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Abstract

The continuous innovation and development of cardiovascular disease diagnosis and
treatment devices entail the need for proper validation testbeds, such as the anatomically and bio-
mechanically correct testing platforms commonly referred to as “Phantoms.” Besides validation,
Phantoms are a very effective tool used to perform simulations and fine-tune medical devices
where sometimes motion is also needed for a more accurate simulation. Computer-aided design

and 3D printing technologies are cost-effective tools to develope controlled motion systems.

In this work, a Dynamic Phantom Test System was designed, prototyped, and tested to
emulate the impact of Cardiac and Respiratory Motion on the coronary artery. A stenotic coronary
artery phantom was developed in three different versions: PVA-C, 3D printed material
(TangoPlus) and composite material (TangoPlus & VeroWhite). A hemodynamic circuit
representing the circulatory system was developed and attached to the phantom and a pulsatile
pump. Finally, a cam mechanism was incorporated to generate the movement of the coronary
artery in the superior-inferior direction, with the capacity to exchange movement profiles such as
heartbeat, respiration and their combination. The results showed an impact on the pressure curve.
However, the FFR and dPR readings during a pressure guidewire angiogram showed no

discrepancies between the static and moving hemodynamic circuit.
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Resume

L'innovation et le développement continus des dispositifs de diagnostic et de traitement
des maladies cardiovasculaires impliquent la nécessité de bancs d'essai de validation appropriés,
tels que les plates-formes de test anatomique et bio-mécaniquement correctes, communément
appelées "Phantoms". Outre la validation, les fantdmes sont également un outil trés efficace utilisé
pour effectuer des simulations et affiner les dispositifs médicaux ou parfois le mouvement est
¢galement nécessaire pour une simulation plus précise. La conception assistée par ordinateur et les
technologies d'impression 3D sont des outils utiles pour développer un systéme de mouvement
contrdlé. Dans ce travail, un systéme de test fantdome dynamique a été congu, prototypé et testé
pour émuler I'impact des mouvements cardiaques et respiratoires sur l'artére coronaire. Un fantdme
d'artére coronaire sténosé a été développé en trois versions différentes : PVA-C, matériau imprimé
en 3D (TangoPlus) et matériau composite (TangoPlus & VeroWhite). Un circuit hémodynamique
représentant le systéme circulatoire a été développé et attaché au fantdome et a une pompe pulsatile.
Enfin, un mécanisme a came a été incorporé pour générer le mouvement de 1'artére coronaire dans
le sens supérieur-inférieur, avec la capacité d'échanger des profils de mouvement tels que le rythme
cardiaque, la respiration et combiné. Les résultats ont montré un impact sur la courbe de pression.
Cependant, les lectures de FFR et de dPR au cours d'une angiographie par fil-guide de pression

n'ont montré aucune différence entre le circuit hémodynamique statique et mobile.

il



Acknowledgments

I would like to greatly appreciate the constant financial and emotional support from my
supervisor, Professor Rosaire Mongrain; his positive attitude and vast knowledge form an essential

pillar in this research. Thank you for allowing me to show what [ am capable of.
Thanks to Dr. Ramses Galaz for his support, advice and friendship.

Thanks to my fiancé, Yessica, this adventure would have been impossible without her

support, courage, creativity, patience and love.

I appreciate the love, guidance and sacrifice of my parents, who have given everything for
their son and daughters and have instilled in them values and a spirit of improvement. Thank you
for teaching us that there is no better gift and inheritance than education, knowledge and

preparation.

To my sisters, Cindy and Wendy, thank you for always watching my back; your good

wishes, comments, and actions have been solid supports for as long as I can remember.

To my uncles Martha Silvia and Arthur for their advice, encouragement, and always being

there for me.

Thanks also to my fellow lab partners, teachers and staff whom I had the opportunity and
luck to meet during this research at McGill University. A special thanks to Carlos Gil, a fellow lab
mate, for facing the challenges of this project with me and for your help, advice, and great

friendship.

v



Last but not least, I would like to thank my friends, those geographically distant and those
close, with whom I speak daily and with whom I do not need to speak to feel their support; thank

you all, especially: Leonardo, Luis Antonio, Adriana, Miguel, Raul, Arnoldo, Gabriel and Lorena.

Thank you all for your help and inspiration.

Contributors

This research was possible thanks to the financial support of the Mexican institution
CONACYT (Consejo Nacional de Ciencia y Tecnologia), the financial support of the Mexican
institution FER (Fundacion Esposos Rodriguez) and the financial support of the Natural Sciences

and Engineering Research Council of Canada (NSERC)



Table of Contents

ADSEIACT . ccueiiiiiiiiitiiieinienntncuiistissseessiesstisstsssessssesstssssssssessssssssassssssssassssssssssssassssassssssssassssassse ii
RESUIME ...nueiiiniiiintiintticiniecineecintecsntesssseessanesssssessssesssssesssssessssssssssssssssssssssasssssssssssnssssssssssasesss iii
ACKNOWICAZIMENLS ....cuueiiiinriiisnriiisnricssnnicssnnesssnnesssncssssncssssscssssesssssessssessssssssssssssssssssssssssssasssssssses iv
CONTIDULOTS coneeeiieenreininitecineinnecsneiseecssesssnscsseessassssessssssssessssssssessssssssesssasssassssassssesssssssassssasssses v
LSt Of FIGUIES..uciciueiiiniicnnrinnsniicssnnsnssnnesssnnssssnssssssssssssssssssssassssssssssssssssssssssssssssssssssssssssssssssnsssses ix
LISt Of TADIES couceeeneeeiiiiiniiitieciticsinieninnecssntecsssnecsssnecsssnesssssssssssessssesssssssssssssssssesssssssssssssssssssss xii
List of Terms and ADDIreviations.........ceeciiicciseicnssricsseecssnncsssnecsssnessssnssssssesssssessssssssssssssssecs xiii
Chapter 1: INtrodUuCtion ........ciceeieivricssnecssnnecsssnessssncsssncssssssssssesssssessssssssssssssssssssssssssssssssssssssns 14
1.1 Introduction and Rationale.............cccueiiiiiiiiiieiiiiececee et 14
1.2 Thesis Research Specific ODJECHIVES ....cccuviieiuiiieiiieeiieeciee et 15
Chapter 2: Literature and Back@round.............ccoeieiveicisnicssnicssnnicsssncsssnessssncssssscsssssssssssans 16
2.1 THE HEAIT ...ttt ettt e et e bt e st e bt e sateebeesaneens 16
2.1.1 COTONATY ATEETICS ...uvveeeerieeeirieeeirieesteeesteesssteesssaeessseessseeessseeessseeessseeasssesessseessssesssees 18

2.2 Ischemic Heart DISCASE .......cevcuiieriieeeiieeiie et ettt ete et sae e et eeebeeeaaeesnaaeeensaeennnes 21
2.3 Coronary ANZIOZIAPNY ......ccuiiiiiiiiieriieeiienie et eette et e ette et e e e eteesteeebeesseeenbeeseesnseeseesnseans 23
2.4 Fractional FIow Reserve (FFR)........ccciiiiiiiiiiiiceece e 24
2.4.1 Diastolic Pressure Ratio (APR)........c.coociiiiiiiiiiieceeecee e 26

2.5 Cam MECRANISIN. .....eoutiiiiiiiieie ettt ettt ettt e st et e st eebeesabeebeesaeeens 28
Chapter 3: Materials and Methods .........cceiieveiiiiiicnsnicnsnicssnicsssnissssncssssnessssressssssssssssssssssssns 30
3.1 Phantom Design & Manufacturing ............coeevuiriereriiniininieneeseeteseete e 31
3.1.1 Geometry of Stenosed COoronary ATtETY .......cccvveeerueeerieeerireesieeerreeesreesreeesseeesseees 33

3. 1.2 PVA-C PhantOmM.....cccuieiiiiiiieiieeie ettt ettt ettt e ve e e e sebeeseesnseensaesnseenseennns 35

vi



Mould Design & FabriCation ..........coeevuiriireiiiiniinieenicieeeeeese et 36

PV A-C RECIPE ...ttt ettt ettt ettt ettt et essaeeteeesbeenseesnseensaesnsaens 39
PVA-C Phantom Fabrication .............coceoiiiiiiiiiiiieie e 39

3.1.3 Solid 3D Printed Phantom .............cocuieiiiiiieniiiieeeeee et 41
3.1.4 Composite Phantom .........cccueeeiiiiiiiiieciiiecee ettt e e e s 43
3.2 HemodynamiC CITCUIL .......uiieiiieeiieeeiieecieeeeiteeeiteertee et e eiteeeeaeeeaaeeeaaeesnsaeeenseeesnseeennnes 45
3.2.1 The Desired Curve Profile..........ccoceiieiiiiinieiicieeeeeee e 47
3.2.2 Circulatory System SImulation...........cccueeeuierieeiiienieeiieie e 48
PulSatile PUMP ...cooiiiiie et ettt et et 52
DICTOLIC INOLCR ..ottt sttt st 53
L10) 110 ;R AN ) | PRSP 55

1/8 TUDIIE ...ttt ettt ettt e et e et e et e sabeeabeesseeeseesaeeenseennee 56
Transducer and Pressure Wire Access POrt.........ooveviiiiiniiiiniiniiiiiieneececeeee 57
ViSualization BOX ...coo.eiiiiiiiieie e 58

3.2.3 Meassuring EQUIPIMENL.........cocuiiiiiiiiiieeiieiie ettt ettt 60
I I 010 0 N ) 4] () 1 LSRR 62
3.3.1 DeSired MOVEIMENL ......coueiiiiiiiiiiieiieeit ettt ettt st ettt e e 63
3.3.2 Structure & COMPONENLS ......cevvrreriieeriieerieeerieeerieeeseteeesreeessreesereessreesseeessseessseens 67
T-Slotted Framing Rails & Structural Brackets...........ccccceevieniiiniiniiiiiiiiicieciecee 68

Cam Plates and FOIOWET ........cc.oiiiiiiiiiiieieieeeeeeeee e e 69
STIACTS ettt ettt ettt e bt e st e et e et e et e e bt e enbeeseeeateebeesneeenneas 71
MOLOT & CONLIOLIET ...ttt sttt 72

3.3.3 ASSCIMDLY ..ottt ettt et etb e e beeenbeeteeenbeenreennne 74
B4 TESTIINZ e euvieeitteiie ettt ettt et et e et e et e et et e e bt e steeesbeeesbeenseessseenseensseenseennseenseassseenseennsaans 77
3.4.1 Hemodynamic System (TeStINE) .......cccveeruierieeiiieiiieeiieniie ettt ete et ereeseee e eaee e 77
3.4.2 Hemodynamic System with Vertical & Horizontal Movement (Testing) ................. 82
Chapter 4: ReSUILS.....uuiiieiiiniiiiniiicnsniissnicsssnessssnessssicsssscssssssssssssssssssssssssssssssssssossssssssssssssssssssns 84
4.1 FFR & dPR REAAINGS .....eouviiiiiiiiiiiiieieeteee et 84
4.1.1 EXPected RESUILS ....uviieiiieiii ettt e et e e s eeennee s 84
4.1.2 Hemodynamic Circuit (M@aSUr€meENnts) .........cccureerurrerrireeniureesreeerreeesnreeesneeessseeesseens 88

Vil



4.1.3 Hemodynamic Circuit with Vertical Heartbeat Movement..............ccccceeerveneeniennnen. 91

4.1.4 Hemodynamic Circuit with Vertical Respiration Movement.............cccceeeveeeveeennenn. 94

4.1.5 Hemodynamic Circuit with Vertical Mix Movement ...........cccceevveeerveeecnieesneeeneneen. 97
Chapter S5: DISCUSSION cecuucirneerieessrecsnnsssesssnesssessessssesssnssssssssnssssssssasssssssssssssssssasssssssassssassssasssnes 100
Chapter 6: Summary and COonCIUSIONS ........ccevveieivvrrcissrnessnicsssnicsssnessssressssesssssesssssssssssssssseses 105
6.1 FULUTE WOTK ....oiiieiiieeeeeee ettt e et e et e e e nae e snseeesaneeenns 106
BibDLIOGIraPRY ..cceeiciuiiiiiniiinniiciniinnsniinsnncsssncsssncssssnsssssssssssesssssssssssssssssssssssosssssssssssssssssssssssssssnss 107
Appendix A — Copyright Documentation .......c..ccceveicisnecssnncsssnrsssssssssssssssssssssssssssssssssssssssnes 110
Appendix B - Pump’s OPeration .......ceeiicccesniicsissnnrccsssssesssssssssssssssssssssssssssssssssssssssssssssssnsss 112
Appendix C - PhySIiCIan SUI'VEY ....cueiiieniinisiensenssnnnsenssncsssesssssssssssssssssessssssssssssassssssssssssssssss 116
Appendix D — Multiple dPR ReSUILS .....ccceeervriiivriissrinssnisssnncssnicssnicsssnicssssscssssssssssessssssssnns 117

viii



List of Figures

Figure 2-1 Diagram of the human heart, showing the location and names of the ventricles, valves, and vessels.

Licensed under the Creative Commons Attribution-Share Alike 3.0 Unported license...........ccoevvevvverieereennnnne. 17
Figure 2-2 Coronary circulation, with coronary arteries labeled in red text and other landmarks in blue text.

Licensed under the Creative Commons Attribution-Share Alike 3.0 Unported license............ccoeeveevervenerennnns 19
Figure 2-3 Structure of an Artery Wall. Licensed under the Creative Commons Attribution-Share Alike 3.0

UNPOTEEA LICEISE. ..vveuvieniietieieeieeteeitestterte et eeteetaeeseesteesseesseessesssesseesseanseesseanseasseassessaenseenseensesnsesnsesseesseenseensenns 20

Figure 2-4 Atherosclerosis (a) Atherosclerosis can result from plaques formed by the buildup of fatty, calcified
deposits in an artery. (b) Plaques can also take other forms, as shown in this micrograph of a coronary
artery that has a buildup of connective tissue within the artery wall. LM % 40. (Micrograph provided by
the Regents of University of Michigan Medical School © 2012). Reproduced with permission from [7]........ 22
Figure 2-5 Coronary Angiography. Showing the route of the catheter to reach the coronary artery and the
insertion of the contrast agent for x-ray imaging. Licensed under the Creative Commons Attribution-
Share Alike 4.0 International HCEMNSE. .......c..evuiriiriiiiiiieieeee ettt ettt be e ebe e nees 23
Figure 2-6 Concept of fractional flow reserve (FFR): if epicardial stenosis is not present (blue lines), the driving
pressure Pa determines a normal (100%) maximal myocardial blood flow. In the case of stenosis
responsible for a hyperemic pressure gradient of 30mmHg (red lines), the driving pressure will no longer
be 100 mmHg, but instead will be 70mmHg (Pd). Because the relationship between driving pressure and
myocardial blood flow is linear during maximal hyperemia, myocardial blood flow will only reach 70%
of its normal value. This numerical example shows how a ratio of 2 pressures (Pd/Pa) corresponds to a
ratio of 2 flows (QSmax/ QNmax). It also illustrates how important it is to induce maximal hyperemia.
Pv=central venous pressure. Reproduced with permission from [12].........ccccceroiiiininiiniiiieececee 25
Figure 2-7 FFR measurement. The pressure wire sensor moves to the "Pd" position, which measures the distal
pressure. A pressure transducer measures the "Pa" or aortic pressure. Using the Pa and Pd measurements,
a monitor calculates the FFR. Licensed under a Creative Commons Attribution 4.0 International License.

