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Preface

......... Whenever we do something that fills us with enthusiasm, we are following our
legend. .... I ask myself: are defeats necessary? Well, necessary or not, they happen.
When we first begin fighting for our dream, we have no experience and make many
mistakes. The secret of life, though, is to fall seven times and to get up eight times. So,
why is it so important to live our personal calling if we are only going to suffer more
than other people? Because, once we have overcome the defeats — and we always do —
we are filled by a greater sense of euphoria and confidence. In the silence of our hearts,
we know that we are proving ourselves worthy of the miracle of life. Each day, each

»

hour, is part of the good fight. We start to live with enthusiasm and pleasure. ....... .

Paulo Coelho, “The Alchemist”

iv



Table of Contents

Preface iv
Table of Contents iii
Acknowledgments i
List of Figures ii
List of Table xvi
List of Symbols xviii
Abstract Xxii
Chapterl 1
1.1 BIEASE CAIICET ..ottt ettt ettt e e e e ettt e e saaeeeeesaaeeeessnseessesnsseessssnsasesssnnseeeessnnnes 1
1.2 Diagnosis Of Breast CanCET.......c..ccouvueririeuirieieririeicteieiiee sttt ettt ettt et ettt ssenes 2
1.2.1 Clinical Breast EXAM.......cc.uooiuiiiieiiieiieeeec ettt et eee s eav e eae s eaaessaaaessaeeesnnessnneeens 3

1.2.2 ImMAGING STUAIES ..c.vevenieiiriiieieiirie ettt ettt ettt et et s et sb e sa e sa e et srennen 4
1.2.2. 1MamMmMOZIAPNY .....cueiuiieiieiiieete sttt sttt st sttt sttt s bt b e sae e et sbeean 4

1.2.2.2 Breast UITaSOUNd........cc.ueviiiieeieiiiiieiiee ettt eeesateeeeesaaeessesnnaeesssnnnaseessnnseeeesns 4

1.2.2.3 Magnetic Resonance Imaging (MRI)........ccccocoiiriiiiniiiiiieeeeeeee e 5

1.2.2.4 Elastographic Methods ..........ccoeiieiiineiiinirestereeeee ettt s 5
1.2.2.4.1 Digital — Image Elasto - Tomography (DIET) ........ccccocereniiniineneninereneeceenee 6

1.2.2.4.2 Ultrasound Elastography .........ccccoeeererirenenneneieineneseesceeeeseseecereve et svene 6

1.2.2.4.3 Magnetic Resonance Elastography (MRE) ........cccccevvinininninennninccceceenee 7

1.3 Motivation and CONIIDULION .........oovviieeiieieieieeeee ettt eeee e ereeeeeteeeeeesesaaesenaeessaaeessesesnaeseseessnnnes 8
1.4 TRESIS OVEIVIEW....uuuveveeeeieeeeeeeeeaeeeeeeeasaeaeseaeaessaessaeassssssesesessasasssasseasaesssesssesssessssssasasaeanes 11
Chapter 2 13
2.1 Magnetic Resonance Elastography (MRE)........ccccoiiiiiiiininiieinesesee et 13
2.2 MOtION MEASUIIIIZ. ....cuveuteuiieiiieiteteee sttt bttt et st be bbbt bt eateb e b e sbe st et e bt b e b et ebeebesbebeneenenee 14
2.3 Reconstructive Elastodynamic IMaging..........ccccceerirerieniiininieietnese ettt 14
2.3.1 FOrward ProDIEIMI........coouuviiiieiiieeeeeeeie ettt ettt e ettt e s sane e e e s saareeessnaneeeesnnnneees 15
2.3.2 Inverse Problem in GENETAl VIEW .........ooouiiiiuviiiiiiieeeieeeeeeee ettt 18

2.3.3 Finite Element (FE) APPrOXimation .........c.ccectrtertertenteenienieieinientesteeeesie e seeiesieseeseeeeaens 20

2.4 Optimization AIZOTITRIMS ........cc.ecieiiirieieie ettt eseenesse s sseneens 22
2.4.1 Tterative OptimiZation APPIOACH .......cccceiirueriruiriiitertereee ettt sttt st s 23

2.4.2 Overview Of AIGOTItIMS. .....c..ouiuiiirieiiiieree ettt et 24

2.4.3 Line Search MEthOUS . .....coouviiiiiiiieieeeeeeeee ettt eae s eaae s st e s enaeeenaees 25

2.4.4 Search Directions for Line Search MethodS..........ooouviveiiieiiiiiiiiceeeeeeeeee e 27

2.4.5 Conjugate Gradient (CG) MethOd ........cccoouerieiriiniinieriee ettt st enens 28
2.4.5.1 Linear Conjugate Gradient Method.............ccceveriecirinienieire et 28

2.4.5.2 Nonlinear Conjugate Gradient Method............cccvecererieiecinineieeceseeeeee e 32

2.4.6 Secant line search MEthOd ..........oocvviivuiiiiiiiieeeceeeee ettt aae s st e s 34

2.5 Regularization TEChIMIGUES ........cccetririerieiriiteieteie ettt ettt sttt see et 36

2.5.1 Tikhonov (TK) Regularization TeChNIQUES..........ccccevueuiririririrerieeirie st 36



2.5.2 Total Variation (TV) MINIMUZAtiON ..........c.eeeevveeeirieiieiieereeeentesteereeeeeereereesvesseeseesesseessesnens 37

2.6 Adjoint Gradient CalCUlation..........c..cverueiruirterietee ettt ettt sttt ebe e s be e 38
2.7 Subzone IMPIEMENTAtION ........c.erieueuirieririeieirieerietet ettt sttt eb st b ettt b et et e e saebe st besesaebeseas 41
2.8 An EXample Problem..........uuiueiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiiitieeeeeeteeetveeteeeeeeee et eeseeeseaeaeee 44
Chapter 3 47
3.1 Anisotropic and Orthotropic Materials..........cccveueririeririeerinieiriererteiet st seebee et 47
3.2 Introduction to AniSOroPiC MALETIAlS ........ceevirieeeeirrireieieirieieeeeere et seses e eseseesesseneens 48
3.3 Linear Anisotropic Elastic SOI.........cccoririreiniriireiricenee ettt 49
3.3.1 Theoretical Analysis of AniSOtropic Materials..........c.cocererieirininienerirerese e 49

3 3.2 EIASHC SYIMIMELIY ..eveveuiriiieieiieieneenteteiteestetesessestesteseesesuetestesesseseeseestesesbesaenessesesseneenesnens 50
3.2.1 Material Classifications by Their Elastic Symmetrical Planes ...........cccoceceeveernenenenennn 52
3.4 Orthotropic Elastic TREOTY .....cc.cieiiiiiieii ettt sttt ea e s 52
3.5 Incompressible Orthotropic Materials..........cc.eoueeeeeriirenienieireerietertei ettt 56
3.5.1 ISOtropic INCOMPIESSIDILILY .....c.coueruirieiririeieie ettt 56
3.5.2 Orthotropic INCOMPIESSIDILILY .....cc.coverieiririeieirtiert ettt 57
3.6 Orthotropic ElastOZraphy..........ccecieirierieieiriiieietetestesieieteseaesesee s ssesseaesessassesseseesessessensesenns 59
3.7 Remarks of the Orthotropic Incompressibility Applied to MRE...........ccccocoeeirinnninnenneenns 60
3.7.1 Geometry and PhantoIms ..........cocoirierieiirenienie ettt sttt s 60
3.7.2 AIZOTIERIMS ..ttt ettt ettt sttt st ettt sttt et sre 60
3.7. 3 Multiple Sets Of MEaSUICIMENLS. .......cccectrerueririirtiriertetee sttt st et sbe et ebesbebese e eaens 61
Chapter 4 63
4.1 Phantom STUAIES. .....cc.eeverieeirerieieirirteetestete e stestestetetesteste e esestessentesesessessensesessessessesassessessensasens 63
4.2 MRE ACtUAtION SYSEEIMS..c..c.uetiuiiuiriititeteesie sttt et e st et sbesbe ettt ste st et e sbeseestebebesbe st eneeaeas 64
4.2.]1 PREUMALIC ACHUALOT «....eoveriiieieiieteieitet ettt ettt ettt ste st et bbb es b ebe st se et et e be b eeeneebeenes 64
4.2.2 PieZO0CIECIIIC ACIUALOTS ......euvereeeeerinreeieeieteetetesteestetestestesessesseseesessessesseseesessessessesessensessesenss 66
4221 TYPE =A ettt ettt se et et et ebeenes 66
4.2.2.2 Type-B (Lever ShaKer) .........cocccueiririiniinenicicnercsteesesteetee sttt 67
4.2.2.3 TYPE-C ACIUALOT «..c..erueiiieiitinieiteit ettt ettt et ettt st e st ettt be et ebeebe st et et e besbe st eneebeenes 67

4.2.3 MRE Actuation System Remarks ..........cccovereriinieinneiniiinnereee st 69
4.3 TSOLrOPIC PhaNtOMS. .....c.veviieieiiieiirieieiie ettt ettt ettt 70
4.4.1 Tsotropic Phantom ManufacCturing ............ccceceeveruerierieinerenieneee ettt et ene s 71
4.4.1.1 Silicone Gel Phantom in General .............ccovrueeieieinienieneeeeiiieieeesesteseeseeesseseseeseenas 71
4.4.1.2 Wedge Shaped Inclusion Silicone Phantom ............cocceevriinenenininineneinenceceee, 71
4.4.1.3 Material and Methods ........co.coueieiririinieireeetet ettt 72

4.5 Phantom Fabrication Remarks Applied to MRE ............ccccooviiiiiiiniiieeeeereeee e 74
4.6 MRE Artifacts Due to ACtUAtION SYSLEIIS ....c..evetruereieueirtererteieirierestesessesestsiesesesesessesensesensssens 75
4.7 Tsotropic Elasticity Reconstructive IMaging ............coceverterirenenienineniiseeneereee et 76
4.7.1 Three Cylindrical Inclusions of a Silicone Gel Phantom..............ccccevevinineincncnencnnene. 77
4.7.1.1 Isotropic Reconstruction Using Real MRI Datasets ...........coceeveeeereneeneenenenieniecnnenen 77
4.7.1.2 Reconstruction RESULLS .........ccecveiririinieieiiriieieieie ettt st et eseenas 78
4.7.1.3 Reconstruction Results ANALYSIS .......cccecveeiriirierieieinieriereee et ese et sseneeseenas 80



4.7.2 Two Cone Shaped Inclusions Gel Phantom ............ccceeeerieennieinienennieeneeeniniecsecseevenens 81

4.7.2.1 Isotropic Reconstruction Using Real MRI Datasets .........cccoceeeeveverieeenieeenenieeeneencnennenes 81
4.7.2.2 Reconstruction RESULLS .........ccecveciririinieieieeiieieiete ettt sttt eneeseenes 81
4.7.2.3 Reconstruction Results ANalySis .......cceceeveruirienieirinenieeneseietee st 84
4.7.3 Discussion and CONCIUSION .......c..eeuecueiririeniriineniinieteiteestestee ettt see et saeaeseeseenes 85
Chapter 5 88
5.1 Orthotropic Incompressible Phantoms ...........cccoeuerireinieenineninieeneieseeri et 88
5.2 Biological Orthotropic Phantoms .........c..c.ecieeririruerinieinieeneieirieresteiet sttt seeb e esaese e 89
5.2.1 Muscle Phantom EXPEriments ............ccceoererieiriinientenieeriesieie sttt 89
5.2.1 .1 Gelatin-muscle PRANTOML.......ccueveirieiririeireeertetereeie sttt ettt 89
5.2.1.2 Free Standing Muscle phantoms ............c.ceeccveenirieinieennieinieenniee st 94
5.2 1.2 1 LASLE ettt ettt sttt st ea ettt et b et be et e e nae e e eneas 95
5.2.1.2.2 BIECHTICIEY c.veuteueeetteietet sttt sttt sttt sttt 102
5.2.1.2.3 Electrosurgical DEVICE ........ccceverueriririiriinieneeeeieeete ettt 106
5.2.1.2.3 A Chemical Process for Inclusion Generation ............c.cceceeeeeererenencnenieneenenn 112
5.3 Orthotropic Gelatin Phantom EXPEeriments.............coccverterereneieieenienteneeese et 116
5.3.1 Biological Tissue-like Gelatin Phantom.............cccccveerirennienicninecneeseeseeeene 117
5.3.1.1 Pineapple Phantom..........ccccoeiieoiiineniiiniineseeeeneeete et 117
5.4 Non-Biological Tissue-like Gelatin Phantoms.............ccceveiiniiieinieneneneceeceeeeeee 126
5.4.1 Bristles PRANtOMS .......cc.oociiriiriiriieieiese ettt st ettt et sae vt ese s aneas 126
5.4.1.1 Vertical Bristle Gelatin Phantom ...........ccccoeorininieniinineceeeeee e 127
5.4.1.2 Circular Bristle Gelatin Phantom...........c.cceevveineirniinieiicnreeieeseeeeeeies e 132
5.2 Orthotropic Incompressible Phantom Developments Applied to MRE.............cccceviniienne. 139
Chapter 6 143
6.1 Orthotropic Incompressible Reconstructive Imaging ...........coccoeceeererienenieincnieieceesesene 143
6.2 Pineapple Phantom Image ReCONSIUCHONS .....c..oveuerveuirieiininieiieiererieteteeiiee et 144
6.3 Orthotropic Reconstructions Using Real MRI Datasets..........c.ccceceeerenenieinicnienieeeesiesieenes 144
6.3.1 Orthotropic Reconstruction Analysis in Three Dimension ...........cocecceeerevenneeeneenennen. 146
6.3.2 Orthotropic Correlation Reconstruction Results .........cccoceveieiniiinennineneiecncseneeeee 151
6.4 Isotropic Reconstructions Using Real MRI Datasets............coccoueeeeererenenieincnieieceeseeseenes 175
6.4.1 Isotropic Reconstruction RESULLS.........cccceerieiririninenieieneieicsceeceeesesee e 176
6.5 Comparison Analysis between Orthotropic and Isotropic Reconstructions...........c..ccceeueueenee. 181
6.7 DISCUSSION ...cuvivveeieeietieieteteietetestettetestestestesesessesseseeseesessenseseesessassassesessessessessesensansassesessensensenes 189
6.7.1 Orthotropic Elastography Significant COMMENLS ..........c.ccevveerirerererinerenenenineeresereeeeene 189
6.7.2 Orthotropic Initial GUESS STUAY ......cceeveririiiiriiiriieree et 191
6.7.2.1 Orthotropic Results ANalySiS.......cccecereririririnienieinieiee ettt 191
6.7.2.2 Orthotropic Image Reconstructions in Comparison with Isotropic Cases................ 193
6.8 Conclusion and Remarks Applied to the MRE..........cccocooinriiniiinniiieereceeeeeeeeeeeene 194
6.9 Evaluating of Orthotropic MRE Multiple Measurement Using Rayleigh Damping Algorithm
.......................................................................................................................................................... 198
6.9.1 Rayleigh Damping Results for the Full Real MRE Dataset...........ccccceeenenenenierennenennen. 199
6.9.2 Rayleigh Damping Analysis for the Full Real MRE Dataset.........c..c.coceceverenenieeninenennen. 212



Chapter 7 215

7.1 CONCIUSIONS ...ttt ettt sttt sttt st ettt sttt sttt se e bt se e nene 215
7.1.1 Orthotropic Phantom DevelOpmEents ...........cccecceererienieiinenieieiriciest et 217

7.1.2 Multiple Measurement Developments for Orthotropic Boundary Conditions................. 218

7.1.3 Orthotropic Algorithm Validation ............cceeeveeririninieininenereeseeee et 219

T2 FULUIE WOTK ..ttt sttt ettt s sae et 221
7.2.1 Orthotropic Phantom MoOdifiCatioNs .........cceeueeruerierienteinenieieceieeest et 221
7.2.2 Orthotropic Boundary Condition ModifiCations ............c.coceeverirenereninieeneneninieeseeeenene 222
7.2.2 Orthotropic Algorithm ModifiCations..........c..ccceererierieiinenieiee e 223

7.3 FINAL WOTAS ...ttt sttt sttt st sttt st 226
References 229




Acknowledgments

My deepest gratitude goes to my dearest family, especially my mother and late father, for
their unlimited love and strong support during my entire life. They understood the meaning
of true love, and encouraged me to fly away far from home to reach my dreams. Thank you

all.

Completion of this work was reliant upon the help of a number of individuals. Because of

that I would like to thank:

Canterbury supervisory team and MRE research group including: Professor David Wall for
his strong support in all circumstances, Matthew McGarry, James Fellowelen and David

Weaver for their help and answering my questions.

The USA Supervisory Team during the Internship Program including: Professor Keith
Paulsen and MRE Group (Dartmouth College, NH, USA), Professor John Weaver
(Dartmouth-Hitchcock Medical Center NH, USA), Professor Paul Barbone (Boston
University, MA, USA), Professor Assad Oberai (RPI, NY, USA).

I also would like to express my appreciation to: University of Canterbury, Scholarship
Office, Mechanical Engineering Department, Dartmouth College of Engineering (NH,
USA), for all their kind help and support along the way.

I also wish to thank my friends inside and outside the University of Canterbury: Mostafa
Nayyerloo, Ali Ghanbari, and Chandra Baadkar and others for their help, and for always
being good friends.

And last but not least, my local Wilkie family; Jeff, Heather, Bruce, Sonia and her two little
sons Marshall and Carter. I am truly happy that I had a chance to meet this kind family. I am
incredibly grateful to you for staying with me in all circumstances, for your help, strong

support, and your warm affection during this time.



List of Figures

Figure 1-1 MRI scan of the breast clearly shows two areas of abnormality, which proved to be cancer
L2 ettt ettt ettt s sttt b e ea ettt b e e ne e et st senene s 2

Figure 1-2 A superconducting magnet from a magnetic resonance imager (MRI) .........c.cccecveveunnencne. 5

Figure 1-3 This image shows a gelatine phantom and an ultrasound probe. The role of probe is
important in an ultrasound imaging as it both sends and receives the sound’s wave.................... 7

Figure 1-4 This figure depicts the three main steps of an MRE imaging technique for a gelatine-
pineapple phantom at frequency of 100 HZ. Phantom actuating (A), displacements map
generated through phase contrast MRI (B), and reconstructed elastogram (C) are shown. .......... 9

Figure 2- 1 The displacement pattern obtained from a simulation forward problem of a cubic gelatin
phantom with fine mesh and shear Waves...........cocociiiiriiiininene e 16

Figure 2- 2 FE meshes size comparison between two cubic gelatin phantoms. The displacement
results obtained from a simulation forward problem with shear waves in case B show a very
smooth pattern with fine mesh in CONLrast t0 CASE A. ......cceeceeerierieiiriirierierteteie et eeeesreseseeeeeens 22

Figure 2- 3 A schematic of a zone grid in 2-D. The location of the zone center point (seed), the length
of the zone in x and y coordinate system (Lx and Ly), the zone overlapping and the size of the
zone (edge length) are SHOWIL. .........ccoiuiiiriiiiiie ettt 44

Figure 2- 4 The MR magnitude image obtained from MRE imaging is presented here. This picture
shows a cubic gelatin phantom which includes one stiffer cone shaped inclusion. .................... 45

Figure 2- 5 These pictures show the shear modulus reconstructed image for a subsection of the two
cone phantom. Images A, B, C and D demonstrate reconstructions for the CG method with the
number of iterations 20, 30, 40 and 60, respectively. The images illustrate that, as the number of
iterations increases from 20 to 40 the shear modulus reconstruction image demonstrates an
obvious difference in the higher resolution of the images with low levels of artifacts in the
background. Although by raising the number of iteration from 40 to 60, this reconstruction
image still illustrates a cleaner and better reconstruction result; however, this difference is small.

Figure 4- 1 The configuration of the voice actuating system setup. The actuation direction for this
actuation system is shown along the X direction of the Cartesian coordinate system. 65

Figure 4- 2 The experimental setup of the pneumatic actuating system. The geometry configuration
regarding the actuation direction with respect to the MRI scan coordinate system (A) and the
assembled apparatus with the location of the surface coils, phantom and sand bags are illustrated.... 65

Figure 4- 3 This image depicts the assembled apparatus of a Type-A piezoelectric actuation system.
The gel phantom which included three cylindrical inclusions inside the Perspex box is shown.
(Images courtesy of James FIEWEllen) .........cccooueiruiriiriiniiniiiiiieie st 67



Figure 4- 4 This image shows three views of the Type-B piezoelectric actuation system with a gel
phantom on the plate surface which includes two cone shaped inclusions. The actuator geometry
(A), the phantom-actuation system inside the breast coil (B), and the coordinate system
alignment with a small arrow in the bottom of the picture which shows the actuation direction
(C) as illustrated. (Images courtesy of MRE group, Dartmouth College) ..........cccoeerereeruenennnn 68

Figure 4- 5 This picture depicts two views of the Type-C actuator. The actuator geometry setup, the
coordinate system of the MRI scan, along with the actuation direction (A), and the actuation-
phantom setup with a closer view (B) are presented. .........c.coceverereninienienieeneneneeeeeseeeceeeeees 69

Figure 4- 6 An angle was applied to the phantom box to create the wedge shaped inclusion. ............ 73

Figure 4- 7 In this picture the stiff wedge inclusion (white color), and directional markers which
represent the phantom box coordinate system, and air bubbles in the background of the soft gel
DAL AT SHOWIL. 1.ttt ettt sttt s be bt es e bt bt se et et e be b et eaeebeenes 74

Figure 4- 8 Two views of 72 MR magnitude images obtained from the silicone gel phantom which
includes three stiffer cylinder shaped inclusions. The resulting 72" MR magnitude image (A)

and eleven slices of 72 MR magnitude image obtained from MRI imaging (B) are presented.
Three cylindrical inclusions are shown in both PiCtures. .........ccccoeveriinerieieinineneeececeeen 78

Figure 4- 9 Resulting reconstruction of the isotropic real shear modulus distribution obtained from the
three cylinder silicone gel phantom with initial guess 10KPa. Unfortunately, the picture shows a
high level of artifact in the background of the images and the three cylinders are barely visible.
........................................................................................................................................................ 79

Figure 4- 10 Shear modulus reconstruction result obtained from the three cylinders isotropic silicone
gel phantom with initial guess 15KPa. By increasing the initial guess the inclusions are slightly
visible but the image still shows a high level of artifact in the background. The expected
locations of the INCIUSIONS Are SHOWIL.......c.cciriiiririiirieieiertreet ettt er e 79

Figure 4- 11 The motion pattern for the isotropic phantom with three cylindrical inclusions which was
excited by the Type-A actuator. The regularity of the displacement field without any
perturbation around the InClusions iS EVIAENL. ........cccveirieuiririeirieierre et 79

Figure 4- 12 Two views of magnitude images obtained from the two cone shaped inclusions gel
phantom. The magnitude image from MRE reconstructions shown in one slice (A) and twenty
one slices of MR magnitude image obtained from MRI imaging of phantom volume (B). ....... 82

Figure 4- 13 These pictures show three views of the shear modulus reconstruction results for the two
cone shaped inclusions isotropic phantom. A satisfactory shear modulus distribution recovery of
two cone inclusions with low levels of artifacts in the background with initial guess 10 KPa (A)
along with a 3-D view of two cone shaped inclusions (B), and also the shear modulus
reconstruction result with initial guess 15 KPa (C) are sShown. .........ccocooveeievinineniecnceneieeeeee. 83

Figure 4- 14 The displacement pattern for the two cone shaped inclusions phantom excited by the
Type-B actuation system. An irregular motion pattern around the inclusions illustrates the
existence of stiffer inclusions in the medium. The small arrow shows the displacement pattern
disturbance around the conical inclusion located at the bottom of the phantom. ........................ 84



Figure 5- 1 A configuration of the gelatin-muscle phantom. The position of the cubic bovine muscle
on top of the gelatin base 1S SHOWN. ........coiiiiiiiiiiie e 91

Figure 5- 2 This image depicts the completed gelatin-muscle phantom. The small arrow shows the
position of the markers regarding the coordinate system. The cubic bovine is shown suspended
INSIAE the ZEIALIN. ....eueiiiiirieiiet ettt sttt ettt et st ettt et n b 91

Figure 5- 3 The Type-A actuation system set up is depicted while the phantom box included the
gelatin-muscle phantom is coupled with the piezoelectric actuator. The coordinate system shows
the phantom alignment inside the phantom DOX. ..........ccceveiiiiiiieiiiininee e 91

Figure 5- 4 This picture shows the experimental arrangement for the gelatin muscle phantom. The
phantom located inside the actuator Type-A was place inside a head coil. The head coil is
shown while it is being inserted inside the MRIDOTE. .........ccceveiririiinieiinieinneceneceeeee 92

Figure 5- 5 This schematic depicts three stages of the boundary conditions applied to the muscle
gelatin phantom located inside the phantom box. This picture illustrates that only one specific
frequency of 100Hz was assigned to the phantom in 3D while the phantom is being excited in

the Z direction. The phantom box has been flipped 90° in each stage to capture multiple
measurements in 3-D from this orthotropic sample. ..........c.cocecveinnernieienneneereeeee e 93

Figure 5- 6 A view of the MR magnitude image (72" weighted) obtained from the gelatin muscle
phantom. The cubic bovine muscle embeded inside the gelatin is visible. .........cccccevereriecnnenne. 94

Figure 5- 7 A schematic of the single-mode fiber (right) and the multi-mode fiber (left). The
difference between their cores and their claddings are ShOWn. ........c.coeevveinnenncinncnneenn 95

Figure 5- 8 The protocol configuration of making an inclusion by heating a spot within the muscle
phantom using the 1aser 1S SHOWN.......cc.couiiiiiiiiii s 96

Figure 5- 9 The metal needle shown in this picture was used to facilitate locating the single-mode
fiber through the muscle Phantom.........c..ccueiiiririiie e 96

Figure 5- 10 The laser transmission along the single-mode fiber applied to the muscle phantom is
shown. This test was carried out for tWenty MINULES.........c..e.eereeerirreirieiniererteeeneere st 97

Figure 5- 11 This picture depicts a view of the muscle phantom which was cut to observe the quality
of the inclusion after the laser transmission. The small and overheated inclusion is due to a high
laser transmission in a small area using the single-mode fiber. ..........cccccecevrveeinevnnicnecinceens 97

Figure 5- 12 This picture depicts a demonstration of the multi-mode fiber with 1 mm diameter located
inside the muscle phantom for twenty minutes in order to heat and create an inclusion using the
JASET trANSINISSION. . .cuvuveaereeetereerieietetetet et st ettt st be e sttt r et st bbbt st st e st sesae e snenenaene 98

Figure 5- 13 This picture shows a view of the bovine muscle phantom tested with the multi-mode
fiber with a larger laser carrying core. The phantom has been cut for better observation of the
heated area. The circled spot exhibits the material property changing within the tissue. The
changed color area represents the generated inclusion of about 20 mm diameter....................... 98

v



Figure 5- 14 The performance of the final muscle phantom which was used for the MRI scan. A
coordinate system was defined for the phantom using three fiducial markers as shown in this
PICEULE. .ttt ettt ettt ettt ettt b ettt b et bt e b et s bt ese et ese st e et e b ese st esesebenees 99

Figure 5- 15 A demonstration of the experimental set up for the muscle phantom which was excited
by the Type-C actuation system while a pair of surface coils is attached to both sides. The
situation of the large pad, two thin rubber mats, and the actuation direction, are also illustrated.
...................................................................................................................................................... 100

Figure 5- 16 This schematic shows the applied boundary conditions for the muscle phantom with a
frequency of 100 Hz in three dimensions along the actuation direction (X). Note that the

actuation direction is constant but the phantom faces are rotating 90°in 3-D...........cocevnuene... 101

Figure 5- 17 The MRI magnitude image (proton density weighted) obtained from the laser protocol to
change the elasticity property of an internal spot within the muscle phantom. The circled area
Shows the INCIUSION 10CALION. .....c.cveuiriiieirieirit ettt 102

Figure 5- 18 This picture shows a configuration of the DC electricity system which was designed for
an ex vivo inclusion fabrication within a muscle phantom. This circuit includes a resistor to
generate heat inside the muscle phantom, a power supply unit to produce the voltage, and a
multimeter for measuring and adjusting the CUITENL. ..........ccoceririerieininineeee e 103

Figure 5- 19 In these pictures, the procedure of joining the resistor to a wire using a soldering iron (A)
and the resistor coupled between two plastic protected wires (B) are depicted. ........c..ccceec... 103

Figure 5- 20 These pictures show two views of the muscle phantom and the locating scenario of the
coupled resistor between two wires within the phantom.............coccovecreineinnenneeneeee, 104

Figure 5- 21 The power supply unit used for this test to provide the voltage (A) and a digital
multimeter to measure and adjust the DC current which was passing through the muscle
phantom (B), are diSplayed. .......c.cccceciruirieriiininineeieeneeceenesee ettt 104

Figure 5- 22 The final designed system to set up the DC circuit to fabricate the muscle phantom
included a stiffer inclusion which was created by heat. The resistor located within the muscle
phantom is able to convert the electric energy to heat. This heat changes the material property
inside the phantom. The DC electricity flow was generated by a power supply unit which was
connected to a multimere to adjust the CUITENL. .........coevirerieiinerieiee e 105

Figure 5- 23 These images display two views of the stiffer inclusion within the muscle phantom. The
location of the inclusion is circled. The phantom was slightly cut for observation (A). The
transformed color inside the muscle phantom means the material property of this area is
changed. The closer view (B) shows a fairly large hole within the phantom which was where the
TESISTOT WS OCAEA. ...ttt 106

Figure 5- 24 The electrosurgical generator used for the MRE test to create the heat inside the muscle
phantom in order to make a stiffer inclusion is shown. This power supply produces the voltage
for electricity flow as well as converting the AC electricity to high frequency waveforms. .... 108

