Intravascular Ultrasound and Magnetic Resonance Imaging of

Atherosclerosis and Assessment of Endothelial Function

Lachlan Frost

Discipline of Medicine, School of Medicine
The University of Adelaide
&
Cardiovascular Research Centre

Royal Adelaide Hospital

April 2015

Submitted in the total fulfilment of the requirements

for the degree of Doctor of Philosophy



THESIS DECLARATION

I certify that this work contains no material which has been accepted for the award
of any other degree or diploma in any university or other tertiary institution and, to
the best of my knowledge and belief, contains no material previously published or
written by another person, except where due reference has been made in the text. In
addition, | certify that no part of this work will, in the future, be used in a
submission for any other degree or diploma in any university or other tertiary
institution without the prior approval of the University of Adelaide and where

applicable, any partner institution responsible for the joint-award of this degree.

I give consent to this copy of my thesis when deposited in the University Library,
being made available for loan and photocopying, subject to the provisions of the

Copyright Act 1968.

I also give permission for the digital version of my thesis to be made available on
the web, via the University’s digital research repository, the Library Search and
also through web search engines, unless permission has been granted by the

University to restrict access for a period of time.

Signed,

Lachlan Frost

University of Adelaide



THESIS RELATED ABSTRACTS

Frost L, Richardson J, Carbone A, Puri R, Nelson A, Sidhartha S, Worthley M,
Worthley S. Geometric Accuracy of Mechanical and Phased-Array Intravascular
Ultrasound Catheters: A Phantom Study. 60™ Scientific Sessions of the Cardiac
Society of Australia and New Zealand. Brisbane 2012.

http://dx.doi.org/10.1016/j.hlc.2012.05.510

Frost L, Richardson J, Carbone A, Bertaso A, Puri R, Nelson A, Sidhartha S,
Worthley M, Worthley S. Rabbit Aortic Vasodilation Assessment by 1.5T
Magnetic Resonance Imaging and Intravascular Ultrasound. 60™ Scientific Sessions
of the Cardiac Society of Australia and New Zealand. Brisbane 2012.

http://dx.doi.org/10.1016/j.hlc.2012.05.587

Frost L, Richardson J, Carbone A, Worthley M, Worthley S. Progressive
Endothelial Dysfunction is Related to Plaque Burden in an Experimental Model of
Atherosclerosis. University of Adelaide, Faculty of Health Science Postgraduate

Research Conference (2013).

Sidharta S, Puri R, Frost L, Kataoka Y, Carbone A, Willoughby S, Nelson A,
Nicholls S, Worthley S, Worthley M. The Impact of Lumen Size and
Microvascular Resistance on Fourier-Domain Optical Coherence Tomography
(FD-OCT) Coronary Measurements. International Journal of Cardiology. (2014)

174:210-211



Frost L, Carbone A, Worthley M, Worthely S. In-vivo and In-vitro Variability in
Cross Sectional Measurements with IVUS Catheters. University of Adelaide,

Faculty of Health Science Postgraduate Research Conference (2014).



TABLE OF CONTENTS

Thesis declaration
Thesis related abstracts
Acknowledgements
Common abbreviations

Thesis synopsis

CHAPTER1 INTRODUCTION
CHAPTER2 METHODS

CHAPTER 3 IN-VIVO AND IN-VITRO VARIABILITY IN CROSS
SECTIONAL AREA MEASUREMENTS WITH
PHASED ARRAY AND MECHANICAL IVUS
CATHETERS

CHAPTER4 A COMPARISON BETWEEN VH-IVUS AND iMAP
PLAQUE CHARACTERISATION PLATFORMS

CHAPTERS5 SERIAL IVUS ANALYSIS OF ENDOTHELIAL
DYSFUNCTION AND ATHEROSCLEROSIS
PROGRESSION

CHAPTER6 METHODOLOGY FOR NON-INVASIVE
ENDOTHELIAL FUNCTION ASSESSMENT OF THE
RABBIT AORTA USING 1.5T MRI

CHAPTER 7 SERIAL QUANTIFICATION OF
ATHEROSCLEROSIS WITH 1.5T MRI COMPARED
TO 40MHz IVUS

CHAPTER 8 DISCUSSION

47

69

97

123

145

169

190



ACKNOWLEDGEMENTS

I am sincerely grateful to the following people for their support and assistance as this

thesis would not have been possible without their combined efforts.

