooled by 

(a) circulating 2.8 m3/min air along the inside and outside surfaces of the coii, or 

(b) evenly distributing 20°C water flowing at a rate of 0.9 I/min. over the outer coi1 

surface. 

3.3 Theory 

Here the governing equations describing the average local wall temperature 

of a gradient coi1 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 srnaIl section S of a cylindrical gradient coi1 (see Fig. 3.1 b), the 

incremental heat rise (assuming isotropic properties) is p,VC,,dT, where p,, VI C,,=, 

and dT are the density, volume, specific heat capacity, and incremental 

temperature rise of S, respectively. This heat rÏse 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 pmperties of the five quadrupole gradient coils. 

1) Outer radius, r, (rn) 1 4.91x1U2 1 4.91~104 

Coil 

Number of windings, N 

lnner radius, r, (m) 

Copper radius, r, (m) 

II Conductor length, D (m) 1 25.4~10" 1 254x10' 

A 

16 

4 .13~10 '~  

4.79~1 

Conductor width, w (m) 

Copper thickness, S (m) 

1) Inductance (pH) 16.0 1157 

B 

96 

4.13~10.~ 

4.79~1 

4 . 3 8 ~ 1 0 ~  

7.1x1U5 

Gradient efficiency 

(rnTm"A") 

1.51 xl0' 

7 .1~10 '~  

Total Coil Resistance, 

R,, (fi) 

h,, (WIC'~') Horizontal 3.0 

Vertical 5.0 

0.5 6.5 

h, Horizontal 

Vertical 

5.7 

5.0 

Local Resistance R (R) 

A, <m2> 

26x1 0" 

2.92~1 oJ 

56.7~10" 

0.475~1 O=' 



Thus, one can write:12 

where P=power generated inside the section S; q, and q, are the total convective and radiative heat 

transfer rates from S, respectively. 

In order to get a first approximation of q,, 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 ternis as 

f0110~~:'~"= 

where T is the average temperature in Kelvin of section S; T, is the air ternperature 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 ternperature) 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 

where h,=convective heat transfer coefficient; kthermal conductivity of the caoling fluid; L="verticai 

length" of the coi1 (i.e. L=coil length if oriented vertically; or L=coil diameter if oriented horizontally); 

a and rn are correlation  constant^'^ that depend on orientation and N, N, (see Table 3.2); and N, 

Np, is the product of the dimensionless Grashof and Prantal numbers" describing the heat tmnsfer 

characteristics of the fluid as shown: 

where p,, C,, ,  h, and $, are respectively: the density, heat capacity, viscosity, and volumetric 



coefficient of expansion of the fluid at an intenediate temperature estimated to be equal to 

(T+T0)/2; and g=acceleration due to gravity. 

The rate of heat loss due to radiation can be expressed 

where the heat transfer coefficient due to radiation is 

and a= the Stefan-Boltzmann constant=5.67~1 Wmm2K4; e, and e, are the emissivities of the inner 

and outer coi1 surfaces. and can Vary from O to 1 depending on colour. For the dark colouredt4 

gradient coils used in my experiments it is reasonable to assume that e, and e, are approximately 

0.96. For simplicity, h,,, hW, 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 deterrnining the natural convection heat transfer coefficients. 

- - 

Vertical plate in air (L=height and L c 3m ) r 1 04-1 oe 

0.333 

Cylindrical Coi1 Orientation a %NP, 

Horizonal plate with air above it 

Horizonal plate with air below it 

m 

1 05-2x1 O' 

2x1 0'-3x1 

1 05-1 O" 

0.54 

O ' W . 1 4  

0.58 

0.25 

0.333 

O .2 



Substituting Eqs. 3.2 and 3.5 into Eq. 3.1, and using Ai=Acrjrc and Ao=AcrJrc, 

where A, is the circumferential area of S at the copper radius r,, produces: 

where a,=cooling parameter as described by: 

Because of my simplifying assumption of constant thermal properties, and since 

it can be shown that ~ = ~ p r Ï ? r , ,  where Ar=r,-ri, and Ï-=(ro+ri)/2, Eq. 3.7 can be 

integrated from time O to t, and temperature Ta to T to give the temperature rise 

as: 

3.3.1 Cooling Parameter a, 

By defining Ari=rc-ri and Aro=ro-r,, the cooling parameter in Eq. 3.8 can be simplified 

for thin walled formers (Le. Aii, cc r, and Ar, cc rJ to be: 

I can now examine two extrerne cases: 1) convection limited and 2) conduction 

lirnited. 

Case 1) means that rJ(hc,,ri) >> Ar&, and rJ(h,,r,) » ArJh, and Eq. 3.1 0 



reduces to 

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 rJ(h,,ri) <c Ar&, and rJ(h,,r,) cc ArJk,, and Eq. 3.10 

reduces to 

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 coi1 is an inverse exponential function of tirne. The equilibrium 

(Le. maximum) temperature rise is given by: 

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 coi1 are axially oriented and evenly 

distributed around a cylinder. The following discussion examines how each of P, 

Ac, and ac separately affect the temperature change. 

The average power deposited in the coi1 can be written as: 

where Izcurrent, and R,,=resîstance of the entire coil. For etched PC board 

circuits with a constant copper thickness, 6, the coil resistance can be expressed 

as: 



where p,pp,r=resistivity of copper (1 7 .7~1  ~~S2m);  N=number of current paths; 

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

the Biot-Savart law, it can be shown that15 

where G=gradient strength. Combining Eqs. 3.14 to 3.1 6 gives: 

P copper G2 D rz P =  
6 

Eq. 3.17 shows that for a constant gradient strength and constant aspect ratio (D 

= rJ, the average power deposited varies as r$3.  This demonstrates the 

importance of minirnizing the coi1 radius and maxirnizing 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 nurnber 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 equilibriurn temperature rise 

averaged over the whole coil, AT,,,, let's define Ac=2nrcD, and combine Eqs. 3.1 3 

and 3.1 7 to get: 

Examination of Eq. 3.18 shows that AT,,, is independent of number of 



current paths, but a strong function of the coi1 radius. In order to maintain a 

constant ATeqnavg with a fixed 6 and G, 1 must scale the cooling parameter a, with 

r t .  For example, in rnoving from a head coi1 size (r,-16cm) to a body coi1 size 

(rc-32 cm), a, would have to increase by a factor of 4 to maintain the same 

AT,,,. In this exarnple, even though natural convection may have sufficed for the 

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

3.3.3 Local Temperature Rise 

Because real gradient coils never have eveniy distributed current paths, Eq. 

3.18 does not fully describe the local equilibrium temperature rise at a given 

location on the coil surface. Edelsteid6 described a technique where thin gaps 

were etched ont0 the PC board to produce a coi1 with variable conductor width. In 

this case, the maximum temperature rise is at a region where the power density 

is highest. Thus, to detenine this maximum temperature rise, A, is redefined as 

a minimum local area: 

where wmin=rninimum conductor width, w,,,=width of space between conductors, 

and d=short length of conductor within A,. The resistance within A, becomes: 

6y assurning wmin+w,,=w,,,,, and that waVg=2xrJN for gradient coils with axially 

oriented conductors. I can combine Eqs. 3.13, 3.14, 3.16, 3.18, 3.19, and 3.20 to 

get the local maximum temperature rise, AT,,, as: 

Eq. 3.21 implies that the AT,,,, can be minimized by rninirnizing the ratio 

w,,,fimin; hence, AT,,,, is highly dependent on the variations in the conductor 

density around the coi1 surface. For example, if wm,=wav~2 and ATw,,=25"C, then 



~îT,,,~100~C, which could mean that local heating is excessive, even though the 

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

to optimize the coi1 conductor pattern to give the lowest w,,,dwmi,. 

3.3.4 Transient Temperature Rise 

An altemate strategy for minimizing the temperature of a gradient coi1 is to 

slow down the rate of approach to equilibrium temperature by maximizing the 

temperature time constant C,,sp,(Ar ?)/(acr,) found in Eq. 3.9. This can be 

accomplished by increasing the specific heat capacity and density product (C,,pJ, 

which may not always be practical when using common former 

materials17*'8*1g*20b21122*23 as shown in Table 3.3. Altematively, Arh, can be 

maxirnized by increasing the thickness Ar. A complication with this latter strategy 

is that under sorne circumstances (such as Eq. 3.12 with Ar, and Ar, = 0.006 m; 

ks=0.2 WK1m", h ~ 6 . 4  WK1rnQ, and prc=r0) it is possible to have a, = l/Ar. This 

means that the temperature time constant will increase with A?. However, the 

equilibrium temperature ATaq will increase linearly with Ar. Thus, the gradient coi1 

temperature rise may be less in the transient state (short terni), but will be higher 

in the equilibrium state (long terni). A second complication with the overall strategy 

of maximizing the temperature time constant is that the cooling time constant will 

also be maxirnized. In effect, more heat is being stored in the coi1 compared to the 

arnount being dissipated. If there is not sufficient time between scans for adequate 

cooling, then the gradient coi! temperature will gradually increase. 

3.3.5 Forced Cooling 

Once a gradient coi1 is designed and built, the only t e n  in Eq. 3.9 that can 

be adjusted is the cooling parameter 4 through the manipulation of the heat 

transfer coefficients hc,i 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 hGi 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 



Table 3.3. Typical thermal properties of several materials (at 20°C) that can be used in 

gradient coi1 fabrication. (Note the properties will Vary depending on the additive 

types, amounts, chemistry, and manufacturing method). 