........................................................................................................................................................................... 26
Figure 2-8 Roller-follower mechanism. In blue, the cam plate. In red is the stem of the follower, and in yellow

is the bearing or tip Of the TOLLOWET. .......ccuiiiiiiiiiieeieee ettt et e s e s e e seenseennesns 28
Figure 3-1 Diagram describes the planned workflow for developing the dynamic coronary artery phantom test

bed that can simulate the movement caused by the heartbeat and breathing. ............ccocceveeiiiiiiciicenieiee, 30
Figure 3-2 Stenotic coronary artery’s [umen deSIZN........ceueeuieiieiieiieie ettt sae e e e ens 33
Figure 3-3 The four different stenosis severities used in this research. Longitudinal and cross-section view.

Modeled using the percentage of cross-sectional area reduction. ...........cecveruirireierieniereee e 34
Figure 3-4 PVA-C Phantom workflow, Showing the steps taken to generate a PVA-C Phantom, from mould

design and fabrication to injection, polymerization cycles and gluing of tube fittings. ..........ccccoveerircinieeennne 35
Figure 3-5 PVA-C stenotic coronary artery phantom casting mould. 3D printed with VeroWhite material............... 38
Figure 3-6 PVA-C stenotic coronary artery phantom casting mould final design. exploded view.............ccoecverveennnne 38
Figure 3-7 PVA-C Stenotic Coronary Artery Phantom...........ccccevieiiiiiiiiiiieiiee ettt ee e ee e seeesaeesae s e 40
Figure 3-8 Solid TangoPlus 3D Printed Phantom Design, (a) 0% Stenosis, (b) 43% Stenosis, (c) 59% Stenosis,

() BOU0 SEEIOSIS. .eveuvieueieniieieeteeite st test e e bt eteetesaeesste st esseenseasseasaessaeseenseansesnsesneasseenseanseenseessesssensaenseenseansesnnennes 41

Figure 3-9 Solid TangoPlus 3D Printed Phantoms. ...........c.cecveverieiieniieieee e
Figure 3-10 Composite 3D Printed Phantom (TangoPlus & VeroWhite), (a) 0% Stenosis, (b) 43% Stenosis, (c)

59% Stenosis, (d) 89%0 STENMOSIS. ...ecuieirieitieie ettt ettt ettt et ettt e e te st e steesae e bt et e enteeseeeseesseeseeneeeneeenes 43
Figure 3-11 XL Composite 3D Printed Phantom (TangoPlus & VeroWhite), (a) 0% Stenosis, (b) 43% Stenosis,

(€) 59% Stenosis, () 890 SLENOSIS. ...ec.eeuieuieieiererie ettt ettt ettt et et et e besbeebeeseeseeneenseasesseebeeseeneeneensenes 44
Figure 3-12 XL Composite 3D Printed Phantoms. .........cccoeiiieiiriiii ettt 44
Figure 3-13 Hemodynamic Circuit WOTKEIOW..........ooiiiiiiiiieieiee ettt ettt 46
Figure 3-14 A Wiggers diagram, showing the cardiac cycle events occurring in the left ventricle...........c.ccccceceeneeee. 47
Figure 3-15 Hemodynamic circuit cONNECtion dIAZIAIM ..........ccceevveeriierieiieiiesiesteeteeseeseseesseesseeseesessnesseesseessesssenns 51
Figure 3-16 Pulsatile PUmp EDU-PL120.........ccoooiiiiiiiiieiieieeiectesieeie et sttt teesveesseessestaesseessaessesssessnesseesssensesssenns 52

X


https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179378
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179378
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179379
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179379
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179380
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179380
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179381
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179381
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179381
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179381
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179382
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179382
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179382
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179383
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179383
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179383
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179383
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179383
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179383
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179383
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179383
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179384
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179384
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179384
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179384
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179385
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179385
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179386
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179386
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179387
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179388
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179388
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179389
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179389
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179390
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179391
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179392
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179393
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179393
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179394
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179395
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179395
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179396
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179396
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179397
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179398
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179399
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179400
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179401

Figure 3-17 Dicrotic notch system. (a) Check valve, (b) Left Super-Soft Tubing (with open end), (c) Right

Super-Soft Tubing and continuation 0f the CIFCUIL. .........ccoviiiiriiiiei e 53
Figure 3-18 Contrast agent injection. Three-way adapter with a syringe attached, injecting the contrast agent. ........ 55
Figure 3-19 Access point. Section of the hemodynamic circuit where the pressure transducer is located and the

PIESSUIE WITE 1S TNSEITEA. 1..e.vetieuieiieteeteet ettt ettt sttt et e et e st et e bt et e et e eatens e besbeebesaeebeeneanseeeaseabeeseeseeneeneensens 57
Figure 3-20 Visualization BoX (SOIIAWOTKS). .......oiuiiiiiiiieieieee ettt 58
Figure 3-21 Manufactured Visualization BOX. .........cccoiiiiiiiieieieie ettt st 59
Figure 3-22 Pressure wire (OptoWire) developed and manufactured by OpSens Medical. (a) packaged out of

the DOX, (D) PIESSUIE CADIE P, 1.uviiiiieiiiiieiiieiieieet ettt ettt sttt et e e b e esbeesbestaesseesseesseessesssesseesseenseensenns 60

Figure 3-23 In-line pressure transducer. The cable is connected to the OptoMonitor. The 3-way valve is used
to perform a zero and to join a pressurized bag of saline solution. The blue valve is used to purge the

device since it must expel the air in the CITCUIL. ......eevieriieriieieeieeieseee et ee e e 61
Figure 3-24 Displacement curve at the root of the coronary artery due to the movement of a heartbeat, from

LS ettt b bbb h bRt h b st b e bt bRt bbbt se bt ne bt neene 63
Figure 3-25 Displacement curve at the LAD in a subject during breath-holding from [36].........cccceooiiiirininniene 64
Figure 3-26 Displacement curve at the root of the coronary artery due to respiration, from [17]. .....cccccoceeverenienennn. 65
Figure 3-27 Mixed displacement curve at the root of the coronary artery due to respiration and heartbeats. (a)

With a ratio of heartbeats to respiration of 4:1 (b) With a ratio of heartbeats to respiration of 2:1. .................. 66

Figure 3-28 Cam Plates Design Process. (a) Heartbeat displacement curve. (b) Heartbeat displacement curve,
segmented into 62 lines of independent magnitude. (c¢) 62 lines distributed equally in one revolution with
a controlled maximum diameter and matching dimensions to (b). (d) Extrusion of the resulting curve. .......... 69
Figure 3-29 Cam Plates. (a) one Heartbeat per revolution, (b) one respiration per revolution, (c) a combination
of four heartbeats to one respiration per revolution, (d) a combination of two heartbeats to one respiration

POI TEVOIULION. ...e.iiiiieitieiiete et et et e ettt et e eteebeesaesaeesseessee s e enseesseensessaeesaenseenseenseensesasesseeseanseenseansennsessnenseesenn 70
Figure 3-30 Slider. Two 3D printed components, designed to operate on a 1.5" x 1.5" T-Slotted framing

aluminum profile, joined by four bolts and nuts and four pulley wheels. ..........ccocorieiiiiiiiiniie e 71
Figure 3-31 Estimation of the torque needed to operate the cam system. The study was carried out in

SolidWorks's "Motion Analysis" library. Result: maximum peaks of 1.6 newton-meter. ..............cceceeeeeeeeenne. 72

Figure 3-32 (a) Selected motor: Parallel Shaft DC Gearmotor 1/8 hp, 167 rpm At 43 in.-1bs. (4.85 Nm) Torque.
Mounted on the shaft is a Flange-Mount Shaft Collar, where the cam plates will be attached. (b) Selected
speed controller: Enclosed Single-Phase AC to DC Motor Speed Control. It is recommended that once
connected to the power outlet (110V), the knob is positioned at speed 0 before activating the power

switch. Once the switch is activated, the knob is gradually turned until the desired speed is reached. ............. 73
Figure 3-33 Cam system modelled with SolidWorks.(a) Frontal and (b) isometric view. Configuration for
VETEICAL TNOVEIIIENIE. ...ttt ettt ettt ettt eb ettt b e bt s bt bt e st ea b et e st e e bt sbeebe e st es b e aenbenbesbeebeeaeennentens 74
Figure 3-34 Cam system modelled with SolidWorks.(a) Frontal and (b) isometric view. Configuration for
ROTIZONTAL TNOVEIMIENIL. ..ottt ettt et et ee st ettt eat e ea e e s e e ss e e bt enseenseentesneesneesneenseeneeans 75
Figure 3-35 Assembled cam mechanism, showing the aluminum profile structure assembled, the moving table
attached to the sliders, the motor velocity controller and one of the cam plates attached to the motor. ............ 76
Figure 3-36 Hemodynamic circuit's baseling CONMECHION. ........c.eruiriiiuiriieiiieiieieie ettt ettt see b eneeneeneas 78

Figure 3-37 (a) Stenotic coronary artery phantom severity selection. (b) Phantom connection inside the
visualization box. (c¢) Variable 1/8 tubing connection with the length corresponding to the selected

PRAINTOINL. L.eouiiiiiieiiieiect ettt ettt ettt e bt et e esbeesbeetaesse e seesseesseessesseesseasseesseesseessaessasssesseesseenseensesssesssesseenseensenns 78
Figure 3-38 Possible leak points: (a) left super soft tubing, closed by a pair of pliers clamped to the tubing, (b)
contrast agent three-way adapter, (c) transducer three-way adapter and stopcock. ........cceevevvererencncneneenenne 79

Figure 3-39 (a) Filling the pump's chamber with a mixture of 40% glycerine and 60% Water to represent blood
viscosity. (b) Connect the power cable to the power outlet (110v). (c) Connect the cable to the pump's
power inlet and screw the CONNECLOT 0 SECUIE Tt.....eouiruieruieriieiieieeieetie ettt ee e et et e et seee st e ee e e eneeeneesneeseeenaeas 80

Figure 3-40 (a) Activation of the pump's pulsations. (b) Carefully removing the pliers to allow the liquid to
expel the air occupying its space. (c) Purging the transducer allows a fluid column between the sensor

and liquid flow in the hemOodyNamiC CITCUIL. ........c.iiiiiiieieietese ettt eb et 81
Figure 3-41 Schematic indicating in red the stable pressure zones where it is recommended to perform the

equalization of the measurement system and the FFR and dPR readings. ............ccoecvevvieiieienienieneeie e 82
Figure 3-42 Assembled dynamic coronary artery phantom test system. Cam mechanism with the hemodynamic

CITCUIL. ettt ettt ettt et e et et et bt s bt eb e eateu s et et e b e sb e eb e e bt es b e e ea s e bt ee e eb e e bt eh e emtem b e b e eb e eb e e bt eb e emten b e benteebesbeebeeneentenee 83

X


https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179402
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179402
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179403
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179404
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179404
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179405
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179406
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179407
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179407
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179408
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179408
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179408
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179409
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179409
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179411
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179412
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179412
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179415
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179415
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179416
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179416
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179417
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179417
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179417
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179417
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179417
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179418
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179418
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179419
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179419
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179420
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179420
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179421
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179422
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179422
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179422
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179423
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179423
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179424
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179424
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179424
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179425
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179425
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179425
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179426
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179426
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179427
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179427

Figure 4-1 Comparison Between % Diameter Stenoses and FFR Values ..........cccooveeiiriiiieiienieeecce e 85
Figure 4-2 Graph (top) illustrates the relationship between area reduction and diameter reduction in a
completely concentric stenosis. Drawings at bottom illustrate cross-sectional views of lumina at various
percentages of area and diameter stenosis. Reproduced with the permission of The Radiological Society
Of NOTth AMETICA (RSINA®). ....viiiiieeiie ettt ettt ettt e st e e sttt e sbeestbeessbeessbeesssaesseessseessseensseesseanssesssseenssennes 86
Figure 4-3 Screenshots of the FFR readings performed with the Optomonitor in the non-motion hemodynamic
circuit using the phantoms of the stenotic coronary artery with different severities: (a) 0%, (b) 40%, (c)
60% and (d) 80%. The figures show the anatomically representative pressure curves obtained. ...................... 89
Figure 4-4 Screenshots of the dPR readings performed with the Optomonitor in the non-motion hemodynamic
circuit using the phantoms of the stenotic coronary artery with different severities: (a) 0%, (b) 40%, (c)
60% AN (A) BOY0. ..ottt sttt st n e sttt ene 90
Figure 4-5 Screenshots of the FFR readings performed with the Optomonitor in the hemodynamic circuit
subjected to the movement caused in the LAP by the heartbeat and using the phantoms of the stenotic
coronary artery with different severities: (a) 0%, (b) 40%, (c) 60% and (d) 80%. The figures show the
anatomically representative pressure curves Obtained. .........ccueeeerieriereriie e 92
Figure 4-6 Screenshots of the dPR readings performed with the Optomonitor in the hemodynamic circuit
subjected to the movement caused in the LAP by the heartbeat and using the phantoms of the stenotic
coronary artery with different severities: (a) 0%, (b) 40%, (c) 60% and (d) 80%. .....ccceeveereerenerenieieieene 93
Figure 4-7 Screenshots of the FFR readings performed with the Optomonitor in the hemodynamic circuit
subjected to the movement caused in the coronary artery by breathing and using the phantoms of the
stenotic coronary artery with different severities: (a) 0%, (b) 40%, (¢) 60% and (d) 80%. The figures
show the anatomically representative pressure curves obtained. ..........cceeeveeeverierienieniieie e 95
Figure 4-8 Screenshots of the dPR readings performed with the Optomonitor in the hemodynamic circuit
subjected to the movement caused in the coronary artery by breathing and using the phantoms of the
stenotic coronary artery with different severities: (a) 0%, (b) 40%, (c) 60% and (d) 80%. ......cccvevvrcvriereennen. 96
Figure 4-9 Screenshots of the FFR readings performed with the Optomonitor in the hemodynamic circuit
subjected to the movement caused in the coronary artery by breathing and heart beating. Using the
phantoms of the stenotic coronary artery with different severities: (a) 0%, (b) 40%, (c) 60% and (d) 80%.
The figures show the anatomically representative pressure curves obtained. ..........occeeeecierieieneneneeieieene 98
Figure 4-10 Screenshots of the dPR readings performed with the Optomonitor in the hemodynamic circuit
subjected to the movement caused in the coronary artery by breathing and heart beating. Using the
phantoms of the stenotic coronary artery with different severities: (a) 0%, (b) 40%, (c) 60% and (d) 80%.