Figure 5- 25 Three electrosurgical accessories are displayed in this picture. The active electrode
known as the electrosurgical pencil (A) and the return electrode pad (B) which are both used in



the monopolar technique are shown. The forceps with two active/return electrodes in one
handpiece pencil which is applied in the bipolar method also illustrated (C). ......cccccceeereeueenene 108

Figure 5- 26 A schematic of electrosurgical accessories. This circuit comprises an electrosurgical
generator (power supply), a pencil (active electrode), and a return electrode pad and tissue
(MUSCle PhantOM) @S @ TESISIOT. .....eeverveieieirierieieeieretetesteeesesseseseesessessessessesessessessesessessesseneens 109

Figure 5- 27 The configuration of the designed set up for the muscle phantom to create a stiffer
inclusion using electrosurgical device is depicted in this picture. The muscle phantom was
placed on the return electrode pad which was connected to the electrosurgical generator. The
pencil was then inserted through the muscle phantom gently. The pencil’s yellow button was
held continuously during the test to transfer the electrical current through the muscle phantom.
...................................................................................................................................................... 110

Figure 5- 28 This picture depicts a view of the muscle phantom which was cut for observation after
the electrosurgical test. The circled area shows the location of the stiffer inclusion with the small
thickness. The transformed color of the tissue reveals that the material property within the
muscle phantom has been changed. ............cccooiiiiiiiiiiiiie e 111

Figure 5- 29 A proposed set up using the bipolar electrosurgical technique is depicted in this
schematic. The bipolar forceps is inserted through the muscle phantom while a piece of tissue
can be trapped between two active and return electrodes. This may increase the chance of
creating a thicker INCIUSION. ....c..coueiuiiiiiiree ettt 111

Figure 5- 30 Acetone was used as an alcoholic fixative to fabricate the muscle phantom with a stiffer
inclusion as this chemical agent can cause shrinkage and hardening of the tissue during fixation
(A). A 2 ml syringe was applied to inject the Acetone inside the muscle phantom as shown in B.
...................................................................................................................................................... 113

Figure 5- 31 This schematic shows the technique of injection with different angles which was carried
out to create the stiffer inclusion in 3D within the muscle phantom. From a central point of
penetration, several injections were made at different angles to spread the acetone evenly
throughout the PRANLOIMN. ....c..ciiuiiiiieiicete ettt sttt 113

Figure 5- 32 The circled area displays the transformed color of the inclusion after the injection
process which indicates that the material property of this volume has been changed by acetone.
...................................................................................................................................................... 113

Figure 5- 33 The set up for the free stand muscle phantom with an inclusion made by acetone. The
pneumatic actuation system was used for exciting the phantom in the X direction with a
frequency of 100 Hz. The actuator had to be covered because of the phantom blood leakage.
The phantom was located on the top of the actuator membrane. The position of the surface coils
and the sand bags are also shown. Note that the actuation direction is constant but the phantom

faces are TOLAtEd DO TN 3-D. .oue ettt et et et e e et e et et e e etea et eeeesaeeeaeeeeeeeeeeens 114

Figure 5- 34 Two views of the MRI T2*weighted magnitude image, captured from the muscle
phantom after injecting the acetone. The stiffer inclusion was not seen in this MRI data
collection as the tissue lost its hardness owing to acetone’s solubility in the water.................. 116

Figure 5- 35 The material (the gelatin from porcine skin) and the scale used to make the background
of the pineapple gelatin phantom are SNOWN. ........c..ccceiririerieiinenee e 118



Figure 5- 36 The mixture of gelatin and water was placed inside a microwave oven and heated up for
20 seconds to help dissolve the gelatin into the Water..........ccccovevecienireneininenereneeeeene 118

Figure 5- 37 The beaker was placed on the hot plate after removing from the microwave oven to cool
down gradually to around 30° C, while a magnetic stirrer was agitating the mixture. This was
helpful to remove air bubbles from the gelatin background and obtain a homogenous mixture.
...................................................................................................................................................... 119

Figure 5- 38 A circular slice of pineapple provided from a cane was used to fabricate the pineapple
gelatine phantom for the orthotropic MRE testing. Different fibre orientation with different
length in the pineapple can be ODSEIVE. .........cccovvueirireririenirieiteerre e 120

Figure 5- 39 The completed pineapple tissue-like gelatin phantom with a coordinate system defined
three fiducial MATKETS. ......c.ovveirieueiriiinieiieee ettt 120

Figure 5- 40 The apparatus of the experimental set up for the pineapple gelatin phantom with three
fiducial markers to indicate the phantom’s coordinate system while it is being imaged. The
position of the phantom standing on the membrane of the pneumatic actuator with the excitation
in X direction is shown. Note that the surface coils are attached to the phantom to receive the
motion data. The system was also stabilized with three sand bags and secured by wrapping
adhesive strapping around the coils and sand bags. .........cccceeererierieiininiinereeee e 121

Figure 5- 41 Another view of the same experimental set up for the pineapple gelatin phantom while it

has been flipped 90° to capture multiple measurements in 3-D from this orthotropic sample.
...................................................................................................................................................... 121

Figure 5- 42 This schematic illustrates boundary conditions applied to the pineapple gelatin phantom

in three stages. By rotating the phantom90° it could be excited in 3D with three different
excitation frequencies: 85 Hz, 100 Hz and 125 Hz are shown. In each stage, all these three
frequencies were applied only on the side of the phantom which was located on the actuator
membrane with excitation at X dir€CtION. .......ceevuerieiriirterientee ettt 122

Figure 5- 43 This schematic depicts three stages of the boundary conditions derived from Fig. 5.40.
This picture illustrates one specific frequency (i.e. 100Hz) assigned on the pineapple gelatin
phantom in 3D while the phantom is being excited in the X direction. This specific frequency
can also be changed to 85 Hz and 125 HzZ. ......ccooeoiririnincniiiniecceceeee e 125

Figure 5- 44 This schematic displays another three stages of the boundary conditions derived from
Fig. 5.40. This picture shows three frequencies (85 Hz, 100Hz and 125 Hz) applied on the
pineapple gelatin phantom in 1D while the phantom is being excited in the X direction......... 125

Figure 5- 45 This schematic shows the last three stages demonstration of the boundary conditions
obtained from Fig. 5.40. This picture indicates three different frequencies (85 Hz, 100Hz and
125 Hz) assigned on the pineapple gelatin phantom in 3D while the phantom is being excited in
the X AITECHION. ...eueieiiitiiriei ettt sttt st sttt st sttt st 126

Figure 5- 46 The coordinate system was determined for the vertical gelatin phantom by using four
fish oil capsules which were chosen as phantom coordinate system markers (A). The
demonstration of this coordinate system before locating the fish oil capsules inside the plastic
container is depicted (B). Two of these markers were stuck on each other to represent direction
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Z. One marker was located in one corner of the phantom box to illustrate the X direction and the
other one was placed in the middle of one side to show direction Y.......c.ccccecvenenniinenenencnn 128

Figure 5- 47 The first layer of gelatin phantom base (around 2 cm) which is partially set (A) and the
bristles being cut by a wire-cutter (around 3 cm in height) (B) are displayed.........c.cccceeueuenee. 128

Figure 5- 48 These images depict planting the bristles on the gelatin phantom base top vertically (A)
and also inserting the fish oil capsules inside the gelatin base to determine a coordinate system
for the phantom (B). ........oooiiiieee et se e sttt 129

Figure 5- 49 This image shows the correct method of pouring the gelatin inside the phantom box to
prevent air bubbles forming. As this picture depicts, the gelatin solution should be poured from
a corner of the plastic container gently so that the solution would be in contact with the box’s
WALL ottt e ettt b e et 129

Figure 5- 50 This image illustrates the completed vertical bristles gelatin phantom with suspended
bristle fibers as a stiffer inclusion aligned in one vertical direction. ...........ccccecevereeverieneneneenens 130

Figure 5- 51 The experimental set up for the vertical bristle gelatin phantom while sitting on the
membrane of the pneumatic actuator with the excitation in X direction. The position of the
surface coils and sand bags while they are supported by wrapping adhesive strapping around the
coils and sand bags 1S SNOWIL ......cuvueiriiiiriiiiririe ettt 130

Figure 5- 52 Another view of the same experimental set up for the vertical bristle gelatin phantom

while it has been flipped 90° to obtain multiple measurements in 3-D from this orthotropic
COMPOSILE-ITKE SAMPIE. ...ttt st 131

Figure 5- 53 This schematic shows three stages of the boundary conditions applied to the vertical
bristle gelatin phantom. This picture depicts that only one specific frequency of 100Hz was
assigned on the phantom in 3D while the phantom is being excited in the X direction. The

phantom has been flipped 90° in each stage to capture multiple measurements in 3-D from this
orthotropic composite-liKe SAMPIE. ......cc.ereriiiiriirerieieieeere et s 132

Figure 5- 54 This picture depicts four views of the MR magnitude image (T* weighted) recorded
from the vertical bristle gelatin phantom. Fish oil capsules positions which indicate the phantom
coordinate system in the MR image and the bristle fibers cross sectional inside the circle shown
by some arrays (A) another view of the bristle fibers cross section in the x-y plane (B) the x-z
plane view of fibers illustrated by some arrays (C) bristle fibers in the y-z plane are displayed.
...................................................................................................................................................... 133

Figure 5- 55 This image depicts the arrangement of the first bristle layer of the circular bristle
phantom (A) along with fish oil capsules in three corners of the greased plastic phantom box
which determine the phantom coordinate system (B). These fish oil capsules can be illuminated
in the MR image as three bright spots. The completed first bristle layer of the circular bristle
phantom is also ShOWN 1N Be.....co.iiiiiiiiiii et 135

Figure 5- 56 These images display two views of the completed circular bristle gelatin phantom with a

circular stiff laminated inclusion made from three bristle layers (A). Three circular bristle layers
of stiffer inclusion are ShOWN N B ...c.co.c.eoiiiiiiiniiiccccce e 135
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Figure 5- 57 This image depicts the test condition for the circular bristle gelatin phantom. This
picture displays the phantom-coil experimental set up before the system is inserted inside the
MR bore. The phantom is resting on the membrane of the pneumatic actuator with the excitation
frequency of 100 Hz in the X direction. The position of the surface coils and sand bags while
they are supported by wrapping adhesive strapping around the coils and sand bags is also
SPOWIL. .ttt bttt sttt ettt ettt et 136

Figure 5- 58 This schematic depicts three stages of the boundary conditions applied to the circular
bristle gelatin phantom. This picture illustrates that only one specific frequency of 100Hz was
assigned on the phantom in 3D while the phantom is being excited in the X

Figure 6- 1 This picture shows the 72" MRI magnitude images distributed within nine slices captured
from the pineapple gelatin phantom with an arc shaped inclusion. The number labeled on the
slices shows that only nine slices from slice number 3 to 11 were chosen and slices 1, 2, and 12
have been ignored as sufficient information could not be detected from these slices............... 147

Figure 6- 2 The T2 MR magnitude images obtained from slice 7 of the pineapple gelatin phantom
with an arc shaped inclusion. The inclusion’s internal and external boundaries along with the
fibril orientation in different directions are shown. The A, B, and C images show three views of
the inclusion in three positions in a global coordinate system, X-Y frame (A and D), Z-Y frame
(B), and Z-X frame (C). Upper, lower, and middle portions of the inclusion are also illustrated
T (D). ettt ettt et b et e b ettt 148

Figure 6- 3 The measured orthotropic displacement components in three orthogonal directions for
slice 7 of the pineapple gelatin phantom with an arc shaped inclusion. Three different irregular
motion patterns in the measured displacement field are displayed..........c.cccceeererenincneneneencnn 149

Figure 6- 4 The correlation between the T2"MR magnitude image and the reconstructed orthotropic
real shear moduli distribution results from early iterations. These results obtained from slice 7 of
the pineapple gelatin phantom with an arc shaped inclusion after three iterations when the initial
guess was 10 KPa. The reconstructed orthotropic shear moduli components are shown with
respect to the 3-D global coordinate system (X, Y, and Z). In each global coordinate system

frame, the distributions of the shear moduli components at each node fy, U, M, are

depicted. The elevated shear stiffness obtained from the calculated shear moduli results is also
ISPLAYEA. ...ttt ettt et sh ettt ettt e s 150

Figure 6- 5 The association between the measured and the calculated orthotropic displacement
patterns in three different dimensions are displayed for slice 7 of the pineapple gelatin phantom
with an arc shaped inclusion. The calculated orthotropic displacements in 3-D were obtained
from the image reconstructions with an initial guess of 1 KPa. The irregular motion pattern is
visible in the measured displacement field while a high level of artifact with a poor correlation
can be seen in all calculated displacement IMAZES. .........coereeeruerieieieerienteeeese et 152

Figure 6- 6 Resulting reconstruction with an initial guess of 1KPa of the orthotropic real shear moduli
distribution obtained from the nine slices of the pineapple gelatin phantom with an arc shaped

inclusion are displayed. The reconstructed orthotropic shear moduli components fy,, I, ,
M,y are depicted. A few spots of the inclusion have been recovered mostly in the (A) and (B),
which show a poor elastiCity TECONSIIUCHION. .....ccuervrutrtirieriertee ettt ettt 153



Figure 6- 7 Reconstruction results after six iterations with an initial guess of 1KPa are displayed for
the orthotropic real shear moduli distribution obtained from slice 7 of the pineapple gelatin

phantom with an arc shaped quarter inclusion. The correlation between the 72" MR magnitude
image with the magnitude shear modulus and reconstructed orthotropic shear moduli
components are depicted. A few spots of the inclusion have been recovered for all shear moduli
components which overall show a poor elasticity reconstruction. Pictures also show a fairly high
level of artifacts in the background while the whole inclusion is barely visible. ...................... 154

Figure 6- 8 These elastographic images show the correlation between the orthotropic measured and
the calculated displacements field obtained from slice 7 of the pineapple gelatin phantom with
an arc shaped inclusion with an initial guess of 2 KPa in three different dimensions. The
orthotropic displacement reconstructions in 3-D show a poor motion pattern with a high level of
artifact which can be observed in almost all calculated displacement images. ..........c..cccceeue.. 155

Figure 6- 9 These pictures show nine slices of reconstruction results with an initial guess of 2 KPa
from the orthotropic real shear moduli distribution obtained from the pineapple gelatin phantom
with an arc shaped inclusion. The orthotropic reconstructed shear moduli components

Hyy Mgy My are also depicted. Parts of inclusion from the lower portion of the pineapple are

illustrated in all pictures. Artifacts can be seen in the background along with a few spots of the
inclusion which reveal a poor elastiCity reCONSIIUCHION. .....c.coeruerieieiriirierteeecse et 156

Figure 6- 10 These pictures show reconstruction results from slice 7 after one iteration with an initial
guess of 2 KPa from the orthotropic real shear moduli distribution obtained from the pineapple
gelatin phantom with an arc shaped inclusion. The orthotropic magnitude shear modulus and the

reconstructed shear moduli components are depicted in correlation with the T2 MR magnitude
image. Parts of the inclusion from the lower and upper portions of pineapple are illustrated
mostly in (C) and also the lower portion in (A). A few artifacts are visible in the background
and one significant artifact can be seen towards the CeNtre. ..........couvveeveeerirererieereererereereenenns 157

Figure 6- 11 The orthotropic real measured and calculated displacement patterns in three different
dimensions for slice 7 of the pineapple gelatin phantom with an arc shaped inclusion are
demonstrated. The orthotropic calculated displacements in 3-D were captured from the image
reconstructions with an initial guess of 3 KPa. The motion direction, irregular pattern, a high
level of artifacts, and a low level of correlation, are visible in all calculated displacements in
thIEE IMENSIONS. «...evviiieiiiciirteteirtet ettt ettt ettt ettt b e besesbesesnene 158

Figure 6- 12 The results from the pineapple gelatin phantom with an arc shaped inclusion
reconstructed with an initial guess of 3 KPa. The orthotropic real shear moduli distribution are

illustrated as gy, M,y M,y . Parts of the inclusion in the lower and middle portions are

observable as shown. A few artifacts can be seen in the background around the outer boundary
which may be an edge effect in (B). ....c.cooeiiiiiiiiee e 159

Figure 6- 13 The correlation results for the T2"MR image and the magnitude shear modulus with its
components in 3-D after three iterations are illustrated. These results are from the pineapple
gelatin phantom with an arc shaped inclusion reconstructed with an initial guess of 3 KPa. Parts
of the inclusion in the lower and middle portion of the pineapple are reconstructed in (A) and
(B) as shown. A few artifacts can be seen around the outer boundary which might be an edge
effeCt N that TEZIOM. .....eueeveiiiiirieie ettt sttt 160



Figure 6- 14 The orthotropic correlation between measured and the calculated displacement
components in three directions obtained from slice 7 of the arc shaped inclusion in the
pineapple gelatin phantom, and with an initial guess of 4 KPa are illustrated. Poor correlation is
shown in all directions along with an irregular displacement pattern and a few artifacts.......... 161

Figure 6- 15 These pictures show nine slices of the orthotropic real shear moduli reconstruction
results with an initial guess of 4 KPa captured from the pineapple gelatin phantom with an arc
shaped inclusion. The orthotropic reconstructed shear moduli distributions in 3-D are depicted.
Small parts of the inclusion (upper portion) have been recovered along with some artifacts in the
DACKZIOUN. ...ttt ettt sttt sb e st ettt ettt e e 162

Figure 6- 16 These pictures show the orthotropic correlation results between the 72 MR image and
the magnitude shear modulus image with its reconstructed components in 3-D recorded from
the pineapple gelatin phantom with an arc shaped inclusion. These reconstructions were carried
out with an initial guess of 4 KPa and the results are presented after three iterations. Small
regions of the inclusion (upper portion) have been recovered along with some artifacts in the
BACKZIOUN. ...ttt ettt st s et ene 163

Figure 6- 17 The orthotropic measured and the calculated displacement patterns in three different
dimensions are displayed for slice 7 of the pineapple gelatin phantom with an arc shaped
inclusion. The orthotropic calculated displacements in 3-D were obtained from the image
reconstructions with an initial guess of 5 KPa. The direction of the irregular motion pattern is
visible. A poor correlation between measured and calculated displacement fields with a high
level of artifacts can Stll DE SEEM.......c.cvueueriruiririeiiiierie et 164

Figure 6- 18 Resulting orthotropic shear moduli componenets with an initial guess of 5 KPa
distributed in nine slices obtained from the pineapple phantom with an arc shaped inclusion. A
few parts of the inclusion were recovered which are shown in (A) and (B) along with some
artifact spots in the background which shows a poor elasticity reconstruction. .........c..c.cccc...... 165

Figure 6- 19 Resulting reconstructions after one iteration with an initial guess of 5 KPa of the
orthotropic real shear moduli distribution captured from slice 7 of the pineapple gelatin phantom

with an arc shaped inclusion are displayed. The correlation between the T2'MR magnitude
image with the magnitude shear modulus and reconstructed orthotropic shear moduli
components in 3-D are depicted. A few spots of the inclusion have been recovered (mostly in
the upper portion) which shows a poor elasticity reconstruction. Pictures show some significant
artifacts in the BaCKZIOUNA. .......cccoueiriiiiiriiiii ettt s 166

Figure 6- 20 Here the correlation between orthotropic measured and calculated displacement patterns
in three directions, obtained from slice 7 of the arc shaped pineapple inclusion, with an initial
guess of 10 KPa is illustrated. The irregular pattern of displacement with a high level of
correlation and low level of artifact are ShOWN.........ccoueivieiriniiinieieeee e 167

Figure 6- 21 The reconstruction results with an initial guess of 10 KPa from the orthotropic real shear
moduli distribution are captured from the pineapple gelatin phantom with an arc shaped
inclusion. Resulting orthotropic shear moduli componenets within nine slices are demonstrated.
Almost three parts of the inclusion (upper, middle and lower) were recovered which are shown
in (A) and (B) along with some artifact spots in the background. ............ccccceevrereriecininenienenn. 168

Figure 6- 22 The correlation results between the T2 MR image and the magnitude shear modulus
with its components reconstructed with an initial guess of 10 KPa and after 17 iterations are
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illustrated. Almost three portions of the inclusion were reconstructed as shown. Artifacts can be
seen in the center and the background around the outer and the inner boundaries which may be
EAGE EFTECES. c.eveeieteeiet ettt sttt 169

Figure 6- 23 These pictures show the successive improvement in results after 3 iterations (A), and
after 17 iterations (B) of the orthotropic elastography image reconstructions with an initial guess
of 10 KPa from the pineapple gelatin phantom with an arc shaped inclusion. The correlations
between the magnitude shear modulus and its shear moduli components after three iterations

(A), the T2°MR image and one calculated shear modulus component (B), and the magnitude
shear modulus and its shear moduli components after 17 iterations (C) are demonstrated.
Almost three portions of the inclusion were successfully reconstructed. Some artifacts are
visible (C) in the centre and the background, around the outer and inner boundaries which may
DE EAZGE EITECLS. ettt st ettt 170

Figure 6- 24 The correlation between the T2 MR image and the magnitude shear modulus (A), and
each calculated orthotropic shear moduli components with the magnitude orthotropic shear
modulus after 17 iterations, are shown (B, C, D). These results obtained from the pineapple
gelatin phantom with an arc shaped inclusion were reconstructed with an initial guess of 10
KPa. In the shear moduli reconstruction, some parts of the inclusion in three portions are
reconstructed with high contrast. The increased and decreased shear stiffness regions with
different contrasts reveal the orthotropic elasticity response of the pineapple fibrils to the shear
motion in different OrIENtAtONS. ........c.coueueriererrierirteiereretrteeiie et se e enene 171

Figure 6- 25 The orthotropic measured and the calculated displacement patterns in three different
dimensions are displayed for slice 7 of the pineapple gelatin phantom with an arc shaped
inclusion. The orthotropic calculated displacements in 3-D were obtained from the image
reconstructions with an initial guess of 20 KPa. The irregular motion pattern and the direction of
the shear waves with a high level of correlation and a low level of artifact are visible. ........... 172

Figure 6- 26 Reconstruction results with an initial guess of 20 KPa of the orthotropic real shear
moduli distribution captured from the pineapple gelatin phantom with an arc shaped inclusion
shown within nine slices are shown. The orthotropic reconstructed shear moduli components

Hyy My My are demonstrated. The lower portion of the inclusion with a low level of

artifacts in the background can be seen. Other parts of the inclusion (middle and upper
POTLIONS) CANMOL DE SELI. ...cuveuveieienieiirieteutettetesteste et sttt ebtebeste st et eaesbeabesbeseebestenteneesesbenseneeneas 173

Figure 6- 27 Reconstruction results with an initial guess of 20 KPa of the orthotropic real shear
moduli distribution obtained from slice 7 of the pineapple gelatin phantom with an arc shaped

quarter inclusion, and after two iterations, are displayed. The correlation between the 72 MR
magnitude image with magnitude shear modulus and reconstructed orthotropic shear moduli
components are depicted. The lower portion of the inclusion has been recovered as shown
whilethe middle and lower portions of the inclusion are not visible. ...........ccccoeererieirirennenenn. 174

Figure 6- 28 The isotropic correlation between measured and calculated displacement fields in three
directions, obtained from slice 7 of the pineapple gelatin phantom with an arc shaped inclusion,
are displayed. The irregular pattern of displacement with a fairly low level of artifact is
AEMONSLIALEA. ....c.veeiitiieieitctert ettt ettt sttt b et enene 177

Figure 6- 29 Isotropic real shear modulus reconstruction results with initial guesses of 1KPa, 2KPa,
3KPa, and 4KPa obtained from slice 7 of the pineapple gelatin phantom with an arc shaped
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inclusion. The correlation between the 72 MR magnitude image and the reconstructed
isotropic shear modulus after 100 iterations are depicted. A fairly homogenous region of the
inclusion has been recovered in nearly all images. A high level of artifacts can be seen in the
background around the inner boundary towards the centre, and also the outer boundary. ....... 178

Figure 6- 30 The isotropic correlation results from the pineapple gelatin phantom with an arc shaped
inclusion reconstructed with initial guesses of 5 KPa, 10 KPa, 20 KPa, and after 100, 16, and 5

iterations. The T2 MR image and reconstructed shear modulus are illustrated. Large area of
the inclusion in all reconstructions, along with some artifacts can be seen in the outer and inner
boundaries, the centre and the background. .............cccocoviiiiiiniineiiee e 179

Figure 6- 31 These pictures show nine slices of isotropic reconstruction results with initial guesses of
2 KPa, 3 KPa, 5 KPa, and 10 KPa of the isotropic real shear modulus distribution, obtained
from the pineapple gelatin phantom with an arc shaped inclusion. Large increased shear
stiffness areas can be seen mostly in the middle portion of the inclusion, along with high levels
of artifacts which are visible in the background, the inner and outer boundaries. .................... 180

Figure 6- 32 This picture shows the T2 MRI magnitude images distributed within nine slices (3-11)
captured from the pineapple gelatin phantom with a donut shaped inclusion. This picture has
obtained from the X-Y plane of the global coordinate SYStem...........ccccevereeverrenerenincneneneenenn 199

Figure 6- 33 The shear modulus reconstruction results obtained from the Rayleigh damping algorithm
with a frequency of 85 Hz from the full MRE dataset. These results captured from the pineapple
gelatin phantom with a circular shaped inclusion in three excitation directions (X, Y and Z) with
respect to the phantom, distributed in nine slices. Almost all of the inclusion was recovered
when the excitation operated in the X direction. While a high level of artifact can be seen when
the actuation was in the Z dir€CHION. ........ccceerrueuirieieririeirteere ettt 200

Figure 6- 34 Resulting isotropic shear modulus reconstructions in three dimensions obtained from the
Rayleigh damping algorithm with a frequency of 100 Hz distributed in nine slices. The
excitation directions in 3-D are shown. Almost all of the full circular pineapple inclusion with a
fairly low level of artifact is visible when the excitation was in the Z direction. A high level of
artifact can be seen in the X dir€CHOM. .....c.ecivueureirueririeirieierc ettt eiens 201

Figure 6- 35 These pictures show nine slices of the isotropic real shear modulus reconstructed by the
Rayleigh damping algorithm with a frequency of 125 Hz captured from the full pineapple
gelatin phantom MRE dataset with a circular shaped inclusion. The reconstructed shear
modulus distribution with excitation directions (X, Y and Z) is depicted. The inclusion is fairly
visible but with a high level of artifact in the background, which has almost covered the
TNICTUSION. 1.ttt ettt ettt bttt b ettt b et e bbbt be e etene 202

Figure 6- 36 Slice 7 of the correlation between the measured and the calculated displacement patterns
in 3-D obtained from the pineapple gelatin phantom with a donut shaped inclusion. These
pictures captured from a frequency of 85 Hz where the excitation was in the X direction. The
irregular motion pattern is visible in the displacement field, while a few wrapped artifacts can be
seen in the u” . (Note: a wrap artifact is a mis-mapping of signals which are outside the field of
view (FOV) to the reverse side of the image. This causes some problems in recognizing the

object which is inside the FOV and it happens in both frequency and phase encoding directions
when the FOV is smaller than the object that is being imaged [209, 210]). ...c.cccevevvveerrenenen 203



Figure 6- 37 The elastographic images show the correlation between the measured and the calculated
displacements field obtained from slice 7 of the pineapple gelatin phantom with a donut shaped
inclusion. These pictures were captured from the frequency of 100 Hz where the excitation was
in the X direction. The displacement reconstructions in 3-D show a good perturbation motion
pattern with a few wrapped artifacts in the Z direction, in both calculated and measured
diSPlaCEMENE IMAZES. ...c.c.veuireitirieieiietiiet ettt ettt bttt et b e st be et be st bt ne 204

Figure 6- 38 The correlation between the real measured and calculated displacement patterns in three
different directions for slice 7 of the pineapple gelatin phantom with a donut shaped inclusion is
demonstrated. The displacements were captured from frequency of 125 Hz where excitation
was in the X direction.. The images illustrate an irregular motion pattern. A high level of
correlation is visible in all displacement dir€CHONS. ........coerteeruerierieiriiriertereeese et 205

Figure 6- 39The correlation between real measured and calculated displacement patterns in three
different directions for slice 7 of the pineapple gelatin phantom with an arc shaped inclusion.
The displacement dataset in 3-D were collected from the frequency of 85 Hz where the phantom
was actuated in the Y direction. The motion directions, irregular pattern, and a high level of
correlation, are visible in all IMAZES.........coveerrieuiriieririeree e 206

Figure 6- 40 The correlation between the measured and the calculated displacement field in three
directions obtained from slice 7 of the donut shaped inclusion pineapple gelatin phantom is
shown. These images were recorded from a frequency of 100 Hz where the excitation was in the
Y direction.. A high level of correlation is observable in all directions, along with a good
perturbation in the diSplacement PALEITL. .........cervrueuereeerieiererieieteie ettt 207

Figure 6- 41The relationship between the measured and the calculated displacement patterns in three
different directions are displayed for slice 7 of the pineapple gelatin phantom with a donut
shaped inclusion. The MRE displacements were obtained from the frequency of 125 Hz where
the actuation was in the Y direction. The directions of the irregular motion pattern with a good
level of correlation are VASIDIE. ..........cccvveuevierirnieinieieicrecc e 208

Figure 6- 42 Here the correlation between the isotropic measured and calculated displacement
patterns in three directions, from slice 7 of the donut shaped pineapple inclusion are depicted.
These images were obtained from the frequency of 85 Hz where excitation of the phantom was
in the Z direction. The irregular pattern shows a good motion perturbation around the inclusion.
The displacement images with a high level of correlation and a low level of artifact are
THIUSETALEA. ..ttt sttt en e 209

Figure 6- 43 These pictures depict the correlation between the measured and the calculated
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Figure 7- 1 A configuration of the Dynamic Mechanical Analysis (DMA) system
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Abstract

To date, elastographic imaging techniques such as magnetic resonance elastography (MRE)
have primarily been considered isotropic material properties, despite the fact that most

biological tissues tend to have some anisotropic qualities.