Material 1 Density 1 Thermal 1 Specific Heat 

1 (kgmS3) 1 Conductivity 1 Capacity 

Polyvinyl C h l ~ r i d e ' ~ + ~ ~  (rigid) 1 1380 1 0.15-0.21 1 960 
Epoxy R e ~ i n ' ~ ~ ~ ~  1 1080 1 0.16-0.33 1 1050-1170 

Epoxy Resin + Glass fiberla 1 1600-2000 1 0.17-0.42 I - 

Epoxy R e ~ i n ' ~ ' ~  + 73% (of total wt) AI,O, 

Glass ~ i b e f '  (A type, alkali) 1 2460 1 0.94 1 837 

1400-2400 

Glass Fibe?' (E type, low alkali) 

0.63-1.05 

Graphite" (fimi, natural) 1 2000-2500 1 155 1 610 

2550 

Alurninum 0xideza3 

1 .O4 

2400-3980 

795 

40 1274-1 836 



- - -horizontal L=0.095m 
8 ---- horizontal L=0.228m 

Coil Temperature ( OC) 

Figure 3.2 Natural convective and radiative heat transfer coefficients are plotted as a function 

of coi1 temperatures. The top cuwe is h, and applies to al1 coils. The lower two 

curves applies to h, in the horizontal position. In the vertical position. h,,=h,,. The 

rernaining four curves describe h,, for different coi1 dimensions and orientation. 



interest. Between 20 and 60°C, h, ranges from 5.7 to 7.0 WK1m" ; h,, ranges from 

2.9 to 3.2 WK-'m'2 for L-0.095 m, and 2.0 to 2.2 WK"mq2 for k0.22 m; and h,, 

ranges from 5.5 to 6.1 WK'm-2 for L=0.095 m, and 4.4 to 4.9 ~K'rn" for L=0.22 

m. Hence, for a given coi1 configuration, h,, and h,, can each be approximated 

by a different constant. For example, in this temperature range (with a horizontal 

coi1 and L=0.095m), h, is approximately 6.4 W K " ~ ' ~ ,  hc,i is 3.0 WK"m-2, and h,, is 

5.7 WK-' 

High values of h,, h , ,  and h,, are desirable as they increase a,. The values 

of hc,i and h,, found in Fig. 3.2 are minimum values, and can be increased by 

using forced con~ection,'~ although it is much more difficult to predict their exact 

values without knowing the exact conditions and geometry being used. As a first 

approximation, hc,i and h,, are in the range of 11-55 WK-'m'2 for moving air, 55- 

1700 WK-lme2 for moving oil, and 280-17,000 wK'rnS2 for moving water.I2 Thus 

water is the preferred coolant. The value of hc,i and h,, for natural convection in 

water can be calculated to be approximately 530 WK'mQ and 3400 W K " ~ ' ~ ,  

respectively, by using water properties as the fluid parameters in Eq. 3.3 and 3.4 

with L=0.095 m. 

For coils with rpI.79 cm (coils "A", "Bu, and "Cu), the cooling parameter c ~ ,  

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 coi1 and h,, was held constant at 3 

WK'h'. Three different thickness ratios (r,,/rc=l .02, 1.1 and 1.2) are plotted with 

two different k, values of 0.2 WK'lrn-' and 0.6 WK-lm-' which are representative of 

pure epoxy and AI,O, doped epoxy, respectively. (For the rest of the discussion 

below, it is assumed that ri is fixed. The benefits of increasins hc,i 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, cl, will eventually reach an equilibrium 

value for each thickness ratio as described by Eq. 3.1 2. The equilibrium a, is lower 

for coils with larger thickness ratios. lncreasing k, from 0.2 W K - ' ~ "  to 0.6 WK-lm-' 

will increase the equilibrium ac by approximately a factor of two for each thickness 

ratio. If one were to provide equal cooling to both the inside and outside surfaces 



Figure 3.3 The cooling parameter q is plotted as a function of h, for coils "A", "B", and "Cm. 

The dotted lines are for \=0.2 WK'rn", and the solid lines are for k=0.6 WK1m''. 

For each thermal conductivity, there are three different thickness ratios rJrc=l .02, 

1 .l, and 1.2. The coi1 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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(Le. hc,i=hc,o), then the result would be as shown in Fig. 3.3b. The equilibrium cr, 

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 a, almost 

doubled at each thickness ratio; this represents the conduction limited case (Eq. 

3.1 2). At low values of h,,, such as for natural convection (h,,-5), increasing the 

thermal conductivity does not increase a=, 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 eo. For 

example,14 if the inner surface of the coi1 is coated with polished copper (e,=0.018) 

or aluminium paint (ei=0.27), and the outer surface painted black ( e ~ 0 . 9 6 ) ~  then 

radiative heat occurs prirnarily on the outer surface of the coii. At the sarne tirne, 

it would be ideal to have the outer gradient coi1 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 irnaged. Unfortunately, these changes in e,, e,, and k, will decrease the total 

value of a=, and thus cause the average coi1 temperature to increase. 

3.4 Experimental Results and Discussion 

Fig. 3.4a shows both the experimental and theoreticai temperature 

responses of coils "D" and "Eu placed hodzontally with an applied current of 

app roximately 1 0A. 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. 

3.1 9 and calculated in the area where the conductors were most densely packed. 
2 The power was set equal to lm, R, where R was the fraction of the total measured 

resistance in Ac. There was no forced convection, and hence hC,, and h, were 

calculated to be 2.0 and 4.6 WK-lm", respectively. The agreement between 

experiment and theory was excellent with a deviation of no more than o c .  The 

temperature rneasurements were accurate to -OC. The model was sensitive 

enough to distinguish the difference in temperature responses of coil "D" with 9.2 

A and 10.5 A. 



i I 1 i 1 1 

Coil 'C' 

Time (minutes) 

.2 A, naturat convection 

3.9 A. air cooled 
T---------- 9 

5.3 A, water cooled 

fime (minutes) 

Time (minutes) 

Figure 3.4 The temperature response of various coils with different currents. The theoretical 

curves are shown as Iines, whereas the experknental data are shown as symbols. 

(a) is for coils 'D' and "F with only convective cooling. (b) and (c) show the effect 

of forced cooling on coils "Ba and "Cu, respectively. All coils were oriented 

horizontally, except for (d) which shows the temperature response of coils "6" and 

'Du oriented vertically wRh only convective cooling. q was estimated for the air 

and water cooled coils by matching the maximum measured temperature rise to 

Eq. 3.13. In ail other cases, q was calculated using Eq. 3.8. 



Fig. 3.4b shows the effect of forced cooling on coi1 "B" lying horizontally. Air 

cooling lowered the equilibrium temperature from 130°C to 43% through the 

increase of hGi and h,, to 36 W K ' ' ~ ' ~  and 72 WK-'ma, respectively; (this was 

determined by adjusting both hc,i and h,, by a constant factor in Eqs. 3.8 and 3.9 

so that the equilibrium temperatures were matched). Water cooling resulted in an 

equilibrium temperature of 35OC through an increase in h,, to 1350 W K ' ~ ~ .  

Hence, with the aid of either forced air or water cooling, this coi1 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 43OC. Without cooling, the coi1 integrity would be 

jeopardized with an equilibrium temperature of 1 30°C. 

Fig. 3 . 4 ~  shows a similar result for coi1 "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 frorn gradient coils "8" and "D" mounted vertically with natural 

convection are shown in Fig. 3.4d. In both cases, the theoretical results were 

within 25% 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 coi! "A" on Fig. 3.5 along with 

the theoretical temperature responses with I,, at 15.5 A, 22 A, and 71 A. The 

theory was confirmed in an MR experiment with I,,=l5.5 A applied for 25 minutes. 

The coi1 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 1,,=22 A 

(since I,, = TR'@), the PC board adhesive failed and allowed the copper traces 

to vibrate after 10 minutes. This was obsewed 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 tirne, the image was 

completely ruined as one of the solder joints was found to have failed (1 85OC). On 

a third experiment with an identical coil, a mismatch in the amplifier compensation 



network caused the amplifiers to oscillate sinusoidally with an lm, of 71 A. In this 

case, the coi1 started to bum 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 experirnentally observed 

failure modes. 

3.5 Sumrnary 

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 coi1 be maintained 

at a cornfortable level. ARhough the temperature of the gradient coils can be 

monitored with a safety shut off, a properly engineered coi1 should never require 

this during any pulse sequence. 

The mode1 presented here allows gradient coi1 designers to quickly 

detemine the temperature response of their coils. The madel suggests that to 

minimize the temperature rise in gradient coils, the coil radius should be minirnized 

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. Oil 

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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Figure 3.5 The theoretical ternperature response of coi1 "A" mounted horizontally given 

various lm,. Failure modes at 22 A and 71 A were expeflmentally determined. 



References 

W.G.OtDell, J.S. Schoeniger, S. J.Blackband, E.R.McVeigh, A modified 
quadrupole gradient set for use in high resolution MRI tagging, Magn. 
Reson. Med. 32, 246-250 (1 994). 

AJasinski, T.Jakubowski, M.Rydzy, P.Morris, I.C.Smith, P.Kozlowski, 
J .K.Saunders, S hielded gradient coils and radio frequency probes for high 
resolution imaging of rat brains. Magn. Reson. Med. 24, 29-41 (1 992). 

J.S.Schoeniger, "Theory and Equipment Design for Nuclear Magnetic 
Resonance Microscopy and its Application to the Study of Water Properties 
in lsolated Neurons," PhD Thesis, The Johns Hopkins University, 1992. 

E.C.Wong, A.Jesrnanowicz, JSHyde, Coil optimization for MRI by 
conjugate gradient descent. Magn. Reson. Med. 21 , 39-48 (1 991 ). 

R.Tumer, Gradient coi[ design: a review of methods. Magn. Reson. 
Imaging. 1 1, 903-920 (1 993). 

P.B.Roemer, Transverse Gradient Coils for lmaging the Head. U.S. Patent 
5,177,442, Jan. 5, 1993. 

C.F.Maier, K.C.Chu, B.K.Rutt, Design of local gradient coils for breast 
imaging, in "Proc. 2nd SMR Am. Meeting, 1994", 1, p.93. 

S.Pissanetzky, M. R.Teodorescu, Compact magnet and gradient system for 
breast imaging, in "Proc. 12th SMRM Ann. Meeting, 1993", 3, p.1304. 

E.K. lnsko, M.D.Schnall, J.S.Leigh, Biplanar gradients for high resolution mri 
of the breast, in " Proc. 2nd SMR Ann. Meeting, 1994" 2, p.1072. 

K.C.Chu, B.K.Rutt, Quadrupole gradient coi1 design and optimization: a 
printed circuit board approach, Magn. Reson. Med., 31, 652-659 (1 994). 

D.S.Webster, K.H.Marsden, lmproved apparatus for the NMR measurement 
of self diffusion coefficients using pulsed field gradients. Rev. Sci. lnstrum. 
45, 1232-1234 (1974). 

C.J.Geankoplis, "Transport Processes and Unit Operations", Allyn and 
Bacon, Toronto, 1 978. 

L.C.Thomas, "Heat Transfer - Professional version", PTR Prentice Hall, 
Englewood Cliffs, 1 993. 



R.B. Bird, W.E.Steward, E.N.Lightfoot, "Transport Phenornena", John Wiley 
& sons, Toronto, 1960. 

C.D.Eccleç, "Microscopie NMR Imaging", Ph.D. Thesis, Massey University, 
1987. 

W.A.Edelstein, Current Streamline Method for Coil Construction, U.S. 
Patent 4,840,700, Jun. 20, 1989. 

U.GriguII and H.Sandner, "Heat Conduction", Springer-Verlag (Hemisphere 
Publishing), New York, 1984. 