........................................................................................................................................................................... 99
Figure B-0-1 Schematic diagram of startup interface of portable pump...........cccccevierierieriiecieeieeeseeeee e 112
Figure B-0-2 Schematic Diagram of Setting Interface of Detailed Function Parameters............ccecvevvevvenieeiennnnne. 114
Figure C-0-1 Survey of the physician who performed the angiography tests and FFR and dPR readings in the

REMOAYNAMIC CITCUIL. ...ttt ettt ettt ettt ettt e st e e st e s st e bt e bt emeeemeesneesseeseeneeenseenaeeneennean 116
Figure D-0-1 Since the dPR can have variations in the reading depending on how the measurement is

performed, the measurements were made ten times for each of the stenosis severities and each of the

movement profiles, resulting in an dPR average reading...........cccooeeeiieiiiieienisice e 117

Xi


https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179438
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179439
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179440
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179440
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179441
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179441
https://mcgill-my.sharepoint.com/personal/jorge_gutierrez_mail_mcgill_ca/Documents/Thesis%20koke/THESIS(Report%20corrections).docx#_Toc127179441

List of Tables

Table 3-1 List of PVA-C Mould COMPONENLS.........eecuieiieuieetieitieitieieeieeeesetesteeste et eneeestesseesseeseeseesesseesseesseenseenseens 37
TaDIE 3-2 PV A-C RECIPE....uvieiuiiieiieiiieeiteeite et ett et e ettt e ste e sttt e sateessbeessaeesssaessse e ssaessseessseesseesssaensseesseensseeasseensneenns 39
Table 3-3 Hemodynamic Circuit List 0f COMPONENTS. .......c.eeuiiiiriiiiiiiiieiieieieiee sttt see s 50
Table 3-4 Variable Tube Length Values for the Stenosis SEVETILY.........cccoiiieiirieiieiireeeeeeeee et 56
Table 3-5 Cam System List Of COMPONENLS. ........ccvieriieiieiiiieiieriesie e eteeee et e teeteeseesaessaesseesseeseessessnesseesseessesssenns 68
Table 4-1 Conversion from Area Stenosis to DIiameter STENOSIS. ......couervirerieiirieieriererese ettt 87
Table 4-2 Expected FFR Measurement in Relation to the Stenosis SEVErity. ........cccveeviecierieiienienieeie e 87
Table 4-3 FFR and dPR Result Readings on the Hemodynamic Circuit with No-Motion. .......cc..ccceeevenencrcerennenne. 88
Table 4-4 FFR and dPR Result Readings on the Hemodynamic Circuit Subjected to the Movement Caused in

the LAP DY the HEAIDEAL. ....c.eeiiieeieiieiieieee ettt ettt e et e st e se e s e ensesnaesnnesseasseenseensenns 91
Table 4-5 FFR and dPR Result Readings on the Hemodynamic Circuit Subjected to the Movement Caused in

Coronary Artery by Breathing. .........cooioiiiiiiii ettt ettt ettt e 94
Table 4-6 FFR and dPR Result Readings on the Hemodynamic Circuit Subjected to the Movement Caused in

Coronary Artery by Breathing and Heart Beating............ccooeiiiiiiiiiieeeee e 97

Xii



List of Terms and Abbreviations

3D

AV
CAD
CAD
CAM
Cath Lab
CHD
Coronary CTA
CT Scan
Cx

dPR
FFR
IHD
LAD
LCA
LMCA
MRI
OTS

Pa

PCI

Pd

PVA
PVA-C
SA
WHO

Three Dimensional
Atrioventricular

Coronary Artery Disease
Computer Aided Design
Computer Aided Manufacturing
Cardiac Catheterization Lab
Coronary Heart Disease
Coronary Computed Tomography Angiography
Computer Tomography Scan
Circumflex Artery

Diastolic Pressure Ratio
Fractional Flow Reserve
Ischemic Heart Disease

Left Anterior Descending

Left Coronary Artery

Left Main Coronary Artery
Magnetic Resonance Imaging
Off the Shelf

Aortic Pressure

Percutaneous Coronary Intervention
Distal Pressure

Poly Vinyl Alcohol

Poly Vinyl Alcohol Cryogel
Sinoatrial

World Health Organization

xiii



Chapter 1: Introduction

1.1 Introduction and Rationale

It is estimated that around 126 million individuals (1.72% of the world population) die
annually from ischemic heart disease [1], which positions this pathology as the number one cause

of death worldwide[2].

Given these data, it is only logical that numerous investigations around this topic are
developed, specifically those related to the precise diagnosis of this pathology, for the appropriate

treatment selection.

There are different methods for the diagnosis of cardiovascular diseases. Usually, a non-
invasive method is used to evaluate the possibility of a coronary artery disease (CAD). If the
physician considers the results abnormal, an invasive test such as coronary angiography may be
performed, which consists of injecting contrast agent (ionized solution) in the area of interest and
performing a CT scan, which will result in a 2D image of the vessel. The main shortcoming of
coronary angiography is that it depends entirely on the physician's judgment. The technique
considered the gold standard used today is the pressure guidewire technique [3], which consists of
using a catheter with a tip pressure sensor (pressure guidewire) during coronary angiography to
measure the difference of blood pressure in the area of interest before and after stenosis. This
technology allows the physician to obtain physiological measurements like Fractional Flow
Reserve (FFR), and Diastolic Pressure Ratio (dPR), that are necessary for the classification of

severity and the choice of the necessary treatment.
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Companies dedicated to improving the diagnosis and treatment of cardiovascular diseases,
require advanced anatomically and biomechanically correct vascular testing beds, capable of
simulating physiological conditions to test technologies and tune equipment under controlled and

repeatable conditions. Tools like these can also be used for educational and training purposes.

1.2 Thesis Research Specific Objectives

The specific objectives of this research are:

1. To design, develop and build a dynamic phantom test system of different severities of
a stenotic coronary artery, with anatomically correct mechanical properties and the
capability to simulate respiratory and cardiac motion. This testbed consists of the

following sub-systems:

a. The model of a coronary artery with a feasible manufacturing process and an
accessible material that emulates the anatomically correct and mechanical

properties of a coronary artery.

b. A hemodynamic circuit that simulates blood flow and pressure in the coronary

artery area resulting in a physiologically correct pressure curve.

2. To develop in vitro testing methodologies for verification and validation to evaluate
FFR and dPR readings in a hemodynamic circuit and the resemblance to the readings

on an angiogram of a patient.
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Chapter 2: Literature and Background

2.1 The Heart

Developing energy-efficient mechanisms for the proper functioning of our body has always
been the goal of human evolution. These adaptive mechanisms have been carried out to maintain
a balance between external factors that affect our internal environment. This process of balance is
known as homeostasis. Variables such as temperature, oxygen concentration, pH, osmolarity, and
many others are closely controlled. The cardiovascular system aids in maintaining homeostasis
due to an elaborate transport material network that consists of the exchange of solutes through

diffusion and convection along vessels that start and end at the heart[4].

The heart is located in the center of the thoracic cavity, it has the size of a fist, and it works
as a double-pressure pump that adapts to supply blood to our entire body. The right heart pump
provides the energy to carry blood through the pulmonary vessels, and the energy to move blood

through the systemic organs is provided by the left heart pump[4].

The right side of the heart receives oxygen-deficient blood, also known as venous blood,
from the body through the superior vena cava into the right atrium. Then the right atrium contracts
and pushes the blood through the tricuspid valve into the right ventricle. Then the right ventricle
contracts and opens the pulmonic valve to send the blood into the pulmonary circulation via the
pulmonary arteries so it can be “reoxygenated” by exposure to oxygen-rich inspired air. Then, the
oxygenated pulmonary venous blood flows in pulmonary veins to return to the heart into the left

atrium. The left atrium contracts and blood passes to the left ventricle through the mitral valve.
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From there, blood is pumped through the aortic valve into the aorta to be distributed to the systemic

organs[4].

Superior

e,

Vena Cava ™. | Pulmonary

Artery

Q’\ Pulmonary
) Vein

.
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Pulmonary .
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Pericardium

Inferior Vena Cava

Figure 2-1 Diagram of the human heart, showing the location and
names of the ventricles, valves, and vessels. Licensed under the Creative
Commons Attribution-Share Alike 3.0 Unported license.

The right and left heart pumps have the same pumping principles. Thanks to the valves,
a ventricle is a closed chamber that contracts during each pump. These valves allow flow in only
one direction. Differences in pressure in the chambers open and close the valves allowing blood
flow through in a rhythmic and synchronized contraction and relaxation cycle of the cardiac

muscle. The systole is the cardiac cycle phase during which the ventricular muscle cells contract.
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Diastole is the cardiac cycle phase when the ventricular muscle cells relax, and the ventricle refills

with blood so that systole can happen again.

Before returning to the right heart, blood that was ejected from the left heart into the aorta
goes through different types of vessels. The major vessel classifications are arteries, arterioles,
capillaries, venules, and veins[4]. These types of vessels differ among them in their physical
dimensions, morphological characteristics, and function, but what these vessels have in common

is that they are lined with a single contiguous layer of endothelial cells.

Arteries are thick-walled vessels, about Imm to 2 mm. They contain a large amount of
elastin and collagen fibres, allowing arteries to expand up to twice their unloaded length when
pressure is increased to accept and temporarily store some of the blood ejected by the heart during
systole. The largest artery is the aorta, which has an internal diameter of approximately 25 mm,
the diameter decreases with each consecutive branching, and the smallest arteries have a diameter

of approximately 0.1 mm[4].

2.1.1 Coronary Arteries

The right and left coronary arteries branch off the aorta and supply blood to the
myocardium and the pericardium. These arteries emerge from their corresponding aortic sinuses
in the proximal part of the ascending aorta, just above the aortic valve, and pass around opposite

sides of the pulmonary artery.

The right coronary artery originates in the right aortic sinus of the ascending aorta and
passes to the right side of the pulmonary artery. Near its origin, it divides, giving rise to a branch

that irrigates de SA (sinoatrial) node. It then descends through the coronary sulcus and gives rise
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to the right marginal branch that irrigates the right border of the heart as it courses toward the apex.
Then it continues into the coronary sulcus to the posterior aspect of the heart to give rise to the
atrioventricular (AV) node branch that irrigates the AV node. This artery irrigates the right atrium,
most of the right ventricle, part of the left ventricle, part of the interventricular septum, the sinus

node (in approximately 60% of the population), and the AV node (in approximately 80% of the

population).
Superior
vena cava Left pulmonary
artery
Left pulmonary
Aorta veins
. ) Left coronary
Right atrium artery (LCA)
Left anterior
Right coronary descending (LAD)
artery (RCA) (or interventricular)
artery
Posterior (Left) circumflex
cgtesc%clijlgg) artery (Cx)
arte
v M1 Left marginal
. . M2 arteries
Right marginal
artery (RMA) D1 Diagonal

D2 branches

Right ventricle Left ventricle

Figure 2-2 Coronary circulation, with coronary arteries labeled in red text and
other landmarks in blue text. Licensed under the Creative Commons Attribution-
Share Alike 3.0 Unported license.

The left coronary artery (LCA) originates in the left aortic sinus of the aorta. It passes to
the left side of the pulmonary artery and runs through the coronary sulcus. In some people, the
sinus node branch arises from the LCA's circumflex branch. After passing through the coronary
sulcus, the LCA divides into two branches, the left anterior descending artery and the circumflex
artery. The left anterior descending artery (LAD) irrigates adjacent portions of both ventricles and

the anterior two-thirds of the intraventricular septum. The left marginal artery rises from the
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circumflex artery (Cx) and irrigates the left ventricle. This artery irrigates the left atrium, most of

the left ventricle, part of the right ventricle, most of the interventricular septum, and the sinus node.

The coronary arteries are composed of three layers: tunica intima, tunica media and tunica

adventitia[5].

The tunica intima is the innermost layer of the coronary arteries and is composed of the
endothelium, sub-endothelium, and internal elastic lamina. The subendothelial layer contains
elastic fibres, type I collagen fibrils, fibroblasts and myointimal cells. Lipid deposits can form in
this layer producing atherosclerotic plaques. The tunica media contains muscle cells, elastic fibres,
and collagen. It is the middle layer of the vessels and has a hexagonal pattern arrangement of
muscle cells to allow better contractility. The tunica adventitia is the outer coat of the vessels and

is made up of connective tissue, nerves and vessel capillaries.

Tunica media

Tunica externa Tunica intima

Smooth muscle i Endothelium

External elastic

membrane Internal elastic

membrane

\Y

Figure 2-3 Structure of an Artery Wall. Licensed under the
Creative Commons Attribution-Share Alike 3.0 Unported license.
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2.2 Ischemic Heart Disease

There are situations where the maintenance of normal arterial pressure is threatened due to
the malfunctioning of some components of the cardiovascular system. The myocardium is said to
be ischemic when a malfunction impairs coronary blood flow, and the metabolic requirements of
the heart are not satisfied. Ischemic heart disease (IHD), also referred to as coronary heart disease
(CHD), or coronary artery disease (CAD), is a condition in which the epicardial coronary arteries

are blocked, and the myocardium receives insufficient blood flow[6].

According to the World Health Organization (WHO), “ischemic heart disease” was the
number one cause of death in 2019; almost one out of two and a half deaths result from

cardiovascular disease.[2]

Most of these diseases are rooted in a pathology called “Atherosclerosis,” which is the
gradual accumulation of fats, cholesterol crystals, cellular waste products, and calcium minerals
in the walls of blood vessels. This chronic inflammatory response can cause the narrowing of the
artery's lumen in various severities, causing ischemia and inadequate blood flow due to blockage.
This narrowing manifestation is known as stenosis and can reduce the flow of oxygen and nutrients

to the heart, which may lead to thrombosis, heart attack and possibly death.

Heart function can be endangered by coronary heart disease in several ways. Ischemic
muscle cells are electrically irritable and unstable, which increases the risk of cardiac arrhythmias

and fibrillation.
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Myocardial ischemia may produce chest pain called angina pectoris, and in most situations,
the patient visits the doctor for this symptom. The disease's severity must be determined to guide
the treatment and establish a prognosis. Stress testing, cardiac imaging, and angiography can assess
the extent and severity of the coronary disease. Stress testing is the most common method [6].
Specialized CT (Computer Tomography) scans or magnetic resonance imaging (MRI) are non-
invasive imaging techniques that have also proven helpful in determining the extent of coronary

artery disease.

Normal artery SR

Normal blood flow

Abnormal Plaque
Narrowing blood fIw
of artery N

Artery cross-section

Narrowed artery

() (b)

Figure 2-4 Atherosclerosis (a) Atherosclerosis can result from plaques formed by the buildup of
fatty, calcified deposits in an artery. (b) Plaques can also take other forms, as shown in this
micrograph of a coronary artery that has a buildup of connective tissue within the artery wall. LM
x 40. (Micrograph provided by the Regents of University of Michigan Medical School © 2012).
Reproduced with permission from [7]

22



2.3 Coronary Angiography

When a patient has atypical symptoms and ambiguous results from stress testing, an
invasive coronary angiography may also be utilized to assess the severity of the disease. During
the coronary angiography, the radial or femoral artery is cannulated with a sheath; after that, the
LCA or RCA Ostia is engaged with a catheter. Through this catheter, a radiocontrast agent is
injected under continuous fluoroscopy to delineate the coronary arterial anatomy (Figure 2-5).
During radiocontrast injection, a rotating X-ray source enables several images for artery
visualization in various planes. Also, a pressure wire may be used during coronary angiography to

perform FFR readings.