In this thesis, a finite-element based orthotropic, incompressible material model is used as
the basis for the in vitro MRE gelatin phantom. This study includes the use of biologically
based orthotropic gelatin phantoms, with MRI data acquisition and boundary conditions

suitable to describe the orthotropic material behavior.

Fabricating a biological gelatin phantom using pineapple for MRE in vitro testing is a novel
technique which was developed specially for this study. Multiple motion measurements from
the pineapple gelatin phantom were made by applying directionally independent boundary
conditions within the 85-125 Hz frequency range. Such multiple, orthogonal excitation data
is needed to provide a complete description of the mechanical properties of this anisotropic

phantom, given the potential for non-uniqueness of the reconstructed property estimates.

Orthotropic image reconstructions were then carried out to map orthotropic elasticity
properties in 3-D based on MR detected motion datasets captured from the pineapple gelatin
phantom. The subzone based orthotropic incompressible reconstruction algorithm was based
on the Conjugate Gradient optimization method, to gain computational efficiency, and used

total volitional (TV) regularization techniques to constraint the solution process.

The adjoint-residual method was utilized to improve the efficiency of the gradient descent
based algorithm. The elasticity image reconstruction results presented for the orthotropic
incompressible phantom are also correlated with isotropic property reconstructions for the

same phantom.
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“Believe, when you are most unhappy, that there is something for you to do in the world. So

long as you can sweeten another's pain, life is not in vain”. Helen Keller

Chapterl

1.1 Breast Cancer

Breast cancer is a disease in which abnormal cells (cancerous) grow in an uncontrolled
way inside the normal breast tissue. A malignant tumour is a group of cancer cells that
attack surrounding tissues [1]. Breast cancer is the second leading cause of cancer deaths
in women today and is the most common cancer among women, excluding non-melanoma
skin cancers. According to the World Health Organization (WHO), more than 1.2 million

people diagnosed with breast cancer in 2007 worldwide [3].

The American Cancer Society estimates that about 213,000 women in the United States
will be diagnosed with invasive breast cancer each year. The chance of developing
invasive breast cancer during a woman's lifetime is approximately 1 in 8 (about 13%).
Though much less common, breast cancer also occurs in men. An estimated 1,720 cases

were diagnosed in men in 2005.

According to the American Cancer Society, the chance that breast cancer will be
responsible for a woman's death is about 1 in 33 (3%). The incidence rate of breast cancer
(number of new breast cancers per 100,000 women) increased by approximately 4% during
the 1980s but levelled off to 100.6 cases per 100,000 women in the 1990s. The death rates
from breast cancer also declined significantly between 1992 and 1996, with the largest

decreases among younger women [4, 5].



Figure 1- 1 MRI scan of the breast clearly shows two areas of abnormality, which proved to be cancer [2].

Medical experts attribute the decline in breast cancer deaths to earlier detection and more
effective treatments [6, 7]. Table 1.1 shows estimated breast cancer rates in various regions
of the world, with a focus on New Zealand and Australia for purpose of comparison [8].
Per 100,000 females, New Zealand has the fifth highest breast cancer incidence in the
world. In this country, cancer registration figures show that 2,345 women were diagnosed
with breast cancer in 2002. Each year, more than 2000 New Zealand women are diagnosed
with breast cancer. A statistics report given by New Zealand Health Information Service
about breast cancer illustrates that the death rate due to breast cancer is notably high

among women [9, 10].

1.2 Diagnosis of Breast Cancer

Here the current diagnostic methods for breast cancer screening are classified. This
classification includes two main categories; clinical breast exams and imaging studies that

are explained in the next section.



1.2.1 Clinical Breast Exam

Manual palpation performed by self-examination or a physician is a traditional method for
detecting abnormal lesions within the breast. The ability to detect anomalies using this
method is a result of the increased stiffness of the lesion [11]. However, breast cancer
symptoms can also include swelling and skin changes. Many breast cancers have no obvious
symptoms [12], so manual palpation will not be able to detect the cancer accurately and thus

is not reliable.

Region New Cases Deaths
(2000) (2000)
Eastern Africa 13,615 6,119
Middle Africa 3,902 1,775
Northern Africa 18,724 8,388
Southern Africa 5,537 2,504
Western Africa 17,389 7,830
Caribbean 6,210 2,310
Central America 18,663 5,888
South America 69,924 22,735
Northern America 202,044 51,184
Eastern Asia 142,656 38,826
South-Eastern Asia 55,907 24,961
South Central Asia 129,620 62,212
Western Asia 20,155 8,459
Eastern Europe 110,975 43,058
Northern Europe 54,551 20,992
Southern Europe 65,284 25,205
Western Europe 115,308 40,443
Australia/New Zealand 12,748 3,427
Melanesia 470 209
Micronesia 62 28

Table 1-1 Estimated Breast Cancer Cases/Deaths Worldwide



1.2.2 Imaging Studies

For breast cancer diagnosis, several novel methods in the field of soft tissue imaging are

currently under development, as outlined below.

1.2.2.1 Mammography

Mammography is a specific type of imaging that uses a low-dose X-ray system to examine
breasts. A mammography exam, known a mammogram, is used to help in the early detection
and diagnosis of breast diseases in women. There are a number of disadvantages to this
method. Initial mammography images are not usually enough to determine the existence of a
normal or cancer disease with certainty. Sometimes interpretations of mammograms are
difficult because a normal breast can appear differently for each woman [13, 14]. While
mammography is commonly used as a screening tool for breast cancer, this method is not
able to detect all breast cancers. Experience show that a cancer could be indicated when there
is no cancer, which is called a false-positive result. These results occur mostly in women
younger than forty as the tissue of the breast is not enough dense. This method is also painful

for women [15, 16].

1.2.2.2 Breast Ultrasound

In ultrasound imaging, organs are exposed by high-frequency sound waves to produce
images. In this technique, sound waves will be sent through a part of body and then the
reflection will be received off of soft tissues and an image is constructed based upon the
interpretation of the waves’ reflections. Usually a single probe both sends and receives the
sound waves. The structure and movement of the internal organs can be shown in
ultrasound images as the pictures are taken in real-time known as Doppler. Ultrasound
imaging is a non-invasive imaging modality that it used to diagnose breast cancer [17].
Recently, three-dimensional (3D) ultrasound has been used to translate sound wave data
into 3D images. An advanced ultrasound technology is four-dimensional (4D) ultrasound,

which is a 3D ultrasound in motion [18].



1.2.2.3 Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) is a high quality non-invasive medical imaging
modality that helps to diagnose cancer and tumours. The technique uses radiofrequency
waves rather than x-rays. A strong magnetic field helps to produce high resolution images
of internal organs and tissues. These detailed pictures can then be seen on a computer
monitor. MRI imaging is an accurate method in comparison with other medical image
modalities such as mammography and valuable to detect a wide range of disease in all

tissues and organs [19, 20, 21, 22].

10/29/2008804:22- P

Figure 1- 2 A superconducting magnet from a magnetic resonance imager (MRI)

1.2.2.4 Elastographic Methods

Elastographic techniques for breast cancer screening concentrate on the elevated elastic
property contrast between carcinoma and breast tissue. Separate studies completed by
Krouskop et al. [23] and Samani et al. [24] measuring the elastic modules of human tissue
have shown invasive ductal carcinoma to be approximately an order of magnitude stiffer
than fibro glandular tissue from a healthy breast. This contrast allows carcinoma to be

identified within the breast based on a tissue stiffness map.
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The relatively new field of elastography has developed [25] around efforts to image the
mechanical properties of soft tissue. The desire for such images has come from clinical based
findings that a variety of diseases, such as breast cancer, exhibit significant changes in the
stiffness of the tissue they affect [26]. The field of elastography thus involves developing
image reconstruction methods for relating measured tissue motion to underlying tissue

stiffness patterns [27, 28, 29, 30, 31].

As it turns out, this relation between stiffness and motion is most commonly calculated in the
form of computational models of the motion behavior of materials with complex stiffness
distributions. In theory, the more sophisticated these models are, the more accurate the
resulting elasticity image predictions they generate will be. There several types of

elastographic image modalities that are presented in below.

1.2.2.4.1 Digital-Image-Elasto-Tomography (DIET)

Digital-Image- Elasto-Tomography (DIET) is a proposed new imaging technique which uses
only surface motion supplied by a set of digital cameras to describe the elastic properties
within the breast volume. This novel method determines the distribution of elastic properties
within the breast by utilizing surface displacements. Several calibrated digital cameras detect
and picture the motion and then an inverse reconstruction algorithm allows mapping the
internal elastic stiffness distribution of the breast. As the breast cancer cells are much stiffer
than normal tissue, this reconstructed elastic property distribution can clarify carcinoma even

with the addition of random noise based on expected calibration accuracy [32, 33].

1.2.2.4.2 Ultrasound Elastography

Ultrasound elastography is a soft tissue imaging modality based on high-frequency sound
waves which is able to produce an elastogram using displacements generated by external
loads [34]. This technique calculates the local elastic properties of tissue in vitro and in

vivo through an estimation of strain within tissue under external load condition [35].



The procedures involved with ultrasound elastography are categorized as: ultrasound
image data acquisition, image registration and elastic modulus reconstruction. In the
image acquisition technique, the image dataset is obtained while the object (phantom or
tissue) is deformed under compression which this load condition is usually applied by an

ultrasound probe.

Then the displacement field is captured and displays as an image by processing the strain
values recorded in the image dataset. In the final step, these displacements are utilized to

elasticity modulus reconstruction through an inverse problem process [36, 37].

Figure 1- 3 This image shows a gelatine phantom and an ultrasound probe. The role of probe is important in

an ultrasound imaging as it both sends and receives the sound’s wave.

1.2.2.4.3 Magnetic Resonance Elastography (MRE)

Magnetic Resonance Elastography (MRE) is a novel imaging technique for visualization of
elastic property distributions in tissue. This medical imaging modality uses harmonic
mechanical displacements measured in a MRI unit to calculate mechanical properties [38,
39]. The technique has shown potential to diagnose suspicious breast lesions and it uses low-
frequency mechanical waves that are sent into the tissue and visualized via an MR sequence

using the phase contrast method synchronized with mechanical excitation [40, 41].



One of the advantages of the breast MRE technique is that this method can quantitatively
show the elastic properties of breast tissues in vivo and clarifies high shear elasticity modulus
of breast tumours. Further research is needed to evaluate the potential applications of MRE,

such as detecting breast carcinoma and characterizing suspicious breast lesions [42, 43].

This research will mainly be conducted in the field of preventative breast cancer screening
using MRE, which is expected to be a promising technique [44, 45, 46, 47], offering a
potential alternative to the traditional methods of palpation and mammography [48, 49, 50,
51]. Fig 1.4 shows a general protocol of a MRE imaging technique that comprises three main

steps.

First, an object that can be a phantom or a part of the body such as a breast is shaken by
mechanical waves created by an actuator in a desired frequency. These mechanical waves

create motion through the object (Fig. 1.4-A).

Second, a motion (displacements) map is generated through the phase contrast MRI
methods. To obtain such a motion image, it is necessary that the motion encoding gradient be

synchronized with actuation at the same frequency (Fig 1.4-B).

Third, the motion information is used to map the mechanical properties of the object by
applying an inverse problem algorithm that reconstructs the elasticity image, known as an

elastogram (Fig. 1.4-C).

1.3 Motivation and Contribution

The work specific to this research concerns the development of orthotropic phantoms,
multiple displacement measurements from an orthotropic phantom and validating of the
orthotropic incompressible algorithm to reconstruct a distributed orthotropic elasticity

estimate from MRE detected motion data.
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Figure 1- 4 This figure depicts the three main steps of an MRE imaging technique for a gelatine-pineapple
phantom at frequency of 100 HZ. Phantom actuating (A), displacements map generated through phase

contrast MRI (B), and reconstructed elastogram (C) are shown.



This project seeks to evaluate the capability of an existing orthotropic incompressible
algorithm to differentiate three shear moduli in three different directions as well as
comparing the orthotropic results with a linear elasticity isotropic. Orthotropic models have
already been well developed within the mechanical and biomedical engineering literature, so
the investigation will focus mostly on the performance and capabilities of imaging
algorithms based on these more advanced models. Typically these imaging algorithms are
formulated based on “inverse problems” which are involved optimization methods and

regularization techniques.

Current models will therefore be improved in terms of anisotropy (orthotropic) that will also
supply the basis for further implementations of various orthotropic nonlinearities. The
correlation between the type of motion imaged by existing modalities (MRE) and the type of
motion generated by forward and inverse simulations of these computational models must be

accurate in order for quality images to be generated.

While MRE techniques have proven to be powerful biomedical imaging tools, most
approaches assume isotropic material properties and there is little quantitative information
available regarding orthotropic material behaviour. The anisotropic models available in the
literature evaluate elasticity modules mostly in 2-D [41, 42, and 43]. Therefore, to study a
more realistic behaviour of tissue and cancerous tumours it is necessary to develop a 3-D
model with actual geometry and elasticity modules to include sufficient details regarding the

orthotropic behaviour.

The analysis of the elasticity moduli for a biological orthotropic gelatine phantom
(pineapple) fabricated for this study is expected to support the hypothesis that breast

carcinoma might exhibit an anisotropic elasticity distribution.

In this study a 3-D model of the pineapple phantom will be developed for MRE based
anisotropic elastography, and a non-linear analysis using a finite element method (FEM) will
be performed. The technique is extended to three dimensions to provide sufficient

information about the anisotropy of the elasticity tensor.
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In terms of the finite element method (in particular for MRE algorithms), the reconstruction
algorithm will be an iterative procedure, making an initial estimate of the elasticity parameter

distribution.

The technique used in this research will provide an approach to further understand the
orthotropic behaviour of non-linear materials such as breast tissue and hard tumour and

suggests a realistic design guideline for advanced MRE.

1.4 Thesis Overview

Chapter 1 presents the necessity of the breast cancer studying as well as classifying the
current diagnostic methods for breast cancer screening. While the main focus of the MRE as
a powerful imaging tools is to distinguish the cancer within a benign tissue, this research was
mostly concentrated working on tissue-mimicking phantoms fabricated during this project to
make a fundamental basis for a modern MRE technique based on orthotropic elastography

by using a novel algorithm.

Chapter 2 in general introduces theories of the MRE technique, inverse problem process
based on iterative approaches, FEM implementations, Conjugate Gradient (CG) optimization
method, total variation (TV) regularization technique and also adjoint gradient calculation

regarding their application in this project.

Chapter 3 covers the theory behind the anisotropic and orthotropic materials, isotropic and
orthotropic incompressibility and also the orthotropic elastography regarding its applications

in MRE.

Chapter 4 introduces the MRE actuation systems utilized for this research and its remarks

along with phantom-coil set up arrangements.

11



This chapter also presents the isotropic phantom manufacturing through a development of
one wedge shaped inclusion phantom using silicone gel to generate a framework for the
future isotropic phantom fabrication applied to MRE. Outside of the scope of this project, the
role of one artifact due to actuation system and boundary conditions is evaluated by
investigating several isotropic elasticity image reconstruction results obtained from two

different actuation systems.

Chapter 5 presents developments of several orthotropic incompressible phantoms using
different novel approaches and materials (biological and non-biological) to propose a guide
line for future MRE orthotropic phantom manufacturing. This chapter also discusses
boundary condition and data acquisition improvements towards multiple displacement
measurements collected in one MRE set. In addition, orthotropic phantom fabrication
protocols and data acquisition analysis are also evaluated regarding their remarks applied to

MRE.

Chapter 6 represents orthotropic elasticity image reconstructions from a biological
orthotropic phantom (pineapple) through the initial guess study to test the reliability of the
new orthotropic algorithm. A range of different orthotropic reconstructions was computed
and the results compared to the existing isotropic algorithm in linear elasticity. The main
focus was to validate the ability of the algorithm to differentiate three shear moduli in three
directions and the capability of the orthotropic phantom to mimic the orthotropic behaviour
of tissue. The full MRE dataset developed for this thesis is also evaluated by Raleigh
damping algorithm to obtain an optimum measurement condition regarding the frequency

and directions for an advanced MRE in the future.

Chapter 7 discuses the goals achieved throughout this thesis and the future work for all
three phases; orthotropic phantom developments and modifications, multiple measurements
developments and modifications for orthotropic boundary conditions and orthotropic

algorithm validation and suggestions in elastograpgy image analysis.
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“Take the first step in faith. You don’t have to see the whole staircase, just take the first

step”. Dr. Martin Luther King

Chapter 2

2.1 Magnetic Resonance Elastography (MRE)

As mentioned in 1.3.4.3, elasticity imaging comprises three basic steps: applying a known
static or cyclic mechanical load through an object, measuring the deformation of the medium
as the displacement pattern, and then calculating the elasticity modulus, or any related
parameters that are worth being reconstructed. MRE has been developed to measure the
elastic properties of tissue in-vivo [44, 45, 46, 47]. There are two different MRE styles:

quasi-static and dynamic.

The dynamic method uses shear wave propagation to actuate the tissue. This method was
developed as a phase-contrast technique by using harmonic shear vibrations and
synchronized cyclic motion gradients to map the motion as a displacement field. These
recorded data are utilized to reconstruct the image. The quasi-static technique uses the phase-

contrast technique as well but the data acquisition in this method is often slow [48].

MRI applies a sequence of radiofrequency (RF) excitation pulses and a series of magnetic
field gradients to produce an image by locating and encoding the spatial position of hydrogen
nuclei (spins) in volume elements (voxels) within a tissue [49, 50, 51]. Furthermore, the
MRE method combines a motion encoding gradient (MEG) to other magnetic field gradients

at the same frequency and direction as the actuator [48].
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2.2 Motion Measuring

In dynamic MRE, a piezoelectric or a voice actuator is used to actuate the sample being
imaged with a sinusoidal driving signal. The MRI technique can scan the resulting harmonic
motions within the volume of the sample using a phase contrast motion encoding gradients
(MEGs) [49] which record the accumulated phase shift of the spins at different points along

the sinusoidal signal [52].

These motions can be mapped in 3D to describe the motion at every point in space within the
medium. This method generates a complex displacement value at a grid of internal points

within the sample volume at each point [53]. The wavelength of shear waves produced by an

L |y
A== £ 2.1)
f\p

where A, is the shear wavelength, f is the actuation frequency in Hz, x4 is the shear

actuator can be defined as:

modulus of the material, o is the density and ¢ = \/Z is the velocity of the shear waves [54].
P

2.3 Reconstructive Elastodynamic Imaging

MRE is a means of visualizing and quantitatively measuring the elastic property distribution
in tissues or phantoms using harmonic mechanical excitation at low frequencies (10 to 1000
Hz) [49]. In this research, a phase-contrast MRI technique was used between 85-125 Hz in
frequency to spatially map and measure the complete three-dimensional displacement
patterns. From this data, local quantitative values of shear modulus distribution can be

calculated.
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2.3.1 Forward Problem

By definition, a forward problem is finding the mechanical response which is usually

displacements,u in the MRE, given the material property distribution,77 and boundary

conditions. The general formulation of the forward problem is presented as:
[ANu} ={R},,} 22)

where A(7)is the forward matrix including terms related to material properties, 77 and u are
unknown displacements. The term of R;, is the RHS vector containing boundary

conditions in the forward problem [44, 58].

The usual forward problem in linear elasto-dynamics involves finding the domain behaviour
generated by the PDE description as well as considering boundary conditions under a known
(or assumed) property distribution. The solution of the forward problem provides the
displacement field, u(x,?), everywhere within the domain, which depends on position
xe Q and timez € 7. In the case of elastography, the governing equation for a deformable

medium is the linear elasto-dynamic equation. In the PDE form, also known as Navier’s

equation (see Appendix A), these relations can be presented as:

d%u

(/1+,u)V(V-u)+,uV2u+V/1(V-u)+V,u-Vu+Vu-V,u:,0a—2
t

nQ (23

where u is the displacement vector within the medium,yand Aare material stiffness
parameter, known as Lame’s constants which depend on position, and p is the density of the

material [211, 27]. Young’s modulus of elasticity, E is related to Lame’s constants through

the expressions involving Poisson’s ratio, v,

_E
T 2(1+v)

u (2.4)
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1z VE
~ (1+v)(1-20)

(2.5)
It should be noted that for nearly incompressible materials such as soft tissue, as v is very

close to 0.5, according to equation (2.5) the Lame parameter, A(x) >> u(x). In nearly

incompressible materials, A(x) is too high to allow a visualization of its associated wave
pattern. This makes reconstruction of the A(x)parameter poorly conditioned based on

measured data [55, 56, 57].

For imaging reconstruction, it is necessary to develop a parameter based on the model
behavior which provides both a measurable response to excitation and a parameter that is
worthy of being imaged. In MRE, this parameter is the shear modulus, . Also this PDE
equation provides a measurable response pattern which is the displacement of the medium

being imaged.

The most common excitation used in the elastography field is a time harmonic excitation that
creates a standing wave displacement pattern. In the MRE procedure, the complex
displacement from MRI scans includes amplitude and phase information which are used in

the inversion code.

0.25.
02
- | J‘DOI{':
£015.
0.1
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0.005

Y (m) oo X (m)

Figure 2- 1 The displacement pattern obtained from a simulation forward problem of a cubic gelatin phantom

with fine mesh and shear waves.
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The time harmonic displacement field takes on the form
u(x,t)=R{ u (x)e”} (2.6)
where O=awt+¢ 2.7)

and u(x,t) is the real-value displacement occurring at positionx and timef, and u, is
complex displacement amplitude at phase ¢ and angular frequency @w of excitation. The real

u, (x) and imaginary u,(x)components of u_ are defined as
u, (x)=u,(x)+ ju,(x) 2.7)

where j=+/-1 so the equation (2.6) can be expanded using Euler’s formula,

e’ =cos@+ jsin@ to give

R{u (e }=R{ (u,x)+ ju,(x)) (cos() + jsin(8)) } 2.9)
which leads to
u(x,t) =u, (x)cos(@)—u,(x)sin(8) (2.10)

This equation gives the form of the computed harmonic motions, so it is important that the

measured motions are recorded as the same form.

The MR-detected motions are given as real-valued amplitude #(x) and phase @(x) for each

point in the medium, so that the displacement field at a point x and at time¢ are given by

u (x,t)=u (x)coslat + ¢(x)] (2.11)
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The displacements obtained from the harmonic motion discussed in equation (2.11) are

substituted into equation (2.3), which yields

A+ WV (VD) + Vi +VANV i) +Vu-Vi+Vi -Vu=—p@*i inQ  (2.12)

This equation, with the given boundary conditions, governs the general dynamic response of

a homogenous, isotropic, linearly elastic material to harmonic excitation [58, 59].

2.3.2 Inverse Problem in General View

At the heart of each elasticity imaging, there is the formulation and solution of an inverse
elasticity problem. The inverse problem is essentially given one or more measured
displacement fields, u inside an elastic body and boundary conditions, to determine the

distribution of unknown parameters of interest, 77. Inverse problem systems, arising from

image reconstruction methods, are usually large and ill-conditioned.

The inverse problem formula is given as:
Zwn}=(R,,} 2.13)

where Z(u)is the inverse matrix containing terms related to known measured
displacements obtained from the MRE imaging procedure, unknown material properties, 77

and R. the direct inversion RHS vector [104, 105, 106].

mv

This can be a conversion of the displacement solution obtained from equation (2.12) as a
set of measurements into an estimate of elasticity parameters throughout the domain. The
inverse problem in MRE cases mostly involves finding the shear modulus, (x) which can
eventually satisfy the equation (2.12) by giving some measurements of the displacement

field amplitude obtained from MRI at discrete locations and boundary condition data [60,
61, 62, 63].
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One of the problems that arise in the solution of an inverse problem is that a very small
amount of noise in data can cause large errors in the estimates. This instability

phenomenon is known as ill-posedness.

By definition a problem is well posed when its solution exists and it is unique, which
means, if Ax, = Ax, = x, =x,. In a real image reconstruction the computed solution
uniqueness suffers, as in a physical sense the solution is not exact but an approximation of
the real data. The noisy experimental data increases the error which does not allow the
original data to be reproduced completely. This problem is ill posed even for a small

perturbation, which produces a large oscillation for a small change in the data [64].

Another factor which can be highlighted about the inverse problem is the condition number

K(A) of a matrix A which is defined as:

K(A) =|A]_[a™]_ (2.14)

where ||A||W is the size of matrix A given by maximum absolute row summation as:

i=l,..., n

JA]. = max {zl |, } (2.15)
1 j=

Suppose, Ax=b, where x is the exact solution to the linear system defined by A and b

and Ax, =b_, where x_ is the calculated solution and b_is the corresponding RHS. By

definition, the relationship between relative error ||x—xc|| / ||x|| and relative residual

lb—b.]/|p| can be shown as:

Jx—x.

|~

lb—o
2]

c

< K(A) (2.16)

The condition number determines the value of error. If K(A) =1, the system is well-

conditioned and it means the small inaccuracies in the residual give small errors, but
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if K(A) 21, the system is ill-conditioned and with a small perturbation in the residual causes

a large error [65]. In the section 2.4, the inverse problem approaches will be discussed.

2.3.3 Finite Element (FE) Approximation

One of the most efficient numerical approaches for computing the displacements in a
forward solution, or the material properties in an inverse problem, is the finite element
method. In the forward problem approach, this method approximates the governing

equations (2.12) over a continuous medium as a mesh of elements.

Ultimately, for an N-node mesh system, the problem will reach the solution of a matrix
equation of the form [A(m)]{u}={R,}, where [A] is an nx n matrix, sparse as it is
involved with basis functions which are nonzero only on each node over the domain. Usually
a basis function, or a shape function, @, (x, y, z) 1s centered on each node and the magnitude

of the parameter of interest is measured at every point in the meshed area as a weighted sum

of these basis functions given as:
N
U, (X, ,2) = Y u,4,(x,y.2) (2.17)
i=1

where the index “ap” here represents the approximate functions in the finite dimensional
space and u,,,(x,y,z) is the approximate displacement value at a point (X, y, ), @,(x, y,2)
are known FE basis functions correspond with i’th node and u, is the displacement value at

node i.

In the inverse problem approach, the FE approximation of the matrix equation
Zw){n}={(R, } takes the form as implementation of nodal material property distribution

myv

using basis functions for the element as:
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N
M (X, ¥,2) = D 11:0,(X, y,2) (2.18)
i=1
where 77,,(x,y,z) is the approximate material property value at a point (x, y, z) that can be
calculated as the sum of N basis functions that are valued by N constants, 7,. ¢,(x,y,z) is
FE basis function correspond with 7’th node and it is known. 7), is material parameter at

node i which is unknown. The expansion of this equation for the approximation of elasticity

parameters £, (x, ,2) , /?,ap (x,y,2),and p,,(x,y,z) on the nodes will take the form

,uap ()C, )’, Z) = z:ui¢i (X, y’Z)

i=1

)iap(x7 y7Z) :Z/li@(x’ y7Z) (219)

N
pdl’(x’y’z)zzpiﬁ(xuy?Z)

i=1

where the index “ap” again represents the approximate functions in the finite dimensional

space andy,, A, p,, u, are the discrete parameter values at node i of the N total nodes

within the FE mesh, known as shear modulus, bulk modulus, and density respectively.

The weighted residual method is a useful approach, which is widely applied in MRE finite

element approximation. This method takes the weak form of the general forward problem,

multiplies the error, ‘r’ due to substituting the approximate solution, 77,,(x,y,z), in a

weighted function w; (x,y,2), then the product is integrated over the domain,Q, and

ultimately the result is set to equal zero which can be written as Iw f (x,y,2)rdV =0.
Q

One simple way to solve a FE weak form is using Galerkin method which chooses a linear

basis function, ¢,(x,y,z) as the weighting function, ¢ap which leads to

By (X,3,2) = W,, (X, 3,2) = D W (x, 7. 2)..
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In the MRE time harmonic cases, the solution is naturally oscillatory, and applying fine and
suitable meshes regarding the physical geometry of the problem plays an important role in
accurately capturing the convergence of the solution with respect to the mesh size (Fig. 2.2),
[66, 67, 68, T1].
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Figure 2- 2 FE meshes size comparison between two cubic gelatin phantoms. The displacement results
obtained from a simulation forward problem with shear waves in case B show a very smooth pattern with

fine mesh in contrast to case A.

2.4 Optimization Algorithms

Optimization is the minimizing of an undesired, or maximizing of a desired, quantity or
function that is constrained by its variables. In MRE, the goal is to minimize the objective

function which depends on the variable of interest such as elasticity parameters.

The unknown parameter is usually bounded by values or constraint scalar functions related
to the parameter. This constrained area known as a “feasible region”, which is the bounded
area between two sets of points satisfying all the constraints boundaries, and the actual

solution, which is the solution of the optimization problem [72, 73, 74].
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In solving the inverse problem using an optimization method, two approaches are utilized:
direct and iterative. As in this research the iterative optimization method was used, the

strength and weakness points of this solution approach are described next.

2.4.1 Iterative Optimization Approach

The iterative approach refers to a wide range of techniques that solve a problem by finding
successive approximation to an accurate solution starting from an initial guess. This method
is used to solve nonlinear functions as well as linear problems with numerous variables [75,

76].

The strategy is that the iterative optimization algorithm begins with an “initial guess” of the
parameter to be reconstructed and builds up a sequence of updated estimates until they meet
the solution. In this improving sequence, the technique is to move from one iterate to the

next. There are several methods to optimize an inverse problem iteratively.

Some algorithms store information obtained at previous iterations, while others utilize only
local information from the current point [77, 78, 79]. Regardless of the algorithm’s

differences, an acceptable algorithm should have the following properties:

* Flexibility: it should be able to solve the problem for all reasonable choices of the initial

guess.

* Efficiency: it should require the minimum computer run time or storage.

* Accuracy: it should be able to find a solution with precision, without being sensitive to

errors in the data.