Engineering Data Bank, "Modem Plastics Encyclopedia", p. 512-546, 
McGraw-Hill, New York, 1 983. 

Dexter Electronic Materials Division, "Hysol EE1087 High Thermal 
Conductivity Casting Resin Bulletin €3-249DN, Dexter Corporation, Olean, 
New York, 1988. 

G.Lubin, "Handbook of Fibreglass and Advanced Plastics Composites", 
p.882, Van Nostrand Reinhold, Toronto, 1969. 

A. deDani, "Glass Fiber Reinforced Plastics", p.7, John Wiley & Sons, New 
York, 1960. 

ACezairliyan, "Specific Heat of Solids", p.461, Hemisphere Publishing, New 
York, 1988. 

Kirk-Othmer, "Encyclopedia of Chernical Technology" ,3rd Ed., 5, p.273-275, 
John Wiley & Sons, Toronto, 1979. 



CHAPTER 4. TRICHLOROTRIFLUOROETHANE AS A PUMPING FLUID 

4.1 Introduction 

Arterial specimens are often analyzed using high resolution magnetic 

resonance i r n a g i r ~ g ' * ~ * ~ * ~ ~ ~  to study their intemal structure and overall geometric 

boundaries. This information is useful for in vitro studies in hemodynamics6 and 

wall c~mpliance.~ 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 

solution3 or embedded into aqueous gels.2 This resuits 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 signal. Such a fluid would be beneficial in in vitro MR wall 

compiiance studies since flow artifacts would be non existent, thus giving the best 

possible image. 

in addition, inductive coupling of the RF coi1 with an aqueous solution 

causes increased noise. Any loss in signai-to noise ratio (SNR) and CNR ( 1 signal 

in tissue - signal in fluid 1 / noise) makes distinguishing the exact geometric 

boundaries more difficult. For example, the MR parameters (TEdOms, 

TR=ZOOOms, 94pm pixels, 1000pm 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 aoitic section submersed in 0.9% saline solution. (Fig. 4.1 b 

is a spin echo image with SNR=3.4, and CNR=O). 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 coi1 would be 

advantageous. 

One rnethod to achieve a non-conductive background with no MR signal is 

to place the specirnen 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. 4.1 a). Geometric distortions may also occur due to a) 

small droplets of water condensing ont0 (or exuding from) the specimen and b) the 



Figure 4.1. High resolution 1 .ST MR images of an excised porcine aortic specimen submerçed 

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 sarne air bubble to be much smaller. MR parameters: TE=40ms, 

TR=2000ms, 94pm pixels, 1000prn thick slice, 256x256 matrix, 30' flip angle for 

gradient echo image, and 1 NU(. 
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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. 

I 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 hurnan tissue, animal, and certain 

agricultural specimens. Arterial specimens submersed in R-113 

shown to have advantagese in x-ray imaging. 

4.2 Background and theory 

R-113 has no hydrogen atoms; thus R-113 yields no signa 

have also been 

at the hydrogen 

resonance frequency, and hence, maximizes the contrast between the specimen 

and its background. In addition, because R-113 îs non-conductive, the inductive 

noise and coi1 loading are both minimized. The RF coi1 energy is directed to the 

specirnen and not the surrounding fiuid. 

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 t~,) of R-113 was 

calculated to be -9.12~10~, which closely matches that of water or 0.9% saline 

solution (both calculated to be -9.05~10~). Based on calculations of molar 

susceptibility for a similar fluorocarbon (l,2-dichloro-1 ,l,2-trifluoroethane) with a 

known magnetic su~ceptibility,'~ the accuracy of Pascal's method was estimated 

to be within 5%. 



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 

0.01 1 % by weight, and the solubility of R-113 in water is less than 0.01 7% by 

weight." Because R-113 is irnmiscible in aqueous specimens, 1 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 chernical 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 cornmon liquids with no hydrogen atorns 

(carbon tetrachloride, methyiene chloride, and fluorocarbon lubricants) can have 

prohibitive factors such as cost, toxicity, solubility, compatibility, or flammability 

problerns. 

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. lt can be debated how such 

specirnens should be stored, but for this purpose, I wanted to show relative 

changes between samples, and thus all samples were handled in an identical 

fashion. Four different arteries (labelled A, B, C, O) were received 11 hours after 

excision. During this time al1 arteries were stored in moist air at 4OC. The 

surrounding connective tissue was rernoved 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 chernical properties of R-113 at 25'C and 101.3 kPa. 

Chernical formula Cl F 

1 I 
F - C - C - C I  

1 I 

II Density 

Boiling point 

Vapour pressure 

1) Solubility of R-113 in water 

47.6% 

44.5 kPa 

II DielectrÏc constant 

Volume susceptibility (x,) 

C f  numbe? a90 kVp, 3mm Al 

-9.1 2x10" (dimensionless, S.1. units) 

1600 HU 



plastic via1 with hurnid air, distilled water, 0.9% saline solution, or R-113. Details 

of al1 subsequent preconditioning for a total of either 7 or 74 hours at 4OC, 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 relaxation 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 specirnens 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 perfoned at 20°C on a 1.5T General Electric Signa 

(Miiwaukee, Wisconsin) imager with a 50 mT/m 1 Ocm diameter gradient coi1 set12 

and a solenoidal transmit-receive(T/R) RF coi1 (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 al1 scans. To get an average T, measurernent of the artery 

pieces, an inversion recovery spin echo imaging sequence was used and repeated 

using 7 different inversion times (TI). A Tl map was made by performing pixel by 

pixel non-linear least squared fit to the equation I,=l,(l-2exp(-Tl&)), where I,, is 

the pixel intensity at the time TI, and 1, is estimated by the fitting routine to be the 



Table 4.2. Relaxation properîies of porcine upper thoracic aortae in various fluids rneasured a1 20°C. Afîer 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 thematter, just before 

Specimen Preconditioning of specimen 
Code 

Number 
of points 
averaged 

- - 

moist air measured at 7 hr 

C4,D4 

DI IR-II~ (7 hr) 

Dl 1 R-113 (74 hr) 1423f10 1 59f8 1 10 

D l  R-113 (7 hr) 

A1 ,A2,A3, rnoist air measured at 7 hr, 
A4,A5,B4, and then at 74 hr 
C4,D4 

B2,C2, water measured at 7 hr & at 74 hr; 
B3,C3 saline rneasured at 7 hr & at 74 hr; 

frozen in water 74 hr & thawed; 
frozen in saline 74 hr & thawed 

MR irnaging, MR imaging always occurred after 7 or 74 hours of pre-condilioning, 

- 

-- 

Il 

492I8 

Signif icance 
at P=O.OS 

54I4 

-- - 

C2 saline measured at 7 hr 

D2 saline (7 hr), drained & 
replaced with R-113 (1 hr) 

D2 saline (7 ht), drained & 
replaced with R-113 (1 hr) 

02 saline (7 hr), dralned 8i 
replaced with R-113 (67 hr) 

- 

T, and T, 
are 
difierent 

10 

- 

None 

T, is 
diff erent 

594I73 

599k39 

599-39 

511116 

56I7 

6Ok8 

60f8 

62k7 

10 

10 

10 

10 



maximum possible intensity. Similarly, an average T, measurernent 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 ITE=i,exp(-T~~, where 1, 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 Tl and 

T, values along with their standard deviations are reported in Table 4.2. A pooled 

t-test13 was performed on each pair of experiments listed in Table 4.2 to 

detemine 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 specirnens since I was not interested in biological heterogeneity, 

but rather gross systematic changes due to preconditioning . The results can be 

summarized as follows: 

a) sarnples that were stored in moist air for 7 hours have a Tl range of 

51 1271 ms and a T, range of 51k7 rns. 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 frorn 8 different 

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

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 Tl from 4928 ms to 423k10 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 62-55 ms, and 

a T, range of 7W11 ms. These relaxation tirnes were significantly higher 

than for specirnens 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 Tl range of 59*39 ms, and a T, range of 6&8 ms. These relaxation 



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 rnean T, value (from 599k39 ms to 51 1216 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 

sarnples stored and imaged in saline (7 hours). Hence, we deduce that short terni 

exposure to R-113 does not significantly affect the T, and T, times of arterial 

specimens. However, long terni exposure (greater than 67 hours) to R-113 

appears to decrease the average Tl times by as much 15%. This may be 

attributed to dehydration, or cellular defatting, andfor absorption of R-113 over long 

periods of tirne. 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 al1 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 specirnens 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 



fashion. Measurements made in vivo (3PC) will produce lower relaxation tirnes, 

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,14 al1 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 coi1 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 coil inside the gradient coil set. The ratios of loaded to 

unloaded Q's are reported in Table 4.3. 

Two porcine aortic specirnens were obtained after being stored in moist air 

for 11 hours at 4OC. Each specimen was cut into three sections and placed in 

separate vials with 0.9% saline solution for 24 hours at 4%. Each via1 was then 

MR imaged (spin echo, TE=16 ms, TR=416 ms, kl6kHz receive bandwidth, 24 

mm FOV, 1 mm thick, 1 NEX, 256x256 matrix) with each specimen surrounded by 

saline solution. lmmediately after imaging, pairs of vials were randomly drained 

and filled with (i) moist air, (ii) water, or (iii) R-1 13. Within minutes of fiiling, another 

MR image was obtained. Since the mass of hydrogen protons in each of the 

sarnples 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 Results 

The Q,,,wu,,,,,, values for the samples in air, water, and R-113 were not 

significantly different; whereas the samples in saline solution had a 5% lower 



Table 4.3. The ratio of Q,,,,,, for the RF coi1 used in this study and the corresponding 

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

artery in air I L  
(1 artery in water 

arlery in saline 

solution 
- 11 artery in R-113 

QhdW,,,,, % increase in 
SNR 

compared to 

saline 

Oh increase 

CNR 

compared to 

saline 



Figure 4.2. High Resolution spin echo images (0.94 mm pixels, 1 mm thick, TE=16 ms, 

TR=416 ms, 4 NU() of an excised porcine thoracic aortic specimen submersed in 

(A) saline, (6) air, (C) water, and (D) R-113. 



Qloadm,,nloaded value. Since the SNR of spin echo irnages15 is proportional to 6 
one would expect the SNR to decrease by 2.2% by imaging specimens in saline 

solution. The measurernents 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 obsewed. 