Catheter inserted in leg Catheter tip stops at Contrast agent injected into arteries. X-ray
and guided up the aorta left coronary artery imaging shows stenosis in left coronary artery

Figure 2-5 Coronary Angiography. Showing the route of the catheter to reach the coronary
artery and the insertion of the contrast agent for x-ray imaging. Licensed under the Creative
Commons Attribution-Share Alike 4.0 International license.
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2.4 Fractional Flow Reserve (FFR)

The Fractional Flow Reserve (FFR) is the maximum blood flow through the myocardium
in the presence of a stenosis in the coronary artery divided by the maximum theoretical flow. This
ratio represents the fraction of the maximum myocardial flow possible with coronary stenosis [8].
Gould et al. first described this concept in 1974 in canine models[9], [10]. The FFR measurement
has the complication of being extremely difficult when the patient is at rest as a result of the
coronary flow auto-regulation. Yet, there is a linear correlation between perfusion pressure and
blood flow during maximum hyperemia. The FFR value can be derived by the relation between
the average pressure on the distal coronary artery and the average aortic pressure during maximum

hyperemia (Figure 2-6) [9], [11]. The FFR ratio can be defined as:

leax
FFR = e 2-1

N

Where Q*** is the maximum blood flow in the stenotic artery, Qi'** is the maximum

normal coronary flow. Flow (Q) is also the ratio of pressure (P) difference across the coronary
system divided by its resistance (R), Q can be substituted as following:
(Pq — P,)/R§™

FFR = _
(P, — P,)/RT% 2

Where P, is distal pressure in relation with the lesion and P, is the aortic pressure. As already

mentioned, the measurements are made during maximum hyperemia, so the resistance is
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considered minimal, so they can be cancelled. Finally, the Pv (venous pressure) is considered

negligible, therefore:
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Figure 2-6 Concept of fractional flow reserve (FFR): if epicardial stenosis is not present
(blue lines), the driving pressure Pa determines a normal (100%) maximal myocardial blood
flow. In the case of stenosis responsible for a hyperemic pressure gradient of 30mmHg (red

lines), the driving pressure will no longer be 100 mmHg, but instead will be 70mmHg (Pd).
Because the relationship between driving pressure and myocardial blood flow is linear
during maximal hyperemia, myocardial blood flow will only reach 70% of its normal value.
This numerical example shows how a ratio of 2 pressures (Pd/Pa) corresponds to a ratio of
2 flows (OSmax/ QNmax). It also illustrates how important it is to induce maximal
hyperemia. Pv=central venous pressure. Reproduced with permission from [12]

The FFR measurement on a healthy patient should be one. The value is not influenced by
hemodynamic changes such as cardiac frequency, arterial pressure, or contractibility. In general,

when the FFR measurement is < 0.80, it indicates that the lesion is physiologically relevant, and
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intervention should be evaluated.[13]. The FFR measurement is obtained during a diagnostic
cardiac catheterization or coronary angiography using a pressure wire (Figure 2-7). This procedure
must be done during maximal blood flow (maximal hyperemia). To achieve hyperemia, the

physician administers a hyperemic stimulant, usually adenosine[ 14].

Figure 2-7 FFR measurement. The pressure wire sensor moves to
the "Pd" position, which measures the distal pressure. A pressure
transducer measures the "Pa" or aortic pressure. Using the Pa
and Pd measurements, a monitor calculates the FFR. Licensed
under a Creative Commons Attribution 4.0 International License.

2.4.1 Diastolic Pressure Ratio (dPR)

Numerous studies have been conducted since fractional flow reserve (FFR) was introduced
more than 25 years ago to prove the benefit of FFR-guided treatment strategy, constantly looking
for methods to improve the process to get better outcomes and to save significant resources.
Determination of FFR requires pressure measurement by inserting a pressure wire distal to the

stenosis in the condition of maximum dilation through the administration of adenosine.
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Alternate methods that are adenosine-free, such as the instantaneous wave-free pressure
ratio (iFR) and diastolic pressure ratio (dPR), have shown a non-inferior revascularization strategy
to the FFR while using fewer resources and operating more effectively [15]. iFR and dPR are
numerically identical in almost all cases [16]. An advantage to the dPR method is that the software
to compute dPR is available on open source through the internet, without the proprietary

restrictions of iFR.

Later in the cardiac cycle, coronary flow is often higher, which results in higher pressure
gradients and lower pressure ratios. dPR includes areas below the average aortic pressure with a
negative slope. In cases with a blunted or damped dicrotic notch, it can be challenging to determine
the diastolic period from pressure recordings. For the purpose of locating a portion of the cardiac
cycle that approximates diastole, dPR utilizes two simple criteria independent of the dicrotic notch.
The first criterion includes portions of the tracing below the mean of the aortic pressure (Pa). The
second criterion selects samples with a negative slope (each with a pressure lower than its
predecessor) [17]. Only samples that satisfy both criteria are taken into account in the dPR
computation, and these requirements only apply to the aortic pressure tracing. The algorithm
averages the values from the aortic (Pa) and coronary (Pd) tracings over five consecutive cardiac

cycles. The Pd/Pa ratio of these subset averages equals dPR.
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2.5 Cam Mechanism

The cam mechanism consists of a disc or cylinder with a non-circular surface and a sliding
piece, which, with their mechanical connection, transform rotary motion into linear motion [18].
It is a widespread mechanism estimated to have been used for over 10,000 years [19]. Today this
mechanism can be found in almost all devices and machines, from agricultural machinery to the

combustion mechanisms used in automobiles [19].

Due to its extensive history and the facilities that CAD/CAM (computer-aided design and
computer-aided manufacturing) tools provide for its design, there is a great diversity of styles and
configurations of this mechanism. For this research, the cam mechanism used is one called "Roller
follower (Figure 2-8)," which consists of a disc (cam plate) and a rod that will make contact with

the disc through a bearing (follower).

Figure 2-8 Roller-follower mechanism. In blue, the cam plate. In red is
the stem of the follower, and in yellow is the bearing or tip of the follower.
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For the cam plate design, it is necessary to have the desired displacement curve, a
displacement-time graph. Since the cam consists of rotary motion, the time duration of the curve
must be equivalent to one cycle of the desired motion. This displacement curve can be considered
the surface of the disc or cam plate with which the follower will make contact and move linearly.
There are libraries in CAD/CAM tools, such as the "Cams" library in SolidWorks, which facilitate
the transformation of this displacement curve into a cam disk. However, this process can also be

carried out manually, as will be demonstrated in this investigation.
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Chapter 3: Materials and Methods

This chapter shows the methodologies developed for the experiments carried out in this
investigation and the workflow implemented (Figure 3-1). The designed and purchased parts that

make up the dynamic coronary artery phantom test bed are also described.

Design the
Stenotic Shape.
v v v
Design PVA Design 3D Printed Design Composite
Phantom Phantom Phantom (TapgoPIus
(TangoPlus) + Verownhite)
Design Manufacture
Hemodynamic Phantoms
Circuit
Build
Hemodynamic
Circuit
\ /

Test Hemodynamic

Design CAM Plate N
v — Circuit with

Move profile
( 5 ) Phantoms
v
Deggr: CAM 1 | Build CAM System || Test CAM System with
ystem Hemodynamic Circuit
& Phantoms

Figure 3-1 Diagram describes the planned workflow for developing
the dynamic coronary artery phantom test bed that can simulate the
movement caused by the heartbeat and breathing.
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3.1 Phantom Design & Manufacturing

The dynamic coronary artery phantom test system began with the design of the stenotic

coronary artery phantom. The objectives of this design were:

To accurately represent the visual appearance of a stenotic coronary artery. The final
phantom would undergo angiography to check the visual appearance and dimensions of

the stenotic coronary artery.

To accurately represent the mechanical behaviour of the blood vessel. For this, it will be

necessary to consider selecting the most appropriate material and manufacturing process.

Other aspects that should also be considered are:

Manufacturability: the design must be easy to manufacture, always complying with the

previously stated objectives.

Repeatability: the phantom must be simple enough to replicate for proper comparison

between various phantoms.

Versatility: the design must be easy to change and adapt to changes in dimensions or, in
the case of composite material, changes in the structure and relationship between the two

materials used.

Finally, it should be considered that the phantom materials must be X-Ray compatible,

since, as previously mentioned, they will be subjected to angiography.
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Three phantom design proposals were made for three different materials to choose the one

that performs the best and the one with the most potential in the future. The materials considered

WCEIC:

PVA-C: As previously explained, PVA-C is a material widely used in phantoms; it is a
biocompatible material with mechanical properties similar to human tissue. The
disadvantage of PVA-C is the complexity of its manufacturing in comparison to a 3D
printing method. For the elaboration of a PVA-C Phantom, it is necessary to manufacture
a mould, which needs to be filled with PVA in its liquid format, to subsequently be

subjected to a cycle of freezing and thawing to achieve its final consistency[20], [21].

Tango Plus: This material is selected due to its ease of manufacture and properties similar
to rubber. TangoPlus is a high-precision 3D printing material which is essential given the

dimensions of the coronary artery phantom.

Composite (Tango Plus and Verowhite) - Since the TangoPlus material is very flexible, it
is intended to make a composite material that allows us to vary the properties of the vessel
wall to a certain degree. The material will consist of TangoPlus that will provide the
hyperelastic properties of human tissue and Verowhite material, a more rigid and high-

precision printed material, giving structure and strength to the phantom.
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3.1.1 Geometry of Stenosed Coronary Artery

Patients' anatomical geometry of the coronary artery and stenosis vary. Therefore, a
simplified synthetic geometry of an epicardial coronary artery was designed. The dimensions of
this idealized geometry were taken from the work carried out by Galaz et al., a former member of
this lab, where it is mentioned that the measurements used correspond to the proximal third portion
of the major epicardial coronary arteries. This section is where statistically, the most significant

cases of plate rupture occur [22].

The geometries shown in Figure 3-2 and Figure 3-3 corresponds to the vessel’s lumen, not
the vessel itself because it will be used to be later subtracted from the phantoms designs that will

be discussed below.
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Figure 3-2 Stenotic coronary artery’s lumen design

33


http://et.al/

The internal diameter (D), i.e., the lumen of the designed vessel corresponding to this
section, is 3 mm. the total length of the model (Lc) is 20mm.; however, the size of the affected

area (Ls), i.e., the stenosis, is 15mm.

00%

43%

59%

l "}' >

83%

D

<J SECTION D-D

Figure 3-3 The four different stenosis severities used in this research. Longitudinal and cross-
section view. Modeled using the percentage of cross-sectional area reduction.
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3.1.2 PVA-C Phantom

The first phantom to be developed was the polyvinyl alcohol cryogel (PVA-C) phantom.

This material is initially in a powder form; later, a liquid consistency is achieved by adding

temperature mixed with the desired water ratio. It will then be subjected to several polymerization

cycles of freezing and thawing, resulting in an aortic tissue-like consistency. Therefore, it can be

concluded that casting is the process of making the phantom with this material. Casting is the

manufacturing process that consists, in a nutshell, of pouring a fluid into a mould with a hollow

cavity of the desired shape, which means this phantom needs a mould. The steps followed to

achieve the PVA-C Phantom are shown in Figure 3-4.

Mould
Design

STL

PVA-C
Phantom

Figure 3-4 PVA-C Phantom workflow, Showing the steps taken to
generate a PVA-C Phantom, from mould design and fabrication to

: Assemble
Print Mould Mould
Prepare Fill Mould
PVA with PVA
Glue Tube Cryogenic
Fittings Treatment

injection, polymerization cycles and gluing of tube fittings.
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Mould Design & Fabrication

For the designed mould, the following considerations were taken:

1. Hollow cavity and core: Due to the geometry of the desired phantom, the mould
consists of the outer and inner walls of the phantom. This hollowed shape is achieved with a core

or mould insert.

2. Injection point and air outlets: This design considered the way the mould would be

filled with PV A and that it had enough air outlet points to avoid generating bubbles in the phantom.

3. Connection with the circuit: the resulting phantom had to have the appropriate adapters
at the ends to allow a proper connection with the rest of the hemodynamic circuit. These adapters

had to be added to the phantom once the PVA solidified and after the insert was removed.

These considerations resulted in the mould whose components are presented in Table 3-1.
Once the parts were designed in SolidWorks (Figure 3-5), they were exported individually in STL
format and finally sent to print in VeroWhite material with a CONNEX3 Object500 (Stratasys,

MN, USA) printer.Figure 3-6 shows the final printed mould result.
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No. Qty

Name

Top Shell

Functions

* Allows the injection of the
material and allows the exit of air.
* Hold anchors 1 and 2 in position.
* Shape the top of the phantom.

» Assemble with the bottom shell.

Image ‘

Bottom
Shell

* Hold anchors 1 and 2 in position.
* Shape the bottom of the
phantom.

» Assemble with the bottom shell.

Core

* Shape the inner wall of the
phantom.

Tube
Fitting

* Allow connection with the rest of
the hemodynamic circuit.

Anchor

* Merge with the PVA-C.

* Hold the Core during the cryo
cycle.

* Hold the tube fittings during the
cryo cycle.

Table 3-1 List of PVA-C Mould Components
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Figure 3-6 PVA-C stenotic coronary artery phantom casting mould final design.
exploded view.

Figure 3-5 PVA-C stenotic coronary artery phantom casting mould. 3D printed with
VeroWhite material.
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PVA-C Recipe

The appropriate recipe must be followed to achieve properties that resembles those of the
walls of human arteries with Polyvinyl Alcohol Cryogel (PVA-C). The PVA-water ratio, the
mixing temperature, and the number and duration of the thermal cycles will affect the final PVA-

C properties.

The solution used in this research (Table 3-2) was taken from Professor Mongrain’s

research group, and it has been used widely to mimic artery tissue [20-21], [23-27].

Mix Cryogenic Cycles
Substance A PVA Number of Cyles 6
Substance B Distilled Water High Temperature 10°C
PVA Concentration 10% Low Temperature -20°C
Mixing Temperature 100°C Freezing rate 0.333°C/min
Approx. Mixing Time 2 hours Thawing rate 0.111°C/min

Table 3-2 PVA-C Recipe

PVA-C Phantom Fabrication

Fully hydrolyzed and soluble PVA powder was used to prepare the solution to make the
phantoms. For this experiment, a concentration of 10% was found to be appropriate to produce

phantoms with thin wall thickness [20].

The powder is first dissolved in distilled water at 100°C and continuously stirred until the
cloudy mixture becomes a clear solution, approximately 2 hours for a 300ml PVA solution. After
being cooled down, it is ready to be injected into the mould and subjected to a cryogenic treatment

with varied cycles[21].
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The filled mould is then placed on an aluminum block of a programmable Peltier plate and
subjected to thermal cycling. The temperature range is from +10°C to -20°C to induce the freezing
and thawing cycles. Based on Valerie Pazos's work, this experiment's optimal gel processing
parameters were six cryogenic cycles with a freezing rate of 0.333 C/min and a thawing rate of

0.111 C/min [20].

Once the freeze and thaw cycles are complete, the mould can be disassembled. Finally, the

tube fittings can be glued to the ends, resulting in the PVA-C Phantom shown in Figure 3-7.

Figure 3-7 PVA-C Stenotic Coronary Artery Phantom
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3.1.3 Solid 3D Printed Phantom

One advantage of 3D printing is the greater freedom in design. Also, the rapidity in its
process saves time that can be used in carrying out a greater number of iterations in the design,

allowing additional optimization.

