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Abstract

Literature and market analysis have highlighted the lack of flow phantom technologies able to
challenge innovative medical imaging devices, such as Ultrasound and Mdgesticance. A novel,
costeffective, compact and robust Complex Flow Phantom prototype was proposed. The design relies
on the generation of stable, reproducible, predictable and controllable vortex rings. Vortex rings were
chosen because bring together higtability and physiological relevance. The design was tested with
multiple and independent measurement methods under challenging working conditions. Overall, it
demonstrated to produce reproducible flows with variability always lower than 1€/ %. This
variability was assessed with regards to translational velocity, however, Alaeraeproducibility
implies micreflow stability. Computational Fluid Dynamics (CFD) and optical/video acquisitions were
used as first methods to independently validate twalggrototypes operating in air and water. CFD
overall well approximate theoretical predictions but accuracy was insufficient to provide a reference
standard. Overall, the early prototypes demonstrated encouraging stability and a Vortex Ring based
ComplexFlow Phantom prototype was manufactured. Laser PIV acquisitions were performed to
establish flow reference standard values. Optical/video acquisitions were performed and results were
compared with Laser PIV to assess the rigour of the methods. Resultsaibtay the two different
measurement methods on two identically manufactured but different systems showed credible
consistency. Conventional and advanced (Vector Flow Imaging) Ultrasound acquisitions were also
performed on the design. An instrumentatioragk was designed and is provided as tool for-self
calibrating the phantom and for estimating flow reference values under different generating
conditions. An MRI compatible version of the phantom was manufactured and was tested in
laboratory. Design and egpments are supported by journal article and conference proceeding
publications, poster and oral presentation in international conferences. The phantom is purchasable
from Leeds Test Objects Ltd or can be manufactured in laboratory following the spirifica
provided.



fiBe less curious about people and more curious about wleas.
Mari e Skgodowska



Publications

The work presented in this thesis is complimented by a series of publications which are listed
below:

Ambrogio, S., Walker, A., Narracott, A., Ferrari, S., Verma, P. & Fenner J.W. (2019). A Complex Flow
Phantom for Medical Imaging: Ring Vortex Phantom Design and Technical Specificatioal
of Medical Engineering and Technology.

Badescu, E., Ambrogi8,, Fenner, J., Liebgott, H., Friboulet, D. & Garcia, D. (2018). Vortex Ring
Phantom for Investigation of Ultrasound Vector Flow ImagindEIBE International Ultrasonics
Symposium, IUS

Ferrarf, S., Ambrogit, S., Walker, A., Verma, P., Narracott, A. J., Wilkinson, I. & Fenner, J. W.
(2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom for Medical Imaging.
Open Journal of Medical Imaging

Ferrart, S., Ambrogit, S., Walker, A., Narracott, A&JFenner, J. W. (2018). The Ring Vortex: A
Candidate for a LiquiBased Complex Flow Phantom for Medical Imadirgture Notes in
Computational Vision and Biomechanics

* authors contributed equally to the preparation of the manuscript

Awards

Resultgllustrated in this thesi®iave been presented in international conferences and have been
awarded with:

- aLy@Sald Ay (GKS |, 2dziKé G a¢KS !'yydzZdf aSSiAiy3
2019, Vienna, Austria, February arch 3)

- GKS aASYGATOO t 28EGS KX ABBapRientifio Mgeting of the British
aSRAOIT ! fNraz2dzyR {20AS(e&¢ & ofdécénbera8f OKS& (S|



Statement of work performed

I would like to confirm that all the work presented in this thesis is my own with the exception of the
following:

1)

2)

CFD simulation resultgigure 3.4, Figure 3.5, Figure 3.6, Figure 3.7, Figure 3.13, Figure 3.17,
Figure 318, Chapter 3) were provided byn&ine Ferrari, Early Stage Researcher of\Réd

CaSE consortiumhttp://www.vph-case.eud A GKAY (GKS 9dz2NRLISIY ! yA
research and innovation programme { NA S { {-QuéleRytanit agteement No 642612)