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 Bo 

homogeneity because the magnetic susceptibility difference at the air-tissue 

interface (x, for air is +0.364~10'~); 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 parameten 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 nurnbered 

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, 



each of these rings were cut longitudinally to f o m  strips. Thickness measurements 

of the aortic wall were made using callipers with a 12 gram load. After the 

dimensions were rneasured, each end of the aortic strip was mounted ont0 

separate grips so that the circurnferential tensile properties could be measured 

while submersed in saline solution. A strain rate of 2 mmlrnin was used. Alt 

specimens were pre-stressed by cycling the load from O 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 cuives. Small differences in the 

individual curves can be attributed to biological variations between samples. This 

suggests that the R-113 does not attack or dissolve the elastin or collagen 

structure which govem the physical properties of the artery wa~l . '~ 

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 subrnersed in R-113, 

while the even numbered rings were stored in saline solution. After a tirne period 

of 0.5, 1,2, 3 and 7 hours at 4OC, 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 ernbedded in paraffin wax and 7 Fm thick microtomed sections 

were mounted on slides to be exposed to MovatJs trichrome stain system with 

alcohol rinsing between stains. Fig. 4.4 shows typical microscopy images at 100X 

magnification. 



Strain ( L- 1, ) / L, 

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

saline. 



Figure 4.4. 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 revea the 

purple-black. green-yellow, and pink-red colors from the original slide. Elastin is 

shown as wavey horizontai lines; collagen and GAG are the white regions; and 

smooth muscle cells are the greyish tick marks regions within the GAG. 



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 sirnilar specimens submersed in saline solution. No gross differences 

in wall thickness could be observed. Autornated image analysis programs that 

rneasure 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 ceIl 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-cellular damage as 

reported by ~ c ~ n i g h t ' ~  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 arterîes, 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 LD,, 

52,000 ppm/4 hour expos~re'~) and skin contact (rabbit, approximate lethal dose 

> 10,000 mgJkg). 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 excellent defatting agent, it can cause dermatitis on 

long exposure. 

R-113 is suspected to be an ozone destroying chernical when released into 



the atmosphere. It is recommended that waste R-1 13 be recycled by simple 

distillation at 1 OO°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 rnetal containers are ideal for storing and handling R-113. 

However, for MR imaging expen'ments, it is often more appropriate to use plastic 

containers. Polymers such as polyethylene or polypropylene have low pemieability 

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 al1 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. 

4.9 Summary 

Submersion of excised artenal specimens in R-113 has been shown to 

provide several benefits in high resolution MR irnaging. 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 X,  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 

specirnen is surrounded in air or aqueous solution. My data suggests that storage 

in (1) air causes dehydration andlor 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 irnprovements and contrast enhancernent of specirnens, 

inçects, phantoms, etc. can be obtained by utiiizing R-113 as a surrounding 

medium. 
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CHAPTER 5 POLWINYL 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 (glass2, acrylic3, polyestef) or 

flexible rnodels (silicones5, latex rubbef) which do not have anthropomorphic 

properiies (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 gelatin7, agar4, agarose8, and polysaccharidesg which have 

been used for MR quality control ph an tom^.'^*^' In many cases, the MR 

properiies are adjusted by using various additives (such as graphite7 or 

paramagnetic ionslO). The physical strength can also be adjusted by chemically 

cross-linking the gel? The recipes can often be very com plex, 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 s ~ l u t i o n ' ~ ' ~  haç been shown to have rubber-like properties. The 

freeze-thaw process causes the PVA mixture to cross-link through hydrogen 

bondingI4 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 molecule is shown below: 

PVA cryogels are quite different from PVA hydrogels that are chemically 

cross-linked15 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 



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.16 Nam bd3  independently discovered the gel and recognized its 

potential applications. In Tanabe's and Nambu's patent claim,17 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 white 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 p h a n t ~ r n ; ' ~ ~ ' ~ * ~ ~  as a skin 

marker in MR2' and X-ray imaging;z23 as an ultrasound or radio frequency 

thermal therapy transmission  ad;^^ as a conductive membrane to be used in 

electroretinograp hy;2s5.26*27 as a substitute for an ice bag;28*29 as a wound 

covering and bandage for bum v i ~ t i m s ; ~ ~ ~ ~ '  as a denture base;32 and in other 

medical app~ications.~' 

Several published papers have reported some of the properties of PVA 
CTyOge11~~18*33 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 t h a ~ i n g ~ ~  since the 

physical cross-linking process can be described as an entropic reordering 

phenomena. Cross-linking may occur by several rnechanisms.12 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 forrn and 

forces sections of polymer molecules to corne into "closer proximity". The thawing 

process allows the "close proximity" molecules to realign and hydrogen bond to 

f o m  crystallites. Larger andfor 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;12 however, higher concentrations of PVA require lower freezing 



temperatures. There is some evidence that a monolayer of water is bonded 

between each PVA molecule in the crysta~lites.~~ 

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 phant~m.'~~'' 

In this chapter, experimental data indicate that PVA cryogel is a near ideal 

material for the fabrication of distensible phantorns. Because of the simplicity of the 

manufacturing process, phantoms are made and used before long t e n  stability 

problems anse. The tensile strength, dimensional changes, and MR relaxation 

times of PVA cryogels made with varying number of freeze-thaw cycles are 

examined. In addition, aortic phantorns 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 ukrasound 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 Health 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 rninirnized 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 9.53 mm inside diameter (I.D.) while the other had a 12.7 mm I.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 



were stored vertically at room temperature for 24 hours to allow smali 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 O.2Plmin to 25OC 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 nurnber of 

freeze-thaw cycles ranging frorn 1 to 11. 

5.2.1 Physical Testing 

A circular ring 7 mm wide was cut from tubes with a 12.7 mm I.D. Each ring 

was then cut along the longitudinal axis to f om 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 rneasured 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 al1 22 tubes were measured on a 1.5T GE Signa 

imager. The Tt was obtained by using an inversion recovery spin echo imaging 

sequence that was repeated using 7 different inversion times (TI). The imaging 

conditions were: body coi1 transmit, spine surface coi1 receive, 24 cm FOV, 

256x1 28 matrix, k12.8 kHz RBW, TR=4 s, TE=12 ms, T1=50, 100, 200, 400, 800, 

1600, and 3200 ms. The Tt and Io values were calculated by performing non-linear 

least squared fit to the equation I,=I,(1-2exp(-TIK,)), where I,, 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 coi1 transmit, spine surface coi1 receive, 24 cm FOV, 256x128 matrix, t12.8 

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 lel;exp(-TE&), where I,, is the 

pixel value at time TE. 

5.2.3 Aortic phantom with stiff elastic plaque 



A PVA tube that undenvent 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 interna1 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 cornputer controlled p ~ r n p ~ ~  filled with trich~orotrifiuoroethane~~ 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 5 6  mm I.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 cuwes of porcine aortas measured under similar 

 condition^.^^ At low stress levels (20 to 50 kPa) where typical strains values are 

less than 0.2, the elastic modulus was calculated to be 175k6 kPa for the porcine 

aorta, and 190f30 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. dope) increases 

drastically above a strain of approximately 0.5. This occun because the collagen 

matrix in the aorta limits further elongation. A similar 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 cryogel 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 cornparison (dashed lines). To compensate for 

the cross section area reduction during extension of the strips, the stress was 

calculated as [ (l+strain) ' force / (original cross-sectional area) 1. The inset is a 

magnified view of the stress-strain curves at low stress and strain values. 



in vivo, this difference in biomechanical propeities 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 load, 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 sarne stress levels) of PVA 

cryogels tubes that undenvent 4 to 10 freeze-thaw cycles (unpaired t-test with 

p=0.005). The values of elastic rnodulus (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=3600f1000 kPa, from 7 aortas with aneurysms with mean age=63t13). 

Since cryogel stiffness varies directly with PVA concentration, thawing 

time,34 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 rnold and 

the surrounding space is filled with PVA solution. After this rnold is frozen twice, 

one can visualize how the PVA tube will expand until the star shaped layer is fully 

expanded into a circular f o n .  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 compan'sons. The cryogel volume was assumed to be conserved during 

testing, and hence, a factor of (I+strain) was applied to the nominal stress 

[=force/(original cross-sectional area)] and the resultant product is shown in Fig. 



5.1. This assumption is appropriate at low strains where the specimen cross- 

section decreasss proportionally to the elongation. More accurate and precise 

tensile test results can be obtained by using standardized material test methods3' 

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 nurnber of freeze-thaw cycles, and reaches an equilibrium after 5 

cycles. The error bars represent the measurement error in using vernier 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). 



by the mould. The manufacturing tolerances on the polycarbonate parts were 

accurate to a.38 mm. lncreased 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 phantorn 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, 

N a r n b ~ ~ ~  reported that the PVA cryogel elastic modulus can be increased by 

several factors by thawing samples at 1°C instead of 3PC. 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 ctyogel are shown in Fig. 5.3, and 

their values decrease rapidly for the first five freeze-thaw cycles. Thereafter, the 

Tl and T, relaxation times slowly reach equilibrium values of approxirnately 473k5 

ms and 41-11 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 Tl and T2 relaxation tirnes (at 1.m for PVA cryogel tubes that undenivent 

vaflous freeze-thaw cycles. The dashed lines indicate upper and lower bounds of 

measured relaxation tirnes for excised porcine aortas. 



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 

cryoge~s.'~ 

For cornparison purposes, Fig. 5.3 also includes the upper and lower 

bounds of relaxation times for excised porcine aortas rneasured in a similar 

fashion." The range of healthy porcine aortic Tl 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 phantorn with relaxation 

times and elastic modulus that is similar to that of porcine aortas. Although the Tl 

and T, times can be modified (i.e. decreased) by the addition of paramagnetic 

partic~es,'~ 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, 1 am confident that the measurernents using our clinical MR imagers are 

not susceptible to various errors reported by other au th or^.^^^^' Because the 

cryogel properties can be affected by the thawing rate,34 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, rnolecular weight, percent hydrolysis and 

impurities will affect the final relaxation times and properties. It is recomrnended 

that researchers be consistent in choosing their PVA. 

5.3.3 Aortic phantom with dual elastic modulus 

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 ?VA tube. Since the PVA cryogel's outer diameter 

shrinks, a small layer of pure water can be seen surrounding the PVA cryogel 

tube. In Fig. 54b, the same phantom is mounted in air and its internat pressure 

increased to 47mm Hg pressure using water. Small air bubbles c m  be seen at the 



Figure 5.4. High resolution MR image of an aortic mode1 with a dual PVA structure. (a) The 
phantom is inside its acrylic mold. The image conditions were spin echo, 3 cm 
FOV, 256x1 92 pixels, 2.5 mm thick, TES0  ms, TR=1 s, 1 NU(, BW = 216 KHz. 
(b) The same phantorn rnounted in air and its interna1 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 rns 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, T R 4  2 ms, 4 NEX, BW= +16 kHz, 34 phases. 



water-?VA 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 obseived 

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 ~  shows the same phantom 

while 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 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 rnaterial. Although not shown here, quantitative analysis of 

the exact strain behaviour can be detemined from a series of images obtained at 

various phases of the pressure wave by methods proposed by other 

researcher~.''~~~ 

5.4 Summary 

1 have developed an elastic vascular phantom using PVA cryogel 

technology. The phantom (1) is inherently flexible 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 tirnes, 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 studyiny 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 ~NCREMENTAL DATA 

6.1 Introduction 

Atherosc!erosis is one form of cardiovascuiar disease and results 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 plaque 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. Although the procedures are based on in vitro experirnents, an effort was 

made to simulate KI 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-terni goal is to be able to provide a technique that is capable of 

measuring the eiastic 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 rîsk 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. 