A 9.5mm X 12mm X 70mm rectangular prism shape was designed for this phantom. Later,
the design of the lumen of the previously described stenotic coronary artery was subtracted from
it. Finally, tube fittings were added to the ends to allow an appropriate connection with the rest of

the hemodynamic circuit (Figure 3-8).

1
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(b)

()

(d)
Figure 3-8 Solid TangoPlus 3D Printed Phantom

Design, (a) 0% Stenosis, (b) 43% Stenosis, (c) 59%
Stenosis, (d) 89% Stenosis.
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The rectangular prism shape was printed with TangoPlus material and the connectors with
VeroWhite. Because two different materials were used, the design had to be made as separate parts
and then united in an assembly that would allow the merge of both materials at the time of printing.
This resulted in the export of two STL files, one for each material which would later be printed on
the CONNEX3 Object500 (Stratasys, MN, USA). The resulting phantoms are shown in Figure

3-9.

Figure 3-9 Solid TangoPlus 3D Printed Phantoms.
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3.1.4 Composite Phantom

In addition to the advantages of 3D printing technology previously discussed, the
CONNEX3 Object500 printer (Stratasys, MN, USA) can also print in 3 materials simultaneously.
This feature allows the design of a composite phantom. ZhiLin Yang's and Justine Garcia’s
research uses a multi-material printing technique to control the mechanical properties of the
resulting material to mimic artery tissue. This technique consists of embedding sinusoidal waves

of a rigid material (VeroWhite) in a matrix of another softer material (TangoPlus)[28, 29].

Figure 3-10 Composite 3D Printed Phantom (TangoPlus
& VeroWhite), (a) 0% Stenosis, (b) 43% Stenosis, (c)
59% Stenosis, (d) 89% Stenosis.
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An additional design was carried out to reduce the number of connections in the circuit.
On the original phantoms, the overall length was 70mm, so inside the visualization box, two
sections of 1/8" tubing were used to complete the internal length of the box. In the new design
shown in Figure 3-11, enough length was added to connect both internal faces of the box. The
extension was created only with TangoPlus material. The final extended composite phantoms are

shown in Figure 3-12.

(a)
(b)
(c)
(d)

Figure 3-11 XL Composite 3D Printed Phantom (TangoPlus & VeroWhite), (a) 0% Stenosis, (b)
43% Stenosis, (c) 59% Stenosis, (d) 89% Stenosis.

Figure 3-12 XL Composite 3D Printed Phantoms.
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3.2 Hemodynamic Circuit

The main objective of the hemodynamic circuit is:

* To provide the stenotic coronary artery phantom with anatomically representative

pressure and blood flow.

The desired aortic pressure curve was first selected and then simulated using tubing of

different lengths and materials, tube fittings and other components.
The hemodynamic circuit also had to comply with the following additional features:

e To be capable of performing a coronary angiography on the hemodynamic circuit,
which implies that it can be subjected to X-Ray imaging, a pressure measuring wire
must be able to be introduced to the phantom, a pressure transducer must be able to

be added, and the circuit must have an access point to introduce a contrast agent.

e To allow manipulation of the pulsations per minute, the pressure, and the flow in

the circuit.
Finally, some considerations taken into account for the circuit are:

e Repeatability: the hemodynamic circuit had to be simple enough to replicate or

replace components. All the components in the circuit are standard.

e Versatility: the design must be easy to change and adapt to changes in dimensions
or materials so that it can be configured to obtain or modify properties in the

pressure curve.
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The steps that were undertaken for the development of the hemodynamic circuit are shown

in Figure 3-13, where an iterative process was followed until the desired results were reached.

Desired Pressure Curve

y

Additional Circuit Functions

y

— Design

y

Components Selections

Y
Assembly

N y

Test

y

Result Analisis

Y

Desired Results?

Yes

Y

Final Hemodynamic circuit

Figure 3-13 Hemodynamic Circuit Workflow
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3.2.1 The Desired Curve Profile

The “Wiggers diagram” presented in Figure 3-14 has been a fundamental tool for teaching
cardiovascular physiology [30]. It shows the Aortic pressure curve profile, among others. Its
pressure range varies from 80 mmHg to 120 mmHg, and it displays a small dicrotic notch, usually

attributed to the closure of the aortic valve.

1204

100+ Aortic pressure

Pressure (mmHg)
o
?

130

Volume (mL)
©
o

u
Q

Phonocardiogram

Systole Diastole Systole

Figure 3-14 A Wiggers diagram, showing the cardiac cycle events occurring in the left
ventricle.
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3.2.2 Circulatory System Simulation

This section presents the design of the hemodynamic circuit simulating the effects of the

circulatory system on a coronary artery. The final design was obtained after conducting several

tests with different components, including a semi-lunar aortic valve, a capacitance chamber and

other materials plus different lengths of tubes.

Respecting the objectives of repeatability and versatility, the components selected for the

circuit are readily commercially available with the complete description and length of tubing

(Table 3-3).
No. Component Length ‘
Pulsatile pump “EDU-P120.” -
3/8 — V4 Quick Connector / Barbed adapter -
Clear Masterkleer Soft PVC Plastic Tubing for Air and Water, 4” ID, 15 cm
3/8” OD
4 | Check Valve, High-Cycling, Nylon Plastic Body for %4” Tube ID -
5 | Clear Masterkleer Soft PVC Plastic Tubing for Air and Water, 4 ID, 10 cm
3/8” OD
6 | Plastic Barbed Tube Fitting for Air and Water, Easy-View Wye -
Connector for %4” Tube ID
6.1 | Clear Masterkleer Soft PVC Plastic Tubing for Air and Water, 5cm
¥ 1D, 3/8” OD
6.2 | Plastic Barbed Tube Fitting for Air and Water, Tight-Seal, -
Reducer, for 4” x ¥4 Tube ID
6.3 | Super-Soft Latex Rubber Tubing for Air and Water, '%” ID, %4” 15 cm
OD
6.4 | Plastic Barbed Tube Fitting for Air and Water, Tight-Seal, -
Reducer, for 4” x ¥4 Tube ID
6.5 | Super-Soft Latex Rubber Tubing for Air and Water, 4 ID, 5" 5cm

OD

48



https://www.trando-med.com/pulsatile-pump/pulsatile-pump-p-120-for-driving-vascular.html
https://www.mcmaster.com/5233K56
https://www.mcmaster.com/5233K56
https://www.mcmaster.com/47245K27
https://www.mcmaster.com/5233K56
https://www.mcmaster.com/5233K56
https://www.mcmaster.com/5117K97
https://www.mcmaster.com/5117K97
https://www.mcmaster.com/5233K56
https://www.mcmaster.com/5233K56
https://www.mcmaster.com/5463K635
https://www.mcmaster.com/5463K635
https://www.mcmaster.com/5234K55
https://www.mcmaster.com/5234K55
https://www.mcmaster.com/5463K635
https://www.mcmaster.com/5463K635
https://www.mcmaster.com/5234K46
https://www.mcmaster.com/5234K46

7 | Clear Masterkleer Soft PVC Plastic Tubing for Air and Water, 4" ID, 5cm
3/8” OD
8 | Plastic Barbed Tube Fitting for Air and Water, Tight-Seal, Reducer, for -
Y2 x ¥4 Tube ID
9 | Super-Soft Latex Rubber Tubing for Air and Water, 2" ID, %2 OD 10 cm
10 | Plastic Barbed Tube Fitting for Air and Water, Tight-Seal, Reducer, for -
1/2" x 1/4" Tube ID
11 | Clear Masterkleer Soft PVC Plastic Tubing for Air and Water, 1/4" ID, 5cm
3/8" OD
12 | Plastic Barbed Tube Fitting for Air and Water, Easy-View Reducer for -
1/4" x 1/8" Tube ID
13 | Clear Masterkleer Soft PVC Plastic Tubing for Air and Water, 1/8" ID, 5cm
1/4" OD
14 | Dying agent input -
15 | Clear Masterkleer Soft PVC Plastic Tubing for Air and Water, 1/8" ID, 2m*
1/4" OD
16 | Plastic Quick-Disconnect Tube Coupling for Air and Water, Plug and -
Socket Set, for 1/8" Barbed Tube ID
17 | Clear Masterkleer Soft PVC Plastic Tubing for Air and Water, 1/8" ID, 3m
1/4" OD
18 | Plastic Quick-Disconnect Tube Coupling for Air and Water, Plug and -
Socket Set, for 1/8" Barbed Tube ID
19 | Clear Masterkleer Soft PVC Plastic Tubing for Air and Water, 1/8" ID, 10 cm
1/4" OD
20 | Plastic Barbed Tube Fitting for Air and Water, Easy-View Wye -
Connector for 1/8" Tube ID
20.1 | Clear Masterkleer Soft PVC Plastic Tubing for Air and Water, 15 cm
1/8" ID, 1/4" OD
20.2 | Hemostasis Valve
20.2.1 | Transducer
20.2.2  Stopcock (Optowire Input)
21 | Clear Masterkleer Soft PVC Plastic Tubing for Air and Water, 1/8" ID, 5cm
1/4" OD
22 | Visualization box -
23 | PHANTOM -

49



https://www.mcmaster.com/5233K56
https://www.mcmaster.com/5233K56
https://www.mcmaster.com/5463K635
https://www.mcmaster.com/5463K635
https://www.mcmaster.com/5234K55
https://www.mcmaster.com/5463K635
https://www.mcmaster.com/5463K635
https://www.mcmaster.com/5233K56
https://www.mcmaster.com/5233K56
https://www.mcmaster.com/5117K61
https://www.mcmaster.com/5117K61
https://www.mcmaster.com/5233K52
https://www.mcmaster.com/5233K52
https://www.mcmaster.com/5233K52
https://www.mcmaster.com/5233K52
https://www.mcmaster.com/5012K114
https://www.mcmaster.com/5012K114
https://www.mcmaster.com/5233K52
https://www.mcmaster.com/5233K52
https://www.mcmaster.com/5012K114
https://www.mcmaster.com/5012K114
https://www.mcmaster.com/5233K52
https://www.mcmaster.com/5233K52
https://www.mcmaster.com/5117K67
https://www.mcmaster.com/5117K67
https://www.mcmaster.com/5233K52
https://www.mcmaster.com/5233K52
https://www.mcmaster.com/5233K52
https://www.mcmaster.com/5233K52

3/8" OD

24 | Clear Masterkleer Soft PVC Plastic Tubing for Air and Water, 1/8" ID, VARIABLE
1/4" OD

25 | Plastic Barbed Tube Fitting for Air and Water, Easy-View Reducer for -
1/4" x 1/8" Tube ID

26 | Clear Masterkleer Soft PVC Plastic Tubing for Air and Water, 1/4" ID, 15 cm

27 | 3/8 - 1/4 Quick Connector / Barbed adapter

*For the experiments carried out in this investigation, 2 meters of the tube were used for this section. However, the length can be changed to obtain

higher or lower pressures in the pressure curve. Modifications in this length do not affect the measurement of FFR and dPR.

Table 3-3 Hemodynamic Circuit List of Components.

In Figure 3-15, the flow path of the liquid is represented by a diagram. The nomenclature

of the chart coincides with that used in Table 3-3. These components and its functions are

explained in greater depth below.
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https://www.mcmaster.com/5233K56
https://www.mcmaster.com/5233K56

01. Pump "EDU-P120"

02.
3/8-1/4 QD
Adapter

04.
Check

valve

Reducer
1/2" x 1/4"

09.

5cm

10.
Reducer
1/2" x 1/4"

12.
Reducer
1/4" x 1/8"

1/2 SS-Tubing

06.5.
1/4 SS-Tubing

06.3.
1/2 SS-Tubing
15cm

20.2.1

Transducer

Optowire
1

20:2:2
Stopcock

20.2
Hemostasis
Valve

27.
3/8-1/4 QD
Adapter

26.
1/4 Tubing
15cm

25.
Reducer
1/4" x 1/8"

24.
1/8 Tubing
VARIABLE

22. Visualization Box

23. PHANTOM -

21.
1/8 Tubing
5cm

Figure 3-15 Hemodynamic circuit connection diagram
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Pulsatile Pump

The mechanical device used to move the system fluids and simulate the work of the human
heart is the “EDU-P120” portable pulsatile pump (TRANDOMED, Zhejiang, China), shown in
Figure 3-16. This device can produce physiological characteristics such as heart beating frequency,

blood pressure, flow rate, simulated blood temperature, and high-pressure duration.

Figure 3-16 Pulsatile Pump EDU-P120
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Dicrotic Notch

The dicrotic notch is a critical aspect of the pressure curve to be simulated. This event is
represented as a slight increase in pressure just at the beginning of diastole and is usually attributed
to the closing of the aortic valve[31], [32]. This section of the circuit intends to generate this notch

using a check valve and added compliance by using super soft latex tubing.

Figure 3-17 Dicrotic notch system. (a) Check valve, (b) Left Super-Soft Tubing
(with open end), (c) Right Super-Soft Tubing and continuation of the circuit.

The section of the hemodynamic circuit in charge of generating the dicrotic notch is

composed of the following components presented in Figure 3-17:

(a) Check valve: The pulsatile pump allows the partial return of the liquid in the circuit,
limiting the control over the pressure curve. The primary function of the check valve is
to prevent the return of flow, thus controlling the drop in pressure during diastole. The

valve requires a minimum of 0.5 psi to open, which means it will close as soon as the
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pump boost pressure is less than 25.85 mmHg. Changing this parameter will affect the

position of the dicrotic notch on the pressure curve.

(b) Left Super-soft tubing: Being a considerably flexible material of shore 40A (similar
to a pencil eraser[33]), it can inflate slightly like a balloon when the pressure in the
system is high enough. This feature allows limited manipulation of the notch's
amplitude and pressure drop duration. Control is achieved by changing the length of
super flexible tubing permitted in the system, thus adding or reducing compliance.
Clamps are used to close the loop to the desired size. Figure 3-17 shows, with two red
lines, the position where the greatest similarity with the desired pressure curve was

achieved.

(c) Right Super-soft tubing: This component is used to reduce the flow transition to
achieve a smooth slope and reduce the steepness after the dicrotic notch. Also, its
flexible properties help reduce noise in the pressure curve, but unlike the left one, the

flow continues freely through this component without being blocked.
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Contrast Agent

Since the hemodynamic circuit will be subjected to X-Ray imaging, an access port is

necessary to provide the possibility of introducing a contrast agent.

The position of this access port is critical since it must be located before the area of interest
but considering that injecting the contrast agent should not generate a flow disturbance sufficient

to alter the measurement.

A 3-way adapter was introduced into the system just after the compliance section. This

adapter allows the circuit to be opened, allowing injection of the contrast agent with a syringe.

| . :
Figure 3-18 Contrast agent injection. Three-way adapter with a
syringe attached, injecting the contrast agent.
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1/8 Tubing

Given the pump's limitations in pressure control and considering the physical principles of
flow in a tube, it was decided to use the tube length of certain sections of the circuit as a controlling
factor for resistance to flow. The greater the length, the greater the resistance to be overcome by

the flow.

This decision resulted in a 1/8 tubing variable-length section in the circuit. The variable

section is located after the visualization box, just before returning to the pump.

This 1/8 tubing variable-length section allows the control of the resistance in the circuit,

simulating the resistance compensation that the body generates depending on the level of stenosis.