Firstly, I would like to acknowledge my supervisor Professor Stephen Worthley for
allowing me the opportunity to undertake this research. I would also like to
acknowledge my co-supervisors, Associate Professor Matthew Worthley and Dr

Karen Teo, for their contributions in the production of this thesis.

I would also like to acknowledge the Florey Medical Research Foundation for the

generous provision of a scholarship which has enabled me to undertake this work.

I must thank the staff at Large Animal Research and Imaging Facility (LARIF), now
known as the Preclinical, Imaging and Research Laboratories (PIRL), for providing
an accommodating, nurturing and professional environment in which to conduct this
study. In particular, | would like to convey my deepest gratitude to Loren Matthews,
Briony Overall and Dr Tim Kuchel for their invaluable advice and assistance over

the years.

I would also like to thank Dr James Richardson for contributing his time and
knowledge in refining the rabbit IVUS procedure, Kerry Williams for her expertise
in performing the MRI scans for this study, Jim Manavis and Dr John Finnie for
their expert assistance in providing histological preparations and interpretations for

the study.



Vi

In particular, I must acknowledge Angelo Carbone who is both colleague and friend.
His steadfast support as well as technical assistance during every MRI scan and
IVUS procedure has been immeasurable. Without his help, this thesis would not

have been possible.

To my parents Malcolm and Ros. | would like to thank them for their unwavering
love and support throughout my life. Above all | would like to thank my beautiful

wife Joanne for her constant love and support.



vii

COMMON ABBREVIATIONS

ACh

CAD

CSA

CVvD

ECG

ED

EEM

eNOS

FLASH

FOV

GTN

ICC

IVUS

MHz

MIP

MRI/MR

NC

NO

Acetylcholine

Coronary Artery Disease

Cross Sectional Area

Cardiovascular Disease

Electrocardiogram

End Diastole

External Elastic Membrane

Endothelial Nitric Oxide Synthase

Fast Low Angle Shot

Field of View

Glyceryl Trinitrate

Intra Class Coefficient

Intravascular Ultrasound

Megahertz

Maximum Intensity Projection

Magnetic Resonance Imaging/Magnetic Resonance

Necrotic Core

Nitric Oxide



NURD

NZW

PAV

PDW

RF

ROI

SNR

TCFA

™

TOF

VH

VSM

VWA

Non Uniform Rotational Distortion

New Zealand White

Percentage Atheroma Volume

Proton Density Weighted

Radio Frequency

Region of Interest

Signal to Noise Ration

Tesla

Thin-Cap Fibroatheroma

Tissue Map

Time of Flight

Virtual Histology

Vascular Smooth Muscle

Vessel Wall Area

viii



THESIS SYNOPSIS

In this thesis we aimed to investigate the application of IVUS and MRI in assessing

plaque and endothelial function in the experimental rabbit model of atherosclerosis.

The first experimental chapter focussed on validating the accuracy and
reproducibility of mechanical and phased-array IVUS catheter designs in an in-

vivo and ex-vivo setting.

The second experimental chapter sought to investigate the plaque characterisation
technologies of iIMAP and VH-1VVUS. This was the first time that the two systems
had been compared head to head in the experimental rabbit model. The results
provided significant and systematic variability in plaque composition analysis with

both systems.

The third experimental chapter describes an in-vivo investigation between serial
endothelial function and vascular remodelling. We have documented that
progressive endothelial dysfunction occurs with increasing plaque burden and
observed that vascular remodelling in the rabbit experimental model occurs in a

way analogous to clinical positive remodelling.

In the fourth experimental chapter we described a novel MRI application for the
assessment of endothelial function. The MRI endothelial function results were
compared against those obtained using IVUS. We have shown MRI to be a viable
non-invasive modality for assessing luminal CSA changes in very small calibre

vessels in response to vasoactive drugs.



The final experimental chapter describes the comparison between MRI and IVUS
serial quantifying plaque burden. We concluded that MRI is a feasible non-

invasive alternative for imaging atherosclerosis in the experimental rabbit model.
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