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appeal to specialist and non-specialist alike.

Series Editor

M.W. Collins
School of Engineering & Design
Brunel University West London

Uxbridge
UK
J.A. Bryant ML.A. Atherton
Dept. of Biological Sciences School of Engineering & Design
University of Exeter Brunel University West London
Exeter, EX4 4QG Uxbridge

UK UK



Associate Editors

I. Aleksander

Imperial College of Science, Technology &
Medicine

UK

J. Baish
Bucknell University
USA

G.S. Barozzi

Universita Degli Studi di Modena E Reggio
Emilia

Italy

C.D.Bertram
The University of New South Wales
Australia

D.F.Cutler
Royal Botanical Gardens
UK

S. Finger
Carnegie Mellon University
USA

M.J. Fritzler
University of Calgary
Canada

J.A.C.Humphrey
Bucknell University
USA

D. Margolis
University of California
USA

J. Mikielewicz
Polish Academy of Sciences
Poland

G.Prance
Lyme Regis
UK

D.M.Roberts
The Natural History Museum
UK

X. Shixiong
Fudan University
China

T. Speck
Albert-Ludwigs-Universitaet Freiburg
Germany

J. Stasiek
Technical University of Gdansk
Poland

J. Thoma
Thoma Consulting
Switzerland

J. Vincent
The University of Bath
UK

Z-Y.Yan
Peking University
China

K. Yoshizato
Hiroshima University
Japan

G.Zharkova

Institute of Theoretical and Applied
Mechanics

Russia



Repair and Redesign of
Physiological Systems

EbpITORS

M.A. Atherton
Brunel University, UK

M.W. Collins
Brunel University, UK

M.J. Dayer
Taunton & Somerset Hospital, UK

WITPRESS Southampton, Boston M/m



M.A. Atherton
Brunel University, UK

M.W. Collins
Brunel University, UK

M.J. Dayer
Taunton & Somerset Hospital, UK

Published by

WIT Press

Ashurst Lodge, Ashurst, Southampton, SO40 7AA, UK
Tel: 44 (0) 238 029 3223; Fax: 44 (0) 238 029 2853
E-Mail: witpress@witpress.com
http://www.witpress.com

For USA, Canada and Mexico

WIT Press

25 Bridge Street, Billerica, MA 01821, USA
Tel: 978 667 5841; Fax: 978 667 7582
E-Mail: infousa@witpress.com
http://www.witpress.com

British Library Cataloguing-in-Publication Data

A Catalogue record for this book is available
from the British Library

ISBN: 978-1-84564-096-5
ISSN: 1478-0585

Library of Congress Catalog Card Number: 2008921658

The texts of the papers in this volume were set

individually by the authors or under their supervision.

No responsibility is assumed by the Publisher, the Editors and Authors for any injury and/or damage to
persons or property as a matter of products liability, negligence or otherwise, or from any use or operation of
any methods, products, instructions or ideas contained in the material herein. The Publisher does not necessarily
endorse the ideas held, or views expressed by the Editors or Authors of the material contained in its

publications.

© WIT Press 2008

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted
in any form or by any means, electronic, mechanical, photocopying, recording, or otherwise, without the prior

written permission of the Publisher.



Contents

Preface Xiii

Vascular reconstruction: CFD predictions of bypass graft haemodynamics
I Introduction. .. ... ..o

2 Conventional femorodistal bypass ... ......... ...
2.1 Model GEOmMELIY. . . . oottt
2.2 Numerical model and flow conditions. ... ....... ... ... ... ... ... ... ........
2.3 Flow behaviour and wall shear stress distribution. . ...........................
2.4 TImplications for dis€ase . . . .. .. .ottt

3 Anastomotic angle. . . ... ...
3.1 Flow behaviour and wall shear stress distribution. .. ..........................
3.2 TImplications for diSEase . . . .. .....ot ittt e

4 Graft/artery diameter 1atio . ... ... ..o
4.1 Flow behaviour and wall shear stress distribution. ... ........................
4.2 TImplications for dis€ase . .. .. ..ottt

5 Taylorpatch. . ... .o
5.1 Flow behaviour and wall shear stress distribution. ... ........................
5.2 TImplications for diSEase . .. ... ...ttt

6 Cuffed anastomoses . .. ...t e
6.1 Model geometry and flow conditions. . . ........... .. ... . i
6.2 Flow behaviour and wall shear stress distribution. ... ........................
6.3 Implications for diSEase . .. ... ..ottt

T ConClUSIONS. . . ...

References. . ... ..