Table 3-4 shows the lengths that performed the best with each stenosis severity.

Stenosis Length

89% 250 cm
59% 60 cm
43% 15 cm
0% 330 cm

Table 3-4 Variable Tube Length Values for the Stenosis Severity.

There is another section of 1/8 tubing located between the Dicrotic notch and Pressure
measuring sections. This section could be used to reduce the pressure in the area of interest, and it
does not seem to have any effect on the FFR and dPR measurements.
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Transducer and Pressure Wire Access Port

The circuit is divided by a wye connector located after the first variable length tube section

and before the area of interest (visualization box).

This access port (Figure 3-19) will allow an access channel for the pressure wire
(Optowire). From this point, a column of liquid will be in contact with the transducer to measure

the Arterial pressure (Pa) before the stenosis with which the pressure wire will be equalized.

Figure 3-19 Access point. Section of the hemodynamic circuit where the pressure transducer is
located and the pressure wire is inserted.
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Visualization Box

The primary purpose of the visualization box is to allow the phantom to be immersed in
water simulating the rest of the body surrounding the coronary artery during the X-Ray imaging.

Water is necessary to absorb part of the X-Ray emitted on the phantom of the coronary artery.

The visualization box is designed using SolidWorks (Figure 3-20), to be manufactured with
5.5 mm thick Plexiglas (Figure 3-21). The lower part of the box has two Smm drills, one on each
side. These holes are filled and sealed with barbed tube fittings to connect with the rest of the
hemodynamic circuit and allow the pulsatile flow through the phantom, simulating a human's

blood flow.

Figure 3-20 Visualization Box (SolidWorks).
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One additional 5 mm hole is located on the upper left side of the box. This hole is also
filled and sealed with barbed tube fittings. In future research, it will allow control over the air
pressure inside the visualization box to mimic the pressure experienced by an artery's exterior

walls.

Four 10mm X 10mm X 5.5mm blocks are fixed around the phantom's location to ensure
that the phantom remains in place and does not slip off due to the inner pressure of the liquid

flowing through.

Finally, a removable lid is designed to perform an airtight closure to allow internal pressure

control.

Figure 3-21 Manufactured Visualization Box.
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3.2.3 Measurement Equipment

As mentioned before, the purpose of the dynamic coronary artery phantom test system is
to be able to perform an FFR reading on a replica of a stenotic coronary artery, for which the use
of precise high-tech tools was necessary. For this research, Opsens Medical equipment was
employed. Opsens OptoWire: is an innovative pressure guidewire designed explicitly to evaluate
stenoses in blood vessels. The nitinol core of the cable allows agile navigation through the blood

vessels and, in this case, through the tubing used in the hemodynamic circuit.

(b)

Figure 3-22 Pressure wire (OptoWire) developed and manufactured by OpSens Medical. (a)
packaged out of the box, (b) pressure cable tip.

Opsens OptoMonitor: While the OptoWire is a cable that senses pressure, the OptoMonitor
is the computer that interprets these readings and allows us to obtain different values such as FFR,

Pd/Pa, cFFR and dPR. The device will enable the user to make patient profiles and save the

60



readings that can later be extracted through a USB memory for subsequent analysis on a personal

computer.

Arterial line transducer: finally, in addition to the OptoWire, the Optomonitor also allows
reading the measurements of a transducer in charge of monitoring blood pressure. The transducer
comes into contact with the circuit's flow through a liquid column inside the tube. The extraction
of any bubble in the system must be performed. The transducer reading (Pa) will be used to match

the wire's pressure reading before the stenosis, thus achieving an equalization.

Figure 3-23 In-line pressure transducer. The cable is connected to

the OptoMonitor. The 3-way valve is used to perform a zero and to

join a pressurized bag of saline solution. The blue valve is used to
purge the device since it must expel the air in the circuit.
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3.3 Cam System

The objective of the cam system is to accurately represent the movement of the coronary artery

caused by the respiratory cycle and by the contraction of the heart itself.
There are four basic considerations that were taking into account for the system:

e Manufacturability: The design must be thought of so that it can be easily
manufactured. It will be sought that most of the components are OTS (Off the shelf)

and easy to obtain. It is desired that manufactured parts are of minimum complexity.

e Versatility: The design will be as versatile as possible, considering aspects such as
variable pump height, the possibility of changing the direction of movement, and

the possibility of changing movement patterns.

e Portability: The system should be portable so that it can be used within a Cardiac

Catheterization Lab (Cath Lab) to perform an angiogram.

e Usability: Ideally, the system's operation resembles an actual procedure as much as

possible. The system must simulate a patient undergoing a coronary angiogram
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3.3.1 Desired Movement

For this research, the movements of the coronary artery generated due to respiration and

the cardiac cycle itself were considered.

To represent the displacement that the heartbeats cause on the coronary artery, the tracked
movement of the mitral valve founded in the work of Toufic Azar et al. was used. Toufic Azar et
al.mention that the representative movement occurs in the superior-inferior direction. The

movement in other directions is considered negligible[34].
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Figure 3-24 Displacement curve at the root of the coronary artery due
to the movement of a heartbeat, from [15].

In his work, Toufic Azar uses this movement for a dynamic left atrioventricular phantom
test bed emulating mitral valve motion. However, the movement was originally obtained from 3D

echocardiography data images in the work of Yuen et al.[35]
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After some experiments, it was observed that the displacement curve found in the mitral
valve had more aggressive accelerations than the actual displacement found in the coronary artery
due to the heart beating, causing to much noise in the FFR and dPR readings. Al-Kwifi et al.
performed a characterization of coronary motion in the major coronary arteries and generated its
displacement curve during breath-holding[36]. The displacement curve used to represent the

displacement that the heartbeats cause on the coronary artery was that experienced by the LAD

(Figure 3-25).
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Figure 3-25 Displacement curve at the LAD in a subject during breath-holding from [36]
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The movement on the coronary arteries root caused by breathing was obtained from the
work of Guy Shechter et al. This movement is mainly due to the movement of the diaphragm

during respiration and occurs equally in the superior-inferior direction[37].
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Figure 3-26 Displacement curve at the root of the coronary artery due to
respiration, from [17].

Finally, the combined movement of the coronary artery due to breathing and heartbeat
simultaneously was also developed. The number of heartbeats of an adult at rest range from 60 to
100 beats per minute. The respiratory rate is between 12 and 20 breaths per minute[38]. A 1:4 ratio
of respirations to heartbeats was selected. However, after some experiments and due to the motor's
capacity, it was discovered that the 4:1 ratio caused very pronounced curves in the cam plate,
causing uncontrolled jumps in the system, so an alternate cam plate with a 2:1 ratio of heartbeats

against respiration was designed.
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The arithmetic sum of the values of the individual points that make up each wave was

made, resulting in the chart shown in Figure 3-27.
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Figure 3-27 Mixed displacement curve at the root of the coronary artery due to
respiration and heartbeats. (a) With a ratio of heartbeats to respiration of 4:1 (b)
With a ratio of heartbeats to respiration of 2:1.

The literature mentions that the dominant movement is in the superior-inferior direction,
that is, from head to toe and vice versa, which is why it was originally thought of as a cam system
that would move the phantom vertically. However, the system is so versatile that it was also
designed so that with minor alterations. The system can also move the phantom in a horizontal

direction, simulating a patient lying on the Cath Lab stretcher.
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3.3.2 Structure & Components

This section presents the design and the components selection for the CAM System
simulating the anatomical movements affecting the coronary artery. The final design was obtained
after evaluating different conceptual ideas and selecting components based on system needs and

market availability.

The components selected for the CAM System are readily available and shown in Table

3-5 with the complete item's description.

No. Qty Component Length ‘
T-Slotted Framing, Single 4-Slot Rail, Silver, 1.5" High x 1.5" Wide,
1 2 3 ft.
Hollow
T-Slotted Framing, Single 4-Slot Rail, Silver, 1.5" High x 1.5" Wide,
2 |11 1 ft.
Hollow
T-Slotted Framing, Single 4-Slot Rail, Silver, 1.5" High x 1.5" Wide, .
3 2 10 1in.
Hollow
T-Slotted Framing, Single 4-Slot Rail, Silver, 1.5" High x 1.5" Wide, .
4 2 6 in.
Hollow
T-Slotted Framing, Single 4-Slot Rail, Silver, 1.5" High x 1.5" Wide, .
5 6 3 1n.
Hollow
T-Slotted Framing, Single Four Slot Rail, Silver, 1" High x 1" Wide,
6 1 Solid 1 ft.
T-Slotted Framing, Single Four Slot Rail, Silver, 1" High x 1" Wide, :
7 1 Solid 10 in.
T-Slotted Framing, Single Four Slot Rail, Silver, 1" High x 1" Wide, .
8 2 . 6 1n.
Solid
9 4 | Silver Corner Bracket, 3" Long for 1-1/2" High Rail T-Slotted Framing -
10 | 4 | T-Slotted Framing, Silver Bracket, 3" Long for 1-1/2" High Single Rail -
THE T-Slotted Framing, Silver Surface Bracket, 6" Long for 3" High i
Double/Quad Rail
12 | 2 | T-Slotted Framing, Offset Reducer Surface Bracket for Single Rail -
13 | 5 | Silver Gusset Bracket, 1" Long for 1" High Rail T-Slotted Framing -

14 | 10 T-Slotted Framing, Silver Gusset Bracket, 1-1/2" Long for 1-1/2" High
Rail i

15 | 2 | Silver Corner Bracket, 1.5" Long for 1.5" High Rail T-Slotted Framing -

16 1 | Clevis Rod End, 1/4"-20 Thread, 2" Shank Center Length -
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Water-Resistant Plastic Ball Bearing, Trade Number R4A, for 1/4"
17 1 . -
Shaft Diameter

18 1 | Flange-Mount Shaft Collar for 5/8" Diameter, 2024 Aluminum -

19 1 | Parallel Shaft DC Gearmotor, 1/8 hp, 167 rpm at 43 in.-lbs. Torque -

20 1 | Enclosed Single Phase AC to DC Motor Speed Control -

T-Slotted Framing, End-Feed Nut with Flanged Head, 5/16"-18 Thread,

21 | 10 -
Steel

9 |1 18-8 Stainless Steel Right-Angle Weld Studs, 1/4"-20 Thread, 5/8" i
Long
18-8 Stainless Steel Right-Angle Weld Studs, 5/16"-18 Thread Size,

23 | 1 " -
5/8" Long

24 | 1 | Springs with Hook Ends

25 | 1 | Hook and Loop Cable Tie

Designed Parts
26 1 | Base (Visualization Box) -
27 | 1 | Base (Pump) -
28 1 | Cam Plate - Heartbeat -
29 1 | Cam Plate - Respiration -
30 1 | Cam Plate - Combination of heartbeat and respiration -
31 1 | Visualization Box -
32 | 2 | Slider -
8 Pulley Wheels 6252z -
8 Hex Drive Flat Socket Cap Screw M5-0.8 x 40mm -
8 Hex Lock Nuts M5 x 0.8mm -

Table 3-5 Cam System List of Components.

T-Slotted Framing Rails & Structural Brackets

For the structure of the cam system, a design based on T-Slotted framing rails and structural
Brackets was used due to its accessibility, easy assembly and versatility that allows future

modifications.
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Cam Plates and Follower

The cam plates were developed with the movement curves attributed to heartbeats and
breaths in the distance-time charts discussed in section 3.3.1. The steps for the designs are shown

in Figure 3-28 .

>
1
S
1

, Time® . / ,

0.4 0.6 0.8 1

Displacement (mm)
e 5 b L o v & oo o

Displacement (mm)
S 5 h b o o s o e

S
T
>

Figure 3-28 Cam Plates Design Process. (a) Heartbeat displacement curve. (b) Heartbeat
displacement curve, segmented into 62 lines of independent magnitude. (c) 62 lines distributed
equally in one revolution with a controlled maximum diameter and matching dimensions to (b).
(d) Extrusion of the resulting curve.

Once the designs were completed, they were manufactured on an Original Prusa i3 MK3S+

(Prusa Research a.s., Prague, Czechia) 3D printer using PLA as material. Additionally, the
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manufacture of an aluminum cam plate was carried out using a waterjet machine. The perimeter
that contacts the cam follower was polished by hand with sandpaper. The manufacturing time for
each cam plate in 3D printing was around 16 hours. The aluminum cam plate manufacturing in

waterjet only took about 1 hour.

Figure 3-29 Cam Plates. (a) one Heartbeat per revolution, (b) one respiration per revolution, (c)
a combination of four heartbeats to one respiration per revolution, (d) a combination of two
heartbeats to one respiration per revolution.
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Sliders

There are sliders on the market designed to work with the aluminum profiles used.
However, some tests showed that these generated much friction and caused jams in the system

when used in vertical movement.

A custom slider design was developed. It would work with bearings and V-shaped wheels
that ride on the channel in the center of each side of the T-Slotted Framing Rails. The exterior of
the slider was designed to be easy to anchor and align to the aluminum profiles. With the final
design ready, the slider body was manufactured with the Original Prusa i3 MK3S+ (Prusa Research

a.s., Prague, Czechia) 3D printer, and the wheels and bolts were purchased.

(a) (b)

Figure 3-30 Slider. Two 3D printed components, designed to operate on a 1.5" x 1.5" T-Slotted
framing aluminum profile, joined by four bolts and nuts and four pulley wheels.
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Motor & Controller

The motor was chosen based on the needs of the cam system listed below:

- Speed: the average heartbeat per minute of an adult can vary from 60 to 100 beats per
minute, and the design of the cam plate represents one beat per revolution. An engine with a

maximum speed of at least 100 revolutions per minute (rpm) was considered.

- Torque: to know the necessary torque, the design of the dynamic section of the cam
system moved by the motor was carried out in SolidWorks, and using its "motion Analysis" library,
a simulation was performed, resulting in the torque versus time curve (Figure 3-31). Once this
curve was obtained, it was decided to select a motor with at least twice the torque to counteract

possible details in the assembly that were not considered in the simulation.
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Figure 3-31 Estimation of the torque needed to operate the cam system. The
study was carried out in SolidWorks's "Motion Analysis" library. Result:
maximum peaks of 1.6 newton-meter.
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(b)

Figure 3-32 (a) Selected motor: Parallel Shaft DC Gearmotor 1/8 hp, 167 rpm At 43 in.-1bs.
(4.85 Nm) Torque. Mounted on the shaft is a Flange-Mount Shaft Collar, where the cam plates
will be attached. (b) Selected speed controller: Enclosed Single-Phase AC to DC Motor Speed

Control. It is recommended that once connected to the power outlet (110V), the knob is
positioned at speed () before activating the power switch. Once the switch is activated, the knob
is gradually turned until the desired speed is reached.
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3.3.3 Assembly

Once the components were selected, the assembly of the cam system was carried out. A
CAD (computer-aided design) version with two configurations was designed. The first
configuration (Figure 3-33) is used to generate the desired movement in a vertical direction, that

is, in a superior-inferior direction in a patient in an upright position.

Figure 3-33 Cam system modelled with SolidWorks.(a) Frontal and (b) isometric view.
Configuration for vertical movement.
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The second configuration designed in CAD (Figure 3-34) could be used to generate the
desired movement in a horizontal direction, that is, in a superior-inferior direction in a patient in a

supine position.