While these goals represent an ideal, in reality they may conflict. For example, a fast
convergent technique for nonlinear programming may require too much computer memory

on large problems.
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Also, a robust optimization strategy may be very slow in practice. Therefore, in most
optimization methods, the approach is a tradeoff between an advantage and a disadvantage,
for example between convergence rate and memory storage, robustness and speed, and so on

[80, 81, 82, 83].

In the MRE approach, the iterative approach solves the optimization problem that finds the
nodal values of the shear modulus using given nodal displacements obtained from the real

MRE data acquisition or a forward solution in a simulation study.

The method used in the reconstruction code involves an optimization approach that is more
robust to measurement noise. This involves finding a material property distribution, such as

shear modulus, which minimizes a displacement error function, ¥,

T:j(u” —u™) (U —u™)dQ (2.20)

Q

where u“ is the set of the calculated displacement using an estimate of the material property

distribution, and u™ is the measured displacement input data.

The advantage of an iterative approach is that it does not require filtering or differentiation of
the data as it uses the data directly. The disadvantages are that the procedure is slow because
the iterative nature of optimization techniques results in extremely computationally intensive
problems. Also, this technique usually requires multiple full forward solutions at each

iteration [84, 85, 86, 87, 88, 89].

2.4.2 Overview of Algorithms

All minimization algorithms need a starting point to be determined, x,,, known as an initial

guess. This initial guess is the initial assumed value of the quantity which needs to be
determined.
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Knowledge about the data set and material properties in MRE reconstruction helps to

estimate a reasonable value forx,. Otherwise, the initial guess must be chosen in some

arbitrary manner. In MRE, the role of the initial guess is very important in order to solve a

reconstruction problem with fewer artifacts.

The technique starts atx,, from which the optimization algorithm builds up a sequence of

iterates {x, };, where M is the total number of iterations and & is the current sequence of

iteration. The minimization procedure is finished when there is no progress on
convergence to the solution point, or when the solution has met an acceptable level of

accuracy. The algorithms use information about the function at x,, and also information
from earlier iterates x,, x,, ...., x,_, to move fromx, to x,,, with a lower function value

than x, .

There are two basic strategies for moving from the current point x, to a new iterate, x,_,;

“line search” and “trust region”. As the trust region is not in the scope of this research,
only line search strategy will be discussed in the next sections. Readers can find more

information about the trust region strategy in [90, 91].

2.4.3 Line Search Methods

In general, in the line search strategy, the algorithm selects a ‘search direction’ p, , from
the current iterate x, , and travel along this direction to a new iterate x,,, with a lower

function value as:
F(x,,,)<F(x,) (2.21)

where the function, F is an arbitrary function which is expected to be minimized. The line

search technique has two steps; the first step is choosing the p, , for each iteration, which is

used to update the value of the parameter that is being optimized at each iteration.
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The distance to move along p, or the update value for the k’th iteration can be found by

approximately solving the following one-dimensional minimization equation in general:
Xyt =X T D, (2.22)

where , is the step size to be found. The effective choices of two parameters; direction p,
and the step length ¢, are the key factors for success in a line search method. In most

minimization cases, p, is the descent direction such that p/VF, <0. This property

guarantees that the function F can be reduced along this direction [74, 76, 78]. By

considering the material property, nas the parameter which needs to be updated, the

equation (2.22) can be specialized for an MRE optimization case using line search strategy:

N =7 T, D, (2.23)

Assume the displacement error function ¥ from equation (2.20) is the function which is
supposed to be minimized. At first, the p, , should be determined in such a way that
ensures that some reduction in error is happening with each iteration. This can be achieved
by calculating the directional derivative of the error along p, , at small ¢, and making sure
it is negative, as shown in below:

r 0¥

pr =<0 (2.24)
an

where 3, is the current error gradient . As the search direction is one dimension the error

n

domain, this directions was the form of method a line, therefore this is called a line search.
Next, a value for @, must be chosen. A line search is exact or perfect when it can choose
a, to minimize ¥ (7, + «, p, ) by finding an actual minima in the direction given by p, .

An exact line search gives the best possible reduction in ¥ along the search direction but
it can be computationally intensive to do an accurate minimization of the function on each

iterate.
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Weak or inexact line searches are usually preferred as this makes the method simple and

reliable to use to find a value for ¢, which satisfies the descent property [79, 80, 92], such

as:
Y@, +a,p) <¥1,) (2.25)

Although the ¢, chosen in this way may not be the optimal value generating the best

reduction in error, however, the low computational cost allows more optimization
iterations in a given time. This increases the speed and efficiency of the algorithm while

the perfect line search is noticeably slow [93].

2.4.4 Search Directions for Line Search Methods

The steepest descent direction is the simplest approach of the gradient methods and also a
good assumption for the search direction of a line search optimization method in n

variables. Among all the possible directions to move from current point 77, to minimize a
function ¥ (77), there is only one along which W(77) decreases most rapidly and this
direction of steepest descent is obtained by the negative gradient—VY¥, . The general

steepest descent algorithm steps with an exact line search can be performed as below:

1) Selecting an initial guess, 7, for the minimum of W(7) .
2) Repeatfor k=0, 1, 2,....

3) Set p, =-V¥(1,)

4) Calculate ¢, to minimize ¥(7, + &, p,)

5) Setn,,,=n,+a,p,

6) Until ||V‘P(77k+1 )|| is sufficiently small.

The steepest descent advantage is that the method can be very simple as it requires

calculation of the gradient — V¥, but not the second derivatives, known as the Hessian.
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However, this algorithm may not be efficient enough to minimize the function and
proceeding along the line search can be extremely slow on difficult nonlinear problems.
The fact that an algorithm can converge does not necessarily mean that it is an efficient
technique. In comparison with other methods such as the Conjugate Gradient Method,

shown in the next section, the steepest descent is usually inefficient [94, 91].

2.4.5 Conjugate Gradient (CG) Method

The conjugate gradient (CG) method is an efficient approach, which at its base is a
modification of the simple steepest descent method. The CG method improves on the
steepest descent by making a set of search directions from the gradient at each iterate, which
eventually form a conjugate basis set. This technique is one of the most useful tools for
solving large scale linear and nonlinear systems of equations. The advantages of CG are that

it requires no matrix storage and is faster than the steepest descent method [95].

2.4.5.1 Linear Conjugate Gradient Method

In the minimization problem the gradient of the error function — V¥, can take the general

form as:
-V¥ =1 =b-Ax, (2.26)

where A is an nx n matrix that is symmetric and positive definite. By introducing error

vector e, =1),,, —1, , which shows the distance from the actual solution, and residual r, in

equation (2.26) that represents the distance from the correct value of b, the equation (2.26)

1s transformed to:
r, =—Ae, (2.27)

This shows the residual is the error transformed by A into the same space asb . As the

error is unknown, it can be transformed to the known residual space.
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An interesting property of the CG method is its ability to produce a set of linearly

independent conjugate vectors {p, p, ...p,} with respect to the symmetric positive

definite matrix A. The conjugacy property is shown as:
piAp; =0, i#]j (2.28)

As will be shown, linear CG is an iterative method for solving linear systems with positive
definite matrices and the conjugacy property guarantees successively minimization of the
function along the individual directions after n steps by setting the iterative sequence

as7),,, =1, +a,p,, where «, is the step length along the search direction p, . The value
of @, can be obtained using the fact that the error ¢,, should be orthogonal to the
previous search direction p, because this not only avoids the skipping in the direction of

p, again, but also corresponds to the minimum point along the p, . This leads to:

Prey =0 (2.29)
pi (e, +0,p)=0 (2.30)
T
a, =P (2.31)
Pr Px

As the e, is unknown so by using (2.27) the e, can be transformed to the r, , space which is

known as:

T
Pi Ty

a, =-
‘ kaApk

(2.32)

If the search direction p, will be set up in the direction of gradient or 7, the value of &, can

take the form of the same value in the steepest descent, given by:
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T
T T
o, =——

= (2.33)
P:Apk

This iterative minimization is updated along both error and residual space. This leads to:

e =—Ae,, =—Ale, +a,p,) (2.34)
e =1, — 0L AD, (2.35)
e, =e +ta,p, (2.36)

CG is based on conjugate direction but with a very special property that means it is able to
generate the next search direction p,,, using a linear combination of the current gradient,
—VW¥, known as residual, r, and the previous search direction, p,. This advantage of the

CG method is remarkable because it does not need to know all the previous elements, thus

it requires little storage and computation. This conception is expressed as:

Pin =T + B Ps (2.37)

The constant g, is being chosen so that p, and p,,, will form as they must be conjugate
with respect to A. By pre-multiplying (2.37) by p/ A and applying the condition of

conjugacy prApy., =0, itis found that:

T
e AD,

ﬂk+1 - pZ"Apk

(2.38)

As the matrix A is difficult to calculate, to remove it from the equation (2.38) the term Ap,
is replaced by r,,, —r, /e, from equation (2.35). Now by using (2.37) and substituting the

equation (2.38) and applying the two facts that each residual is orthogonal to the previous
search direction, and also orthogonal to the previous residuals as they are shown in (2.39)

and (2.40), leads to [, as a ratio of a new and previous gradient norm as it is shown in

(2.41).
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rr,=0 (2.39)

plr., =0 (2.40)
}"T T,

g = (2.41)
T Ty

The algorithm proceeds by producing vector sequences iteratively to approximate and
update the solution, residuals, and search directions, successively. CG generates three
vectors at each step, the approximate solution x, its residual r=Ax-b, and a search direction,
which is based on the CG. At each step x is improved by searching for a better solution in

the direction [96, 97, 98, 99].

The CG algorithm can be summarized as below:

1) Choose 7, % initial estimate of the solution
2) Calculate r, =b—-An, % initial gradient
3) Setr, = p,,k—0 % initial search direction
r
4) Find o, = ——— % line search parameter
P AP,
5) Setn., =n, +a,p; % update approximate solution
6) Set r,, =r —a,Ap, % update gradient
ran
7) Find g, =+ % ratio of new and previous gradient norm
K Tk
8) Determine p,,, =r.,, + B, P: % update search direction

9) Put k > k+1

10) Until ||r,.,,| is sufficiently small.

31



2.4.5.2 Nonlinear Conjugate Gradient Method

In the nonlinear CG method, there are several possible expressions for the value of f, such

as Fletcher-Reeves (2.42), but the most commonly used is the Polak-Ribiere formula, given
by (2.43).

}"T I
kl“ﬁ — k+; k+1 (242)
Fe e
T —
:fl :max{ rk+1(rkT+1 r]()’ 0 } (2.43)
Ty e

where the scalar f, is used to enforce local conjugacy between p,,, and p, with respect to
A. Also there are several choices for B, and they are no longer equivalent. For example the

Fletcher-Reeves method works well when the initial guess is very close to the actual result

while Polak-Ribiere usually converges much more quickly. Another advantage of Polak-

Ribiere is that its convergence can be guaranteed by choosing f, = max{,b’ PR, O}.

The CG algorithm in the nonlinear case becomes more complicated. These are difficulties in

calculating the step length, ¢, , as the line search is not linear anymore and also in
computing the gradient — VYW (77, + &, p,). The Secant line search technique is a useful

method to calculate ¢, in nonlinear CG.

As the elastographic inverse problem is non-linear, the search directions will lose
conjugacy as the iterations progress, therefore CG reconstructions often perform better
with periodic ‘restarts’, where building up the set of conjugate search directions is started
from scratch. This is achieved by simply setting #, =0. This restarting will happen
when 8% <0 , as well. Restarting the CG means ignoring all past search directions, and

beginning the CG in a new direction of the steepest descent.
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Therefore, the CG is very memory efficient as the only information with significant storage

required for a CG algorithm are four vectors of length number of parameters (NP), r,,

Ty Drandp,, .

Another problem in nonlinear CG is that a general function may have many local minima

and in this case CG cannot guarantee to converge to the global minimum [74, 100, 101].

In MRE, the displacement error function, ¥, is minimized by computing the gradient of the

V' with respect to the material property 77 and then setting this derivative to zero as:

u‘ =F(n) (2.44)
m c 2 m 2
Y= ”u —u (77)|| = u" - F(n)" (2.45)
¥ oF
O Dy~ Py =0 (2.46)
o7 a7
where @ is called the Jacobian matrix given by:
n
on am Py
oy
a1,
J=. (2.47)
gy vy
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2.4.6 Secant line search method

The Secant method is a fast exact line search technique which is used for zero-finding of a
function in nonlinear CG and iteratively solves for a stationary point of the error domain.

The approximation of the function ¥(7, + ¢, p, ) using a truncated Taylor series is given

by:

al| 9?
Y@, +a,p, ):| +7k{_2 Y, + o, p, )}

0
Y, + =¥ +a
M+, p) M) {aa aak

k =0 =0

(2.48)

The objective of the line search is to minimize this function by setting its derivative to

zero, so that

a 7 ”
@‘P(m +to,p)= [‘P 1, )]T P +05kPkT‘P n)p, =0 (2.49)

where [‘P'(nk )]T p, 1s the directional derivative along p, . As the calculation of the second
derivative of the function ¥”(7,) (also known as the Hessian matrix) is computationally

expensive, a finite difference approximation of the second derivative can be used.

This can be computed by the Secant method which approximates the second derivative of

Y(7n, +a,p,)by calculating the first derivative of the function at two different points

o, =0and o, =0, where ¢ is an arbitrary small nonzero number. This leads to:

0 d
52 [aaklp(ﬂk T Py )l[ . {aak‘l’(m +a,p, )1[ .

ﬁw(ﬂk-i_akpk)z S 6#0

_ [lP,(ﬂk + P, )]T Pr — [lP,(ﬂk )]T Py
o

(2.46)
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which calculates the second derivative of the function when « and o approach zero. By

substituting (2.46) for the third term of the Taylor series (2.44), performed as:

a ’ T k ’ T ’ T
W +a,p,) = [¥,)] pk+%{ e, + &0 po-[€a0 p ] @a7)
k

then the ¢, can be found for the line search setting this derivative to zero, which leads to:

_ [‘P/(ﬂk )]T P
[‘P'(ﬂk +p, )]T Pr — [‘P'(ﬂk )]T Pk

(2.48)

a,

For nonlinear problems this process is applied iteratively until a suitable stopping point is

reached. The Secant method approximates the function W(7, + @, p, ) with a parabola by
finding the first derivative at two different points. It should be pointed out that this method
should be ended when x,is in the neighborhood of the actual solution, otherwise the

convergence may fail and will not progress any longer, as the search direction for highly

nonlinear problems will lose conjugacy quickly.

While the Secant method is simple as it only needs to calculate the first derivative of the
function, this technique has some disadvantages. This method is not able to recognize
minima from maxima and also it is sensitive to “initial guess” and parameterd. Good
choices of ¢ and the “initial guess” close to the actual solution will help this algorithm
converge to the minima point successfully. Although the secant method is an exact line
search, a better policy is often to use an inexact line search technique by applying a limited

number of secant iterations [101, 102].
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2.5 Regularization Techniques

In a general, the error function, ¥, does not put any restrictions on the material property
values or their distribution. This implies that any material property distribution which
decreases this function can be acceptable as a solution, but this may not always lead to

physically realistic values.

Techniques which involve modifying a function in an attempt to make the reconstruction
algorithm prefer solutions which fit a-priori information are known as regularization

techniques. This can be carried out by adding a regularization term, R(77), known as a
penalty function to the objective function, so that ® =¥ + R(#) . The typical strategy is
minimizing an objective function, ® that comprises two terms: an error function ¥, and a
regularization term R(77). W is the integration of the differences between measured, u"”,
and calculated, u, displacements over the domain and R(7)is normally a function of the

material property distribution, 7.

Several regularization methods are available such as Tikhonov (TK), Total variation (TV)
minimization and spatial filtering [103, 104]. The regularization of the objective function is
explained in the next section regarding TK and TV. As in this research, TV was used; the

focus is on this method.

2.5.1 Tikhonov (TK) Regularization Techniques

Tikhonov (TK) regularization is a technique to stabilize the inverse problem’s solution.

The equation to describe this method can be written as:

c m

Gy 249
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where 77 is the current material property estimate, 73, is the initial material property and

0, 1s called the regularization parameter which is the weighting applied to TK [58, 105].

2.5.2 Total Variation (TV) Minimization

Total variation is a regularization technique that penalizes special variation of the
reconstructed image, which leads to smoother images. Most of the regularization methods
assume the data set to be smooth and continuous, but TV is sufficiently robust to deal with
blocky image and discontinuities as well as being able to preserve the edge information in

the reconstructed image.

If 77 is piecewise constant with a finite number of jump discontinuities, then TV(7) is a
robust approach to penalize un-physically large variations in the modulus distribution

while allowing a piecewise discontinuous solution. Overall the objective function &, is

terms:
@, =¥+R@m) (2.50)
where ‘P:I(u‘ —u"Yu —u")dQ (2.51)
Q
and R() = ja(vnTVq +8%) dQ (2.52)
Q
so that @, = [ —u") w —u"dQ+a, [ (V7'Vn+5)dQ.  (2.53)
Q Q

TV can also be expressed as L, norm of the first spatial derivation of the solution when &

is sufficiently small. This can be shown as:
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n

D, :l‘u‘ —u"
2

ra, [{IVa + 62 (2.54)
Q

where V7 is the spatial variation of the material property, 77, and ¢, is called the

regularization parameter which is the weighting applied to TV. It controls the relative level

of the regularization effect on the minimization process.

Typically, the greater the noise level in the data, the more regularization is required to
obtain a good approximate solution for the equation. This parameter can play an important

role in a good regularized output. The integral means that the level of total variation is the

area under the \/|V77|2+§j curve. The quantity \/|V77|2+§j is known as gradient

magnitude. This provides us with the information about the discontinuities in the image.

Here, &, is a numerically small constant introduced to smooth the singularity that would
otherwise exist atVy =0as TV is not differentiable at zero. So to avoid this problem a

small positive constant value is added to the equation [105, 106, 107, 108, 109].

2.6 Adjoint Gradient Calculation

Although the CG technique requires calculating the gradient to obtain the search direction
in each iteration, calculating the Jacobian to build the residual is computationally intensive.
The adjoint gradient method has been recently developed to provide a very efficient
method to compute the gradient without “agonizing pain”. In gradient based optimization,
the adjoint technique is widely utilized for the gradient computation when there is a

problem dealing with a large number of parameters.

While other methods, such the Jacobian matrix or a finite difference approximation use as
many forward solutions as there are parameters, the adjoint approach requires only two

forward solutions to obtain the gradient for any number of reconstructed parameters.
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Here the discrete adjoint gradient calculation for MRE is expressed. By definition the
variation of a function F(x) in the direction dx is denoted by OF and it is given by
_OF

Ly S

- ey Flx+ 280 (2.55)

oF . . : : . o o
where — which also is shown by this notation D F is a directional derivative of the
X

function F(x) and represents the perturbation rate of the function by the presence of small

changes in the variable.

The general weak form of the forward problem can be defined as
Aw,,, uSys 7,) = §w,, - ods (2.56)

where A(-, ;1) is a bilinear operator which represents an equivalent weak form of the

elasticity equation which represents the inner product between two tensors w and u
respectively and depends on the elasticity parameter vector 77. The discretized weighting

N
function w is expressed as w,, (x,y,z) ZZW,.Q. (x,y,z) and the approximation of the
i=1

N
calculated displacement field can be shown as ug, [x,y,z,7 (x,y,Z)]ZZui(/ﬁi (x,y,2).
i=1
The RHS shows the traction on the boundaries obtained from Green’s theorem. The
inverse adjoint elasticity formulation for the TK discretized function is introduced as
follows:

c m

u, —u

2+0‘—;’<||77—770||2+A(wa,,, uSy: 0,) = §w,, - ods 2.57)

The variation of the equation (2.57) is computed by using the functional derivative defined
in equation (2.55) and can be written as:
CidP YL WL (2.58)

ou’ ow,,
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Assuming the presence of TK regularization, the variation of the equation (2.53) due to w

is:

acp

o, O = = A(Sw,,,, ugys 1,,)~§ 6w, (2.59)

: : L . > . o
Setting this variation to be equal to zero (i.e. ow,, =0) leads to u;, satisfying the

Wap

weak form of the elasticity equation. On the constraint boundaries of the equation (2.59),

the equation (2.57) reduces to the original objective function (2.49). Equation (2.58) can

be further simplified if the weighting function is chosen so thats;qj ou‘ =0. This leads to:
u

Alw,,, s s 7,0 =—(us, —u") (2.60)

As the elasticity operator A is self-adjoint and symmetric, thus it is equal to its

transposed A" which can be illustrated as A(w,,, dug; 1,,)= AT(&ap, W M) -

Therefore, the equation (2.60) can be rewritten as
T . _ c m
A (&'tap’ ap? nap) - _(Map —u ) (261)

With ugp and w,, given by (2.56) and (2.61) respectively, from (2.58) and (2.49) it is seen

that:
0P d
&P = % -on,, = o, [A(Wap, Ugp's Map) —17, | } M (2.62)
sp_ 0P o _ s
- 877 nap A(Wap ° uap ’ 77ap ) - aTK "77 - 770” (2'63)
ap
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Now this gradient will be minimized by setting the equal to zero so thataﬂ on,, =0and

ap

this follows as:
A(Wap ’ M;p > 5’7(1;7 ) = aTK”n - 770” (264)
The steps required for implementing the adjoint method are given as below:

1. Solve the forward problem (2.59) foru,,, the current displacement solution, using the

current material property estimate.

m

2. Calculate the ‘adjoint forcing’; which is given by (u,, —u™), whereas u" is the vector

of measured displacements.

3. Solve the forward problem again for (2.60) with the adjoint forcing as the RHS vector,

to evaluate thew,, .

4. Apply u,, andw,, in (2.64) to calculate the gradient with respect to the i" material

property value [110, 111, 112, 113].

2.7 Subzone Implementation

A new and powerful method to solve an inverse problem is by using the subzone technique,
which reduces the global inversion process to multiple local inversion problems. This
technique works efficiently to solve an iterative inverse reconstruction across a large

parameter set with reasonable computational load.

The 3D subzone procedure for the sub-domain inverse problem uses the known internal
displacements to solve an iterative inversion process on small partitions of the total problem
domain. This approach generates a high degree of spatial discretization and, utilizes the data-

rich environment obtained from MRI.
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The image reconstructions show that the zoned inversion strategy is capable of producing
accurate elasticity modulus distribution images from displacement data obtained from MR

even in the presence of high noise.

An advantage of the subzone reconstruction is that this method is able to use the very large
MRI data for material property reconstructions. While MRI scans generate a large data set
which leads to a large number of nodes in the resulting FE models, current computer
systems may not be able to solve and analyze these large problems because of memory
limitations. The subzone method reduces this time as it breaks the entire FE domain to

small sub-regions.

In the subzone process the entire data obtained from MRI is divided into a grid of subzones
where the size of these smaller subsets depends on the geometry of the original data set,
based on the measured motion information, Dirichlet boundary conditions are then applied

on the boundary of these subsets.

Another advantage of the subzone reconstruction method is its ability for parallel solution
by sending these subsets to the different processors of a distributed computing system. The
results obtained from the individual subsets can then be assembled in the whole geometry.
This method has been proven successful in reconstructing stiffness distributions using MR-
detected motion datasets from both gelatin phantoms and real patient data sets [114, 114,

115].

User flexibility to choose the size of the minimization problems without reducing the
resolution of the reconstructed image is another positive point of the subzone approach. As
each subzone inversion works independently, so the total procedure involves so many
different minimizations that a failure on one of the subzones due to local error minima in

the error minimization process does not mean the entire reconstruction will fail.

This advantage of the subzone technique increases the reliability of the reconstructions,
because if a solution from a subzone fails, another set of subzones can be made to cover

the region of the failed subzone and this subzone solution can simply be ignored.
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The parallel subzone technique is built using the Message Passing Interface (MPI). One of
the processors is defined by the user and manages the tasks such as dividing the problem
into small regions, passing this set of subzones to the other processors for reconstruction,
and receiving the completed material property solutions from them. It then assembles these
reconstructions and saves them in a resulting file which can be visualized as an image of

the full-volume problem.

At each global iterate, the centre point (the seed location) for the grid of overlapping
subzones is determined randomly. In each round of dividing the geometry into the subzone
grid, a different set of subzones will be implemented. This will reduce the boundary related
artifacts in the final material property image. When the manager processor receives the
solution obtained from each zone it will be located into the correct place in the global

solution arrays.

There are several subzone geometry parameters which may affect the improvement of the
subzone reconstruction such as zone size (subzone edge length factor), zone shape and the

subzone grid overlapping (Fig. 2.4).

Experience has shown there is an optimum size for building the subzone grid for better
reconstruction results. For example, by increasing the number of subzones in one domain
and reducing the size of the each subzone, the time to run a reconstruction in one subzone

will be decreased as the problem is being solved in a smaller area.

However, this may cause loss of accuracy of the results as most of the internal nodes inside
each subzone have sufficient data to accurately determine the underlying parameter
distribution. Technically, the nodes on the boundaries are less useful in the minimization
process. Thus, raising the number of subzones in one grid will lead to a higher overall ratio
of boundary nodes, and this means the information from internal nodes possibly lead to
reduced accuracy. In fact, the sensitivity of the boundary nodes is lower than internal nodes
as they receive relatively less information. The internal nodes are surrounded on all sides by
motion data while the boundary nodes only have motion data on one side. This may be

shown by calculating the ratio between the internal and external nodes in one grid.
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Figure 2- 3 A schematic of a zone grid in 2-D. The location of the zone center point (seed), the length of the
zone in x and y coordinate system (Lx and Ly), the zone overlapping and the size of the zone (edge length)

are shown.

Another factor is the geometry of the grid, especially in a 3-D case, which should be
compatible with the physical geometry of the problem. The geometric size should be
defined so that each subzone comprises at least a half wave length of the mechanical shear

wave.

2.8 An Example Problem

Figure (2.5) shows the relationship between the number of iterations and the quality of the
material property distribution image regarding the image contrast and the number of
artifacts. The result illustrates that, as the number of iterations increases the image appears
clearer and with fewer artifacts. The result demonstrates the real magnitude image and the
shear modulus distribution of a cubic gelatin phantom which includes a stiffer cone shaped
inclusion. For the inverse reconstruction, the subzone technique was used. The CG method

along with TV regularization with &, =1.d —6 was utilized to regularize the problem.
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The results below demonstrate the real magnitude image (Fig 2.4) and the shear modulus
distribution (Fig. 2.5) for the CG technique after 20 iterations (Fig. 2.5, A), 30 iterations (Fig.
2.5, B), 40 iterations (Fig. 2.5, C) and 60 iterations (Fig. 2.5, D), respectively. The images
show, as the number of iterations is increased from 20 to 40; the shear modulus
reconstruction image demonstrates an obvious difference in the higher resolution of the
images regarding the recovery of the material property and the physical shape of the

inclusion with fewer artifacts in the background.

Although by raising the number of iterations from 40 to 60, the reconstruction images still
illustrate a cleaner and better reconstruction result; however, this difference is small. This
implies that there is an optimum number for the iteration sequences and as iterations reach
this number, the image reconstruction quality increases dramatically, but after passing this
number the quality remains constant. This fact helps to reduce the time and computational

cost due to the number of iterations.

Figure 2- 4 The MR magnitude image obtained from MRE imaging is presented here. This picture shows a

cubic gelatin phantom which includes one stiffer cone shaped inclusion.
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Figure 2- 5 These pictures show the shear modulus reconstructed image for a subsection of the two cone
phantom. Images A, B, C and D demonstrate reconstructions for the CG method with the number of
iterations 20, 30, 40 and 60, respectively. The images illustrate that, as the number of iterations increases
from 20 to 40 the shear modulus reconstruction image demonstrates an obvious difference in the higher
resolution of the images with low levels of artifacts in the background. Although by raising the number of

iteration from 40 to 60, this reconstruction image still illustrates a cleaner and better reconstruction result;

however, this difference is small.
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“Never walk on the traveled path, because it only leads you where the others have been”.

Graham Bell

Chapter 3

3.1 Anisotropic and Orthotropic Materials

Although elastographic imaging techniques have been introduced as powerful medical
imaging modalities, most approaches consider isotropic material properties [116, 117, 118].
There is little quantitative information available in the MRE literature regarding the behavior

of orthotropic materials and most anisotropic MRE reconstructions are in 2-D [119].

To study a more realistic behavior of tissue and cancerous tumors it is necessary to develop a
3-D model with actual geometry which includes sufficient details about orthotropic elasticity
parameters. This chapter introduces the existing formulations for anisotropic and orthotropic

material models.

In solid mechanics, there are some conditions related to equations of equilibrium which must
be satisfied to solve a problem. These conditions are strain-displacement relations and
material constitutive laws. The first condition does not require the material property
parameters while the second one, which relates the stress to strain components at any point in
the solid, is a function of elasticity modulus. Since the behavior of the real material is
complex and difficult to comprehend, it is necessary to make assumptions and perform
simplifications to make a mathematical model of the material’s behavior by applying suitable
theories and adequate experimental tests. This mathematical model can calculate a particular

property to express the material behavior in a certain condition [123, 124].
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In the most generalized anisotropic model, material symmetry does not exist and mechanical
properties are different in all directions [125, 126]. In the condition that there are different
degrees of material symmetries, the material can be categorized as, for example, orthotropic
or isotropic and so on. In this chapter, certain elastic models based on the existence of elastic
symmetry axes are considered. In these axes, known as elastic principal axes, the constitutive

relations remain invariant.

3.2 Introduction to Anisotropic Materials

Anisotropy means the mechanical property of a material is directionally dependent. This can
be expressed as a difference in a physical or mechanical property such as elasticity modulus,
density, etc. In the chemical aspect, anisotropy is defined as phenomena of chemical bond
strengths which are directionally dependent [127]. Fig 3.1 shows an example of two
different molecular bonds which describe the difference in the mechanical behavior of a

material in three directions [128].

Figure 3- 1 This figure depicts the effect of applying a stress in two different directions in graphite. The

elasticity properties will be anisotropic as the deformation depends on the direction of a particular stress [128].