Clinical applications of Physiome Project models

I Introduction. .. ...
2 Modelling the gastro-oesophageal junction ... ........... ... .. .. ... .. .. .. ......
2.1 Model construction . ... ... ...ttt
2.2 Microstructural information. . . ....... . .. . .
2.3 Functional simulations. . .. ...t
3 Modelling musculo-skeletal system mechanics .. ........... ... .. ... .. .. ... .....
3.1 Anatomically based geometries . . ............. ..
3.2 Customisation of genericmodels. .. ............. .. ... ..
33 Gaitanalysis. . . ..ot
3.4 Muscle deformation during gait. . .. ...t

3.5 Contact mechanics and passive deformation. . ..............................



4 Modelling the lymphatic system and melanoma. . .. ......... ... ... ... .. .. ...... 35

4.1 Methods . ..ot 36
4.2 ReSUILS . o .o 37
5 Interpretation of cardiac ultrasound measurements with physiome models. . ........... 39
5.1 Finite-element simulations of the cardiaccycle. . .......... .. ... .. ... ...... 40
6 SUMMATY . . . oottt ettt e e e e e e e e e e e 43
Acknowledgements. . ... ... ... 43
References. . . .. ..ot 43

Computational modelling of left ventricular haemodynamics

based on magnetic resonance imaging data 47
I Introduction. ... ... 47
2 Methods. . ..o 49
2.1 Data processing and geometry reconstruction. .. ............... ..., 50
2.2 CFD methodology and computercode . ............ ... .. .. i, 51
2.3 Generation of computationalmesh . ......... ... .. ... L 51
24 Wallandmeshmotion ........ ... i 52
2.5 Boundary conditions . ... ....... ... 52
2.6 Flow simulation procedure. . .. ........ ... i 53
2.7 Mesh and timestep SenSitivity . .. ... ...t 54
3 ReSUIS. . .o 54
3.1 Cardiac output and ejection fraction . ............ .. ... .. ... .. ..., 54
3.2 Quantitative comparison of calculated and measured flow fields . ............... 54
4 DISCUSSION. .« . ottt ettt e e e e e e e e e 58
4.1 Comparison withotherdata........... .. .. ... . ... .. .. . . . .. . . 59
4.2 Physiological plausibility and significance of flow predictions. ................. 60
4.3 Potential clinical applications ... .......... ... . .. . 61
5 ConCIUSIONS. . . oottt 61
Acknowledgments. . . ... ... 62
References. . . . ..ot 62

A mathematical model of left ventricular contraction

and its application in heart disease 65
I Introduction. .. ... 65
1.1 Left ventricular structure and function ......... ... ... ... ... ... ... ... ... .. 65
1.2 Current concepts of the pathophysiology of heart failure . .. ................... 66
1.3 End-diastolic volume and remodelling in HFpEF . . ... ....................... 67
1.4 Left ventricular hypertrophy in HFpEF . ... ... ... .. .. .. ... .. ... .... 67
1.5 Ejection fraction as a measure of systolic function........................... 68
1.6 Systolic Performance in HFpEF ........ ... .. .. .. ... ... .. .. ... .. ... .... 69
1.7 Diastolic function in heart failure .. ........ .. .. .. .. .. . .. 69
1.8 Other determinants of left ventricular performance .......................... 71
2 The hypotheses . . ... ..ot e 71
2.1 Hypothesis L. . ... 71
2.2 Hypothesis 2. . . ..ot 71
3 Methods. . ... 71
3.1 Role of mathematical modelling . ........... .. .. .. ... .. .. . ... 71