(b)

Figure 3-34 Cam system modelled with SolidWorks.(a) Frontal and (b) isometric view.
Configuration for horizontal movement.

McMaster, the OTS (off the shelf) components supplier, offers the 3D design of most of

their products within their catalogue. This option simplified the CAD assembly. The OTS
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components were downloaded from the supplier's webpage and added to the assembly. The slider,
visualization box, and acrylic bases that would support the pump and visualization box were all
designed, fabricated and added to the assembly. Finally, the pulsatile pump was also drawn in 3D

for illustrative purposes.

With the final CAD assembly, the components were purchased and manufactured. The
assembly of the cam system was carried out (Figure 3-35). It can move the visualization box with
the phantom of the stenotic coronary artery in a vertical direction, with three different cam plates
that will allow emulation of the movement caused by breathing, the heartbeat and a combination
of the two. Additionally, it was designed in such a way that with minimal alterations, it can also

generate movements in a horizontal direction.

Figure 3-35 Assembled cam mechanism, showing the aluminum profile structure assembled, the
moving table attached to the sliders, the motor velocity controller and one of the cam plates
attached to the motor.
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3.4 Testing

This section shows the methodologies developed for adequately using the dynamic

coronary artery phantom test system, from setup to FFR and dPR readings.

3.4.1 Hemodynamic System (Testing)

Once the hemodynamic circuit discussed in section 3.2 was assembled, the FFR and dPR
readings were performed. The tests required training on the equipment used to diagnose coronary
diseases. The equipment used for these readings is developed and manufactured by the company

OpSens. The protocol used for the readings was the following:
1. Baseline assembly:

The pump must first be positioned on a flat, levelled surface. The dicrotic notch section
(Check valve, extra-soft rubber tubing) is connected to the pump's "Outlet." At the end of the right
ultra-soft tubing, the access to the contrast agent will be connected and, after, the first section of
the 1/8 in. variable tube (2 meters). Then the measurement section is connected where access to
the transducer and the pressure guidewire will be allowed. The other end is connected to the
visualization box. On the pump's "inlet," a 1/4 in. tubing section is connected. At the end of this

section is an adapter for a 1/8 in. tubing.

Free space is left between the visualization box and this tube section, where the second

variable 1/8" tube section will be connected. The length of this section depends on the severity of
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the stenosis to be evaluated. Finally, the transducer is attached to the hemostatic valve to complete

the baseline assembly of the hemodynamic circuit.

Figure 3-36 Hemodynamic circuit's baseline connection.

2. Stenotic coronary artery phantom selection:

The corresponding phantom is connected inside the visualization box depending on the
selected severity. Likewise, the corresponding 1/8 tubing section is connected to the outlet of the

display box and the end of the circuit.

S

igure 3-37 (a) Sttic coronary artery phantom severity selection. ( Phantom connection
inside the visualization box. (c) Variable 1/8 tubing connection with the length corresponding to
the selected phantom.
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3. Closed hemodynamic circuit:

At this point, the circuit should be closed. First, a syringe must be attached to the endpoint
of the Left Super-soft tubing. The syringe functions as an end cap and is used to remove air in the
tubing. Also, to help prevent leaking, a pair of pliers are clamped to the super-soft tubing. The 3-
way adapter in the circuit used to inject the contrast agent should also be closed. Finally, on the
Hemostasis Valve, the transducer should be securely attached and with its valve closed.

Furthermore, the Stopcock should also be closed.

(b) (c)

Figure 3-38 Possible leak points: (a) left super soft tubing, closed by a pair of pliers clamped to the
tubing, (b) contrast agent three-way adapter, (c) transducer three-way adapter and stopcock.

4. Pulsatile pump preparation:

A solution composed of 40% glycerol and 60% water is poured into the pump's tank,
mimicking the density and viscosity of human blood. Then, the pump is connected to the power
outlet (110V), and finally, it is turned on with the only physical button on it located next to the

power inlet.
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(b)

Figure 3-39 (a) Filling the pump's chamber with a mixture of 40% glycerine and 60% Water to
represent blood viscosity. (b) Connect the power cable to the power outlet (110v). (c¢) Connect
the cable to the pump's power inlet and screw the connector to secure it.

5. Pump activation and air removal:

The first time the pump is activated after being turned on, it will conduct the liquid flush
that will try to remove the bubbles from the system for the time selected in the "air-out" parameter.

Once the "air-out" time is over, the remaining air inside the circuit is manually extracted.

First, the syringe at the end of the Left Super-soft tubing can be removed to liberate the
trapped air. Once the air has been removed, the syringe is attached back, and the scissor clamps
are also attached on the Left Super-soft tubing to generate the dicrotic notch. Also, the Stopcock

can be opened on the hemostasis valve for just enough time to expel all the air in this section.
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Figure 3-40 (a) Activation of the pump's pulsations. (b) Carefully removing the pliers to allow
the liquid to expel the air occupying its space. (c¢) Purging the transducer allows a fluid column
between the sensor and liquid flow in the hemodynamic circuit.

6. Measuring equipment setup:

The first step to start the measurement equipment setup is to turn on the OptoMonitor. The
OptoMonitor will turn on when connected to the power outlet (110V). After a few seconds, the
system is initialized. The transducer connected to the Optomonitor automatically performs a zero

process and begins to display its reading on the screen.

The pressure sensor must be positioned at the phantom's height. Once the pressure sensor
is positioned, it is connected to the Optomonitor. The system automatically performs a zero on the

pressure sensor at that level.

Subsequently, with the pump inactive, the Stopcock on the hemostasis valve is opened, and
the pressure sensor is inserted into the desired position. After several readings, the optimal position

was obtained and marked on the phantoms (Figure 3-41).
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Once the pressure sensor is positioned, the Stopcock should be closed, and the pump can

be activated to start the measurements.

Stenosis Affected Zone

Stabilization Zone

Figure 3-41 Schematic indicating in red the stable pressure zones where it is
recommended to perform the equalization of the measurement system and the FFR
and dPR readings.

3.4.2 Hemodynamic System with Vertical & Horizontal
Movement (Testing)

With the system assembled for vertical or horizontal movement, as shown in section 3.3.3,

the following should be considered for accurate FFR and dPR readings:

1. The pulsatile pump is positioned on the acrylic pump's base. The base's height is variable,
and it is recommended that it be positioned so that the pump's "inlet" is located below or at the

same level as the base of the phantom in its lowest position.

2. The visualization box is positioned on the moving acrylic base of the system. It is

recommended to secure it with the hook and loop cable tie.
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3. Finally, the hemodynamic circuit is connected. The connection follows the same steps

followed in section 3.4.1.

Start movement

Once the hemodynamic circuit is connected and mounted on the cam system, it is ready to
start moving. First, the AC to DC motor speed controller is connected to the power outlet (110V).
Then, the position of the variable knob at its lowest speed is confirmed, and the power switch can
be turned on, energizing the motor. Finally, the variable knob is turned clockwise until achieving

the desired speed.

Figure 3-42 Assembled dynamic coronary artery phantom test system. Cam mechanism with the
hemodynamic circuit.
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Chapter 4: Results

4.1 FFR & dPR Readings

Distal (Pd) and proximal (Pa) pressure were measured using the pressure guidewire
(OpSens). The data displayed on the OptoMonitor (OpSens), represents the ratio between the
pressures to produce the FFR and dPR measurements. The results are then compared to the
expected results based on previous literature. Stenotic coronary artery phantoms with four different
levels of severities: 0%, 40%, 60%, and 80%, were tested on the hemodynamic circuit. Then, the
same readings were done, adding three types of movement: generated by heartbeats, by breathing,

and by a combination of heartbeats and breathing.

4.1.1 Expected Results

Relation between FFR measurement and % stenosis

Two main methods are used when measuring stenosis severity: the percentage of cross-
sectional area reduction and the percentage of diameter reduction. The phantoms used in this
experiment were modelled using the percentage of area reduction. To validate the results, the

expected FFR values must be calculated for proper comparison.
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Joo Myung Lee's research was composed of a sample size of one hundred and fifteen
patients suffering from left anterior descending artery stenosis, all of which had a single lesion
[39]. Figure 4-1 demonstrates the relationship between percent diameter stenosis and their FFR

value.
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Figure 4-1 Comparison Between % Diameter Stenoses and FFR Values

Correlation between % diameter reduction and % cross-sectional area reduction

The specification of whether the percent stenosis is measured by reduction in diameter or
cross-sectional area is needed as they differ from one another. To enable an appropriate
comparison, a relationship between percent diameter reduction and percent area reduction must be

established.
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The percentage of diameter stenosis is determined by using the following formula [40],
L
% stenosis = (1 - E) * 100 4-1

Where L is the area or diameter of the lesion and R is the area or diameter of the non-

affected reference site.

A study by Hideki Ota et al., determined a correlation between the two types of percent

reductions using ultrasonography [40]. The results are shown in Figure 4-2 below.
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%Area 44% 75% 94% 99%
%Diameter 25% 50% 75% 90%

Figure 4-2 Graph (top) illustrates the relationship between area reduction and diameter
reduction in a completely concentric stenosis. Drawings at bottom illustrate cross-sectional
views of lumina at various percentages of area and diameter stenosis. Reproduced with the

permission of The Radiological Society of North America (RSNA®).
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From this, the following relation was derived between the percent reductions,

=0-o- (i)

Where A is the percentage of area reduction, and D is the percentage of diameter reduction.

Converting the severity of stenoses from our samples from percent area stenosis to percent

diameter stenosis is shown in Table 4-1.

% Area Stenosis % Diameter Stenosis ‘

0% 0%
40% 23%
60% 37%
80% 55%

Table 4-1 Conversion from Area Stenosis to Diameter Stenosis

Expected FFR

Using the conversion from percent area to percent diameter stenosis done in Table 4-1 in
combination with the relation between percent diameter stenosis and FFR value done in Figure
4-1, the expected results, based on previous literature, were obtained. These expected FFR

measurements are shown in Table 4-2 below.

% Area Stenosis % Diameter Stenosis Expected FFR
0% 0% 1
40% 23% 0.85
60% 37% 0.83
80% 55% 0.78

Table 4-2 Expected FFR Measurement in Relation to the Stenosis Severity.




4.1.2 Hemodynamic Circuit (Measurements)

This section presents the results obtained from the FFR and dPR readings of the
hemodynamic circuit subjected to no motion. The summarized results are shown in Table 4-3.
Figure 4-3 and Figure 4-4 show the screenshots obtained from the Optomonitor of the FFR and

dPR measurements, respectively.

FFR % Error dPR %Error

% Area Variable Tubing ‘ Expected ‘

Stenosis Length Result
0% 330 cm 1 0.97 03% 0.98 02%
40% 15 cm 0.85 0.84 01% 0.85 00%
60% 60 cm 0.83 0.83 00% 0.83 00%
80% 250 cm 0.78 0.78 00% 0.78 00%

Table 4-3 FFR and dPR Result Readings on the Hemodynamic Circuit with No-Motion.
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Figure 4-3 Screenshots of the FFR readings performed with the Optomonitor in the non-motion
hemodynamic circuit using the phantoms of the stenotic coronary artery with different severities:
(a) 0%, (b) 40%, (c) 60% and (d) 80%. The figures show the anatomically representative
pressure curves obtained.
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Figure 4-4 Screenshots of the dPR readings performed with the Optomonitor in the non-motion
hemodynamic circuit using the phantoms of the stenotic coronary artery with different severities:

(a) 0%, (b) 40%, (c) 60% and (d) 80%.
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4.1.3 Hemodynamic Circuit with Vertical Heartbeat

Movement

This section presents the results obtained from the FFR and dPR readings of the
hemodynamic circuit subjected to vertical movement mimicking the displacement found in the
LAD due to heartbeats and during breath-holding. The summarized results are shown in Table 4-4.
Figure 4-5 and Figure 4-6 show the screenshots obtained from the Optomonitor of the FFR and

dPR measurements, respectively.

FFR % Error dPR %UError

% Area Variable Tubing ’ Expected ‘

Stenosis Length Result
0% 330 cm 1 0.98 02% 0.98 02%
40% 15 cm 0.85 0.85 00% 0.83 02%
60% 60 cm 0.83 0.82 01% 0.83 00%
80% 250 cm 0.78 0.78 00% 0.78 00%

Table 4-4 FFR and dPR Result Readings on the Hemodynamic Circuit Subjected to the
Movement Caused in the LAP by the Heartbeat.
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Figure 4-5 Screenshots of the FFR readings performed with the Optomonitor in the
hemodynamic circuit subjected to the movement caused in the LAP by the heartbeat and using
the phantoms of the stenotic coronary artery with different severities: (a) 0%, (b) 40%, (c) 60%
and (d) 80%. The figures show the anatomically representative pressure curves obtained.
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Figure 4-6 Screenshots of the dPR readings performed with the Optomonitor in the
hemodynamic circuit subjected to the movement caused in the LAP by the heartbeat and using
the phantoms of the stenotic coronary artery with different severities: (a) 0%, (b) 40%, (c) 60%
and (d) 80%.
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4.1.4 Hemodynamic Circuit with Vertical Respiration

Movement

This section presents the results obtained from the FFR and dPR readings of the
hemodynamic circuit subjected to vertical movement mimicking the displacement found in the
coronary artery due to breathing. The summarized results are shown in Table 4-5. Figure 4-7 and
Figure 4-8 show the screenshots obtained from the Optomonitor of the FFR and dPR

measurements, respectively.

FFR % Error dPR %UError

% Area Variable Tubing ’ Expected ‘

Stenosis Length Result
0% 330 cm 1 0.97 03% 0.98 02%
40% 15 cm 0.85 0.85 00% 0.85 00%
60% 60 cm 0.83 0.83 00% 0.83 00%
80% 250 cm 0.78 0.78 00% 0.77 01%

Table 4-5 FFR and dPR Result Readings on the Hemodynamic Circuit Subjected to the
Movement Caused in Coronary Artery by Breathing.
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Figure 4-7 Screenshots of the FFR readings performed with the Optomonitor in the
hemodynamic circuit subjected to the movement caused in the coronary artery by breathing and
using the phantoms of the stenotic coronary artery with different severities: (a) 0%, (b) 40%, (c)
60% and (d) 80%. The figures show the anatomically representative pressure curves obtained.
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Figure 4-8 Screenshots of the dPR readings performed with the Optomonitor in the
hemodynamic circuit subjected to the movement caused in the coronary artery by breathing and
using the phantoms of the stenotic coronary artery with different severities: (a) 0%, (b) 40%, (c)

60% and (d) 80%.
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4.1.5 Hemodynamic Circuit with Vertical Mix Movement

This section presents the results obtained from the FFR and dPR readings of the
hemodynamic circuit subjected to vertical movement mimicking the displacement found in the
coronary artery due to breathing and heart beating. The summarized results are shown in Table
4-6. Figure 4-9 and Figure 4-10 show the screenshots obtained from the Optomonitor of the FFR

and dPR measurements, respectively.