Many biological materials, such as tissue, are anisotropic materials that display directionally
variations in material properties. Inhomogeneous material property distributions can also be
a pathological sign, as in the case of breast carcinomas. The discussion on tissue structures

provides many micro-scale examples of mechanical behavior [120, 121].
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Since most tissues are highly anisotropic and also incompressible it would be appropriate to
learn more about how anisotropy influences the mechanical behavior of the tissue and tissue

mimicking phantoms [122, 129].

3.3 Linear Anisotropic Elastic Solid

3.3.1 Theoretical Analysis of Anisotropic Materials

To study anisotropy it is essential to know the constitutive equation that describes the elastic
behavior of the material and also determines the elasticity tensor, C;;, and its components. In

the linear elasticity, the relationship between current stress and current strain remains linear.

The constitutive equation which is the generalized form of Hooke's law can be written as:
o, =Cy&y (3.1

where 0, and ¢, are second order stress and strain tensors respectively, and C,is the

fourth order elasticity or stiffness tensor. As stress is measured in units of pressure and strain
is dimensionless, the entries of C;, are also in units of pressure. The symmetric stress and
strain tensors can be written as six-dimensional vectors in an orthonormal coordinate system
(3.2). The anisotropic form of Hooke's law in matrix expression is shown in (3.3) in which

Cj 1s expressed as 6 X 6 symmetric matrix.

0-11 O-l 811 81
0-22 0-2 822 82
o o & &
fob=y “p=1 "¢ & =7 p=q (32)
2
0-23 0-4 823 84
0-31 0-5 2831 85
0-12 0-6 2812 86
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0, C, G, C; Cy G5 Cygllg
0, Gy Cp Cy G C CyllE
O; _ Gy Gy Gy Gy G5 Cy || (3.3)
o, Cy Cpn Cy Cy G Cy 4
Os G G, Gy G5 G5 Cog 5
Os 1Co Coo Co3 Co Cos Cos |6

The generalized Hooke's law can be inverted to obtain a relation for the strain in terms of

stress as:

£, = 5,0, (3.4)

y

The tensor S, is called the compliance tensor. This relation is given by:

& Sy Sn S Su S5 S |0

& Sy Sun Su Su S Sy |0,

&; _ Sy Sy Sy Sy S Sy |]0; (3.5)
4 Su Sp Si Sy S Si ||

&s Ssi S Ss3 S Sss Ss6 || O
6 1St S Ses Ses Ses Ses |16

where &, and o, are axial strains and stresses, respectively [130, 131].

3 .3.2 Elastic symmetry

A material has symmetry if its elastic properties are the same in certain directions. If
symmetry exists in all directions, the material is called isotropic otherwise, it is anisotropic.

In general, C,, contains 81 constants, but since both stress and strain tensors are

i
symmetrical (0,=0; and £,=¢,), and with the assumption that there exists a strain

energy function U given by:
50



U =1/2C,€,€, (3.6)

2
where, 0y =Cy€y = ou = IU =Cyy 3.7

q
dg;  0g;0¢,

It is seen that the stiffness tensor must be symmetrical so that C;, = C,,; because of the

arbitrary order of differentiation €; and¢,, . As a result, the number of elastic constants can

be reduced to 21 coefficients [130, 131].

According to Love [132], Chen and Saleeb [133], the equations that govern engineering
problems are related to the stored energy in a solid. Therefore, the energy developed by the
external work is stored in an elastic solid and may be developed as potential elastic energy

that is known as strain energy.

During this process the body is deformed, but may recover its original shape and size. An
interesting point is that the presence of certain types of symmetry in an elastic body, simplify
the constitutive relations. These simplifications are represented in different ways, for
example those applied by Love, where the strain energy function remains unchangeable by

all symmetrical coordinate system substitutions.

For instance, a corresponding substitution given by three axes of elastic symmetry, x; = —x,

with i = 1, 2, 3, does not change U,. In this thesis, the reduced indices form of constitutive

and compliance equations are used, for example C;, is expressed asC;; .

The linear transformation of a material with elastic symmetry can be expressed as x, =/ iXis

where £ ; is the transformation tensor. This requires that the constitutive tensor, either C,

orS can be transformed in the following condition as (3.8), see [130, 132, 133, 134, 135].

rspq °

Cly =il ot il uCi (3.8)

rspq ri™ sj™ pk
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3.2.1 Material Classifications by Their Elastic Symmetrical Planes

While an anisotropic or triclinic material has no plane of symmetry, there are four cases of

elastic symmetry that are considered most important. These materials are categorized as:
- Monoclinic with one plane of elastic symmetry
- Orthotropic with three planes of elastic symmetry

-Transversely isotropic with a plane of isotropy such that every plane perpendicular to it is a

plane of symmetry and
- Isotropic every plane is a plane of symmetry [130].

As the biological materials such as tissue and also tissue mimicking phantoms with their
internal structures reveal an orthotropic pattern, so the goal of this thesis is to introduce an

orthotropic model and then obtain the elastic constitutive tensor parameters.

3.4 Orthotropic Elastic Theory

Orthotropic elastic theory is defined as the behavior of elastic materials which locally exhibit
three orthogonal planes of material symmetry and three corresponding orthogonal axes

known as orthotropic axes.

Mechanical properties of the material are identical within these three planes. Material

properties in an orthotropic material are independent in three orthogonal directions at every

point and the elastic coefficients C; remain invariant at a point under rotation of 130" about
any of the orthotropic axes. For example, assume (x, y, z) are the orthotropic axes for an

orthotropic material and (x, y) is a plane of material symmetry.
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By coordinate transformationx — x, y —y andz — —z, known as a reflection with
respect to the (x, y) plane, the elastic parameters C; remain constant. See direction cosines

for this transformation [130, 138]. As an orthotropic material has three mutually orthogonal
planes of material symmetry, the 21 unknown elasticity constants of an anisotropic model

can therefore be decreased to 12 elasticity coefficients in compliance equations given by:

81 Sll SIZ Sl3 O 0 0 O-l
82 SZI SZZ SZ3 0 O O 0-2
63 — SBI 532 S33 O 0 0 0-3 (39)
Y o o o S, 0 0|z,
Vs 0O 0 O S 0 || 7
) L0 0 0 0 0 Sg,]l7

where &£, and o, are normal strains and stresses respectively, 7, shear stresses and p; shear

strains. The compliance equation expansion for an orthotropic material model is also

expressed as:

g =8,0 +S,0,+S,0, (3.10)
g =8,0+8,0,+S,,0, 3.1
&, =8,,0,+5,0,+8S,,0, (3.12)
Yo = Suth (3.13)
Yoy = SssTss (3.14)
Va1 = STy (3.15)
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The equation (3.9) can be rewritten in matrix form in terms of standard engineering

constants, Young’s modulus £, Poisson’s ratio v, and shear modulus £, as:

LY Yoy g
El E2 E3
V12 1 V32
e -—— — - 0 0 O |fo
! El E2 E3 :
& Vs Vs L 0 0 0 o
&; _| E E, E, | o, (3.16)
Va o 0 0 — 0 0%
Vs Hy | Ts
I 0 0 0 0 — 0 |7
Hs
0 0 0 0 O 1
L M |
The equation (3.16) can be expanded as:
1 V21 V31
& =—0,—-0,——0O 3.17
RO TR OO (3.17)
V12 1 V32
& =—"70,+—0,——0 3.18
2 El 1 E2 2 E3 3 ( )
v v 1
&=—=20-">0,+—o0, (3.19)
El E2 3
1
Vo =—7 (3.20)
My
1
Vo3 = Tps (3.21)

5
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Vi =Ty (3.22)

M

These equations describe an orthotropic material model which deals with 12 unknown elastic

parameters, E;, U;, and 4, in three dimensions [139, 140]. These equations also show shear

strains are generated by three independent shear moduli corresponding to these independent
shear stresses. These direct and independent relationships between shear strains and stresses
in the three directions provide a simple way to calculate the shear modulus within the
orthotropic material, as compared to an anisotropic model which is more complicated and

requires more coefficients to describe shear behavior [136, 137].

Another important comment from the above equations is that the Poisson's ratio of an
orthotropic material is different in each direction. At this point, there are six equations with

12 unknowns, sixv,, three E; and three 1, . However, by considering the symmetry of the

stress and strain tensors implies S,, = §,,, S,; = S;,and S,; = S,, which all the six Poisson's

21
ratios in the equation are not independent. Therefore, the equation (3.16) can be further

simplified and the number of elasticity parameters is reduced to 9 independent constants,

three £, threev;, and three 4, . By introducing three new equations the remaining three

Poisson's ratios can be found from the relations

B2 B (3.23)
El E2
1)13 v31
Yy _ U (3.24)
El 3
Lt (3.25)
E2 E3

The score is now nine equations (from Eq. 3-17 to Eq. 3-25) and nine unknowns (three £,

three v,,, and three 1, ).

ij°
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3.5 Incompressible Orthotropic Materials

3.5.1 Isotropic Incompressibility

Strain components of the equilibrium equations relating axial stress and strain, for a

compressible, linear elastic, isotropic material are expressed as:

g = % (o, -v(0o, +0y) (3.26)
1

£ = = (0, —v(0o, +0;) (3.27)
1

&= E(G3 -uv(o, +0,) (3.28)

By assuming small strains, the volumetric strain, e, of an elastic solid is given by:

e=A—V=.s1+.€2+.s3 (3.29)
VO

where AV is the change in total volume, V; the original volume, and &, are the axial

strains in the i direction.

In an isotropic material by applying the stress in only one direction, three strain

components &, can be easily found. For example, if an axial stress in the x direction, o,

applies, the equation (3.29) becomes the following:
O-l
e=—({1-2v 3.30
E ( ) (3.30)

By definition, incompressible materials are known as materials without any change in

volume subjected to tensile or compressive strains [141, 142, 143, 144, 145].
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This implies that in an incompressible material e — 0 as, v — 0.5. This can also be shown

by setting equation (3.30) equal to zero and solving for v which givesv =0.5 [146, 147].

3.5.2 Orthotropic Incompressibility

One necessary point for an elastographic study of soft tissue and tissue mimicking phantoms
is obtaining a suitable formulation for the incompressible or nearly incompressible
orthotropic models. In an incompressible orthotropic material, however the relation between

stress and strain is more complicated and this is discussed below [148].

Recall (3.29)

AV
e= v =6+E+HE=(S,+S,+853)0,+(S, + Sy, +S5,3)0, +(S; +S,, +55,)0, =0
0

(3.31)
This implies:
(S +S,+83)=(S, +85, +8,,)=(S,;+5,;+5:;)=0 (3.32)
which leads to:
S, ==(8, +8,;)—=CD 5y +v, =1 (3.33)
S, ==(8, +8,,)—4C) sy +0,, =1 (3.34)
Sy =—(Sy, +8,) =2 50+, =1 (3.35)
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For instance, applying o, gives the following equations for each of the strain components:

O'1
£ =—L 3.36
' E (3.36)
— O,V
£ —_ 71721 3.37
: E, (3-37)
—0V;
e = _91%1 3.38
} E, (3-38)

By substituting equations (3.36), (3.37) and (3.38) into (3.31) and setting the resulting

equation equal to zero gives:

SRR (3.39)

By considering equation (3.39), for other two stress components, ¢, and o, the resulting

equations give the following relations:

1 % %y (3.40)
E2 El E3
SR B (3.41)
E'i El E2

Adding equations (3.39), (3.40) and (3.41) together leads again to equations (3.33), (3.34)

and (3.35). By using the equations mentioned above, the following Poisson’s ratio

relationships can be obtained as:

v, = ﬂ[l L 1} (3.42)
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V,, = E[L L + 1} (3.43)

v, =§{L—L+l} (3.44)

This implies that with only six independent coefficients, the incompressible or nearly
incompressible orthotropic elastic behavior of materials can be described. These parameters

are: E, (E;, E; and E3), in the three directions; and y i (L, s and i), within each of the

three coordinate planes [149, 150].

3.6 Orthotropic Elastography

To date, most elastographic imaging techniques considered isotropic material properties in
their elasticity image reconstructions [151]. The fact that most biological tissues tend to have
some anisotropic qualities [120, 121, 122], there is a need to improve elastographic imaging

techniques towards anisotropic image reconstructions.

Sinkus et al. [129] developed equations for MRE reconstruction in 2005, considering
transverse isotropy for tissues. In this section, a general framework is proposed for 3-D
orthotropic incompressible elastography. By orthotropic incompressible elastography, the
structure properties and fiber orientations within the tissue or tissue mimicking phantoms can

be detected by only six independent elasticity parameters in three dimensions.

This research uses the computational algorithm implemented for the complex orthotropic
behavior which is based on MRE image modality. This approach also investigates the
capability and performance of this imaging technique based on these advanced material

models.
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3.7 Remarks of the Orthotropic Incompressibility Applied to MRE

3.7.1 Geometry and Phantoms

In this research, several tissue mimicking gelatin phantoms were used to show the
orthotropic incompressibility behavior. Experience obtained from phantom studies has
shown that the average magnitude of motion gradient for the Young’s modulus terms, E;, E;
and Ej3, is several orders smaller than the corresponding sensitivities for the shear modulus
terms, f4, 5 and L. Therefore, in this research, the initial study was the reconstruction of
the orthotropic shear properties of a tissue mimicking phantom made with a pineapple
inclusion. The reason to use pineapple was that the pineapple’s different fiber orientations
can be a good example of an orthotropic incompressible material. The phantom making
protocol, shear modulus reconstruction results and analysis will be explained in the

following chapters.

3.7.2 Algorithms

The reconstruction of the orthotropic incompressible properties performed for this study was
optimization based, minimizing a displacement error function quantifying difference
between the calculated and observed displacements by evaluating the sensitivities of this

function with respect to the six independent elastic properties being imaged.

Recall 2.4.2.9
ut = f(1p) (345)
W=l —u [ =|u - rap| (3:46)
?)_lpz_z(af(n))T(um _f(ﬂ))zo (347)
n a7
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Here n=E, E,, E;, u,, Us, U, are the six independent elastic properties for

incompressible orthotropic material. The adjoint method was used to calculate the gradient
of the displacement error function with respect to the six elastic moduli. This technique
increases the numerical efficiency significantly. In this investigation, the finite difference
(FD) technique was used to numerically estimate the motion sensitivity with respect to the

elastic properties for orthotropic incompressible elastography reconstruction, so that:

VY +An)-Ya)
anin) A771

(3.48)

and

o _ f+An)—fap) (3.49)

N, An,

These FD calculations should be checked for correctness by verifying (3.50) for a reasonable

numerical accuracy. This implies:

alIJ a T m
2 o@Dy rapy (3.50)
Mo M p

The method used in the reconstruction of the orthotropic shear properties optimization

approach was based on the CG method and TV regularization technique.

3.7. 3 Multiple Sets of Measurements

As explained in the chapter 2, in MRE, material properties are reconstructed by using
measured displacements. Research has shown that the material property in an isotropic case
can be uniquely obtained in 2-D [152]. However, in anisotropic case, the situation is different
and the elastic parameters cannot be uniquely determined in 2-D by one set of Drichilet

boundary conditions [153].
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The anisotropic inverse problem is non-unique in nature and one set of displacement
measurement (Drichilet boundary condition) may not provide sufficient information for

uniquely identify material properties in 3-D [154, 155].

To obtain a unique C; in the orthotropic case, it is important to make sure that the

measurements carry enough information. Therefore, to avoid non-uniqueness problem,
multiple sets of displacement measurements are essential. Investigations have shown the

feasibility of using multiple displacement fields for transversely isotropic analysis [156].

In this thesis, multiple displacement measurement sets were taken in 3-D, based on the
available experimental techniques. This provides sufficient information for the boundary
conditions to avoid the ambiguity due to non-uniqueness problems, which can be found in

any orthotropic inverse problem.
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“Discovery is the ability to be puzzled by simple things”. Noam Chomsky

Chapter 4

4.1 Phantom Studies

Before each new medical technique can be used in vivo, it is necessary to check it in vitro.
As orthotropic elastography is a novel approach to quantitatively measure the soft tissue
elasticity properties, the capability of this method needs to be verified by phantom studies to

avoid any uncertainty about the factors which may affect the quantitative measurements.

For this reason, several orthotropic and isotropic phantoms were developed for the

acquisition of orthotropic and isotropic datasets to map the material properties in 3-D.

Experiments in orthotropic phantom manufacturing with tissue-mimicking gelatin and

muscle along with orthotropic reconstructions will be explained in the next chapters.

In this chapter, the focus is on isotropic phantoms which were designed for isotropic
elasticity reconstructive imaging. This chapter presents the experiments with tissue-like

silicone and gelatin phantoms and comprises:

MRE actuation systems and remarks

® Isotropic phantoms manufacturing protocol and remarks

Isotropic image reconstructions

MRE artifacts
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4.2 MRE Actuation Systems

In dynamic MRE, the mechanical excitation is an external mechanical load applied to the
tissue or the phantom under investigation to generate time- harmonic shear waves which
propagate through the sample. This excitation is usually produced by actuators coupled to the
phantom or tissue. As actuating systems are used for each MRE dataset acquisition, it is

essential to explain the mechanisms and phantom set up sufficiently.

Different coils are utilized to receive the displacement pattern signals of the actuation
systems. Choosing these coils relates to the condition of the tests and in this investigation,
the head, breast, and the surface coil were used. There are two types of actuators to induce
harmonic motion in a specimen: electromechanical actuators known as pneumatic actuators
and piezoelectric actuators. The research presented in this thesis involves data acquisition

using both actuators as explained below.

4.2.1 Pneumatic Actuator

Fig. 4.1 shows a schematic of the pneumatic actuator setup for MRE testing. As shown the
speaker drives air propagated in the coupled tube attached to the actuator. This air
propagation vibrates the membrane of the actuator that provides the mechanical excitation to

create shear waves within the phantom.

The phantom is located on the membrane which has covered the actuator top. The speaker
can generate the cyclic force at a frequency between 50 and 1000 Hz. Displacements

obtained from this system are in the order of hundreds of microns.

Figure 4.1 depicts a pneumatic actuator system with the phantom excitation due to the
actuator oscillating as being in the X direction of the MRI scan coordinate system. To obtain
a complete description of the material behavior in all three dimensions for orthotropic

materials, multiple actuations in three directions is desired.
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However, the system shown in Fig. 4.1 is unable to produce harmonic motion in multiple
directions and to generate multiple excitation directions, the sample needs to be flipped 90°.
Figure 4.2 represents the voice actuator set up which has been supported by pads and sand
bags to prevent the undesirable movement during the vibration. The position of the phantom

and the surface coils are also shown.

Actuation Direction

MRI Scanner
Phantom
Voice
Actuator
L Tube
X
Zz
Speaker

4

Figure 4- 1 The configuration of the Pneumatic (voice) actuating system setup. The actuation direction for

this actuation system is shown along the X direction of the Cartesian coordinate system.

Figure 4- 2 The experimental setup of the pneumatic actuating system. The geometry configuration
regarding the actuation direction with respect to the MRI scan coordinate system (A) and the assembled

apparatus with the location of the surface coils, phantom and sand bags (B) are illustrated.
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4.2.2 Piezoelectric Actuators

The piezoelectric effect means that an electric charge is generated when the material is
pressed or stretched. Also an applied electric field will cause a change in the dimensions of

the piece of piezoelectric material [157].

Recently, piezoelectric actuation systems have been commonly used in MRE imaging to
actuate the tissue or different kinds of phantom. One of the advantages of these actuators is
the freedom to orient the system in any direction within the MRI scanner. In piezoelectric

actuators, the axis of the piezoelectric stack represents the motion direction [158].

Different types of piezoelectric actuation systems can be classified based on their geometry
and method of contact with the phantom or tissue. Three piezoelectric actuation mechanisms
have been used to provide the MRE datasets described in this approach which are referred as

“Type-A”, “Type-B”, and “Type-C”. These are introduced in the following section.

4.2.2.1 Type -A

In the Type-A actuator, the gelatin phantom is built in a cubic Perspex box which is coupled
to a piezoelectric actuator (P-842K022, Physic Instrument, GmbH Co. KG). The actuator has
been built almost entirely from Perspex. The actuator geometry setup included three
cylindrical inclusions phantom and a heavy Perspex base to prevent the actuator movement

during the MRI scanning and is presented in (Fig. 4.3).

As Fig. 4.3 shows the excitation direction in this type of actuator is in the Z direction of the
MRI scan coordinate system. The potential for MR artifacts was minimized by applying a
distance between the actuator and the phantom being imaged. Teflon pads were also used
between the phantom box and the base. For image acquisition, the actuator device was
located in the head coil of the scanner. This type of actuator has been detailed by Flewellen

et al. [159].
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Figure 4- 3 This image depicts the assembled apparatus of a Type-A piezoelectric actuation system. The gel
phantom which included three cylindrical inclusions inside the Perspex box is shown. (Images courtesy of

James Flewellen)

4.2.2.2 Type-B (Lever Shaker)

The Type-B actuator is also another excitation mechanism which is applied for phantom tests
and clinical tissue imaging. The geometry of the Type-B actuator, which is also known as a
lever shaker, comprises a piezoelectric actuator, a motion amplifying lever arm, and a
shaker-plate. The motion amplifier increases the maximum displacement achieved by the

shaker plate. The piezoelectric stack is used as the actuation source.

The rectangular shaker-plate is designed to hold the samples. The excitation direction is
aligned in the Y direction of the MRI coordinate system. This actuator was explained in

detail by Perrinez et al. [158]. The phantom-actuator apparatus is performed in (Fig. 4.4).

4.2.2.3 Type-C Actuator

The Type-C actuator is an advanced generation of the piezoelectric actuators with two
vertical piezoelectric bars which are located at the bottom, in front of the contact surface. A
large pad is applied to stablize the other side of the plate. The driven force supplied by two

actuators provides more strength to excite the phantom.
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The piezoelectric bars are located inside two rectangular Perspex legs. Two thin rubber mats
(red) are used underneath the legs to prevent the movement of the actuation system during
the scanning. Fig. 4.5 represents the geometry of this piezoelectric prototype with a phantom
on the contact plate top. As this picture shows the direction of the actuation system is in the

X direction of the MRI scan coordinate system.

B C

Figure 4- 4 This image shows three views of the Type-B piezoelectric actuation system with a gel phantom
on the plate surface which includes two cone shaped inclusions. The actuator geometry (A), the phantom-
actuation system inside the breast coil (B), and the coordinate system alignment with a small arrow in the
bottom of the picture which shows the actuation direction (C) as illustrated. (Images courtesy of MRE group,

Dartmouth College).
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4.2.3 MRE Actuation System Remarks

1. Although piezoelectric actuators provide relatively large displacements with respect
to the thickness of the phantom, the absolute displacement achieved is small (tens of
microns) compared to the pneumatic actuator (hundreds of microns). Experience has
shown the datasets obtained from the pneumatic actuator involve stronger amplitudes

motion signals in comparison to piezoelectric actuators.

2. In the MR scan, the actuation system should be supported by some sand bags to

prevent undesirable movements which cause artifacts in the final image.

3. The receiver coil should be very close to the actuation system and even attached to

the phantom to obtain a stronger motion signal throughout the phantom.

4. The phantom movement while it is being excited by an actuation mechanism should

not be highly constrained as this reduces the level of motion magnitude within the

phantom which may causes artifacts.

Figure 4- 5 This picture depicts two views of the Type-C actuator. The actuator geometry setup, the
coordinate system of the MRI scan, along with the actuation direction (A), and the actuation-phantom setup

with a closer view (B) are presented.
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5. Another artifact that can happen during the data acquisition is the motion artifact.
This artifact comes from the movement of the actuation system on the MRI table
while the phantom is being imaged which causes the blurring of the image. The
motion artifact can come from the MRI table vibration as well. To reduce this
artifact, the coil and actuation-phantom set up on the MRI table should be
immobilized by using some sand bags. Applying some pads between the actuation
mechanism and the MRI table is another way to prevent the MRI table vibration
transferring to the system. Actuation system stabilization is a very important point to

reduce the MRE artifacts.

6. Phantom location should also be considered during MRE data acquisition. Usually
the best place to locate the phantom actuation set up is in the iso-centre of the
magnetic bore. Experience has shown that placing the phantom-actuation system far

from this point causes image distortion.

4.3 Isotropic Phantoms

Isotropic phantoms are usually developed for the acquisition of datasets to examine the
efficiency of developed codes in order to map the mechanical properties of the imaged
phantoms. Additionally, to validate the elasticity reconstruction results obtained from an

orthotropic phantom, the isotropic phantom can be considered as a reference for comparison.

In this investigation one isotropic silicone phantom with a wedge inclusion was made and
also the obtained datasets of another isotropic silicone phantom, which comprised three

cylindrical inclusions, were used for the mechanical properties image reconstructions.
The procedure of the wedge inclusion phantom fabrication and the image reconstruction

results obtained from the three cylindrical silicone phantom, are explained in this section.

The geometry of the isotropic phantoms was 10cm x 10cm x 10cm in volume.
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These phantoms were designed for the Type-A actuator, thus they followed the geometry of
the phantom cuboids Perspex box. As a result the phantom was restricted on five sides

because of the phantom box walls.

4.4.1 Isotropic Phantom Manufacturing

4.4.1.1 Silicone Gel Phantom in General

Silicone gel is a rubber-like hydrophobic polymer which is being widely used in many
industries such as medical research, cosmetics, breast implants, and so on [160, 161].
Research has shown that silicone can be a suitable material for elastography testing as it can
mimic the mechanical properties of soft tissues [162]. This material has several advantages

which make this material desirable for MRE testing. These are:

1. Tt can be easily molded and set into a wide variety of geometries.
The material is not poisonous.

Its physical and mechanical properties remain unchanged over the time.

S

It does not require heat for the fabrication procedure.

4.4.1.2 Wedge Shaped Inclusion Silicone Phantom

An isotropic wedge shaped inclusion silicone phantom was made during this project. This
phantom was initially manufactured for MRE testing and comprised a soft background and a
hard inclusion. This phantom was required to test the resolution limitations of the MRE

setup.

71



4.4.1.3 Material and Methods

The silicone gel phantom was made in several stages. Two types of silicone gel were used to
fabricate the soft base and the wedge shaped inclusion of the silicone phantom: ‘soft gel’
which is called °‘A-341" and ‘hard gel’ known as ‘LSR-05’ made by ‘Factor II, Inc.,
Lakeside, AZ’. The silicone gel, whether ‘soft’ or ‘hard’, has a ‘hardner’ which is applied to
catalyze the gel. The ‘soft’ and ‘hard’ gels are called part A and their ‘hardners’ are known

as part B. The ratio of the gel to its ‘hardner’ is 10 to one.

The silicone mass was found by calculating the volume of the phantom box and considering
the density of the water as an estimation for the silicone gel density. This mass was weighed
by an electronic scale. Before pouring the silicone liquid, all of the internal surfaces of the
phantom box were lubricated by silicone spray (Silicone Star’, Sta-Lube, East Tamaki, NZ).

This lubricating helps to remove the phantom from its box after setting.

To make this phantom, first 270g soft silicone gel was added to the 27g of hardner and then
it was prepared as the background. After the de-gassing of this mixture, it was used to fill
one third of the phantom box to make the base of the phantom. The sample was then allowed
to set for six hours in the room temperature. In this test, a Venturi vacuum was used to de-

gas the phantom after each step of pouring the mixture.

To obtain the MRI datasets from the phantom precisely, a coordinate system should be
considered for the phantom. This helps to identify the phantom orientation while it is being
imaged. For this purpose four liver oil capsules were chosen as markers and then placed on
the corners of the phantom box. Two of these markers were stuck on each other to represent
direction Z. One marker was located in one corner of the phantom box to illustrate the X
direction and the other one was arranged in the middle of one side to show direction Y.

These markers can be seen as three bright spots during the MRI scanning.

The next step was creating a rectangular hole on top of the base. This hole was made by
placing lubricated cubic plastic block on the base and surrounding it with more soft silicone

gel. After the silicone was set the cube was removed.
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In the next phase of this test, 10g hard silicone gel added to 1g of hardner and after mixing
and de-gassing, it was poured inside the rectangular hole. In order to make the ‘hard’ silicone
gel more visible some drops of colorant (‘FI-200, white’, Factor II, Inc., Lakeside, AZ) were

used. One half of this rectangular hole was filled with this material.

To make the ramp shape for the inclusion, one side of the phantom box was located at an
angle with respect to the floor (Fig. 4.6). After setting the hard silicone gel (ramp shaped
inclusion), the phantom was filled with the same soft silicone gel which was made for the

base and then the phantom was left to set overnight.

Figure 4- 6 An angle was applied to the phantom box to create the wedge shaped inclusion.

Unfortunately, after setting the phantom some air bubbles noticeably appeared as shown in
(Fig. 4.7). Reducing air bubbles in MRE phantoms is a very important issue as no MR signal
can be generated from air bubbles. In the resulting image they are seen as null spots which
create the artifacts and significantly affect the image reconstruction results. A reason for this
undesirable air bubble formation can be the silicone liquid pouring procedure inside the

phantom box.
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Some of the suggestions for better phantom fabrication are mentioned in the next section.

These were considered for the manufacturing of the next phantoms.

Figure 4- 7 In this picture the stiff wedge inclusion (white color), and directional markers which represent

the phantom box coordinate system, and air bubbles in the background of the soft gel part are shown.

4.5 Phantom Fabrication Remarks Applied to MRE

1. Although working with silicone is easy, there are some important points that should
be considered. These, as well as other gel phantom materials can create air bubbles

during manufacture which cause artifacts in the obtained image. These can be solved

by:
- Pouring the liquid into the mold should be carried out carefully and slowly.
- Itis better that the liquid be in contact with the mold while it is being poured.
- Shaking the mold by a vibrator while the liquid is being poured can release

the air bubbles to the surface of the phantom, which makes the removal of air

bubbles from the phantom easier.
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- A de-gassing procedure by Venturi vacuum should be carried out in each step

of phantom making.