The technique presented in this chapter is demonstrated using in vitro 

samples, and involves the procedures and equipment described in the previous 

c h a p t e r ~ . ~ * ~ * ~ * ~  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 (Le. 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-radius7 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 perfoned under similar 

conditions. An exponential model that can be used to describe arterial stress- 

strain curves is presented, and by modifying the exponential mode! it is possible 

to use incremental data to extrapolate a cornplete exponential stress-strain curve. 

2. The experimental methodology is described in Section 6.3. First a 

description of specimen preparation is given. Next, 1 describe how tensile tests are 

perfomed to determine the two parameters in the exponential rnodel. lncrernental 

tensile tests were also perfoned to validate the proposed extrapolation model. 

This is followed by the description of expenments using in vitro high resolution MR 

imaging to measure artetial displacement in pulsatile specimens. To follow the 

local strain within the sample wall, a description of image processing is given. 



3. In the results section, the parameters for the exponential model are 

obtained for PVA cryogel and porcine aortas frorn tensile stress-strain curves. 

lncremental tensile tests demonstrate the success of the extrapolation model as 

well as its limitations. lncremental tests on PVA phantoms and aortic segments 

rneasured using MR taggingg*'0*"*12*'3J4 were obtained to measure of the 

local elastic properties. I demonstrate through one simple experiment that 

paradoxical results can anse from incremental moduli data when the stresses are 

not known. The inconsistency was resolved by using the extrapolation rnethod 

derived earlier. 

4. 1 discuss and sumrnanze rny work as well as present some of the 

limitations in using my technique. Suggestions for future improvernents 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 rnoduli. 

6.2 Theory 

6.2.1 lncremental Modulus of Tubes 

In the field of rnaterial 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 rnodel, and 

only in the low strain regime do the different strain formulae produce similar 

 value^.'^*'^ Hence, one should be clear on the definitions of the terrns 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 cornplex 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 



incremental modulus at a specific stress level as one rnethod of describing the 

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

such as arteries, is given by 6erge1"*18 as 

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 ievels, the middle value of Ri and R, is given the subscript 2 while the 

first and last measurements are given the subscripts 1 and 3 for P, Ri, and R,. 

It is possible to sirnplify 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) hornogeneous 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. 1 9,20,21 

Several r e s e a r c h e r ~ ~ ~ ~ ~ ~  have modified Eq. 6.1 by replacing the 

internal and external radii rneasurements with intemal and external circumferential 

(q and c,, respectively) measurements to get 

where dc, is the change in outer circumference due to a change in the intemal 

pressure dp. The advantage of making this substitution is to increase the 

measurement accuracy when the exact centre of the vessei cannot be determinad 



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 al1 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 reported that the incrernental 

modulus is determined by incrernental experirnents and "is not equal to the tangent 

of the loading or unloading tensile curve" at equivalent stress levels. Fung" also 

noted that sorne researchers "carelessly identifyu E,,, with the tangent, E, (i.e. 

elastic m o d u l ~ s ) ~ ~  of the stress-strain cutve at the same stress leveL2'  iln no?' 
explicitly states that El,, "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 incrernental experiments performed and calculated in 

a similar fashion. 

The next section defines stress and strain from first principles, and 

presents one exponential mode1 to represent the full uniaxial tensile stress-strain 

curve. By using the definitions of E,,, and E, the mathematical mode1 is modified 

to permit incrernental 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 ail 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 



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 eiastic 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 al1 quantities are in SI 

units, except when specified otherwise. 

In a stress-strain cuwe, the tensile stress2' (i.e. engineering stress) is 

defined as 

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 strain28*2g (also known as engineering or absolute strain) is defined as 

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:7*'5'0*31 

where a and p are characteristic parameters of the material and (e', Te) is a point 

that the stress-strain curve is constrained to include. When E' and T* are both zero, 



Eq. 6.5a can be re-written as 

Fig. 6.1 shows that a can be thought of as an exponential stiffness parameter 

since higher values of a (varying typically from 1 to 10 for artery walls) reflect a 

material with a more rapidly rising stress-strain curve. P on the other hand, can be 

defined as a scaling parameter as revealed in Eq. 6.5b. Fig. 6.1 b shows that the 

initial slopes of the stress-strain curves are strongly dependent on P. 
lmprovements to Eq. 6.5a may be obtained by using a set of two 

exponential e q u a t i o n ~ ' ~ ~ ~ ~  where one equation represents the lower stress data, 

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 dope of the jm linear segment, Ese,i, can be defined as: 

where j=l,2,3, ... n 



Figure 6.1. 
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A theoretical example of how stress-stress strain curves depend on the 

parameten a and p. in (a), a is varied from 0.94 to 3.35 with P fixed at 64.759 

kPa. The bottom plot (b) varies by factors of 10 with a fixed a=5.87. 
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Figure 6.2. A schematic showing how an exponential stress-strain curve is linearized by taking 

srnall line segments. 
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Figure 6.3. A schematic stress-strain cuwe showing four incremental data points plotted from 

$,,=O. The inset shows the full stress-strain cuive, compared to the incremental 

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. 



Note at Eseg,,(~) is approximately equal to the elastic modulus E (Le. tangent to the 

stress-strain curve) : 

Hence, if one calculates Esegti(q), this can be considered as a rneasure of the 

material stiffness at a strain of (q+~,.,)/2. This information is useful to know 

especially if (9+~~.,)/2 is within the typical strain range which the material normally 

experiences." 

Measuring E,,&J is relatively simple in ex vivo or in vitro experiments since 

9 can be determined by applying Eq. 6.4 with L, measured with no external load. 

However, frorn in vivo experiments, it is usually impossible to measure Esegti(~) 

because the zero load length L, is not k n ~ w n . ~ ~  The implications of this fact are 

discussed further in the next section. 

6.2.4 lncrementai Stress-Strain Data 

The diameter or cross sectional a pulsating artery can be obtained using 
ultrasound,33.".35 M ~ 3 6 . n . 3 8  or X-raf2 imaging rnodalities. One generaHy 

obtains a series of images of the artery cross section at different stages of the 

cardiac cycle. Assurning there are two identifiable points that can be used to track 

local dirnensional changes, then the incremental strain can be written as32 

where i is the image nurnber, 4 refen to the total distance (Le 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 e. 
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two identifiable points in the ith image, and L, is the length measured in the first 

image. Eq. 6.8 differs slightly from the definition used by  iln no? and Bergel'', who 

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 def in i t i~n.~~ 

Note that q,,c,i for i=l will always equal zero by definition. Assuming that the 

stress Ti 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 Ti verses E,,,~ will produce an 

approximately straight line (for a small range of q,J with a slope equal to the 

incremental modulus 

where the subscript i is the image number and ranges from l,2,3, ..., n. 

Combining, Eqs. 6.4, 6.6 and 6.7 gives E , ,  ,=L0(Tj-S;-,)/(4-+-,) = 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 Ei,, is always higher than El and that as L, becomes much larger 

than La, the difference between Ei,, and E becomes larger. These results 

emphasize the importance of using E, and not EinC for accurate estimation of the 

dope of the stress-strain curve. 

6.2.5 Relating lncremental Data to the Exponential Stress-Strain Curve 

As explained earlier, K1 vivo imaging can be used to calculate qnGi data. To 

derive a full stress-strain curve from incremental data, it is necessary to convert 

to q. This can be accomplished by cornbining Eq. 6.4 and Eq. 6.8 to obtain 





calculate cr and E, by substituting Eq. 6.1 1 a into Eq. 6.5b, and rearranging to get: 

Now a plot of qnc,i versus In(T/P+1), yields an intercept of (11(1+~,)-1) and a dope 

of 1 / (a(1 +el)). 

Thus, given a set of Ti and E,,~ (or 4) data, it is possible to determine a and 

e, assuming a priori knowledge of the material scaling parameter P. A full 

exponential stress-strain curve can then be plotted (see Fig. 6.1). Thus by 

calculating a, one obtains a cornplete description of the material stiffness which is 

more valuable than just a single rnodulus value, such as Ei,, or E,,,, at a 

corresponding stress level, Ti. 

6.2.7 Slope and Error in the Fitted Exponential Curve 

For cornparison purposes, it is often desirable to calculate the dope of the 

fit stress-strain curve, E,,, at a stress T. This can be accomplished by taking the 

derivative of Eq. 6.5b as: 

(6.1 Sa) 

By rearranging Eq. 6.5b to obtain E, and substituting it into Eq. 6.15a, one can 

show 

Efi 

From 

that: 

= a ( T + p )  

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 >> P), EM is proportional to UT. 

Similarly, it can be seen that the initial slope at T=O, is &,,,=aP. It will be shown 

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

can be considered as a constant. 



It is possible to estimate the percent error in a calculated using incremental 

data compared to a calculated frorn having a full stress-strain curve. By modifying 

Eq. 6.1 5b for a constant T, and assuming P is a perfect fit to the actual data, it can 

be shown that: 

where %a,, is the percent error in a, q.,, 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 a are 

proportional to the difference in the slopes of the fit cuwe and the real data at the 

same stress level. Eq. 6.16 assumes that P 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 p is only an estimate and hence, this is another source of error for a. 