FFR % Error dPR %Error

% Area Variable Tubing ‘ Expected ‘

Stenosis Length Result
0% 330 cm 1 0.99 01% 0.97 03%
40% 15 cm 0.85 0.85 00% 0.83 02%
60% 60 cm 0.83 0.82 01% 0.82 01%
80% 250 cm 0.78 0.78 00% 0.78 02%

Table 4-6 FFR and dPR Result Readings on the Hemodynamic Circuit Subjected to the
Movement Caused in Coronary Artery by Breathing and Heart Beating.
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Figure 4-9 Screenshots of the FFR readings performed with the Optomonitor in the
hemodynamic circuit subjected to the movement caused in the coronary artery by breathing and
heart beating. Using the phantoms of the stenotic coronary artery with different severities: (a)
0%, (b) 40%, (c) 60% and (d) 80%. The figures show the anatomically representative pressure
curves obtained.
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Figure 4-10 Screenshots of the dPR readings performed with the Optomonitor in the
hemodynamic circuit subjected to the movement caused in the coronary artery by breathing and
heart beating. Using the phantoms of the stenotic coronary artery with different severities: (a)

0%, (b) 40%, (c) 60% and (d) 80%.
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Chapter S: Discussion

Phantom Material

PVA-C is a material that meets the mechanical properties found in blood vessel tissue.
However, two main aspects were found that complicate the use of this material. Firstly, although
the PVA material is considered not expensive, its cryogenic treatment requires expensive freezing
equipment capable of reproducing the temperature-time curves of the freezing and thawing cycles
for curing PVA-C. As this equipment was unavailable, curing was carried out in a commercial
refrigerator and freezer. The lack of control over the cycles and the differences in the temperature

marked in the literature [20] resulted in phantoms with a homogeneous but extremely porous cure.

Adapters were designed and 3D-printed so the phantom could communicate with the rest
of the system. The adapters were designed with channels through which the liquid PVA could
enter and anchor once cured. However, the properties of PVA-C, and the problem mentioned with
curing in a conventional refrigerator, prevented an airtight union. Shortly after several uses, the

phantoms tended to leak at the adapter's junction.

During the unmolding process of the phantoms, another problem arose: bubbles formation.
Bubbles were formed during the injection of the PVA into the mould. These bubbles affected the
mechanical properties of the phantom and would quickly collapse. To solve this issue, a syringe's
needle was used to slowly stir the solution around the inner side of the mould to push the bubbles

to the surface and eliminate as many as possible before commencing the freezing cycle.
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Another inconvenient with the PVA-C phantoms was the lack of long-term stability due to
the mechanical properties varying in time caused by decomposition and drying out of the material.
Because of this, the phantom's shelf-life is expected from a few days up to four months, depending
on usage and how they are preserved [21]. During this research, the phantoms were preserved in
water at ambient temperature until testing to prevent dehydration, evaporation, or disfiguration

[25].

The complex manufacturing and maintenance process, especially in small-sized phantoms

such as those of coronary arteries, led to the search for other technologies such as 3D printing.

It was found that there are no 3D-printed materials that perfectly meet the mechanical
properties of blood vessels. However, the possibility of printing two or more materials
simultaneously in a single part allows us to develop printing strategies to customize the mechanical

properties of a composite material, as shown in ZhiLin Yang's research.

The complexity in developing phantom composites remains in designing the desired
structure to meet the desired mechanical properties. However, once the design is ready, the

phantom can be printed as often as necessary.

After carrying out test measurements, it was found that the results of the FFR and dPR
readings in phantoms made of PVA-C material and composite phantoms did not differ

significantly, so for this research, it was decided to continue only with composite phantoms.

Hemodynamic Circuit

During the construction of the hemodynamic circuit, it was found that slight alterations

completely changed the pressure curve and the FFR and dPR readings.
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An artificial aortic valve was used to generate the dicrotic notch. However, it did not work
as expected. It is believed that it is because the pressure at the outlet was not high enough to close
the valve. Changes in the position of the valve and pipe diameters did not solve the problem, so a

nylon plastic, high-cycling check valve was chosen.

For noise control in the circuit, a capacitance chamber was used. However, after
experimenting with it, it was found that it was not controllable nor repeatable due to the highly
variable amount of liquid it can store. Another adverse effect of the dome was over-attenuating the
curve, eliminating the dicrotic notch. It was decided not to use the chamber, and the noise was

reduced by adding super-soft rubber tubing to the circuit.

The combination of the check valve and super-soft rubber tubing allowed for obtaining a
notch in the curve with an appearance similar to that found in arterial pressure curves. The
appearance and position of the notch can be altered by manipulating the position of the pliers, i.e.

changing the length of the left super soft rubber tubing.

After experimenting with different components as previously described, it was found that
the components before the phantom significantly impacted the pressure curve but not the FFR and
dPR readings. The variable that has the most significant impact on the FFR and dPR readings is
the length of the 1/8 tubing at the outlet of the visualization box, that is, the outlet resistance of the

hemodynamic circuit.

Medical Expert Assessement

With the final selection of components of the hemodynamic circuit and achieved the
desired results in the tests performed. A qualified physician tested the circuit.
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According to the feedback provided by the physician, the results were satisfactory. The
DPR Pullback readings were very similar to reality. The lesions were idealized but representative
of human physiology. Thanks to the pump used, it was possible to have better control over the
bubbles in the circuit, one of the most common problems in this type of simulation according to
the physician. Finally, due to the materials used and the design of the circuit, it is possible to obtain

X-ray images of excellent quality (Appendix C).

System Movement

The results from the tests carried out in the static hemodynamic circuit against the ones
with the system in vertical movement show that movement affects the pressure curve. The
magnitude of the effect is related to the generated movement's intensity, that is, the acceleration of
the movement. However, the movement did not cause any significant effect on the measurement

of FFR and dPR.

The mechanism turned out to be very versatile. It can be adapted to generate vertical or
horizontal movement. The development of different cam plates, as shown in this investigation, is

a relatively simple process that will allow the generation of different motion profiles.

One drawback the system showed is that the motor generates vibrations that alter the
pressure curve. Also, after making experiments with the mitral valve displacement curve cam
plate, the readings showed noise generated on the curves when the movement was activated, since
this movement profile shows a rapid fall that can be translated into a high acceleration. Due to this
drop or high acceleration, it is considered that the movement obtained when tracking the mitral

valve may be too high compared to that seen in the coronary artery. Therefore, a new cam plate
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was generated considering the displacement at the LAD reducing noise considerably. Vibrations

were also reduced by using soft gaskets between the motor joints and the rest of the frame.

During the experiments, it was observed that some noise in the pressure curve was due to
vibrations acting on the system's tubing. Therefore, separating the tube from the ground could help

to undermine vibrations and noise in the curve.

Added Value

Although this testing bed was developed with the objective of testing and fine-tuning
medical measurement equipment, it is considered that it can also be very helpful for educational
purposes and medical training. The attributes of this testing station can generate more realistic

scenarios that nurture the experience of a future physician.
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Chapter 6: Summary and Conclusions

This research presented the development of an anatomical and biomechanically correct test
station capable of replicating different motion profiles triggered by respiration and heartbeat on a
stenotic coronary artery phantom with different severities, capable of perfusion under controlled

and repeatable conditions.

A 3D printed composite phantom was developed, composed of TangoPlus and VeroWhite
material, with a configuration that allows obtaining mechanical properties similar to those found

in the tissue of arteries.

A hemodynamic circuit was built to simulate an anatomically correct blood pressure curve,

on which angiograms and FFR and dPR readings can be performed with a pressure guidewire.

Finally, the testing bed was complemented by adding motion to the stenotic coronary artery
phantom. The movement is achieved with a cam mechanism which works with cam plates that can

be interchanged to achieve different movement profiles (heartbeat, respiration and combined).

This dynamic coronary artery phantom test system emulating cardiac and respiratory
motion has shown potential for use in testing and tuning new medical equipment and in medical

education and training.

105



6.1 Future Work

e Tracking the movement of different points along the coronary artery during a

heartbeat to develop different cam plates simulating different movements.

e Achieve communication between the pulsatile pump and the motor, optimizing the

synchrony between the beats generated by the pump and the heartbeats movement.

e Optimize coronary artery movement by adding a perfused ventricle phantom whose
expansion moves the stenotic coronary artery phantom attached to it in a radial way.
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Appendix A - Copyright Documentation

All images referenced in this page ar from public domain or licensed for reuse under

Creative Commons license. Please se below for full citation and attribution information.

Figure 2-1 “Diagram of the human heart”, by Wapcaplet in Sodipodi. Cropped by Yaddah to
remove white space. Licensed under the Creative Commons Attribution-Share Alike 3.0
Unported license.

Link: https://commons.wikimedia.org/wiki/File:Diagram_of the human_heart (cropped).svg

Figure 2-2 “Coronary arteries”, by Patrick J. Lynch (medical illustrator), derivative work: Fred
the Oyster, adaption and further labeling: Mikael Higgstrom M.D. Licensed under the Creative
Commons Attribution-Share Alike 3.0 Unported license.

Link: https://commons.wikimedia.org/wiki/File:Coronary_arteries.svg

Figure 2-3 “Structure of an Artery Wall” by Blausen.com staff (2014). "Medical gallery of
Blausen Medical 2014". WikiJournal of Medicine 1 (2).

DOI:10.15347/wjm/2014.010. ISSN 2002-4436. This file is licensed under the Creative
Commons Attribution 3.0 Unported license.

Link: https://commons.wikimedia.org/wiki/File:Blausen_0055 ArteryWallStructure.png

Figure 2-4 “Atherosclerosis” by OpenStax College. Licensed under a Creative Commons
Attribution License.

Book URL: https://openstax.org/books/anatomy-and-physiology/pages/1-introduction
Section URL: https://openstax.org/books/anatomy-and-physiology/pages/20-2-blood-flow-
blood-pressure-and-resistance

Figure 2-5 “Coronary Angiography” by BruceBlaus. Licensed under the Creative Commons
Attribution-Share Alike 4.0 International license.
Link: https://commons.wikimedia.org/wiki/File:Coronary_Angiography.png

Figure 2-6 “Concept of fractional flow reserve (FFR)” Reproduced from; “Fractional flow
reserve: a review”, B De Bruyne. J Sarma, Volume: 94, License date: Oct 27,2022, License
Number: 5417311058170, with permission from BMJ Publishing Group Ltd..
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Licensed under a Creative Commons Attribution 4.0 International License.
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Figure 3-14 “Wiggers diagram” by adh30 revised work by DanielChangMD who revised original
work of DestinyQx; Redrawn as SVG by xavax. Licensed under the Creative

Commons Attribution-Share Alike 4.0 International license.

Link: https://commons.wikimedia.org/wiki/File:Wiggers Diagram_2.svg

Figure 4-1 “Association between stenosis severity and invasive pressure-derived physiological
indexes.” Reproduced from; “Exploring Coronary Circulatory Response to Stenosis and Its
Association With Invasive Physiologic Indexes Using Absolute Myocardial Blood Flow and
Coronary Pressure”, Joo Myung Lee, Doyeon Hwang, Jonghanne Park, et al , Volume: 136,
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Kluwer Health, Inc.

Figure 4-2 “Relationship between area reduction and diameter reduction in a completely
concentric stenosis.” Reproduced from; “Quantitative Vascular Measurements in Arterial
Occlusive Disease”, Hideki Ota, et al., Volume:, License date:, with permission from The
Radiological Society of North America (RSNA®)
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Appendix B - Pump’s Operation

When the pump is turned on, the startup interface will be displayed on the screen, as shown

in Figure 3-17.

Qi Portable Artificial Heart Pulsatle Pump u

Pulse Rate Temperature
F " . P

Figure B-0-1 Schematic diagram of startup interface of portable pump.

In this startup interface, the following actions can be performed:

Pulse Rate Pulse rate: This module allows to increase and decrease the number of

beats per minute generated by the pump. The value can be manipulated in two

ways. First, through the "+" and "-" buttons below the module. Second, pressing directly on the
module, cause the appearance of a keypad where a specific value can be entered. The pulsation

range supported by the “Pulsatile Pump EDU-P120” is 10 — 200 bpm.
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Temperature: This permits to increase and decrease the temperature of

the liquid inside the pump. The heater can be manipulated similarly to the pulse

rate module. The temperature setting range supported by the “Pulsatile Pump EDU-P120” is 25°C

-45°C.

The operation control button controls the pulsations start or pause.

] ' Je

When turning on the pump, this button is idle by default, which could be seen
through a red indicator to the right of the button. When a click on the area is performed, the pump
would go into its active state, showing the green indicator on the left of the button and starting the

pulsations in the system.

Heating control button: This button is used to start or pause the

heating function of the device. This button works the same way as the

operation control button.

This indicator situated between the two buttons is a liquid level indicator

used to know that the level of the liquid inside the pump was sufficient to operate

correctly If it is not enough liquid, the display will be red.

This button at the top right of the startup interface switch to the settings interface

of detailed function parameters introduced below.

In the configuration interface shown in Figure 3-18, the following actions could be

performed:

Flow: This module controls the flow from the pump. The flow could be managed between

10% - 100%. According to the pump manual, these percentages correspond to 1 - 5 L/min. As this
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parameter was increased, the amplitude of the curve decreased. This was because this pump uses

a limit to control the flow and pressure; that is, if the pressure range is defined as 50%, it means

Figure B-0-2 Schematic Diagram of Setting Interface of Detailed Function
Parameters.

that the pump will allow a maximum of 50% of its capacity (=2.75 L/min), and this will give us
pressure in the circuit that will vary depending on the circuit built. Since the pressure is limited to
a specific value, increasing the flow would cause the lower peak of the pressure curve to increase,

thereby decreasing the amplitude.

Pressure: This module controls the pressure of the fluid coming out of the pump. The
pressure can be handled in the range of 30% - 100% (20 — 350 mmHg). As the pressure increased,

the elevation and amplitude of the wave also increased.

Air-Out: When starting the pulsations of the pump for the first time after completely
turning off the equipment, the pump begins a cycle of expelling air from the circuit. The duration

of this cycle can vary from 30 — 200 ms. and be controlled with this module.

114



High-pressure duration: This parameter represents the time that the pump's turbine is
active during a pulsation. The manipulation of this module affected the wavelength. As it

increased, the wavelength would become wider, and the amplitude would increase.
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Appendix C - Physician Survey

24 MARCH 2022

USER PROTOCOL GUIDELINES.

1. Are the waveforms generated by the pump similar or physiologically correct to that of

the arteries? .
)/l/.l Loy Lore "é “ZDQAK Yes, very close to

realitv

2. Do the phantoms exhibit similar elastic properties of the arteries?

MR N/A

e

3. Is our procedure to measure;ﬁfcorrect? What would you change orimprove?

“—)Zi ?ﬂak, e O’Ap& L)‘ it Always faster

would be nicer

4. Do you consider the stenosis representation correct? What would you change? R . R
Optimal lesion, in

@Qsl\‘f‘wp Lerols, " reality, usually
g /wo&% , arnalln Log - P"‘ﬂ-‘ ' less “Perfect”

5. What are some of the physiological factors that can render the phantoms ineffective in
simulating the mechanical properties of the arteries? -Air bubles

t
~ N ”’:—LL‘ L"'e% i—‘ -Not equal in
_ 7(— m el pit height
6. What margin of error is acceptable for FFR measurement?

a2 1= 0.02

7. What s the quality of the X-ray image performance?

&yu/e&?»« L excellent

N

v
A \1\(;’;”
v \(

Figure C-0-1 Survey of the physician who performed the angiography tests and FFR and
dPR readings in the hemodynamic circuit.
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