2. Phantom mass is another important factor. By increasing the mass of the phantom,
the motion amplitude of the actuation system is reduced. To work more realistically
regarding future clinical demands, it is suggested to fabricate the phantom in the

same mass as that of a human breast.

3. While phantom markers (oil capsules) were helpful to accurately determine a
coordinate system for the phantom, data acquisition experiences have shown they
may cause artifacts. In order to remove this undesirable effect, fiducial markers I are

highly recommended.

4. Phantom lubricating is another important issue which must be considered. Although
silicone lubrication spray was helpful, it was still difficult to remove the phantom
from the phantom box. To solve this problem, petroleum jelly was used to lubricate
the internal surface of the phantom box for the next phantom manufacture. In one
phantom manufacturing experience, a phantom box was used where each face could
be separated and attached to another by some screws. The benefit of this method is to
facilitate the removal of the set phantom from the separated phantom box. However,
the disadvantage of this technique is liquid leaking from the phantom box’s margins

especially if the margins have not been sealed properly.

5. For successful data acquisition it is better that the actuator and the coil are located

very close or even attached to the surface of the phantom under investigation.

4.6 MRE Artifacts Due to Actuation systems

An artifact is a visible distortion of an actual structure present in the image subject that can

be due to a limitation or malfunction of the imaging system [49].

! A fiducial marker is non magnetic materials which can be appearing in the image during the MRI scan.
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Knowledge of MRI, MRE artifacts, and noise producing factors is important for an image
with high quality. The elimination of artifacts in cancer imaging systems is essential to
limiting chances of the misrepresentation of cancerous cells or normal tissue. Artifacts may
give confusing erroneous results that may be misdiagnosed as pathology. There is little
quantitative information available on MRE regarding the causes of artifacts and the
solutions. While MRE is expected to be a high-quality imaging modality targeted at
differentiation between benign and cancerous lesions, artifacts can make this differentiating
between the cancerous cells and the normal tissue difficult. Therefore, to achieve a high
quality image, a more realistic behavior of tissue and cancerous tumors is necessary to

evaluate the cause of artifacts in MRE.

One possible artifact in MRE imaging is due to constraints applied by the actuation system to
the phantoms. Two example experiments carried out in the next sections with two different
real MRI datasets obtain from the actuator Type A and Type B and then results were
compared. This attempt may demonstrate a possibility of creating artifact and data
interpretation due to actuator geometry and its applied boundary conditions in MRE phantom

imaging.

4.7 Isotropic Elasticity Reconstructive Imaging

While it has been shown that MRE is capable of quantitatively measuring in vivo soft tissue
elasticity, there is still some uncertainty about the factors which affect the quantitative MRE
measurements. For this reason, it is necessary to determine in vitro how MRE measurements

correspond with other quantitative parameters of measuring characteristic elasticity values.

This section presents the results of experiments with tissue-like gelatin phantoms in which
the motion was measured by MRE shear waves and the resultant shear modulus distribution
was compared in different phantoms vibrated by two different actuators. The shear modulus
and displacement pattern of two different phantoms with different stiffer inclusions were

investigated.
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In this research, one artifact due to the geometry of the actuation mechanism for tissue
mimicking phantoms is presented. The reconstruction results obtained from real MR data
sets for these two types of actuators are compared. Periodic shear mechanical excitation
coupled with phase-contrast MR-imaging was used to actuate the phantoms and image the
resulting motion patterns. Two different types of piezoelectric actuators that are being
utilized for the phantoms in MRE imaging are evaluated. The goal of this experiment was to
compare the reconstruction results from two different real MR data sets obtained from in
vitro tissue mimicking phantoms for these two types of actuators. As the MRE fundamental
techniques for the in vivo and in vitro cases are very similar, the results from this experiment

may be considered for future in vivo MRE testing.

Two different isotropic phantoms have been used to reconstruct the elasticity modulus
image: a three cylindrical inclusions silicone phantom and the two cone inclusions phantom.
The three cylindrical inclusions silicone phantom was imaged by the Type-A actuation
mechanism (Fig. 4.3), while the two cone inclusions phantom was tested by the Type-B
actuation system (Fig. 4.4). The measured displacements from MRE are used to compute the
calculated displacement fields and the shear modulus distribution. The measured boundary
displacements from the given data were then applied. In the Type-A actuator, the phantom is
contained inside a box container with five sides and was constrained on those surfaces, while
the Type-B actuator applied constraints only on the bottom surface of the phantom. These

are explained in the following sections.

4.7.1 Three Cylindrical Inclusions of a Silicone Gel Phantom

4.7.1.1 Isotropic Reconstruction Using Real MRI Datasets

Full 3-D MRI dataset of an isotropic silicone phantom comprised three stiff cylindrical
inclusions with diameters of 8, 12, and 16 mm, surrounded by a soft background which was
used for isotropic elasticity modulus reconstructions. The soft silicone background can

represent the benign tissue of a human breast and the inclusions simulate harder tumors.
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This silicone phantom was initially used for material property reconstructions in this
research. Two shear modulus image reconstructions were carried out by considering two

different initial guesses, 10 KPa and 15 KPa.

The CG optimization technique along with the TV regularization method was used to
minimize the objective function. Also, the subzone implementation approach was applied to
reduce the global inversion process by dividing the problem into multiple local inversion
problems. Figure 4.3 shows the performance of this phantom resting inside the phantom box
and excited by actuation Type-A. The actuation frequency applied to this phantom by this

actuator was 100 Hz.

4.7.1.2 Reconstruction Results

The results below represent the 7*° MRI magnitude images (Fig. 4.8-A and Fig.4.8-B), the
shear modulus distribution (Fig. 4.9 and 4.10), and the displacement pattern (Fig.4.11)

obtained from the real MRI datasets of the three cylindrical inclusions phantom.
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Figure 4- 8 Two views of T2 MR magnitude images obtained from the silicone gel phantom which
includes three stiffer cylinder shaped inclusions. The resulting T2 MR magnitude image (A) and eleven

slices of T2 MR magnitude image obtained from MRI imaging (B) are presented. Three cylindrical

inclusions are shown in both pictures.
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Figure 4- 9 Resulting reconstruction of the isotropic real shear modulus distribution obtained from the three
cylinder silicone gel phantom with initial guess 10KPa. Unfortunately, the picture shows a high level of

artifact in the background of the images and the three cylinders are barely visible.
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Figure 4- 10 Shear modulus reconstruction result obtained from the three cylinders isotropic silicone gel
phantom with initial guess 15KPa. By increasing the initial guess the inclusions are slightly visible but the
image still shows a high level of artifact in the background. The expected locations of the inclusions are

shown.
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Figure 4- 11 The motion pattern for the isotropic phantom with three cylindrical inclusions which was
excited by the Type-A actuator. The regularity of the displacement field without any perturbation around the

inclusions is evident.
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4.7.1.3 Reconstruction Results Analysis

Table 4.1 represents the mean values of the shear modulus reconstructions with two different

initial guesses, 10 and15 KPa, for the three cylindrical inclusions phantom.

The Mean Values for Shear Modulus Reconstructions (KPa)

Initial guess=10 Initial guess=15 Difference

7.1895e+003 9.8511e+003 2.6616 e+003

Table 4- 1The mean values of the shear modulus reconstruction with two different initial guesses 10 and15

KPa for the three cylindrical inclusions phantom are presented.

As Table 4.1 shows, the mean value of the shear modulus reconstruction is raised by
increasing the initial guess from 10 to 15 KPa. Also the color bars in Fig. 4.9 and Fig. 4.10
represent that the shear modulus reconstruction result with initial guess 10 KPa shows a low
contrast between the stiffness of the inclusions and the image background, while this contrast

in the shear modulus reconstruction result with initial guess 15 KPa is slightly raised.

The above results illustrate that although by increasing the initial guess, the shear modulus
reconstruction mean value and the image contrast has slightly improved, but still the image
resolution between the inclusions and the background is low, which makes the invisibility of

the inclusions more sensible.

The displacement field represents a regular pattern with the mean value of 8.007e-004 x m,

as it is presented in (Fig. 4.11). This regularity of the displacement field can mean that the
motion magnitude level received by inclusions was unable to create a strong perturbation

around the inclusions within the phantom.
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Poor elasticity modulus reconstruction with a high level of artifacts (Fig. 4.9 and 4.10),
which made the three inclusions barely visible, reveal that this problem cannot only be due to

some air bubbles as they have been shown in Fig. 4.8-A.

One hypothesis leads to the actuation system and boundary conditions applied to the
phantom by the phantom box in the Type-A actuation mechanism. Figure 4.3 implies that
the phantom has been constrained on five sides and the motion pattern is heavily governed
by boundary conditions. Perhaps this can describe the reason of the poor shear modulus

reconstruction which may be the cause of artifacts.

4.7.2 Two Cone Shaped Inclusions Gel Phantom

4.7.2.1 Isotropic Reconstruction Using Real MRI Datasets

The second isotropic gel phantom reconstruction belonged to two stiffer conical inclusions
embedded in the soft gel as a base. Figure 4.4 depicts three views of this phantom sitting on

the tray of the Type-B actuation mechanism.

Figure 4.4-C also represents the position of these two cone shaped inclusions. As has been
shown, one conical inclusion is located in the top left and another in the bottom right of the
cubic phantom. The full volume MRI datasets obtained from this phantom were used for the
isotropic elasticity modulus reconstructions. The initial guesses of 10 and 15 KPa were also

chosen for the shear modulus image reconstructions of this phantom.

4.7.2.2 Reconstruction Results

Results below demonstrate the MRI and the reconstructed magnitude images (Fig. 4.15), the
shear modulus distribution (Fig. 4.16), and the displacement pattern (Fig.4.17) obtained from

the real MRI datasets of the two conical inclusions gel phantom.
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Figure 4- 12 Two views of magnitude images obtained from the two cone shaped inclusions gel phantom.
The magnitude image from MRE reconstructions shown in one slice (A) and twenty one slices of MR

magnitude image obtained from MRI imaging of phantom volume (B).
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Figure 4- 13 These pictures show three views of the shear modulus reconstruction results for the two cone
shaped inclusions isotropic phantom. A satisfactory shear modulus distribution recovery of two cone
inclusions with low levels of artifacts in the background with initial guess 10 KPa (A) along with a 3-D view

of two cone shaped inclusions (B), and also the shear modulus reconstruction result with initial guess 15 KPa
(C) are shown.
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Figure 4- 14 The displacement pattern for the two cone shaped inclusions phantom excited by the Type-B
actuation system. An irregular motion pattern around the inclusions illustrates the existence of stiffer
inclusions in the medium. The small arrow shows the displacement pattern disturbance around the conical

inclusion located at the bottom of the phantom.

4.7.2.3 Reconstruction Results Analysis

A successful shear modulus distribution reconstruction with low levels of artifact in the
background of the image is illustrated in Fig. 4.16 for the two conical inclusions phantom
excited by the Type-B actuation system. Table 4.2 shows the mean values of the shear
modulus reconstructions with two different initial guesses, 10 and15 KPa. Table 4.2
illustrates that the mean value of the shear modulus reconstruction is raised by increasing the

initial guess from 10 to 15 KPa.

The Mean Values for Shear Modulus Reconstructions (KPa)

Initial guess=10 Initial guess=15 Difference

8.0956e+003 10.1700e+003 2.0744e+003

Table 4- 2 The mean values of the shear modulus reconstructions with two different initial guesses, 10 and15

KPa, for the two conical inclusions phantom are represented.
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Figures 4.16-A and 4.16-C exhibit that the stiffness contrast between background and the
inclusions using initial guess 15 KPa is more improved in comparison with the initial guess
10 KPa. The displacement field image shown in Fig.4.17 with the mean value of 8.3909e-

004 4 m represents an irregular motion pattern around the inclusions which implies the

existence of stiffer inclusions in the medium. This also can mean that the Type-B actuation
system allows the phantom to move freely on all sides while is being excited and this might
be a reason for the strong perturbation around the conical inclusions. From one glance at the
phantom situation in Fig. 4.4 it can be seen that the two conical inclusions phantom is
restricted on the actuation tray on only one side (the bottom), and the other five sides are
free. This may explain the high motion magnitude level within the phantom and fewer

artifacts as the inclusions could be detected in the reconstruction procedure.

4.7.3 Discussion and Conclusion

High-quality elastic property images have always been the objective of MRE, to facilitate
differentiation between benign and cancerous lesions. The approach presented here
investigates the role of boundary condition as a possible key factor in better property
reconstructions with fewer artifacts. The goal was to compare two different actuation
systems in order to suggest a realistic design guideline for advanced MRE actuation systems.
Phantom experiments with different piezoelectric actuators have been previously performed

to demonstrate the artifact caused by constraints applied by the actuation system.

In general, when a shear wave travels through a medium, a part of this wave will be
deflected away from any surfaces or boundaries and another part will be scattered especially
from the corners of the object. This deflection and scattering of the wave can also occur
within the interface of two materials with different stiffness, such as a stiffer inclusion inside
a softer background, as well as creating a perturbation around the inclusion. In 2005 Parker
and et al. [163] showed that the presence of inhomogeneity, such as the existence of stiffer
inclusions in the tissue or phantom, can be indicated by the perturbation in displacement

fields [164, 165, 166, 167].
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In the MRE image implementation, this wave perturbation and irregularity in the motion
pattern will translate as a material properties contrast which happens when the wave faces a
different medium or an inclusion inside a phantom in this case. A highly constrained
actuation system does not allow sufficient perturbations in the displacement field around the

inclusions to facilitate the reconstruction.

This can lead to the existence of artifacts in the boundaries and corners as well, because of
the existence of the wave disturbance in those areas. Also, by considering wave energy
dissipating on the rigid boundaries [168, 169], a strong motion which is the source of the
perturbation in the displacement field cannot be generated. This fact can be seen in the

displacement field in the Type-A actuator case which was overly constrained.

In the comparison of two piezoelectric actuators, Type-A and Type-B, with two different
boundary conditions, a satisfactory shear modulus reconstruction with fewer artifacts
demonstrated with the Type-B actuation system. This investigation has shown that by raising
the initial guess in the shear modulus reconstruction, the elasticity contrast between the
inclusion and the background is increased. Table 4.3 evaluates the difference between MRI
real data reconstruction mean values of two cylindrical and conical inclusion phantoms
obtained from the Type-A and the Type-B actuation systems respectively. This evaluation
reveals that the conical inclusion phantom excited by Type-B actuator illustrates a higher
mean value in the both image reconstruction, shear modulus with two different initial guess

and displacement.

The displacement field observed in the Type-B actuation also shows an irregular pattern
(Fig. 4.17) while this displacement pattern in the Type-A actuation are regular without any
disturbance around the inclusions (Fig. 4.11). While the displacement magnitude level in
actuator Type-B is slightly higher than that of actuator Type-A, this cannot be the only
reason for the successful image reconstruction in the conical inclusion phantom. The
important point is the disturbance level around the inclusions. This can be seen in the Type-B
actuation which was able to create enough perturbation around the inclusions and as a result,

better elasticity image reconstructions were obtained.
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Reconstruction Results Mean Value Differences

Using Real MRI Data for Two Conical and Cylindrical Phantoms

Phantom | Conical Inclusion | Cylindrical Inclusion Difference
Recon. Type-B Type-A
Shear Modulus with 8.0956e+003 7.1895e+003 0.9061e+003
Initial Guess=10 KPa
Shear Modulus with 10.17e+003 9.8511e+003 0.3189 e+003
Initial Guess=15 KPa
Displacement 8.3909e-004 8.007e-004 0.3839e-004

Table 4- 3 The difference between MRI real data reconstruction mean values of two cylindrical and conical

inclusion phantoms obtained from the Type-A and the Type-B actuation systems are evaluated.

While the results obtained from the real MRI datasets verify that the boundary condition in
MRE reconstruction may play an important role in the quality of reconstructed MRE images,
more accurate tests are still required to determine the exact cause of the artifacts. This

hypothesis can be better clarified by simulation studies in the future.

The discussion is open for more evaluation about other factors which may create the artifacts
in MRE actuation systems (i.e. the frequency of the actuation). Questions still remain over
parameters which may affect this problem such as reconstruction procedures (i.e. zone size),
elasticity properties (i.e. initial guess), data acquisition conditions, and the phantom

fabrication process which is being used to manufacture the phantoms.

As shown, regardless of the type of actuator, by increasing the initial guess the elasticity
image reconstructions obtained from real MRI and simulated datasets are improved. This
indicates that initial guess can be another factor which might play an important role in MRE
image reconstructions. The discussion about the initial guess and its influence in elasticity

reconstruction results and artifacts will be continued in the following chapters.
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“A person, who never made a mistake, never tried anything new”. Albert Einstein

Chapter 5

5.1 Orthotropic Incompressible Phantoms

To evaluate a realistic orthotropic incompressible model, several biological phantoms (with
and without gelatin embedding) and a series of non-biological tissue-like gelatin phantoms
were developed and tested for this thesis. Choosing the best phantom that mimics an
orthotropic material can be very challenging, as there is little quantitative information

available in MRE experiments regarding orthotropic phantom fabrication.

This research project is mainly based on the orthotropic incompressible phantom
development along with data acquisition and image reconstruction, to describe the
orthotropic behavior. Several orthotropic phantoms were designed and manufactured for
MRE data acquisition. Orthotropic image reconstruction was then carried out to map
orthotropic elasticity properties in 3D using a few MRI datasets which are presented in this
chapter, and their results will be discussed in the following chapters. This chapter presents

some experiments with tissue-like gelatin phantoms and muscle phantoms which include:

e Orthotropic phantom manufacturing protocols
® Boundary conditions regarding orthotropic materials
¢ Orthotropic data acquisition

¢ Protocol analysis and manufacturing remarks
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5.2 Biological Orthotropic Phantoms

Recently, ex vivo phantom elastography such as muscle phantoms, have been developed
for non-invasively measuring the stiffness of biological tissues [159]. As real cancerous
tissue is not always available for MRE testing, one focus on this investigation was to
design and manufacture a series of muscle phantoms and tissue-like gelatin phantoms that

could mimic the tissue and tumors with orthotropic properties.

In this approach, two kinds of biological orthotropic phantoms were developed and made
for the orthotropic dataset acquisition. These were muscle phantoms and a pineapple

phantom.

5.2.1 Muscle Phantom Experiments

Due to the structural properties and myofibril protein orientations within the muscle, this
material can be a good example of orthotropic incompressible behavior. As muscle is known
to be highly orthotropic [170], to develop clinically realistic orthotropic phantoms, bovine
muscle was chosen and tested. To examine the muscle phantom, two different kinds of
phantoms were designed, and then tested with two different types of actuators. These
actuators were piezoelectric actuation systems (Type-A and Type-C), and a pneumatic
actuator. Phantoms which were fabricated and tested in this category were: a gelatin-muscle

phantom and multiple free standing muscle phantoms.
5.2.1 .1 Gelatin-muscle phantom

¢ Manufacturing Protocol

The purpose of making this phantom was to simulate an orthotropic tumor (cubic beef
muscle in this test) inside a soft tissue (gelatin). This phantom was fabricated for the Type-A

actuation system.
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The gelatin-muscle phantom was made from a cubic piece of bovine muscle embedded in
unflavored homogenous gelatin (Davis Gelatin, NZ, Ltd). Gelatin is a suitable material for
tissue-mimicking phantom manufacturing as it is safe, relatively easy material to work with,
and can also be set quickly. Early experiences have shown that an acceptable concentration

of gelatin is around 9.9g/100mL [171].

To make this phantom, 25g gelatin was weighed and added to 250 ml hot water and then
mixed. A magnetic stirrer was used to help dissolve the gelatin in the water while the

mixture was heated on a hotplate to around 70° C.

The temperature of the mixture was measured by a thermometer which was placed inside the
hot water. The mixture was then cooled in a water bath to around 32° C. The reason that the
mixture was cooled to around 32° C was to prevent over heating the bovine muscle while it
was being surrounded by gelatin, as the heat may change the material property of the tissue.
Before pouring this liquid inside the phantom box all screw holes of the phantom box were

sealed to avoid liquid leaking out.

In the next step, one third of the phantom box was filled by this solution and then the
phantom was set overnight in the refrigerator. After the gelatin was set, a cubic bovine
muscle was prepared (7X7X5cm) and located on the top of the gelatin base inside the
phantom box. The geometry of the cubic bovine muscle was designed in such a way that was

suspended in the gelatin without touching the phantom box faces (Fig. 5.1).

At this stage, the markers (oil capsules) were applied on top of the gelatin base between the

cubic muscle and internal phantom faces (Fig. 5.2) in the manner that was explained before

in 4.3.1. The phantom and the cubic bovine muscle were then surrounded by 257 C gelatin

and then kept in the refrigerator to facilitate setting.
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Figure 5- 1 A configuration of the gelatin-muscle phantom. The position of the cubic bovine muscle on top

of the gelatin base is shown.

Figure 5- 2 This image depicts the completed gelatin-muscle phantom. The small arrow shows the position

of the markers regarding the coordinate system. The cubic bovine is shown suspended inside the gelatin.

Cubic Beel Muscle

Figure 5- 3 The Type-A actuation system set up is depicted while the phantom box included the gelatin-
muscle phantom is coupled with the piezoelectric actuator. The coordinate system shows the phantom

alignment inside the phantom box.
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¢  Orthotropic Data Acquisition

The gelatin-muscle phantom was tested by the Type-A actuator at a frequency of 100 Hz.
The experimental set up arranged for this test included the gelatin muscle phantom located
inside the phantom box which was coupled to the piezoelectric actuator. The actuator was
then placed into a head coil which was used to receive the MRI motion data. Finally, this

system was inserted inside the MR bore (Fig. 5.4).

Figure 5- 4 This picture shows the experimental arrangement for the gelatin muscle phantom. The phantom
located inside the actuator Type-A was place inside a head coil. The head coil is shown while it is being

inserted inside the MRI bore.

Before phantom scanning, a pre-scan was carried out to check the correct orientation of the
scan plane in the magnitude image. The phantom was then scanned in three dimensions to
measure the real and imaginary parts of the motion data in the magnitude and phase images

format. The slice thickness for this MRE test was 2 cm while considering a cubic voxel

(I1x1x1 mm).

¢  Orthotropic Boundary Conditions

The phantom was scanned in three dimensions by rotating the phantom box 90° in 3-D.
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As mentioned in chapter 3, to obtain enough motion data from an orthotropic material,

multiple measurements in 3-D are required. By rotating the phantom box 90°in 3-D, the
phantom could be efficiently actuated in three directions. The schematic of boundary
conditions assigned to the phantom box including the muscle gelatin phantom, is depicted in
figure 5.5. The phantom was scanned in three stages with one specific excitation frequency
of 100 Hz. In each stage, this load condition was assigned to the side of the phantom box

which was coupled to the piezoelectric actuator in the excitation direction (Z).

fipping 90 [lipping 90
degree degree
_—
The Phantom Box — 7
,‘ f=100 Hz If=100H: f=100 Hz

Actuation
Direction

Figure 5- 5 This schematic depicts three stages of the boundary conditions applied to the muscle gelatin
phantom located inside the phantom box. This picture illustrates that only one specific frequency of 100Hz

was assigned to the phantom in 3D while the phantom is being excited in the Z direction. The phantom box

has been flipped 90° in each stage to capture multiple measurements in 3-D from this orthotropic sample.

¢ Protocol Analysis and Manufacturing Remarks

A view of the 72" weighted MR magnitude image captured from the gelatin muscle phantom
is shown in Fig. 5.6. Unfortunately, the MRI dataset from this phantom did not exhibit
sufficient transmission of shear waves to the muscle, thus this phantom was not used for the

reconstruction procedure.
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To explain this deficiency, a reason could be again that the boundary conditions applied from
the five rigid faces of the phantom box to the gelatin-muscle phantom using the Type-A
actuation set up which overly constrained the phantom. This reduced the motion magnitude

level and the perturbation within the phantom, as discussed in chapter 4.

As initial elasticity image reconstructions obtained from phantoms (silicone gel and gelatin
muscle phantoms) tested by the Type-A actuator has not revealed satisfactory results, this
actuator is no longer used for the MRE data acquisition owing to its constraints on the

phantoms.

Figure 5- 6 A view of the MR magnitude image (TZ* weighted) obtained from the gelatin muscle phantom.

The cubic bovine muscle embeded inside the gelatin is visible.

5.2.1.2 Free Standing Muscle phantoms

Research has shown that motion signals obtained from free standing muscle are significantly
stronger than gelatin-muscle phantoms [159]. A reason can be that the motion magnitude
level may be higher in the free standing muscle phantoms than the muscle embedded in the
gelatin. As explained before, the higher the mass in the gelatin-muscle phantom with a
constant load condition causes a reduction in the system’s acceleration. This does not allow
strong waves to be made within the phantom. For this reason, free standing muscle phantom
was fabricated, with the muscle actuated directly without any gelatin embedding for the data
acquisition.
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As experiences have shown, material properties of the tissue (i.e. the stiffness) can be
changed by heating. This idea was applied to create an inclusion inside the muscle

phantom to simulate an orthotropic tumor inside the tissue.

In this approach, several methods were developed to create an inclusion within the muscle
phantom using heating and chemical processes. These techniques took advantage of a laser
system and electricity to produce heat in a small area inside the muscle phantom. Using a
chemical material such as acetone to change the elastic property of the tissue to simulate an
inclusion within the muscle phantom was another approach that was also investigated.

These protocols are explained in this section.

5.2.1.2.1 Laser

Laser stands for “Light Amplification by Stimulated Emission of Radiation” [172]. It is a
device which uses atoms or molecules of a substance and excites them to produce an excited
energy during a procedure known as stimulated emission to release coherent light
(electromagnetic radiation) of a precise wavelength as a narrow beam (low divergence beam)
[172, 173]. The laser emission is transferred by glass or plastic fibers which are used to carry
the light along its length. There are two kinds of fiber; single-mode and multi-mode. Multi-

mode fibers have a significantly large core diameter (50-1000 # m) in comparison to single-

mode (4-10 u m) (Fig. 5.7) [174, 175].

Cladding

Multi-Mode Fiber Single-Mode Fiber
Core

Figure 5- 7 A schematic of the single-mode fiber (right) and the multi-mode fiber (left). The difference

between their cores and their claddings are shown.
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¢ Manufacturing Protocol

In this research, the laser (Ultrafast Mai Tai® Lasers, Spectra-Physics ®, Mountain View,
CA) was used to carry the laser energy to heat a spot inside the tissue (Fig. 5.8). This device
can produce a wavelength range between 690-1020 nm. The actual wavelength associated

for this test was around 802 nm powered by 1.5 W.

Sending the laser
through the phantom
2| p ~
o

The Inclusion
Made by Heat

Bovine Muscle
Phantom

Figure 5- 8 The protocol configuration of making an inclusion by heating a spot within the muscle phantom

using the laser is shown.

For the first trial, the single-mode fiber was used. The test was carried out by applying a
metal needle (Fig. 5.9) to conduct the single-mode fiber (about 104 m) to the inclusion
location within the phantom. The laser transmission along the fiber (Fig. 5.10) was then

carried out for twenty minutes to heat a small area within the muscle phantom and create a

stiff inclusion (Fig. 5.11).

Figure 5- 9 The metal needle shown in this picture was used to facilitate locating the single-mode fiber

through the muscle phantom.
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Single-mode Fiber

B

Laser Transmission

Figure 5- 10 The laser transmission along the single-mode fiber applied to the muscle phantom is shown.

This test was carried out for twenty minutes.

Figure 5- 11 This picture depicts a view of the muscle phantom which was cut to observe the quality of the
inclusion after the laser transmission. The small and overheated inclusion is due to a high laser transmission

in a small area using the single-mode fiber.

Figure 5.11 shows a view of the muscle phantom which was cut to observe the quality of the
inclusion. As the single-mode fiber has a very small light carrying core with a high
transmission rate, the inclusion generated by this fiber was small (about Smm diameter) and
overly heated. This muscle phantom was not used for data acquisition as it was assumed that

this small inclusion may not be visible in the MRI scan and elasticity reconstructions.

The next laser transmission trial was carried out for twenty minutes in order to make another

inclusion inside the muscle phantom using the multi-mode fiber (1mm diameter) (Fig. 5.12).
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The same technique which was used to locate the single-mode fiber inside the muscle
phantom was utilized for placing the multi-mode fiber within the tissue. As mentioned in
Fig. 5.7 the multi-mode fiber has a larger light carrying core and as a result a larger area can
be heated by the laser (Fig. 5.13). Figure 5.13 shows a view of the bovine muscle phantom
which has been cut to observe the heated area. The material property within the tissue was
changed successfully by this technique with a larger inclusion diameter. The changed color

area represents the generated inclusion (over 20 mm diameter).

Figure 5- 12 This picture depicts a demonstration of the multi-mode fiber with 1 mm diameter located inside

the muscle phantom for twenty minutes in order to heat and create an inclusion using the laser transmission.

Figure 5- 13 This picture shows a view of the bovine muscle phantom tested with the multi-mode fiber with
a larger laser carrying core. The phantom has been cut for better observation of the heated area. The circled
spot exhibits the material property changing within the tissue. The changed color area represents the

generated inclusion of about 20 mm diameter.
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As the previous phantom was cut for the observation, another muscle phantom was
fabricated in the same manner as the previous phantom using the multi-mode fiber for the
MRI scan. A coordinate system was defined for the phantom using three fiducial markers

(MR-SPOTS, Beekley Corporation, USA) as shown in Fig. 5.14.

Figure 5- 14 The performance of the final muscle phantom which was used for the MRI scan. A coordinate

system was defined for the phantom using three fiducial markers as shown in this picture.

¢ Orthotropic Data Acquisition

Figure 5.15 shows an experimental set up for the muscle phantom which was located on the
contact plate of the Type-C actuation system while a pair of surface coils is coupled from

both sides. A large pad is applied to stablize the other side of the plate.

The driven force supplied by two piezoelectric actuators excited the phantom. Two thin
rubber mats were used underneath the actuator’s legs to prevent shaking the actuation system

during the scanning.