32 Basicmodel ... ... e 71



3.4 Physiological and pathophysiological changes .............................. 73
4 ReSUILS. . .ot 73
4.1 Results pre-compensation (un-remodelled or before remodelling). . ............. 73
4.2 Results post-compensation (following remodelling to normalise stroke volume). . . . . . 75
4.3 Summary of results . ... ... 75
5 ConClUSIONS. . . oottt 77
5.1 INterpretation . ... ..ottt 77
5.2 Advantagesofthemodel ......... .. ... ... . ... 77
5.3 Limitationsof themodel . ... ... .. .. .. . 77
5.4 Correlation of model predictions with observational studies ................... 78
5.5 Implications in heart failure. .. ...... ... ... ... .. .. 78
5.6 Implications for repair and redesign . .............. ... ... 81
5.7 SUMMALY . . .ot e 81
References. . . . ..ot 82
Cardiac resynchronisation therapy for heart failure 87
I Introduction. ... ... 87
2 Basic concepts and techniques . . . .. ... ... 88
2.1 Methods for assessing the severity of heart failure . .. ........................ 88
2.2 Normal cardiac anatomy and function. . ............. .. .. .. ... ... ... 89
2.3 Normal cardiac conduction . ...............o it 90
2.4 The electrocardiogram . ... ... ... 90
3 Conventional pacing and cardiac resynchronisation therapy .. ...................... 93
3.1 Conventional permanent pacing. . .. ... .......uuuuit et 93
3.2 Cardiac resynchronisation therapy. . .. ........... i 93
4 DySSYNCHIONY . . . ..o 94
4.1 Atrioventricular dyssynchrony. . ............. .. 94
4.2 Interventricular dyssynchrony . . ... .......... .. i 94
4.3 Intraventricular dyssynchrony . .......... .. ... . . . . 95
5 The theoretical basis for CRT .. ... ... . 98
5.1 Leftbundle branchblock....... ... .. .. . . 98
5.2 Right ventricular apical pacing .. .......... ... .. 98
6 The evidence for dual-chamber pacemakers and CRT in heart failure. ............... 100
6.1 Dual-chamber pacing. ... ... ... . i 100
6.2 CRT ..o 101
7 Echocardiographic measures of dyssynchrony and response to CRT. . ............... 104
7.1 Interventricular dyssynchrony . ............ .. ... ... . . 104
7.2 Intraventricular dyssynchrony ... ...... ... . ... 104
8 Other reasons for NON-TESPONSE . . . ..ottt ettt ettt et 104
9 ConCIUSIONS. . . oottt 105
References. . . ..o 105
Ventricular assist devices 111
I Introduction. .. ... 111
L1 General. . ..o 111

1.2 Types of ventricular assist devices . . ... ...ttt 113



2 Intraaorticballoonpump . ....... ... . 113
2.1 Introduction . ... ...t 113
2.2 Hypothesis . .. oot 115
2.3 Aimofresearch ... ... ... ... 116
2.4 Methods . . ... 116
2.5 ANALYSIS . ..o 118
2.6 Results and diSCUSSIONS . . .. .. .. ittt 121
3 Flexible diaphragm pumps . .. ..ottt 128
3.1 Background .. ... 128
32 The BCM LVAD. . . ... 128
3.3 Equipmentandmethod .......... .. .. .. .. .. . ... 129
34 ReSUIS . ..o 131
3.5 DISCUSSION . . oottt et et e e e e e 134
3.6 CONCIUSIONS . . ..ottt 136
4 General CONCIUSIONS . . . ...ttt e e 137
REfErENCES. . . oot 137

Computational fluid dynamics in the investigation and treatment

of nasal obstruction 141
I Introduction. . . ... ..o i 141
2 Overview of nasal anatomy and physiology . ............. .. ..., 143
2.1 Nasal anatomy . .. ...ttt 143
2.2 Nasal physiology . . ..ot 145
3 LIterature TeVIBW . . . . ottt ettt e e e e 147
3.1 Observational Studies. . . ...« 147
3.2 Quantitative StUdIeS . . .. .ot 148
3.3 Numerical studies. . . .. ... ot 149
34 ATGUMENL . . .ottt e 151
4 Methodology and methodological considerations ............................... 153
4.1 Experimental validation of numerical results .............................. 155
4.2 Issues pertaining to numerical modelling methodology . ..................... 159
5 Numerically predicted nasal airflow characteristics . . .. .......................... 163
5.1 Inspiratory airflow in the healthynose. .. ............ ... ... ... ... ...... 163
5.2 Expiratory airflow in the healthynose. . ............ ... .. ... ... .......... 166
5.3 Alteration of airflow characteristics with anatomical variation................. 166
5.4 Shear stress distribution on nasal cavity walls. .. ........................... 167
6 Virtual nasal SUTeTY . . ... ..ot e 168
T DISCUSSION. . o . ottt et e e 169
8 CoNCIUSIONS. . . . ottt 174
References. . . . ... 175
Review of dental repair concepts and methods 179
I Introduction. . . ... ..o i 179
2 Dealing withtoothdecay ............ .. .. i 180
2.1 Traditional removal and refilling . .. ........ .. .. .. ... .. .. ... .. 180
2.2 Alternatives to the removal of tooth decay. . ............................... 182
3 Restoration of teeth. . .. ... ... 183
4 Others forms of loss of tooth substance . . ........ ... .. ... ... . ... ... ... ... 189