Although a can be used to describe a full exponential stress-strain curve, 

it should be kept in mind that a was calculated from a limited arnount 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, 1 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 circurnferential stress, T,, is 
given by:2021.19 

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



valid away from any discontinuities where shear stresses must be considered. 1 will 

use Eq. 6.17 to obtain stress from pressure and radius measurements to 

determine the exponential stiffness parameter. Although Eq. 6.1 7 was derived for 

a linearly elastic body, I 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. lmprovements in Eq. 6.1 7 can be made by using Eq. 6.5b 

instead of Hooke's law of linear e ~ a s t i c i ~ ~ ~ ' * ' ~  in its derivation. However, the 

analytic solution becomes more difficult, and numerical methods rnust 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 example, 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 

results 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, 

(ii) have a cosine stenosis, and (iii) have dual elastic properties. In section (iv), the 

preparation of intact porcine aortic sections are described. In Part 6, full uniaxial 

tensile tests were performed on strips of PVA cryogel and porcine aortas so that 

the average could be detemined 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 extrapolation method. In Part D, 

I describe a specialized MR imaging system required to image dynarnic arterial 

specimens and phantoms in vitro. In Part E, post processing techniques required 

to detenine the geometric dimensions of (i) cylindrically çymmetric PVA phantoms 

and intact porcine aortic sections, and (ii) PVA phantoms with dual elastic 



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 ?VA 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 I.D. Each tubs was air 

cooled to -20% for 10.5 hours and then thawed using an air temperature of 25OC 

for 9.2 hours. Each tubes was given a different number of freeze-thaw cyclesb 

ranging from 1 to 7 0. 

6.3.A.i 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 rad radius in 

units of mm: rm,=4.07+0.69cos(2rr(x-2û2)/1 6.7), where x is the longitudinal distance 

along the rod and ranges from 202 mm to 21 8.7 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 aor ta~ .~  



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 longitudinally 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 moid 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.i~ Porcine Tharacic Aortic Specimens 

Porcine aortas were excised from 6 rnonth old pigs at a local abattoir. The 

specimens were stored in moist air for approximately 11 hours at 4%. After this 

time, the surrounding connective tissue from the thoracic aortas were removed. 

Only sections from intercostals 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. 

6.3.8 Tensile Testing to Determine P 
6.3.8.1 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 fom a strip 7 mm wide. Thickness and 

widthmeasurernents were made using calipers. Each end of the strip was mounted 

to grips so that the tensile properties in the circumferential direction3g could be 

measured. The PVA cryogel samples were tested while subrnersed 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 mmlmin 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 O to 400 g. 
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Figure 6.4. A schematic diagrarn of the cosine stenosed rnold used to form a two diarneter 

phantom. 
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figure 6.5. A schematic diagrarn of the equiprnent necessary to provide in vitro dynamic 

studies of aortic phantoms and artenes. In the diagram, everything to the left of the 

pressure sensor is inside the MR room. The specimen holder is mounted in an RF 

coi1 and placed inside a high resolution gradient coi1 set centered in the bore of the 

1.5T GE Signa MR magnet (not shown). 



6.3.C lncremental Tensile Testing 

Some of the PVA and porcine aorta specimens tested in section 6.3.6 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 mmlmin was used. The specimens were pre-conditioned by 

cycling the applied load at least four cycles before any tensile data were collected. 

In al1 cases the complete stress-strain curves frorn O to 400 g was also recorded. 

6.3.D MR lmaging System 

6.3.D.i MR lmaging 

All imaging was performed inside a water cooled gradient coi1 with a peak 

strength of 50 mTIm. A gated fast gradient echo pulse sequence (GE. Signa 5.4) 

was modified to allow the option of applying DANTE (Delays Alternating with 

Nutations for Tailored Excitations13) tags after detecting a trigger signal frorn 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; t16  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 ps (250 ps on and 1250 ps off). The RF power was adjusted to 

give a total of 90' flip after the fourth RF pulse. 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, I 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 



sharper tags and perrnitted 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 tirne is the same as that of a 

256x256 image, yet the post processing is significantly sirnp~ified.~' 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 aiterial 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 systern is shown in Fig. 6.5. A computer 

controlled pump filled with trichlorotrifluoroethane5 (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 

rnean pressures near 13.3 kPa (100 mm Hg). To obtain the proper pressure 

waveform, the optimum flow rate, Qfl for the pump was set to deliver Qf(6- 

6cos(2xt)) 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 transrnural pressure at the centre of the specirnen was transferred to 

a solid state pressure transducer (Model PX26-005GV, Omega Engineering, 

Stamford, CT) using 45 cm of 1.56 mm I.D. polyethylene catheter tubing. The 

pump cornputer program was programmed to provide a trigger signal to the MR 

scanner to indicate when the specimen was near "diastole" (Le. minimum 

diameter). All specirnens were rnounted horizontally and surrounded with 100% 

hurnid air at 20°C. 



6.3.D.i~ Pressure Data 

The gated pressure data were collected before and after MR imaging and 

averaged and fit to a cosine wavefom by using a least squares fitting routine. The 

cosine wavefom equation was 

where P is the measured pressure, PD, is the mean pressure, PA is the amplitude 

of the pressure wave, o is the frequency of the pressure wave in radians per 

second, and 9, 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: 

where Pi is the lumen pressure at the imaging plane, Ai 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 a~gorithrn~~ was used 

to create a binary image which assigned a value of one to al1 edges in the original 

MR image. Pixel growing techniques could not be used to find the inner and outer 



walls in the binary image because the DANTE tag lines caused the lumen wall to 

have discontinuities. The binary image was superimposed ont0 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. I manually picked 12 points 

nearthe edge of the binary circumference, and the computer detemined 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 O based on the equation: 

where XU=Rcos(-O), Y1'=Rsin(-O), and R=[(x-XJ2 +(Y-Y,)~]'~, and X and Y are the 

corresponding cartesian coordinates from the 12 picked points. I chose ellipses 

rather than circles so that any non-circularities could 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 intewals 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 



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 stiHPVA cryogel 

(frozen 12 tirnes). 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 al1 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,43Mb4sA6~47 I chose to simplify this study by 

magnifying the images and manually selecting a vertical tag centre neareither 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 Li can be 

decomposed into radial and circumferential components. If the angle of line AB is 

<PL, and the angle of the radial axis is Y, then line AB can projected to have a 

radial length k=L,*cos(Y-0,) and a circurnferential length &=4*sin(Y-@J. 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 Results and Discussion 

6.4.A PVA Cryogel Phantoms 

The fabricated PVA phantorns 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) h a - e  MR image intensities sirnilar 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 phantorn 

material for this study. 



Figure 6.6. A schematic diagram showing how the length of a line segment (thick line) defined 

by two points in a cartesian coordinate systern can be described in a polar 

coordinates based on a reference point (i.e. lumen center). 
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Figure 6.7. Stress-strain curves for PVA ciyogel frozen 1, 2, 3. 4. and 10 times. The 

measured data are the dashed lines and the least squares fittod data (with fi 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. 



Table 6.1. Stiffness parameter, a, for ?VA cryogel as a function of freeze-thaw cycles. The 

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

the percent deviation from the rnean a. 

15% PVA Cryogel, mean a a4,, I I times frozen (% from mean a) 

Range of a+, 



6.4.6 f3 From Tensile Tests 

As described in the theory section, rny hypothesis depends on knowing the 

scaling parameter P for various classes of materials. For these reasons, P was 

measured for 15% PVA cryogel and for porcine thoracic aorta. 

6.4.8.1 P 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 perforrned on these 

samples as well as 8 other stress-strain curves from 15% PVA cryogel (frozen 

twice) sarnples. After the optimum a and P for each sample were determined, the 

average p and its standard deviation were calculated to be 64.759 + 35.01 7 kPa. 

Using this average P for PVA cryogel, al1 of the stress-strain data were fit to Eq. 

6.5b with a allowed to Vary. The results are shown in Table 6.1. For example, the 

15% PVA cryogel frozen twice had an average a of 1.72 and a standard deviation 

in a of M.37 (n=9). 

An alternative estimate of the error in the a parameter is obtained by 

calcuiating the best fit a given a fixed P increased or decreased by one standard 

deviation compared to the average (Le. 99.776 or 29.742 kPa). The maximum 

difference between these new a values and the original a (with average P=64.759 

kPa) is reported in Table 6.1 as %ax , the error due to p. As shown in Table 6.1, 

Q,,, was approximately 43 to 52% of the average a value for al1 PVA samples. 

Hence the error in a can be quite substantial; however, because is known, 

it is possible to estimate a lower and upper bound to the estimated a due to 

having an incorrect P. To gain a full appreciation of the true errors, a full 

quantitative error analysis should be performed. 

6.4.8.2 P From Tensile Tests of Porcine Aortas 

A similar procedure was used to determine P 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 a and P extracted from the fit. The average P 
was determined to be 7.357 + 3.935 kPa. Using a fked P of 7.357 kPa, al1 of the 

stress-strain data were then fit to Eq. 6.5b ta find the best a. The average a and 



standard deviation from al1 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 

nurnerically best fit line falls within the range of most c i  the experirnental data. At 

low strain levels (&=O 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, I 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 assurnption 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 I wish to study. 

In addition, improved methods of choosing the average P rnay be needed. 

I arbitrarily took the average P of 28 different stress-strain curves. It may be more 

appropriate to subdivide15 the stress-strain data into a high stress region and a low 

stress region, and then detemine a p for each region separateiy. Or perhaps a 

more sophisticated multi-parameter mode1 can be used to fit the actual 

Unfortunately, the parameters in such models have no direct physical meaning. 

Although Wuyts et al4' proposed a sophisticated mathematical model 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 perfoned using ex vivo 

segments. 

Physiologically. it is reasonable to assume that the product ap 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, aB, of 
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Figure 6.8. 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 a and B equal to the average 

of the values from the 28 individual fits. Since the theoretical line does not closely 

rnirnic the true stress-strain data, it is apparent that the single exponential mode1 

may not be the best mode1 to use. 



43 kPa. This compares favourably with the initial slopes of stress-strain cuwes of 

aortas measured from data extracted from He et alM (E,= 37 ta 75 kPa); 

Storkholm et al5' (ET,= 58 to 104 kPa); and Roach and ~ u r t o n ~ ~  (E, 14 to 65 

kPa). 

6.4.C lncremental Tensile Testing 

6.4.C.1 lncremental 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, 1 perfoned incremental tensile tests 

(with different average stress levels) 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 incrernental 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. 6.1 1 a with e, 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, E, is not normally known, and it is necessary to estimate it using 

the procedures described in section 6.2.6. These results are shown in Fig. 6.9~. 

Qualitatively, it is apparent from Fig. 6.9~. that the extrapolation method does not 

accurately predict the proper stress-strain cuwes when the stress level is higher 

than approximately 75 kPa. From Table 6.2, it can be seen that at the highest 

stress level, E, is severely underestimated (by as much as 75%) which causes a 

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 P to the actual stress-strain curve. The 

dashed line in Fig. 6.9~ 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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Figure 6.9. lncremental tensile stress-strain data for PVA cryogel. In (a), the strain of 

incremental data aiways starts at zero. A linear shift applied to $, reveals that the 

dope of the incremental data is always higher than the slope of the full stress- 

strain curve at similar stress levels. By using Eq. 6.1 1 a with E, chosen as the linear 

shift value used in (a), the results in (b) match closely to the stress-strain curve. 