As this picture shows the direction of the actuation system is in the X direction of the MRI
scan coordinate system. The MRE dataset was collected with fifteen slices and the voxel size

was 2X 2 X 1.8 mm including a 0.9 mm slice gap.
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Figure 5- 15 A demonstration of the experimental set up for the muscle phantom which was excited by the
Type-C actuation system while a pair of surface coils is attached to both sides. The situation of the large pad,

two thin rubber mats, and the actuation direction, are also illustrated.

¢ Boundary Conditions

The muscle phantom was scanned with an excitation frequency of 100 Hz in three directions
by rotating the phantom box 90°in 3-D to capture enough MRI motion data from this

orthotropic phantom (Fig. 5.16). By rotating the phantom faces 90°in 3-D, the phantom
could effectively be actuated in three directions. Boundary conditions applied to the muscle
phantom show that only one face of the phantom which is located on the contact plate is

restricted and the phantom is free on its other five sides.

¢ Protocol Analysis and Manufacturing Remarks

The successful material property transformation using the laser transmission has shown that
this method is capable of creating an ex vivo inclusion within the muscle phantom (Fig. 5.17)

where the real case was not available for the MRE experimental tests.
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Figure 5- 16 This schematic shows the applied boundary conditions for the muscle phantom with a

frequency of 100 Hz in three dimensions along the actuation direction (X). Note that the actuation direction is

constant but the phantom faces are rotating 90° in 3-D.

While the goal of elastic property modification using the laser protocol has been achieved in
this experiment, a satisfactory MRI dataset was not captured from this muscle phantom. The
muscle phantom set up shown in Fig. 5.15 may express one reason for this inadequacy. The
improper adjustment of the surface coils with respect to the phantom can cause the
insufficient MRI data collection. As explained in 4.2.3, the best position of the phantom-coil
set up is when the coil is near the phantom. This form of the phantom-coil set up would help

to detect stronger motion signals by the coil.

On the other hand, the inclusion spot is fairly small in comparison to the muscle phantom
size. For these reasons, the recorded MRI datasets from this phantom were not used for the

orthotropic reconstruction procedure.

The stiff inclusion construction for tissue-equivalent phantoms using the laser is still an open
approach needing more investigation. For future trials, adjusting the procedure of heating for

a longer time and using several multi-mode fibers to create the larger spot are suggested.
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Figure 5- 17 The MRI magnitude image (proton density weighted) obtained from the laser protocol to
change the elasticity property of an internal spot within the muscle phantom. The circled area shows the

inclusion location.

5.2.1.2.2 Electricity

Direct current (DC) is the constant flow of electrons which is generated by power supply
units such as batteries etc. This continuous movement of electrons will flow through a
conductor such as a wire from a negative terminal of a power source to a positive end. A
DC electricity system in a circuit comprises voltage, current, and resistance. A DC voltage

is provided by an electricity generator such as battery [176, 177, 178].

® Manufacturing Protocol

An approach to making an ex vivo inclusion using DC electricity to produce the heat in order
to transform the material property within the muscle phantom is shown in Fig. 5.18. For this
purpose, a resistor (SW 3Q 9J YAGEO DGK, Oxygen Electronics LLC USA) was coupled
between two plastic protected wires using a soldering iron. The end of each wire was

stripped of plastic and joined to the resistor’s wires which had also been stripped (Fig. 5.19).
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Figure 5- 18 This picture shows a configuration of the DC electricity system which was designed for an ex
vivo inclusion fabrication within a muscle phantom. This circuit includes a resistor to generate heat inside the
muscle phantom, a power supply unit to produce the voltage, and a multimeter for measuring and adjusting

the current.

' mlllllll’lll//A

A B

Figure 5- 19 In these pictures, the procedure of joining the resistor to a wire using a soldering iron (A) and

the resistor coupled between two plastic protected wires (B) are depicted.

The resistor was then placed inside the muscle phantom (Fig. 5.20). Two wires were then
attached to the positive and negative terminals of a DC power supply unit (6114 A Precision
Power Supply, Test Path Inc, USA) while a digital multimeter (Fluke 77 Multimeter,
Optimum Energy Products Ltd, USA) was connected to the power supply unit to complete
this system by adjusting the DC current, which was passing through the muscle phantom

(Fig. 5.21). The power supply unit could generate voltage in the range between 0-50 V.
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Several experiments with the voltage range between 24-35 V and the current range between
0.5-1 A were carried out to fabricate this muscle phantom successfully. For the ultimate test,

a voltage of 35V and current of 1 A were applied to heat the muscle phantom sufficiently.

The final designed system is shown in Fig. 5.22.

P

Figure 5- 20 These pictures show two views of the muscle phantom and the locating scenario of the coupled

resistor between two wires within the phantom.

Figure 5- 21 The power supply unit used for this test to provide the voltage (A) and a digital multimeter to

measure and adjust the DC current which was passing through the muscle phantom (B), are displayed.
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Figure 5- 22 The final designed system to set up the DC circuit to fabricate the muscle phantom included a
stiffer inclusion which was created by heat. The resistor located within the muscle phantom is able to convert
the electric energy to heat. This heat changes the material property inside the phantom. The DC electricity

flow was generated by a power supply unit which was connected to a multimere to adjust the current.

e Protocol Analysis and Manufacturing Remarks

Transforming the material properties within the muscle phantom in order to make a stiffer
inclusion using the electricity energy to produce heat was successful as well as the laser
transmission procedure. This technique has been shown to be a safe and fairly easy method
to fabricate ex vivo phantoms with stiffer inclusions. However, this approach still needs to
be modified. Fig. 5.20 shows that the muscle phantom had to be damaged to locate the large
resistor. As a result a large hole was observed after removing the resistor from the muscle

phantom (Fig. 5.23) which may affect the quality of the obtained MRI datasets.

Using thin resistors can be helpful for future muscle phantom manufacturing. Also, more
investigations are needed to adjust the voltage and the current of the DC electricity for the

optimum temperature to make a larger and stiffer inclusion.
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Figure 5- 23 These images display two views of the stiffer inclusion within the muscle phantom. The
location of the inclusion is circled. The phantom was slightly cut for observation (A). The transformed color
inside the muscle phantom means the material property of this area is changed. The closer view (B) shows a

fairly large hole within the phantom which was where the resistor was located.

A suggested option to provide the electric energy could be the alternating current (AC),
considering the safety issues. This phantom was not taken to the MRI scan as it was assumed

that useful MRI datasets would not be captured from the damaged muscle phantom.

5.2.1.2.3 Electrosurgical Device

An electrosurgical device is a surgical instrument which uses high frequency current,
usually upwards of 100 KHz, on a particular area of the body for surgical purposes. This
device is typically applied to seal off blood vessels and remove unwanted tissue. Some
surgical techniques use the electrosurgical device to create a surgical incision on different
tissues. The advantage of the electrosurgical device is that it is clean, safe, and more

efficient than other similar surgical techniques [179, 180, 181, 182].

¢ Manufacturing Protocol

In this muscle phantom fabricating protocol, the electrosurgical device (Force 2, Valleylab,
USA) was used to create the heat inside the phantom in order to make a stiffer inclusion
(Fig. 5.24).
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The electrosurgical generator produces the voltage for electricity flow as well as
converting the AC electricity to high frequency waveforms. For example, an AC with 60
Hz can be transformed to 100,000 Hz which is known as radio frequency (RF). Two
different techniques exist for electrical circuit set up: monopolar (monoterminal) and

bipolar (biterminal) [183].

In the monopolar method, the electrical flow is sent through the tissue by only one single
active electrode (Fig 5.25—A), and it is then received from a return electrode pad (Fig 5.25—
B). In the bipolar approach, the active and the return electrodes are placed in one
handpiece pencil (forceps), and the return pad is no longer needed as is shown in Fig 5.25-
C. A monopolar configuration of an electrosurgery circuit comprises: an electrosurgical
generator which supplies the power, a hand-piece known as ‘pencil’ or active electrode,

including one or several electrodes, a return electrode pad, and the tissue as a resistor.

A schematic of this technique is displayed in Fig. 5.26. In electrosurgery, the principle is
that the tissue plays the role of a resistor between two electrodes. Since the resistance of
the tissue is high, it converts the electric energy to thermal energy and this heat can be used

to transform the material property within the muscle phantom.

In this procedure, the RF current produced by the electrosurgical generator was sent
through the muscle phantom by an active electrode known as a ‘pencil’ or ‘RF knife’ and it
was then received from the return electrode pad. The electric current received from the
return electrode pad is then sent back to the AC source (electrosurgical generator). On the
tip of all electrosurgical pencils there is a removable small contact plate known as a probe

which is made from stainless steel and acts as an electrode.

Usually, when the high frequency flow passes through the pencil’s electrode, it spreads in a
localized region only near the probe tip, inside the tissue. Once this electricity flow faces
the tissue’s resistance, the heating procedure occurs which raises the tissue temperature.
The pencil’s functions can be controlled by pushing the yellow and blue buttons which are

located on the pencil’s hand piece (Fig. 5.25-A).
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Figure 5- 24 The electrosurgical generator used for the MRE test to create the heat inside the muscle
phantom in order to make a stiffer inclusion is shown. This power supply produces the voltage for electricity

flow as well as converting the AC electricity to high frequency waveforms.

Function Buttons The Active Electrode
A

|

The Handpiece
Pencil

Active

Electrodes Return

C

Figure 5- 25 Three electrosurgical accessories are displayed in this picture. The active electrode known as
the electrosurgical pencil (A) and the return electrode pad (B) which are both used in the monopolar
technique are shown. The forceps with two active/return electrodes in one handpiece pencil which is applied

in the bipolar method also illustrated (C).
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(Pad)

Return

Figure 5- 26 A schematic of electrosurgical accessories. This circuit comprises an electrosurgical generator
(power supply), a pencil (active electrode), and a return electrode pad and tissue (muscle phantom) as a

resistor.

In this test, the return electrode pad acted as a pathway for the current to be taken back to
the electrosurgical generator again. This pad is flexible and usually made from a
viscoelastic polymer. This pad also plays an isolator role to prevent the current flowing to

the ground (Fig. 5.25-B).

The muscle phantom was placed on the return electrode pad which was connected to the
electrosurgical generator. The pencil-like active electrode was then gently inserted through

the muscle phantom. The test was carried out for five minutes with 35W of power.

Figure 5.27 illustrates the configuration of the set up which was designed for this
experiment. As this picture shows, the pencil’s yellow button was held during the test to

transfer the RF through the muscle phantom.

¢ Protocol Analysis and Manufacturing Remarks

The muscle phantom was then excised after testing with electrosurgical device to observe
the resultant inclusion (Fig. 5.28). The demonstration of the stiffer inclusion represents that

this method was capable of changing the material property within the muscle phantom.
109



The transformed colour of the tissue shows that this technique was successful, safe, and
fast to produce enough heat inside the phantom which is necessary for converting the tissue

to an inclusion. However, this approach has a disadvantage.

Fig. 5.28 reveals that the monopolar technique with a thin probe is not able to create an
inclusion with sufficient thickness. This test was carried out for a longer time on the
assumption that maybe by increasing the time more heat can be generated and as a result it
could make a larger inclusion. Unfortunately this idea was not helpful as the inclusion
became longer but no thicker. A reason could be the small pencil’s probe which spreads

the RF flow in a localized region only near the electrode’s tip.

Electrosurgical
Generator

Remr;l i"a d

Figure 5- 27 The configuration of the designed set up for the muscle phantom to create a stiffer inclusion
using electrosurgical device is depicted in this picture. The muscle phantom was placed on the return
electrode pad which was connected to the electrosurgical generator. The pencil was then inserted through the
muscle phantom gently. The pencil’s yellow button was held continuously during the test to transfer the

electrical current through the muscle phantom.

Although this method was sufficiently fast and efficient to transform the material property of
the muscle phantom, more modifications are still needed to create a qualified inclusion for
future MRE investigations. A suggestion for future MRE muscle phantom tests using the
electrosurgical method could be to apply the bipolar pencil rather than a single active

electrode pencil (monopolar).
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In this technique, a piece of the tissue in the muscle phantom can be trapped between two
electrodes of the forceps which may be helpful to create a thicker inclusion as shown in Fig.
5.29. This muscle phantom was not taken for the MRI scan again as it was assumed that the

thin inclusion may not be obvious in the MRI scan and the orthotropic reconstructions.

Figure 5- 28 This picture depicts a view of the muscle phantom which was cut for observation after the
electrosurgical test. The circled area shows the location of the stiffer inclusion with the small thickness. The
transformed color of the tissue reveals that the material property within the muscle phantom has been

changed.

Active/Return
Active
Return
IMII Electrosurgical
Generator
Muscle Phantom

Figure 5- 29 A proposed set up using the bipolar electrosurgical technique is depicted in this schematic. The
bipolar forceps is inserted through the muscle phantom while a piece of tissue can be trapped between two

active and return electrodes. This may increase the chance of creating a thicker inclusion.
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5.2.1.2.3 A Chemical Process for Inclusion Generation

Fixation is a chemical procedure used to stabilize a tissue from degeneration. This method is
widely used in histology, pathology and so on to terminate biochemical functions in tissue.
Experiences have shown that the fixation process increases the mechanical stiffness and the
stability of the tissue. In this technique the tissue can be preserved by different chemical

agents known as fixatives such as acetone and formalin (formaldehyde) [184, 185].

In this experiment, acetone was used to make a stiff inclusion inside a muscle phantom by

taking advantage of the effects of this chemical agent the mechanical property of the tissue.

¢  Manufacturing Protocol

Acetone is an alcoholic precipitating fixative with the formula OC (CHs),, which, by
diminishing the solubility of protein molecules and destroying the hydrophobic functions,
changes the nature of the material structure within the tissue. Acetone is a colorless,
flammable and mobile liquid which is known to cause considerable shrinkage and
hardening of the tissue during fixation [186, 187, 188]. In this test, 2 ml acetone (A18-4,
Fisher Scientific, Inc, USA) (Fig. 5.30-A) was injected inside the muscle phantom with a
small syringe (2 ml) (Fig. 5.30-B). From a central point of penetration, several injections

were made at different angles to spread the acetone evenly throughout the muscle phantom.

This technique of injection was carried out to fabricate a three dimensional inclusion with
sufficient thickness within the phantom. A schematic of the injection technique with
different angles to make a 3D inclusion within the muscle phantom is illustrated in Fig. 5.31.
After acetone injection, the muscle phantom was cut for observation (Fig. 5.32). The color
conversion of the injected area can be interpreted to mean that material properties of this
region have changed. In fact, a stiffer inclusion was created because of the tissue hardening
effect of the acetone fixation process. Another muscle phantom with a stiffer inclusion was
fabricated using the acetone injection technique, in the same manner as the previous muscle

phantom for the MRI scan.
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Figure 5- 30 Acetone was used as an alcoholic fixative to fabricate the muscle phantom with a stiffer

inclusion as this chemical agent can cause shrinkage and hardening of the tissue during fixation (A). A 2 ml

syringe was applied to inject the Acetone inside the muscle phantom as shown in B.

Three Injection
Angles

N

The Inclusion

Muscle Phantom

Figure 5- 31 This schematic shows the technique of injection with different angles which was carried out to
create the stiffer inclusion in 3D within the muscle phantom. From a central point of penetration, several

injections were made at different angles to spread the acetone evenly throughout the phantom.

Figure 5- 32 The circled area displays the transformed color of the inclusion after the injection process

which indicates that the material property of this volume has been changed by acetone.
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¢  Orthotropic Data Acquisition

Figure 5.33 demonstrates an experimental set up for the muscle phantom which was located
on the membrane of the pneumatic actuation system while a pair of surface coils is coupled
from both sides. The system was supported by two sand bags to prevent undesirable
movement of the system during the excitation. The actuation system had to be covered by a

cloth because the phantom was leaking blood during the test.

As this picture shows the direction of the actuation system is in the X direction of the MRI
scan coordinate system. The MRE dataset was recorded with fifteen slices and the voxel size

was 2X 2x 1.8 mm including a 0.9 mm slice gap.

Figure 5- 33 The set up for the free stand muscle phantom with an inclusion made by acetone. The
pneumatic actuation system was used for exciting the phantom in the X direction with a frequency of 100 Hz.
The actuator had to be covered because of the phantom blood leakage. The phantom was located on the top

of the actuator membrane. The position of the surface coils and the sand bags are also shown. Note that the

actuation direction is constant but the phantom faces are rotated 90 in 3-D.
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¢ Boundary Conditions

The free standing muscle phantom was scanned with a specific excitation frequency of 100

Hz in three dimensions by rotating the phantom box 90”in 3-D in three phases to collect

sufficient motion data from this orthotropic phantom similar to the previous MRI data

collection which is illustrated in Fig. 5.16. By rotating the phantom faces 90°in 3-D, the
phantom could be actuated in three dimensions. Boundary conditions applied to the muscle
phantom allowed that only one face of the phantom which is located on the membrane of the
pneumatic actuator is constrained. As a result, the phantom was free to move on its other five

sides.

¢ Protocol Analysis and Manufacturing Remarks

Although the acetone injection method was successful in changing the tissue hardening and
creating a stiffer inclusion, the inclusion was not detected in the MRI datasets (Fig. 5.34).
More investigations about this technique and alcoholic fixatives revealed that the tissue
hardening influence due to acetone is temporary and after a short time (about 20 minutes),
acetone evaporates or dissolves in the water medium of the tissue. This causes the tissue to
lose its hardness and return to its original form. This technique can be modified in future
trials by paraffin embedding as the paraffin stabilized the acetone and prevents its

evaporation and its solubility in the tissue water.

Another alternative for future MRE testing to manufacture a muscle phantom with a stiffer
inclusion using chemical materials is applying other fixatives such as formaldehyde
(formalin). Formaldehyde exists as a gas form while formalin, with the formula CH,O, is
formaldehyde dissolved in water which is often used as 10% Neutral Buffered Formalin
(NBF) [189, 190]. This material is a cross-linking fixative which generates the covalent
bonds between proteins within the tissue. Although formalin is able to make a stiffer
inclusion by creating long term tissue rigidity, this material is reasonably carcinogenic and

considering safety issues during the test is strongly recommended.
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Figure 5- 34 Two views of the MRI T2" weighted magnitude image, captured from the muscle phantom
after injecting the acetone. The stiffer inclusion was not seen in this MRI data collection as the tissue lost its

hardness owing to acetone’s solubility in the water.

Wearing clothing made with special materials such as cotton, nylon, and so on, along with a
mask and gloves, is important to prevent exposure to this chemical compound. As formalin
evaporates quickly, working under a hood with ventilation, opening doors and windows are

other important precautions that should be pointed out [191, 192].

Freezing the tissue with some special fixatives or chemical material such as liquid nitrogen

could also be another suggestion to fabricate a muscle phantom with a degenerated inclusion.

5.3 Orthotropic Gelatin Phantom Experiments

Following muscle phantom fabrication, tissue-equivalent gelatin phantoms were developed
to evaluate the orthotropic incompressible model in vitro. Several orthotropic gelatin
phantoms were designed and manufactured for the MRE data acquisition, to reconstruct

orthotropic elastic properties in three dimensions.

These tissue-like gelatin phantoms are classified into two categories: biological and non-

biological.
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For the biological gelatin phantom, a piece of pineapple was chosen as an orthotropic
inclusion to simulate a tumor with a gelatin background as the benign tissue. For the non-
biological gelatin phantoms, some bristles were applied inside a gelatin base. These
phantoms were excited by a pneumatic actuation system. In this section, fabricating of these
orthotropic gelatin phantoms along with the MRE data acquisition procedures, and applied

boundary conditions are discussed.

5.3.1 Biological Tissue-like Gelatin Phantom

Fabricating a biological gelatin phantom using fruit for MRE in vitro testing is a novel
technique which was developed for this research. This method is simple and inexpensive,
and can be used when there is no cancerous tissue available for in vivo MRE testing. For
this purpose, a piece of pineapple was chosen to fabricate an orthotropic gelatin phantom.
In this experiment, the ability of the pineapple to mimic tissue with orthotropic properties

is investigated.

5.3.1.1 Pineapple Phantom

While there is little information available in literature regarding the mechanical properties of
the pineapple, this natural fibril reinforced bio-composite material can be considered to be a
highly orthotropic material owing to its structural properties and different fibril orientations,
which incorporate a variety of fibril lengths and thicknesses within the pineapple’s matrix

[193, 194].

e Manufacturing Protocol

The protocol utilized to fabricate the gelatin phantoms’ background in this section is
different from the method described in 5.2.1.1. The background of all orthotropic gelatin
phantoms manufactured in this section followed a similar fashion which is explained.
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The porcine skin gelatin (Type A, Sigma, Life Science Inc, USA) was used to make the
phantom base (Fig. 5.35). A large glass beaker (1000 ml) was used to combine 100 g
scaled gelatin with 900 ml distilled water. To improve the solution of the gelatin into the
water, the mixture was heated by placing it in a microwave oven for 20 seconds (Fig.
5.36). The beaker was then removed from the microwave and placed on the hotplate to
cool down gradually to around 30° C, while a magnetic stirrer was agitating the mixture.
This helped to remove air bubbles and obtain a homogenous gelatin solution (Fig. 5.37).

The temperature was monitored by a digital thermometer.

Figure 5- 35 The material (the gelatin from porcine skin) and the scale used to make the background of the

pineapple gelatin phantom are shown.

Figure 5- 36 The mixture of gelatin and water was placed inside a microwave oven and heated up for 20

seconds to help dissolve the gelatin into the water.
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The first layer of gelatin was poured into a small plastic container (13X 137 cm) filling
one third of the container, which was greased by petroleum jelly beforehand to facilitate
removing the phantom from the plastic container. The mixture was kept in the refrigerator

to let the gelatin solidify for one hour.

Figure 5- 37 The beaker was placed on the hot plate after removing from the microwave oven to cool down
gradually to around 30° C, while a magnetic stirrer was agitating the mixture. This was helpful to remove air

bubbles from the gelatin background and obtain a homogenous mixture.

After the first layer of the gelatin was set, a circular slice of pineapple (Dole Food Company,
Inc, USA) (Fig. 5.38) was placed on top of the bottom layer of background and the rest of

the background gelatin was poured very slowly to prevent air bubble forming.
The gelatin phantom was again refrigerated overnight to facilitate setting and also to provide
the phantom an optimum condition before MRI scan. Usually the sample should be kept at

room temperature two hours before MRE imaging.

The coordinate system was defined for the sample by locating three fiducial markers on the

phantom (Fig. 5.39).
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Figure 5- 38 A circular slice of pineapple provided from a cane was used to fabricate the pineapple gelatine
phantom for the orthotropic MRE testing. Different fibre orientation with different length in the pineapple can

be observed.

Figure 5- 39 The completed pineapple tissue-like gelatin phantom with a coordinate system defined three

fiducial markers.

¢ Orthotropic Data Acquisition

Two views of the experimental set up for the orthotropic MRE imaging are demonstrated in
figures 5.40 and 5.41. The pineapple gelatin phantom was located on the membrane of the
pneumatic actuation system while two surface coils are attached to the pineapple sample. To
avoid undesirable shaking of the actuation mechanism during the excitation, the system was

supported by two sand bags.
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The excitation direction of the actuation system was in the X direction of the MRI scan
coordinate system. The MRE dataset was captured with twelve slices while the voxel size
was 2% 2% 1.8 mm. The slice gap of 0.9 mm was chosen along with the slice thickness of 18

mim.

F

Figure 5- 40 The apparatus of the experimental set up for the pineapple gelatin phantom with three fiducial
markers to indicate the phantom’s coordinate system while it is being imaged. The position of the phantom
standing on the membrane of the pneumatic actuator with the excitation in X direction is shown. Note that
the surface coils are attached to the phantom to receive the motion data. The system was also stabilized with

three sand bags and secured by wrapping adhesive strapping around the coils and sand bags.

Figure 5- 41 Another view of the same experimental set up for the pineapple gelatin phantom while it has

been flipped 90° to capture multiple measurements in 3-D from this orthotropic sample.
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¢  Orthotropic Boundary Conditions

To obtain enough motion data from this orthotropic sample, the pineapple gelatin phantom
was scanned in three stages with three different excitation frequencies; 85 Hz, 100 Hz and
125 Hz. In each stage, all these three frequencies were applied on the side of the phantom
which was resting on the actuator membrane and in the excitation direction (X). As a result,
boundary conditions were applied only on one face of the phantom which was located on the

membrane and the phantom was free on its other five sides (Fig. 5.42).

As for an orthotropic material, multiple independent measurements in 3-D are required. By
rotating the phantom 90°in 3-D and repeating this procedure, the phantom could be actuated
in three independent dimensions to record sufficient MRE datasets. These imaging datasets

measured the real and imaginary components of the motion in the magnitude and phase

images which are presented in Table 5.1.

Pineapple Phantom

/

=85 Hz
=100 Hz
=125 Hz

Figure 5- 42 This schematic illustrates boundary conditions applied to the pineapple gelatin phantom in three

stages. By rotating the phantom 90 it could be excited in 3D with three different excitation frequencies: 85

Hz, 100 Hz and 125 Hz are shown. In each stage, all these three frequencies were applied only on the side of

Flipping

Flipping

90 degree

—_—

90 degree

Actuation
Direction

=85 Hz
=100 Hz
=125 Hz

the phantom which was located on the actuator membrane with excitation at X direction.
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¢ Protocol Analysis and Manufacturing Remarks

This phantom was more successful than previous phantom experiments, not only in the
phantom fabricating protocol but also in the procedure of the correct phantom set up and

MRE scanning process to capture better images with fewer artifacts.

Successful pineapple gelatin phantom fabrication with no significant air bubbles in the
background has indicated that the protocol of phantom manufacturing described in 5.2.2 is
suitable as a guide line for making tissue-like gelatin phantoms with a homogenous base.
The recorded orthotropic MRE datasets within the frequency range (85-125 Hz) were
satisfactory for the pineapple gelatin phantom. The position of phantom-coil with a proper
adjustment shown in Fig. 5.40 allowed the collection of sufficient and strong MRI motion
data. On the other hand, several independent boundary conditions can be derived from the
complete boundary conditions applied to the pineapple gelatin phantom shown in Fig. 5.42.
These different boundary conditions can be used individually in the MRE image
reconstruction process depending on the problem’s circumstances and reconstruction’s

requirements which are displayed in figures 5.43, 5.44 and 5.45.

According to these schematics the boundary conditions can be assigned as one specific
frequency in 3D (i.e. 100Hz), three different frequencies (i.e. 85 Hz, 100 Hz and 125 Hz) in
1D and three different frequencies in 3D with respect to the phantom such that each
frequency is assigned to one side of the phantom. Applying boundary load conditions to this
phantom as three independent frequencies in three independent dimensions (Fig. 5.42) could
provide more information which is needed to capture all mechanical properties of this

orthotropic phantom in 3D during the image reconstruction procedure.

Selecting a suitable inclusion regarding the material type and its geometry for the orthotropic
tissue-equivalent phantoms is still an open question which needs more investigation.
Experience has shown that using an inclusion with symmetrical geometry such as circular
pineapple can cause ambiguity in the shear modulus reconstructions as for example by
assuming an circle as X-Y plane, the shear modulus obtain from X direction image

reconstruction may be very similar to the shear modulus in Y direction because of symmetry.
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Mode
Magnitude Real Phase
Image Image Image
Frequency
(Hz)
85
100
125

Table 5- 1 The orthotropic MR imaging recorded within the frequency range (85-125 Hz) for the pineapple

gelatin phantom is depicted in this Table. From left to right, the T2" weighted magnitude image, the real part
of the image with smooth waves and the phase pattern with a low level of artifact and high perturbation in the

motion pattern are shown. Small arrows illustrate the position of one fiducial marker.
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One suggestion to solve this problem can be using an asymmetrical inclusion such as a
quadratic pineapple. In this research, the three dimensional MRE dataset captured from this
developed pineapple gelatin phantom was used for the image reconstructions. Results

obtained from shear modulus and displacement reconstructions are presented in the next

chapter.
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Figure 5- 43 This schematic depicts three stages of the boundary conditions derived from Fig. 5.40. This
picture illustrates one specific frequency (i.e. 100Hz) assigned on the pineapple gelatin phantom in 3D while
the phantom is being excited in the X direction. This specific frequency can also be changed to 85 Hz and

125 Hz.
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Figure 5- 44 This schematic displays another three stages of the boundary conditions derived from Fig. 5.40.
This picture shows three frequencies (85 Hz, 100Hz and 125 Hz) applied on the pineapple gelatin phantom in

1D while the phantom is being excited in the X direction.
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Figure 5- 45 This schematic shows the last three stages demonstration of the boundary conditions obtained
from Fig. 5.40. This picture indicates three different frequencies (85 Hz, 100Hz and 125 Hz) assigned on the

pineapple gelatin phantom in 3D while the phantom is being excited in the X direction.

5.4 Non-Biological Tissue-like Gelatin Phantoms

Fabricating non-biological composite-like gelatin phantoms using some bristles for in vitro
MRE testing were other approaches which were developed for this research. These
phantoms were designed and manufactured to simulate tissue as a bio-composite material
and validate other biological phantoms which were made during this investigation. This
attempt was also taken to evaluate the ability of non-biological tissue-equivalent gelatin

phantoms to mimic the orthotropic behavior.

5.4.1 Bristles Phantoms

By definition, a composite material is a matrix reinforced by fibers where the mechanical
properties of these two materials are significantly different. These fibers can be aligned
within the matrix with different orientations. Composites demonstrate significant directional
elasticity properties, when they are reinforced with continuous fibers [195, 196, 197, 198,

199].
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By considering the tissue as a bio-orthotropic composite, two non-biological tissue-like
gelatin phantoms were developed with bristle fiber inclusions to investigate the orthotropic
behavior of a non-biological composite in vitro. In this study, these two non-biological
tissue-like gelatin phantoms are described as vertical and circular bristle gelatin phantoms.
Both phantoms were made from natural fiber Palmyra bristles (Carlisle Sanitary
Maintenance Products, USA) and the gelatin from porcine skin (Type A, Sigma, Life
Science Inc, USA).