EchePIV and 3D Doppler images (Figure 5.16, Figure 5.17, Figure 5.18, Figure 5.19, Figure
5.20, ¢ Chapter 5) were provided by Emilia Badescu, Early Stage ResearcheYbHB8aSE

consortium http://www.vph-caseeu/ A G KAY (GKS 9dzNBLISIY | yA2Y Qi
and innovation programmea( NA S { {-QuéleRjtant agteement No 642612)


http://www.vph-case.eu/
http://www.vph-case.eu/

Contents

Chapter 1¢ Introduction - Quality Control for Medical Flow Imaging
technologies

1.1 Introduction @and MOTIVALION ........cooiiieeiie e e e e e e e e e e e e e eeeeeeeeneees 18
1.2 AIM OF the THESIS. ..o e e e e e e e e e e e e eeees 19
1.3 Structure Of tNETNESIS.......ciiieiieeeee e e e e e e ee e 19
1.4 Medical Imaging technologies for blood flow assessmer®verview..................... 20
1.4.1 Introduction to Medical Imaging for Blood Flow Assessment.....................cc..... 20
1.4.2 Doppler Ultrasound; BasiC PriNCIPIES............couiiiiiiiiiiieee e 21
1.4.3 Conventional Doppler Ultrasound TeChniques..........cccccooiiiiiiiiiieeevciviivieeveee e 22
1.4.4 Angle Independent Doppler Ultrasound Techniques (Vector Flow Imagingj....... 24
1.4.5 Magnetic Resonandenagingg Basic Principleé X X X X. X.P.D....cccvivivveeiriniinns 24
1.4.6 Phase Contrast MRFlowsensitive MRI technique..............cccccooo . 25
1.4.7 Phase Contrast MRIFrom 2D t0 4D...........couvieuiiiiniiiiiiici e eeaenns 28
1.4.8 Summarn X X X X X X X X XX Dottt mmeea e 29
1.5 Quality Control in Medical Imagifg X X X PP X X X X X X X X X X X X XX B® X X X X X
1.5.1 IntroductionX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X A X X X X X X
1.5.2 Medical Imaging PhantomfsX X X X X X X X X X X X X X X X X X X X X X XA X X X d X X )

153
154
155

Flow Phantom¥ X X X X X X X X X X X X X X X X X X X X X X X X X X X BK X X X X X X
Steps for the development of a medical imaging phaMfoFI X X X X X X X X X X@®@ P X P X X
Summar X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X XX XXX X >

1.6 Relevant Flow Phantom technologies available in literature and on the maxket 88

1.6.1
1.6.2
1.6.3
1.6.4
1.6.5
1.6.6
1.6.7
1.6.8

IntroductionX X X X X X X X X X X X X X X X X X X X X X X X X X X X X XB X X X X X X ;
Phantoms for Doppler UltrasoudX X X X X X X X X X X X X X X X X X X X BBX X X X X ] X
Doppler Ultrasound flow phantoms proposed in literatfr X X X X X X X X X XX X d X X 0
Doppler Ultrasound flow phantoms available on the makegf X X X X X X X X X X X X X & n
MRI Flow Phantomé X X X X X X X X X X X X X X X X X X X X X X X X X X XX X X X D X .
Magnetic Resonance compatible flow phantoms proposed in literaufeX X X X X3d ® X n
Magnetic Resonance compatible flow phantoms available on the m@rkKeX X X XK X ®n
SummMarK X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X BX X X X X X >

1.7 DisCUSSIOK X X X X X X X X X X X X X X X X X X X XX XXX XX XX XXEX XXX X X
1.8 ConcClusiokK X X X X X X X X X X X X X X X X X X X X X X X XXX XXX XX X X X X X

Chapter 2¢ Vortex Rings in the cardiovascular system

2.1 IntroductionX X X XXX X X X X X X X X X X X X X X X X X X X X X X X XX X X X X X
2.2 Intracardiac Flowg Vortex RINGK X X X X X X X X X X X X X X X X X X X X X XBX X X X X X .
2.3 Vortex Ring: definition and analytical descriptiIniX X X X X X X X X X X X X X A X X X X ® ®
2.4 Vortex Ring: Formation TIMEX X X X X X X X X X X X X X X X X X X X X X XBX X X X X X .
2.5 Formation Time as quantitative index of cardiac heafft K X X X X X X X X X X XX X X X ®p
2.6 Vortex Ring: fluid dynamics in viscous fluids (in vitro experimei) X X X X X X ® X d P p
2.6.1Vortex Ring evolutiad X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ]
2.6.2 Vortex Ring evolutiogReynolds Number dependenyXx X X X X X X X X X X X XIX X X X X p
2.6.3 Vortex Ring coreGaussian distribution profle X X X X X X X X X X X X X X X B X X X X X ®



2.7 DisCUSSIOH X X X X X X X X X X X X X X X X X X XXX XXX XXX XXXRBXXXXXX
2.8 Conclusiod X X X X X X X X X XRBRKZKKX X X XX XXX XXX XXX XXAXX XX XX

Chapter3 ¢ Vortex Ringsas flow reference for the development of a novel
test object?