5 Toothreplacement. . .. ... ... it 190

6 Cosmetic dentistry . ... ..ottt 191
7 Repair concepts and philosophy . .. ... ... . 192
References. . . . ..o 194
Biomechanical aspects in dental replacements 197
I Introduction. . . ... .. o 197
1.1 Mechanical properties of bone. .. ............ i 198
1.2 Jaw geometry, loading and supports ... ............ i 202
2 Various kinds of tooth replacements. . .. ......... .. .. .. ... .. i 205
2.1 Toothreplacement materials ............ ... .0ttt .. 207
2.2 Single replacement. . .. ... ... 208
2.3 Multiple replacement. . . ....... ... i 211
3 Jawsolidmodelling . ....... ... 219
3.1 REeVerse eNZINEETING. . . . oot vttt ettt e ettt e e e 219
3.2 TOmMOZIaPNY . . .ottt 223
4 Various methods of stress analysis . .......... .. ... i 225
4.1 Finite element method . . ... ... ... . 225
4.2 Boundaryelementmethod. ............. .. .. ... . ... .. .. 228
43 Cellmethod . . ... ... 229
4.4 Photoelasticmodelling. . ......... ... i 230
5 Stress analysis results . ... ..ot 232
6 Biological aSpectS . . ...ttt 236
References. . . . ..o 238
Needle-free immunotherapeutics delivered to the skin 245
I Introduction. . . ... .. o 245
2 The importance of targeting skin and mucosal cells. . ............................ 246
3 Engineering of physical approaches for the targeting of skin and mucosal cells. . ...... 246
3.1 Mechanical properties of the stratum corneum barrier .. ..................... 248
3.2 Biological approaches .. ...... ... ... . 249
3.3 Physical cell targeting approaches. . ........... .. .. ... . . . 249
3.4 Biolistics microparticle delivery . ........... ... ... 250
4 Biolistics micro-particle delivery . ........... .. . 250
4.1 Biolistics operating principle. . . ... 250
4.2 Engineering of hand-held biolistic devices for clinicaluse. ................... 252
4.3 Ballistics micro-particle deliverytoskin. ............. ... ... ... ... ...... 255
4.4 Clinical results . . ... ... 260
Conclusion . ... ..o 261
References. . . . ..o 261
Clinical Summary 267

Index 271



Preface

Surgical repair of the human body is where design and nature intersect most significantly because
here manmade technology serves to enhance and even prolong human life. Engineers and clinicians
have long been collaborators working to improve the human physical condition and in this volume
we have contributors from both fields revealing current state of the art in restoring normal function
to human physiology.

Making good the effects of wear and tear through adjustment or replacing worn parts is a
familiar part of the ownership experience for consumers of everyday objects. If a fault is persistent
then a redesign may alleviate the problem. However, repair and redesign of human physiology is
quite a different prospect because, as we shall see in this volume, no two humans are the same and
‘spare parts’ may be unacceptable or even be in very short supply.

Planning and assessing a course of action for repair and redesign of physiological systems
increasingly relies upon computer simulations in order to better understand function. The Physiome
project briefly described in chapter 2 is an engineering approach to computational physiology that
models anatomical structure and function at multiscales; in particular, a model of the gastro-
oesophageal junction reveals the contributions of different elements of surgery on the ability to
swallow. In chapter 1, chapter 3 and chapter 7, we see the role of Computational Fluid Dynamics
in understanding the patient-specific blood flow patterns of bypass grafts, heart chambers and
nasal airways respectively. CFD now enables us to predict the results of surgical intervention pre-
operatively.

Alternative technologies to the given physiology are addressed in chapter 6 with regard to
Ventricular Assist Devices, which presents challenges of biocompatibility and minimising damage
to the blood caused by the excessive stresses of mechanical action. A diseased heart is prone to
failure, which can be resynchronised or defibrillated by a signal generator acting through a wire
located inside the heart. Chapter 5 addresses the effectiveness of echocardiography and
electrocardiogram in assessing suitability for Cardiac Resynchronisation Therapy. Chapter 10
describes Biolistics, a radically new delivery technology that uses pressurised gas to accelerate
treatment particles so that they penetrate the skin and thus target particular cells within the outer
skin layers. This addresses a major constraint on making full use of immunotherapies, which is the
limited ability to deliver genes and drugs to the required site in the body, specifically skin and
mucosal sites.

Chapter 8 and chapter 9 address repair and redesign issues of dental practice. In dental care,
the trend has been to treat decay and restore teeth rather than remove diseased teeth. New systems,
based on mature engineering technologies such as laser and abrasive cutting, CADCAM, adhesives
and inserts, allow teeth to be repaired more conservatively. Increased demand for cosmetic
improvements means a shift from disease-oriented treatment to life-style driven cosmetic treatments



such as orthodontics, whitening and veneering. Laser scanning, CT and MRI are used to reverse
engineer key features of the patient’s jaw for a patient-specific solution. Finite element analysis is
used to assess loads and stresses.

We thank the authors for their vital contributions and also their patience in waiting for this
volume to come to fruition.

The Editors. 2008