5.4.1.1 Vertical Bristle Gelatin Phantom

The vertical bristle gelatin phantom in this study includes bristle fibers which are
suspended in the vertical position inside the gelatin phantoms and a bunch of them are
considered as a stiffer inclusion. The vertical bristles gelatin phantom simulates the tissue
as an orthotropic bio-composite material that is reinforced by micro fibers and filaments
and causes the difference in mechanical properties. The fiber orientation in the vertical
bristle gelatin phantom shown in Fig. 5.50 displays the path of each fiber which is straight

and fairly well aligned in parallel with other fibers.

¢  Manufacturing Protocol

The fabrication protocol to make the background of the vertical bristle gelatin phantom
followed the same fashion as pineapple gelatin phantom base. The homogenous gelatin
solution was prepared in the same manner as explained above and was then poured in the
large greased plastic container (14xX21Xx8 cm) to make a gelatin base for the phantom
(Fig. 5.47-A). Four fish oil capsules (Ultra Omega DHA/EPA, Country Life, USA) were
chosen as markers (Fig. 5.46-A) and then placed inside of the plastic phantom box corners
on the gelatin base top (Fig. 5.46-B). This coordinate system and the location of fish oil
capsules are shown in Fig. 5.46-B. Two of these markers were stuck on each other to
represent direction Z. One marker was located in one corner of the phantom box to
illustrate the X direction and the other one was arranged in the middle of one side to show

direction Y.
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Figure 5- 46 The coordinate system was determined for the vertical gelatin phantom by using four fish oil
capsules which were chosen as phantom coordinate system markers (A). The demonstration of this
coordinate system before locating the fish oil capsules inside the plastic container is depicted (B). Two of
these markers were stuck on each other to represent direction Z. One marker was located in one corner of the
phantom box to illustrate the X direction and the other one was placed in the middle of one side to show

direction Y.

A B

Figure 5- 47 The first layer of gelatin phantom base (around 2 cm) which is partially set (A) and the bristles

being cut by a wire-cutter (around 3 cm in height) (B) are displayed.

This was to identify the phantom orientation while it is being imaged as these markers can be
seen as three bright spots during the MRI scanning. After the first layer of gelatin was
partially set, bristles were cut by a wire-cutter with a height around 3 cm (Fig. 5.47-B) and
planted on the gelatin base top (Fig5.48-A).
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The coordinate system was determined for the vertical gelatin phantom in the same manner
as discussed in the 4.3.1. To avoid air bubbles forming, the gelatin mixture was poured from
a corner of the plastic container gently (Fig. 5.49). Vertical bristles were surrounded by the
gelatin solution which was poured very slowly again from a corner of the container to
prevent air bubble forming. This phantom was again refrigerated overnight to facilitate
setting and to provide a suitable environment for the phantom before MRI scan. The vertical

bristle gelatin sample was kept in room temperature two hours before imaging (Fig. 5.50).

A B

Figure 5- 48 These images depict planting the bristles on the gelatin phantom base top vertically (A) and also

inserting the fish oil capsules inside the gelatin base to determine a coordinate system for the phantom (B).

Figure 5- 49 This image shows the correct method of pouring the gelatin inside the phantom box to prevent
air bubbles forming. As this picture depicts, the gelatin solution should be poured from a corner of the plastic

container gently so that the solution would be in contact with the box’s wall.
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¢ Orthotropic Data Acquisition

Figures 5.51 and 5.52 are displayed two views of the experimental set up for the composite-
like vertical gelatin phantom. The orthotropic vertical bristle gelatin phantom was placed on
the membrane top of the pneumatic actuation system in the presence of two surface coils for
MRE imaging. The phantom-coil system was secured by sand bags to prevent undesirable

movement of the actuation system during the excitation.

Figure 5- 50 This image illustrates the completed vertical bristles gelatin phantom with suspended bristle

fibers as a stiffer inclusion aligned in one vertical direction.

Actuation
Direction

Figure 5- 51 The experimental set up for the vertical bristle gelatin phantom while sitting on the membrane
of the pneumatic actuator with the excitation in X direction. The position of the surface coils and sand bags

while they are supported by wrapping adhesive strapping around the coils and sand bags is shown.
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Figure 5- 52 Another view of the same experimental set up for the vertical bristle gelatin phantom while it

has been flipped 90° to obtain multiple measurements in 3-D from this orthotropic composite-like sample.

As figure 5.51 shows the phantom was excited in the X direction. The MRE dataset was
collected with fifteen slices while the voxel size was 2x 2% 1.8 mm including a 0.9 mm slice

gap and with the slice thickness of 18 mm. Figure 5.52 illustrates another view of the vertical

gelatin phantom set up while the phantom has been flipped 90°.

¢  Orthotropic Boundary Conditions

Figure 5.53 depicts a schematic of boundary conditions applied to the vertical bristle gelatin
phantom to record sufficient motion data from this orthotropic composite-like sample in 3D.
The phantom was scanned in three stages with one excitation frequency of 100 Hz. In each
stage, this load condition was assigned on the side of the phantom which resting on the

actuator membrane and in the excitation direction (X). This boundary condition allows the

phantom move free on its other five sides. By rotating the phantom 90°in 3-D and applying
the frequency for this orthotropic composite phantom, multiple independent measurements in
3-D could be obtained.
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Figure 5- 53 This schematic shows three stages of the boundary conditions applied to the vertical bristle

gelatin phantom. This picture depicts that only one specific frequency of 100Hz was assigned on the phantom

in 3D while the phantom is being excited in the X direction. The phantom has been flipped 90° in each

stage to capture multiple measurements in 3-D from this orthotropic composite-like sample.

¢ Protocol Analysis and Manufacturing Remarks

Figure 5.54 demonstrates the MR magnitude image recorded from the vertical bristle gelatin
phantom in 3D. While the stiffer bristles inclusion could be captured in the MR image,
bristle fibers are not significantly visible especially in the X-Y plane because of their very
small thickness and one directional orientation. Early shear modulus image reconstructions
of the vertical bristle phantom have not also shown the bristles inclusion significantly within
the gelatin phantom. This idea may be modified by using thicker fibers in different fiber

orientations.

5.4.1.2 Circular Bristle Gelatin Phantom

The laminated circular bristles inclusion was constructed from three stiffer fiber layers
embedded in the soft gelatin base. Short straight fibers were aligned radially in a circular
shape in the centre of the phantom. The circular fiber layer with different orientation

around of a circle determines an orthotropic plane with respect to the rectangular axes.
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MR Magnitude

Figure 5- 54 This picture depicts four views of the MR magnitude image (Tz* weighted) recorded from the
vertical bristle gelatin phantom. Fish oil capsules positions which indicate the phantom coordinate system in
the MR image and the bristle fibers cross sectional inside the circle shown by some arrays (A) another view
of the bristle fibers cross section in the x-y plane (B) the x-z plane view of fibers illustrated by some arrays

(C) bristle fibers in the y-z plane are displayed.
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The non-biological circular gelatin phantom was made to simulate and validate the
biological pineapple gelatin phantom for the in vitro MRE testing. This phantom included
three circular bristle layers which were suspended inside the homogenous gelatin

background.

¢  Manufacturing Protocol

The same fabrication method with the same materials (bristles and gelatin) as vertical
bristle gelatin phantom was used to manufacture the gelatin base of the circular gelatin
phantom. Bristles were again cut by a wire-cutter with a height around 3 cm and arranged
in the middle size greased plastic container (9.5X 15.5X6.5 cm) on the gelatin base top

which was already set to make the first circular bristles layer.

The coordinate system was determined for the circular gelatin phantom by fish oil capsules
as well as vertical gelatin phantom with the same fashion but with one difference. To
determine the Y direction of the coordinate system, the fish oil capsule was located in
another corner of the plastic phantom box instead of the middle container side as was used

for the vertical bristle phantom (Fig. 5.55).

The second layer of homogenous gelatin solution was gently poured from the corner of the
plastic container on the arranged circular bristles to cover them completely by gelatin.
After the second gelatin layer was set, the third circular bristles layer was made with same
manner as above and was surrounded by gelatin solution again. The phantom was then

kept in the refrigerator overnight to facilitate the final setting.

¢ Orthotropic Data Acquisition

The circular bristle gelatin phantom was scanned by the MRI system in the same fashion as
vertical bristle phantom. The sample was brought to room temperature two hours before
MR imaging. Figure 5.57 illustrates the experimental set up for the composite-like circular

gelatin phantom.
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Figure 5- 55 This image depicts the arrangement of the first bristle layer of the circular bristle phantom (A)
along with fish oil capsules in three corners of the greased plastic phantom box which determine the phantom
coordinate system (B). These fish oil capsules can be illuminated in the MR image as three bright spots. The

completed first bristle layer of the circular bristle phantom is also shown in B.

A B

Figure 5- 56 These images display two views of the completed circular bristle gelatin phantom with a
circular stiff laminated inclusion made from three bristle layers (A). Three circular bristle layers of stiffer

inclusion are shown in B.

The orthotropic circular bristle gelatin phantom was placed on the membrane top of the
pneumatic actuation system while two surface coils were located on the both sides of the
phantom for MR imaging. The phantom-coil system was again secured by sand bags to
avoid undesirable shaking of the actuation system during the excitation. The phantom was

excited with the frequency of 100 Hz in the X direction.
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The MRE dataset was captured with fifteen slices while the voxel size was 2X2X 1.8 mm

including a 0.9 mm slice gap and with the slice thickness 1.8 cm.

Direction

Figure 5- 57 This image depicts the test condition for the circular bristle gelatin phantom. This picture
displays the phantom-coil experimental set up before the system is inserted inside the MR bore. The phantom
is resting on the membrane of the pneumatic actuator with the excitation frequency of 100 Hz in the X
direction. The position of the surface coils and sand bags while they are supported by wrapping adhesive

strapping around the coils and sand bags is also shown.

¢  Orthotropic Boundary Conditions

The schematic of boundary conditions assigned to the circular bristle gelatin phantom is
depicted in figure 5.58. The phantom was scanned in three stages with one excitation
frequency of 100 Hz. In each stage, this load condition was assigned on the side of the
phantom which was resting on the actuator membrane and in the excitation direction (X). By
this method of boundary load condition, the motion data can be collected sufficiently from
this orthotropic composite-like sample in 3D. This boundary condition allows the phantom to

move freely on its other five sides while it is only constrained on one side. By rotating the

phantom 90”in 3-D and applying the frequency for this phantom, multiple independent

measurements in 3-D could be obtained.
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Figure 5- 58 This schematic depicts three stages of the boundary conditions applied to the circular bristle

gelatin phantom. This picture illustrates that only one specific frequency of 100Hz was assigned on the

phantom in 3D while the phantom is being excited in the X direction. The phantom has been flipped 90° in

each stage to capture multiple measurements in 3-D from this orthotropic composite-like sample.

¢ Protocol Analysis and Manufacturing Remarks

The orthotropic circular bristle gelatin phantom with stiffer laminated inclusion was
fabricated for this MRE testing with no significant air bubbles in the gelatin background. The
satisfactory orthotropic MRI dataset was captured with the frequency of 100 Hz from
circular bristles gelatin with a visible stiffer inclusion with circular fiber orientations (Table
5.2). Three independent boundary conditions stages with one specific frequency in 3D could
provide more information which is needed to capture all the mechanical properties of this

orthotropic phantom in 3D during the image reconstruction procedure.

While the laminated inclusion with three circular bristle layers spread in X-Y plane of the
phantom was more visible in the MRI imaging in comparison with the one directional
vertical bristle phantom, there is still an issue regarding the fairly symmetrical geometry of

the circular bristles inclusion.
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Mode Magnitude Real Phase

Image Image Image

Frequency

(Hz)

100

Table 5- 2 This table depicts the orthotropic MR imaging (T2*weighted) of the circular bristle gelatin
phantom with the excitation frequency of 100 Hz. From left to right, the magnitude image, the real part of the
image with smooth waves and the phase pattern with a low level of artifact and high perturbation in the
motion pattern are displayed. Different circular fiber orientations of the stiffer inclusion are shown in the
magnitude image (left). Fish oil capsules are visible which also indicate the phantom’s orthogonal coordinate

system.

The problem with a symmetrical inclusion (i.e. in the X-Y plane) is that in the orthotropic
elasticity image reconstruction, different shear modulus may not be distinguished from two
different directions and the shear modulus obtained from the X direction would be the same

as the Y direction.

One potential major issue is that the rectangular phantom box is not proportional with the
circular inclusion and this caused a reduction in the gelatin matrix around the inclusion on
the longer side. This point is important as artifacts are often generated around the phantom
boundaries. As a result, when the distance between inclusion and the phantom boundaries is

small, this artifact may overlap with the inclusion in the elasticity image reconstruction.
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In the phantom fabrication, the ratio between phantom matrix and the inclusion should be
considered so that sufficient gelatin matrix surrounds the inclusion to keep the inclusion far

from the phantom boundaries.

Initial orthotropic shear modulus image reconstructions of the circular bristles phantom
have shown a poor visibility of the bristles inclusion within the background. This indicates
that the bristle fibers’ thickness was rather thin for this inclusion. One approach to improve
bristle inclusion would be using thicker fibers by attaching a large number of bristles

together.

5.2 Orthotropic Incompressible Phantom Developments Applied to MRE

The heart of each MRE testing beats with a high quality MRI dataset with a low level of
artifacts. It is important to consider the factors which affect reaching this point, as they can

cause the failing of the whole elastography procedure.

In MRE phantom studies, the elimination of artifacts from each step, such as phantom
fabrication and data acquisition procedures, is essential as each of these stages plays a key
role in obtaining high image quality, and limiting chances of the misrepresentation of

artifacts which may give confusing or erroneous results.

In this research, the main focus was on developing a variety of orthotropic phantoms and
fabricating them for MRE testing using a robust manufacturing protocol to evaluate a

realistic orthotropic, incompressible model.

Along with phantom fabrication, several modifications were made to the phantom-coil set up
by considering three dimensional boundary conditions to improve the MRE data acquisition
procedure suitable for orthotropic incompressible materials that can be a guide line for future

MRE clinical applications.
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Three orthotropic incompressible MRE datasets were successfully developed from biological
and non-biological gelatin phantoms using the manufacturing protocols, mentioned in this

chapter for the next MRE procedure; the orthotropic elasticity image reconstruction.

Fabricating biological gelatin phantoms using fruit for MRE orthotropic in vitro testing is a
novel technique which was developed for this research. The pineapple was chosen to
manufacture the biological gelatin phantom as this natural fibril reinforced bio-composite
material can be considered to be a highly orthotropic material owing to its structural
properties and different fibril orientations. This method was a simple, inexpensive, and

efficient way to generate the orthotropic MRE datasets of a biological material in vitro.

The successful fabrication of a pineapple a gelatin phantom has indicated that the
manufacturing protocol for this phantom is capable of producing tissue-like gelatin phantoms
with no significant air bubbles in the background. Reducing air bubbles in MRE phantoms is
a major issue as no MR signal can be generated from air bubbles, and in the resulting image
they are seen as null spots, which can lead to artifacts and significantly affect the image

reconstruction results.

The satisfactory improvement of the orthotropic data acquisition from one specific frequency
to three different frequencies collected in one set of data and in three different actuation
directions relative to the phantom, where all of these frequencies were applied to one side in

each actuation procedure, was another approach which was developed for this research.

Multiple measurements from the pineapple gelatin phantom were made by applying several
independent boundary conditions within the frequency range (85-125 Hz) in three orthogonal
dimensions, could provide a complete record of MRE information which is needed to
capture all mechanical properties of this orthotropic phantom in 3D during the image
reconstruction procedure. This completed MRE dataset can cover three individual load
conditions: one specific frequency (i.e. 100Hz) in 3D relative to the phantom, three different
frequencies (i.e. 85 Hz, 100 Hz and 125 Hz) in 1D, and three different frequencies in 3D

with respect to the phantom in that each frequency is assigned to one side of the phantom.
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Experience from initial elasticity image reconstruction has shown that using an inclusion
with symmetrical geometry such as circular pineapple can cause ambiguity in the shear
modulus reconstructions, as for example by considering circle in the X-Y plane, the
reconstructed shear modulus obtain from the X direction may be very similar to the shear
modulus in the Y direction due to symmetry. For future phantom fabrication, using an

asymmetrical inclusion shape is suggested.

The ability of the pineapple gelatin phantom to mimic tissue with orthotropic properties is
more validated by evaluating the results obtained from elasticity image reconstructions,

which will be discussed in the following chapters.

Bristle gelatin phantoms with vertical and circular inclusions were also successfully
developed to manufacture non-biological composite-like phantoms in vitro, with one specific
frequency applied in three stages for recording the orthotropic MRE datasets in 3D. While
the stiffer bristles inclusion could be captured in the MR image, early shear modulus image
reconstructions of the vertical bristle phantom have not shown the bristle inclusion

significantly within the gelatin phantom.

While the laminated inclusion of the circular bristle gelatin phantom with three circular
bristle layers was more visible in the MRI imaging in comparison to the one directional
vertical bristle phantom, there is still an issue regarding the fairly symmetrical geometry of

the circular bristles inclusion, as mentioned above.

One potential major issue of the circular bristle gelatin phantom was that the size and
geometry of the circular inclusion were not proportional with the rectangular phantom box.
This reduced the distance between the inclusion and the phantom boundaries, which
potentially can cause the artifacts around the phantom boundaries in the image reconstruction
procedure. This leads to an important point in the phantom fabrication process. The ratio
between the phantom matrix and the inclusion should be considered given that sufficient
gelatin matrix is surrounding the inclusion, to keep the inclusion far away from the phantom

boundaries.
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Initial orthotropic shear modulus image reconstructions of the circular bristles phantom have
shown fairly poor visibility of the bristles within the background. This indicates that the
bristle fibers’ thickness was rather thin for this inclusion. One approach to improve bristle

inclusion would be using thicker fibers by attaching a large number of bristles together.

In the developing of muscle phantoms, the satisfactory material property transformation
using several techniques such as the laser transmission, electricity, electrosurgery device, and
chemical components, has shown that these methods are capable of creating a stiffer ex vivo

inclusion within the muscle phantom.

However, muscle phantoms and tissue-like gelatin phantoms have a limited lifetime and they
need to be discarded after use. Preferably, they should make one day before MRI scan as the

accuracy of the test will be reduced by repeating the experiment on the same phantom.

While the goal of elasticity property transformation using these techniques has been
achieved, more modifications are still needed to create a well formed inclusion within the
muscle phantom, and to capture a high quality MRI dataset. Questions still remain over the
development of the inclusion fabrication techniques for the ex vivo muscle phantoms which
will require more complete testing to prepare a suitable ex vivo muscle phantom with a stiffer

inclusion for orthotropic elastography experiments.

For future MRE muscle phantom tests, replacing the bovine muscle phantom with other
animal muscle such as chicken muscle can be another alternative used to make a harder
inclusion using heat, as it may have a better thermal conductivity to create a suitable

inclusion within the phantom.
Selecting a suitable inclusion regarding the material type and its geometry for the in vitro

orthotropic gelatin phantoms, whether biological or non-biological, which can mimic the real

tissue behavior is still an open question needing more investigation.
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“All that we are is the result of what we have thought”.
Buddha

Chapter 6

6.1 Orthotropic Incompressible Reconstructive Imaging

The elasticity property results obtained from three dimensional reconstructive imaging
presented in this chapter used a robust algorithm which was specifically developed for non-
linear 3-D orthotropic incompressible materials. This investigation into the distributed
orthotropic incompressible parameter reconstruction was performed to indicate how well this
novel material property reconstruction algorithm will be able to detect differences in

orthotropic incompressible shear stiffness parameters in three dimensions.

The ability of the pineapple gelatin phantom to mimic the tissue with orthotropic properties
is validated by evaluating the results obtained from orthotropic and isotropic elasticity
image reconstructions which will be discussed in the followings sections. As early
reconstruction tests set orthotropic phantoms fabricated for this research, the pineapple
gelatin phantom indicated better results, therefore, the MRE information recorded from

this phantom was chosen for orthotropic incompressible image reconstructions.

In this investigation, the results of orthotropic elasticity reconstructions from real MRI
datasets captured from the pineapple gelatin phantom are evaluated. The resultant orthotropic
shear moduli distributions in 3-D obtained from different initial guesses, along with

displacement patterns are discussed.

For the orthotropic pineapple gelatin phantom, several isotropic image reconstructions with

the same initial guesses as orthotropic reconstructions were attempted.
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Isotropic image reconstructions used the incompressible linear elasticity algorithm to
evaluate the correlation between two orthotropic and isotropic reconstructions in three

directions.

6.2 Pineapple Phantom Image Reconstructions

As mentioned in 5.2.2, the problem with the symmetric pineapple inclusion was that in the
orthotropic elasticity image reconstruction, different shear moduli may not be distinguished
from two different directions (the symmetrical plane) and this can cause ambiguity in the
reconstructed shear modulus analysis. To remove this problem, an arc shaped quarter section
of the circular inclusion pineapple phantom was considered for the orthotropic finite element
implementation to reduce this problem as much as possible. The elasticity image
reconstruction analysis with orthotropic incompressible algorithm has shown that the
procedure of the orthotropic inverse reconstruction is prohibitively slow. For example, only a

few iterations were taking weeks to generate reconstructed image results.

Considering a quarter of the full MRE dataset collected from the pineapple gelatin phantom
was also a way to reduce the number of nodes and elements in the FE model and

consequently increased the calculation speed.

6.3 Orthotropic Reconstructions Using Real MRI Datasets

Orthotropic elasticity image reconstructions were carried out to map orthotropic elasticity
properties (shear moduli) in 3-D based on MR detected motion datasets captured from the

pineapple gelatin phantom.

The capability of the orthotropic reconstruction program to generate accurate results using
the real MRE data is demonstrated through these reconstructions of a tissue-mimicking

pineapple gelatin phantom.
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The full MRE datasets collected from the pineapple gelatin phantom comprised three
different actuation directions with respect to the phantom in which each direction included
three different frequencies, 85 Hz, 100, Hz and 125 Hz. From the three actuation directions
in the frequency range 85-125 Hz, the MRE motion datasets actuated with the frequency of
85 Hz in the global dimension X was chosen for this specific study to produce the

orthotropic FE model, and then for image reconstructions.

The FE model used the 27 node quadratic hexahedral element to implement the geometry of
the model with 523 elements and 5285 nodes from the real MRE datasets with an arc shaped
pineapple inclusion. The cubic subzone geometry with a zone overlap of 15% and a zone
size ratio of 3, 2 and 1 in X, Y and Z, respectively was considered. The subzone based
orthotropic incompressible reconstruction algorithm was based on the nonlinear CG
optimization method to gain computational efficiency, and also used TV regularization
techniques with a weighting regularization parameter of 1.d-5 to constrain the solution
process by controlling the relative abnormal irregularities of the parameter solution in the

optimization problem.

The adjoint-residual approach was also utilized to improve the efficiency of the gradient
descent based algorithm. The global iteration limit was 100 for CG and 1 per zone to
facilitate the material property solution approaching convergence. As this was the first time
that the algorithm was tested for orthotropic incompressible reconstructions, a variety of
settings for the various options in the program were arranged to find the optimal
configuration. The initial guess for the material property is one of these parameters, which
seems to affect the reconstruction results. This initial guess can be an initial value of a
quantity which needs to be minimized (i.e. shear modulus). A good choice of initial guess

can help the algorithm converge to the actual solution.

The strategy is that the iterative optimization algorithm begins with an initial guess of the
parameter to be reconstructed and builds up in a sequence of updated estimates until they
meet the solution. In this improving sequence, the technique is to move from one iterate to

the next.
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In this investigation, one goal is to show the sensitivity of the algorithm to the initial guess as
well as finding an optimum initial guess for our orthotropic elasticity image reconstructions,

which directs the procedure to the actual solution as much as possible.

For this iterative approach, different initial guesses for the real shear modulus within the
value range of 1-20 KPa were taken to reach a successive approximation for a correct
solution for each set of reconstruction procedures. Initial guesses used for this study were, 1
KPa, 2 KPa, 3 KPa, 4 KPa, 5 KPa, 10 KPa, and 20 KPa. Usually sufficient information
cannot be detected from the first and last slice of a full dataset, thus in this study, from the
twelve slices that were obtained from MRE data acquisition, only nine slices were chosen for

image reconstructions, the first two, and the last slice were discarded.

6.3.1 Orthotropic Reconstruction Analysis in Three Dimension

In this section, the orthotropic image reconstruction results from the pineapple gelatin
phantom, with an arc shaped inclusion captured from orthotropic real MRI datasets are
presented. A global coordinate system shown in upper case ‘X’, ‘Y’, and ‘Z’ was used as a

reference to display the orthotropic results in three global directions. The displacement
components in three directions were illustrated as #*, u", and u”. The orthotropic shear

moduli results at each node were also shown as , (i, M,y .

The results in this section comprise the 72" MRI magnitude images distributed within nine
slices (Fig. 6.1), presented individually in one single slice (slice 7) (Fig. 6.2), the orthotropic
measured displacement patterns in three directions (Fig. 6.3), and the distribution of the
orthotropic shear moduli in 3-D (Fig. 6.4). These results also represent the correlation

between the T2 MR magnitude image of the arc shaped pineapple inclusion in three

different positions with respect to a global 3-D reference frame. The 72" MR magnitude
image, orthotropic magnitude shear modulus, and calculated orthotropic shear moduli, are
correlated by default in the geometry and orientation in which they were either measured or
calculated, as they are in the same orientation and geometry.
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The orthotropic magnitude real shear modulus presented here is calculated by the equation

(6.1). The orthotropic magnitude shear modulus at each node, i, , is a scalar considered as

‘mag °

a summation of squared orthotropic real shear moduli components iy, i,, [,y ,

reconstructed in three dimensions given as:

Hinag =\/Re{ (/uxy)z +(/uzy)2 +(,sz)2 } (6.1)

This equation shows that each calculated orthotropic shear modulus component has an
allocation to build the orthotropic magnitude shear modulus. It should be pointed out that

U4, 1s only a scalar without physical meaning and it is calculated only for comparison

purposes in this research.
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Figure 6- 1 This picture shows the T2 MRI magnitude images distributed within nine slices captured from
the pineapple gelatin phantom with an arc shaped inclusion. The number labeled on the slices shows that only
nine slices from slice number 3 to 11 were chosen and slices 1, 2, and 12 have been ignored as sufficient

information could not be detected from these slices.
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Figure 6- 2 The T2 MR magnitude images obtained from slice 7 of the pineapple gelatin phantom with an
arc shaped inclusion. The inclusion’s internal and external boundaries along with the fibril orientation in
different directions are shown. The A, B, and C images show three views of the inclusion in three positions in
a global coordinate system, X-Y frame (A and D), Z-Y frame (B), and Z-X frame (C). Upper, lower, and
middle portions of the inclusion are also illustrated in (D).
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Figure 6- 3 The measured orthotropic displacement components in three orthogonal directions for slice 7 of
the pineapple gelatin phantom with an arc shaped inclusion. Three different irregular motion patterns in the

measured displacement field are displayed.
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Figure 6- 4 The correlation between the T2'MR magnitude image and the reconstructed orthotropic real

shear moduli distribution results from early iterations. These results obtained from slice 7 of the pineapple

gelatin phantom with an arc shaped inclusion after three iterations when the initial guess was 10 KPa. The

reconstructed orthotropic shear moduli components are shown with respect to the 3-D global coordinate

system (X, Y, and Z).

In each global coordinate system frame, the distributions of the shear moduli

components at each node [y, U, [,y are depicted. The elevated shear stiffness obtained from the

calculated shear moduli results is also displayed.
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6.3.2 Orthotropic Correlation Reconstruction Results

The correlation results between the collected motion data known as “measured
displacements” and displacements obtained from elastographic image reconstructions which
are called “calculated displacements”, are presented in this section. The correlation between
the T72"MR magnitude image and the calculated orthotropic shear moduli results in three
dimensions from slice 7 of the pineapple gelatin phantom with an arc shaped quarter

inclusion also investigated.

Although in this research, all orthotropic image reconstructions were set for 100 iterations,
this aim could not be reached in practice as the iterative sequence improvement of the

orthotropic inverse optimization procedure was prohibitively slow.

The maximum iteration for these tests was 17 iterations which belonged to the orthotropic
image reconstruction with an initial guess of 10 KPa using a runtime of nearly two months
on the high performance super computer (HPC), accessed by 32 processors and 64 GB of
memory for 400 hours. All orthotropic image reconstruction results presented in this section

are from the highest available iteration for all of their higher iteration counts.

In this investigation, it was more convenient to choose the X-Y frame as a correlation
reference to plot the correlation of the 72" MR magnitude image and the calculated
orthotropic shear moduli solutions in three directions, as this frame corresponded to the
original slice direction of the data. In fact, the resulting images were produced in the "slice

plane", which is the plane that the slices were taken from using the original data.

Although the images are plotted only for one frame (X-Y), the correlation calculation takes
into account all three dimensions of the data as correlation values are calculated for the full
image volume (every voxel) in the reconstructed volume, and the plotted correlation image

in one plane is only for reference purposes.
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Figure 6- 5 The association between the measured and the calculated orthotropic displacement patterns in
three different dimensions are displayed for slice 7 of the pineapple gelatin phantom with an arc shaped
inclusion. The calculated orthotropic displacements in 3-D were obtained from the image reconstructions
with an initial guess of 1 KPa. The irregular motion pattern is visible in the measured displacement field

while a high level of artifact with a poor correlation can be seen in all calculated displacement images.
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Figure 6- 6 Resulting reconstruction with an initial guess of 1KPa of the orthotropic real shear moduli

distribution obtained from the nine slices of the pineapple gelatin phantom with an arc shaped inclusion are
displayed. The reconstructed orthotropic shear moduli components £y, , t, . M, are depicted. A few