The results from using Eq. 6.13 are reported in (c). 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 ?VA cryogel frozen twice. 

The values in brackets are percent deviation frorn the actual value. 

range, g Slress, 7- (% fmrn E) 

slress- 

straln curve 

-- - 
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relative lo by 
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1.34 1 -16 
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0.00 

0.29 

0.49 

0.65 

0.76 

0.85 
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0.96 



levels (above 75 kPa), and the slope of the dashed cuwe at these stress levels is 

significantly lower than that of the actual data. In general, large differences 

between the dope of the fit curve (Efit) and the dope of the real stress-strain curve 

results in large errors in a as shown in Table 6.2 and Figure 6.9~. Table 6.2 

alsocompares the measured percent error in the estimated a's with the theoretical 

error (Eq. 6.1 6). 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 cc 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, Table 6.2 show that the error in the 

calculated a varies from -10 to +29% which is reasonable for extrapolation 

methods. Hence, the concept of extrapolating incrernental data to a full exponential 

stress-strain curve represented by a single a value (with a fixed P) is feasible. 

In ternis of elastic modulus, Table 6.2 shows that Ei,, varies from -4 to 

+120% of E. After applying the extrapolation, the difference between Efit and E is 

reduced to -4 to +64%. If I consider only data corresponding to stresses below 75 

Kpa, the error in E, is less than 24%. Hence, compared to the E,,,, E,, can be 

considered as an improved estirnate of E. Remaining differences between E and 

E,i, can be explained by the single exponential rnodel not being able to fit the real 

data accurately at higher stress levels. 

It is unclear as to whether the extrapolation rnethod 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 arnount 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 separate~y.'~ 



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 dope 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 perfomed to determine how well incremental tensile 

data from porcine aortas could be used to estirnate the a parameter of their full 

uniaxial tensile curve. Typicai results are shown in Table 6.3 and Fig. 6.1 0. 

Figure 6.1 0a 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 incrernental 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 cuwe at the same stress levels except for the 

lowest stress levels. Fig. 6.10b shows the incremental strain adjusted by applying 

Eq. 6.1 1 a with E, set equal to the linear shift used in F ig. 6.1 0a. In Fig. 6.1 Ob there 

is good agreement between the adjusted incremental data and the full stress-strain 

c w e .  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 E, is not normally known, I must calculate it using the procedure 

described in section 6.2.6. These resuits are shown in Fig. 6.10~ and Table 6.3. 

At the highest stress level, E, is severely underestimated by as much as 71% 

which causes a to be over estirnated by a factor greater than 4. Qualitatively, it is 

apparent from Fig. 6.1 Oc that the extrapolation method does not accurately predict 

the proper stress-strain curves at stress levels above 75 kPa. The dashed line in 

Fig. 6.1 0 is the best single exponential fit to the actual data, and it is apparent that 

the dope 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 

estirnated a's with the theoretical error (Eq. 6.16). The theoretical errors provide 
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lncremental tensile stress-strain data for porcine aorta. (a) shows that strain of 

incremental data always starts at zero. A linear shift applied to E,, reveals that the 

slope of the incremental data is always higher than the dope of the full stress- 

strain curve at similar stress levels. By using Eq. 6.1 1 a with E, chosen as the linear 

shift value used in (a). the results in (b) match closely to the stress-strain curve. 

The results from using Eq. 6.13 are reported in (c). The solid Iines are the actual 

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 M . 8 7  (i.e. average value for porcine aortas). 



Table 6.3. Typical incremental tensile data for porcine aortas. 

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

Load Mean E,, kPa, E, kPa E,, kpa, 

range, g Slress, (% lrom E) {rom lull (% trom E) 

kPa slress-strain 

CUNB 

0-50 11.5 123 (-10) 136 131 (-4) 

estirnated aclual % sr+,,, E , ,  fined c,, 

11 error in u as predicted by (% trom îheory 

relative Io Eq, 6.1 6 üieoretical 

t+,#=5.55 value) 



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 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. 

From Table 6.3, it can be seen that at stress levels below 75 kPa, the error 

in predicting cr ranges from -15 to +26% of the actual value of q,,,,=5.55. Thus the 

extrapolation of incremental data to a full stress strain curve represented by a 

single a value (with a fixed B) is reasonable only ai low stress levels. Even though 

the single exponential model is very simplistic, I 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 El, 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.D lncremental Data From MR lmaging 

6.4.D.i lncremental Data from Cosine Stenosis Phantom 

The results from the cosine stenosis phantom experirnents demonstrate the 

limitations in reporting EinC values. Fig. 6.1 1 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) also show an 

example of how 12 consecutive tag points on the outer boundary of the phantom 

are used to f o m  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 descnbed in the theory section predicts that the intercept is 

L, and the dope is LJa. From this information, %,, can be adjusted using Eqs. 

6.1 1 a and 6.1 1 b 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. 6.1 3b. Note that in Fig. 6.1 3b, the incrernental data 

is shown on the ieft 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 6.1 1. MR image of the longitudinal cross section of a PVA cryogel tube wîth a cosine 

stenosis (4.8 cm FOV), 



Figure 6.12. Circular cross sections of cosine stenosis 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 (c and d). images (a) and (c) were obtained 70 ms after the gating signal 

(diastole) while (b) and (d) were obtained 406 ms after the gating signal (systole). 

A few tag points are shown on the outer top half of the thin wall images (c) and 

(d). Pm 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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Figure 6.13. A typical plot of mean L, versus In(T/p+l) 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 v a -  

When the data is plotted as average T, versus q,, the results are shown below 

in (b). The strain values of actual incrernental 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 Nice (a=1.72). The dotted line represents cet0.37 (one standard deviation). 



section was 132 kPa. The average pressure was essentially the same (1 3.2 kPa 

or 99 mm Hg) for both measurements. These different El,, values imply that the 

thin wall section is approximately 1.6 times stiffer than the thick wall section. Yet 

subsequent tensile tests performed after MR imaging using the same phantorn, at 

the thin and thick wall locations, reveal that the stress-strain cuives are nearly 

identical for both the thin and thick wall sections (not shown). The discrepancy in 

reporting E,, 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 exarnple, if one were to report that the 

thin section had a Ejnc = 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 usefulc? 1 address the answer to this question 

as follows. 

By using a priori knowledge of the material's scaling parameter P, it is 

possible to estimate a from incremental data. Fig. 6.1 3b shows a plot of Ti,, versus 

q, as well as Ti,,= venus E, (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 a results are well within the average + standard 

deviation of 1.72kO.37 for PVA cryogel reported in Section 6.4.8.1 above. A 

graphical representation of the full stress-strain curves given by these cr 

parameters is shown in Fig. 6.13b as the dashed lines. The a parameter for thick 

and thin sections describe a full exponential stress-strain curve, whereas the E,, 

values reported earlier are only vaiid at the stress level the rneasurements were 

made. Thus 1 conclude that a is a much more descriptive in characterizing the 

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

" Having E,, and Tyg 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. 



A total of four different stenosis phantoms were evaluated and the average 

a for al1 eight series of images was 2.1k0.5. Again, this is within the average k 

standard deviation of PVA cryogel frozen twice. 

6.4.D.i PVA phantom With Dual Elastic Properties 

The unique characteristics of PVA cryogel perrnitted me to fabricate a 

simple elastic tube with two physically different stiffnesses in the azimuthal 

direct i~n.~ 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. Similariy, 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 ?VA 

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

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

Because the stiff region wall thickness remains much larger than that of the thin 

reg ion, 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, I find that the stiff PVA region 

has a mean a=3.20, while the flexible region has a mean a4.79. These values 

are, respectively, within 6% and 4% of the PVA values reported in Table 6.1. Fig. 

6.1 5 qualitatively shows that the extrapolated curves are reasonable fitç. Since a 

is not dependent on any particular stress level, I can compare these two values 

directly, and get a more quantitative estimate of the materials' circumferential 

stress-st rain characteristics. 

It should be noted that in the stiff region, the maximum strain was found to 

be less than 3% from diastole to systoie. Hence, with errors by fi pixel and total 

lines lengths of approximately 10 pixels, this was enough to severely compromise 



Figure 6.14. 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 signai, and its 

corresponding diastolic pressure was 5.48 kPa. The image on the right was 

collected 406 ms after the gating signal and a systolic pressure of 9.3 kPa. 
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Figure 6.15 A typical stress-strain cuwe for the dual elastic phantom. The top graph shows the 

original incremental data. The slope of the linear least squares fit line (solid lines) 

is EmC. The solid squares represent the average data from the stiff region, and the 

open circles represent the average data from the flexible region. The extrapolated 

data are also shown in the lower plot. The dashed line is a=1.72 for PVA cryogel 

frozen twice, and the dotted line is a 3 . 5  for PVA cryogel frozen 12 times. 



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 frorn 3 or more lines were 

sumrned together having the effect of measurhg 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, I did not calculate Et,, as the slope of a stress-strain plot, but 

instead 1 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 acûurate to approximately I l  pixel. This 

accuracy can be irnproved ten fold by using sop histicated corn puter 

algorithms. 41,43.44.45,46 For example, in al1 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 

approxirnately 3% (as I 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 recomrnended 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 variouç 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 measurernents do not 

properly reflect the proper displacernents. Altematively, it may be possible to apply 



Eq. 6.2 to the data assuming the specimen samples are circular with thin walls 

and that the variables c, 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 6.1 6 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 a was 4.8 for this sample, which is -18% below the average cr of 

5.87k0.72 for porcine aortas. 

This sample was tested at a stress levels of 75 kPa to 11 8 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 pressures53 of 19 to 24 kPa, the strains would even be 

higher. Strains in this range indicate that the artery expansion is lirnited 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 bean sorne 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. I suspect that the 

connective tissue does carry some of the load and that the normal wall stress for 

pigs in vivo is in the 75 kPa range. This can only be confirrned through a carefully 

designed set of experiments. It is In the mean time, it is suggested that future 

studies be perfomed at lower incremental pressure ranges (or several ranges 

starting from zero kPa). 



Figure 6.16. Ex-vivo porcine aorta undergoing pulsatile motion. Horizontal DANTE tags were 

applied at diastole (P,=12.2 kPa). The 2.4 cm FOV image was acquired 70 ms 

after the gating signal. 
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Figure 6.17. Average stress-strain curve for porcine aorta. The incrernental data are shown as 

solid circles, and &, is the slope of the solid straight line. The extrapolated data 

are shown as holiow circles. The solid curved line is the best fit to this data. The 

dotted line is the average a for porcine aortas (i.e. a= 5.87). 



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 artenal specimens can be 

correlated to absolute stress strain curves from uniaxial tests. Stewart and 

~yrnan '~ have attempted to correlate vascular compliance with stress-strain 

cutves with limited success. In this chapter, a general rnethod 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. 

I have qualitatively demonstrated through several exarnples that it is 

possible to extrapolate incremental data from materials that show an exponential 

stress-strain behaviour. This technique requires that the scaling pararneter P 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 cuwes at high stress levels 

above 75 kPa are suspected to propagate as significant errors in the extrapolation 

method. lmprovements in the theory can be made by choosing a statistically 

appropriate P for a tissue type, and/or using an improved mathematical 

model .'5e30*48 

The a values reported in this chapter are not so different from the stiffness 

parameter proposed by Hayashi7 who used a single exponential model to describe 

normalized pressure-radius cuwes of arteries. Hayashi7 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 al5= found simiiar results in the 

stiffness pararneter measured in vivo for hurnan cornmon carotid arteries and it 

ranged from 4.1 fl.7 for 15 year old males to 1323.6 for 70 year old males. 



These results give an intuitive feeling of the different values and precision that one 

might expect from in vivo measurements of a. 

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 rnind that the stress calculations assume 

there are no intemal stress within the specimen wall. Clearly this is not correct for 

real arteries. l ntemal wall stresses are discussed elsewhere;" however, these are 

generally small compared to the applied stressed induced by the lumen pre~sure.~' 

In addition, since Eq. 6.1 7 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 ge~met r ies~~ has been attempted by 

others. lncorporating 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 vesse1 dimensions including its connective tissues. Otherwise, simple lumen 

pressures may overestimate the true wall stress and lead to errorç. 

General tagging techniques are necessary for measuring local strains. For 

in vivo studies, M R  tagging is rnuch less invasive than physically attaching 

markers'' ont0 the elastic material to be studied.~58*59*60 Other researchers 

have reported success in using MR phase contrast m e t h o d ~ ~ ' ~ ~ ~  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 Ïtself. This would allow direct rneasurements of fluid ~ h e a r , ~ ~  as well as local 

wall motion. Other imaging rnodalities such as ultrasound can use speckle patterns 

as markers to measure strain. Since al1 of the techniques will require direct 

pressure measurements to obtain true stress Ievels, the described methods rnay 

not be fully non-invasive, unless the pressure can be estimated by other 

techniques.' Pulse wave velocity have been shown to be able to 

estimate gross elastic modulus of arteries without requiring pressure 



measurements. However, these techniques cannot measure local differences in 

elastic properties within the artery wall. 

Altematively, non-invasive tagging via MR techniques such as DANTE or 

SPAMM'O (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 results. 

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 Tl is short, and the tags 

fade relatively quickly. This would again suggest MR velocity techniques may be 

useful. O t h e r ~ ~ ' ~ ~ ~  have correlated the relaxation times with the exponential 

stiffness parameter for excised human arteries. Although 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, I have (1) introduced the use of the exponential 

stiffness factor a as the primary estimate of a materials stress-strain 

characteristics, (2) developed a new concept for extrapolating incremental data to 

full stress-strain cunres, (3) demonstrated with tensile testing that the error in a 

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 irnaging in 

conjunction with DANTE tagging to determine the local incremental elastic 

properties and (6) demonstrated the extrapolation method using sophistîcated PVA 

cryogel phantorns and excised porcine aortas. 

The extrapolation method demonstrates the importance of using a instead 

of Ei,, and is a novel method of rneasuring 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 irnproving 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-terni 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 (cl00 

pm 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 t e n s  of biomechanical and MR properties iv) the modification of a GRE 

pulse sequence to permit non-invasive MR tagging of dynamic arterîal 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 coi1 designs with minimal 

time and expense was presented in Chapter 2. Chapter 3 discussed the practical 

issue of rninimizing the temperature rise in gradient coils when they are used in 

high duty cycle applications. In Chapter 4, the application of a unique non-aqueous 

fluid that could keep biological specimens moi& for MR imaging is reported. This 

fluid was trÎchlorotrifluoroethane (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 



(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 dernonstrated 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, 1 have presented a simple technique for accurately 

constructing a dual axis quadrupole gradient coi1 set that is necessary for fast high 

resolution MR imaging. The construction method used dual sided flexible PC board 

technology. Although I demonstrated the process on quadrupole designs, the 

methodology can be and has been used with more complicated design 

pattern~. '~ Traditionally, researchers have mathematically modeled gradient coil 

designs and had to hand wind wires into grooves milled or lathed in plastic 

 former^.^^^^^ Numerically controlled milling machines have sirnpiified the cutting 

of the grooves but the winding of the wires is often laborious and tirne consuming. 

For these reasons alone, some research papers report theoretical gradient coils 

years before any experimental ver i f i~at ion.~~*~ 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 uniforrnity is desirable for MR 

gradient coils. In an image with 256x256 pixels, the gradient uniformity should 



provide less than 11256 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 Webste? quadrupole design. 

The effect of imprecise wire position was investigated by comparing 

compter simulations with an image made from a coi1 constructed with a small 

error. Theoretical analysis shows that an error of -0.5% in al1 of the wire positions 

during construction will asymmetrically reduce the volume having 0.4% gradient 

uniforrnity by half. However, the volume having 5% gradient unifomity 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 coi1 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 coi1 be maintained at a cornfortable level. For example, 1 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%. The 

model reveals that to minimize the temperature rise in gradient coils, the coil radius 

should be minimized and the copper thickness rnaximized. 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, koth 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 



recirculation water system be used with the water temperature maintained at 20%. 

Colder water temperatures may cause the gradient coi1 to become uncomfortably 

cold for in vivo studies. The water should be doped with paramagnetic ions to 

minimize aliasing of extraneous signais 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 M R scanners have sophisticated feed back circuitry installed 

on their amplifiers so that current rise times are crÎtically dampened (Le. the rise 

time to achieve maximum current output is just fast enough so that delivered 

output current does not exceed the requested amount). Custornized 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 I 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 coi1 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 N, 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 prînt" c ~ i l s ~ . ~  can be used for this purpose. This 

recomrnendation 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, othenivise the 

MR properties may be significantly different from the in-vivo 



situation,l~~l 1.1213.14 Specimens are frequently submersed in an aqueous 

so~ution'~ 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, 1 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 samples 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 cornpared to saline solution. 

This is attributed to the fact that R-113 is non conductive; thus the RF coi1 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 subrnersed 

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 specirnen. This 

is attributed to the extra buoyancy of the air bubbles in the denser and less 

viscous R-113. 

Short terni (c7 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 

necesçary to keep specirnens 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 N7 vitro MR studies has been proven to 

have several benefits. Although R-113 is relatively non-toxic, it is suspected to be 



hanfu l  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 chromatograp hy). 

For in vitro MR experirnents, it is ideal to have a signal free fluid to eliminate 

al1 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 

cornpared to a standard 256x256 k-space data rnatrix, the number of phase 

encode steps should be halved. By doing sol each k-space data is effectively 

256x128 in size which results in lower spatial resolution 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 ternis 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 cornpared to tracking tag  intersection^.'^ 
7.4 PVA Cryogel 

Over the years, several research grou psl 6~17~18~'9920021022 have 

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, I 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 



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, I 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 

mediumz4 will be important as shown in preliminary ~tudies.'~ 

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 general 

tagging techniques be used. For Ni vivo studies, M R  imaging is capable of 
roviding tags,26*2728.29t30q31 These techniques are adaptable to in vivo 

studies and are much less invasive than physically attaching 
markers. 3233*34q35836 In Chapter 6, 1 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 groups37*3839+40 have reported 

the developrnent of cornputer 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. 



7.5.2 Modelling Stress-Strain Data 
In my analysis of stress-strain data and elastic modulus, the definition of 

incremental modulus is first ~ l a n f i e d . ~ ' " ~ ~  That is. incrernental 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 incrernental stress-strain 

data and full stress-strain data was mathematically described. By using an 

exponential model to describe stress-strain Cumes, it is possible to extrapolate the 

full exponential stress strain curve from a limited amount of incremental data. 

The general method of extrapolating 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 

1 have demonstrated through several examples that it is possible to 

extrapolate stress-strain curves from incremental data of rnaterials that have an 

exponential stress-strain behaviour. This technique requires a priori knowledge of 

the material scaling parameter P (in Eq. 6.5b). For example, the measured value 

of p for PVA cryogel and porcine aortas was 64759 Pa and 7357 Pa, respectively. 

By knowing f3, the material's stress-strain characteristic is now represented by the 

exponential stiffness parameter a. lncremental tensile testing used in conjunction 

with the extrapolation method demonstrates the importance of a (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 Ei, values that appear to be contradictory to the true 

material properties. Only through local stress-strain rneasurernents followed by the 

extrapolation method was it possible to understand the non-linear elastic character 

of these phantoms. A final demonstration of the extrapolation 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. 



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 applicable only when wall stresses 

are less than 75 kPa. At these stress levels, the estirnates 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. lmprovements in the theory can be made by 

choosing a statistically appropriate P for a tissue type, using a dual set of 

exponential equations as suggested by Fung," or perhaps choosing a 

cornpletely different mathematical model al1 t ~ g e t h e r . ~ ~  

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. 6.1 7 is only accurate in areas without any discontinuities. 

lncorporating 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 

recornrnended 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 problern 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 rnay be fibrous plaques the T, is short and the tags fade relatively 

quickly. This would suggest MR velocity techniques may be useful (Le. MR phase 

c o n t r a ~ t ) . ~ * ~ ~  Although phase contrast images are not easily interpreted without 



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.4' The dynamic range of phase contrast methods 

rnay prove to be a limiting factor, but these methods deserve further investigation. 

0thers48*4g have correlated the relaxation times with the exponential 

stiffness parameter for excised human arteries. Although the correlation coefficient 

was relatively low (rc0.6), the results are quite impressive considering biological 

variations in the data. I 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 artenes 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 

aV4 

7.6 Overall Conclusions 

This theçis demonstrated that it was possible to measure the elastic 

properties of pulsatile arteries and artenal phantoms in vitro by modifying a clinical 

MR scanner. Custom designed high strength gradient coils provided image 

resolution with 94 ym pixel size. Fast GRE irnaging with DANTE tagging produced 

33 images in 64 seconds. Signal averaging of 8 sets of data required 8.5 minutes. 

These irnaging times are practical for in vitro imaging, and more importantly, for 

future in vivo studies. 

As medical imag ing techniques improve, more researchers will be involved 

with the measurement of incrernental elastic properties. The concepts presented 

here will be significant to improving the overall understanding of the complete 

elastic behaviour of healthy and diseased arteries. 
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