3.1 IntroductionfX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
3.2 First Prototype; Proof of Concept, Air-based Vortex Ring GeneratfrX X X X X X X X ¢
3.2. 2 IntroductiolK X X X X X X X X X X X X X X X X X X X X X X X X X X X X X XX X X X X X X
3.22MaterialX X X X X X X X X X X X X XXX XXX XXXXXXXXXXXXXEXXXXXX
323 MethodK X X X X X X X X X X X X X X X XXX XXXXXXXXXXXXXXXXXXXXX
324ResEX X X X X X X X X XX XXX XXXXXXXXXXXXXXXXXXXEXXXXXX
3.2.5 DiscusSiAX X X X X X X X X X X X X X XXX XXX XXXXXPXXXX XXX XX XXX
3.2.6 LimitationX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X XHX X X X X X X
3.2.7Conclusici X X X X X X X X X X X X X X X X X X X XXX XXX XXXXXHKXXXX XX X
3.3 Second Prototype Liquid-based Vortex Ring GeneratgrX X X X X X X X X X X7 X X X
3.3. 1 IntroductiolrK X X X X X X X X X X X X X X X X X X X X X X X X X XXX XXX XXX XXX
3.3.2MaterialX X X X X X X X X X X X X X X X X X X X XKLL RKKKX XXX X DPDT
3.3.3Method X X X X X X X X X X X X X X X X X X X X X XXX XXX XXXXX3X XXX XXX
334ResUBEX XX XXX XXXXXXXXXXXXXXXXXXPXXXXXXXIEXXXXXX
3.3.5 DiscUSSIAX X X X X X X X X X X X X X X XX XXX XXX XXX XXX XXIX XXX XXX
3.3.6COoNCIUSIOK X X X X X X X X X X X X X X XX XXX XXXXXXXXXXXXEXXXXXXX
3.4 DisCUSSIOE X X X X X X X X X X X X X X X X X X X X X X XXX XXX XXZXXXXXX
3.5CoNnCluUSIOA X X X X X X X X X X X X X X X XXX XXXXXXXXXXXXXXXXXX X

Chapter4 ¢ Vortex Ring based Complex Flow Phantom for Doppler

Ultrasound¢ Design Specifications

4.1 IntroductionX X X X X X X X X X X X X X X X X X X X X X X X X X X X X XXX X X X X X

4.2 Main challenges associated with the development of a credible flow test obgect

SummarK X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X A X X X X X X

4.3 Vortex Ring based Compl&ow Phantomg why did the Ultrasound prototype come

L1151 APPSR 85

4.4 Vortex Ring based Complex Flow Phantom Desid@iechnical SgcificationsX X X X By
4.4.1 Introductiolk X X X X X X X X X X X X X X X X X X X X X X X XXX XXX XK XXX XXX
4.4.2 Desigig Imaging Tank X X X X X X X X X X X X X X X X X X X X X X X X X XX X X X X X X
4.4.3 Desigm Piston/Cylinder SysteFi X X X X X X X X X X X X X X X X X X X X X BX X X X X X X
4.4.4 Desigg Programmable Actuator SystefiX X X X X X X X X X X X X X X X X X A X X X X X X
4.4.5 Desigm Stepper Motor Programming X X X X X X X X X X X X X X X X X X X X4X X X X X X X
4.4.6 Desigig Assembled SysteiX X X X X X X X X X X X X X X X X X X X X X X 86X X X X X X X

4.5 DiscusEnNX X X X X X X X X X X X X X X X X X X X X X X X X X X X XXX BXX XX XX

4.6 ConclusioK X X X X X X X X X X X X X X X X X X X XXX XXX XXX XXO¥X XXX X X

Chapter5 ¢ Vortex Ring based Complex Flow Phantom for Doppler

Ultrasound¢ Testing and Validation
5.1 IntroductionX X X X X X X X X X X X X X X X X X X X X X X X X X X X X XD X O™ 7



5.2 Optical/Video versus Laser PIV acquisitifng X X X X X X X X X X X X X X X XIX X X X X D |
5.2.1 IntroductiolK X X X X X X X X X X X X X X X X X X X X X X X X X X X X X XIX X X X X X X
5.2.2 Methodg Optical/Video AcquisitionE X X X X X X X X X X X X X X X X X X X X X X X X X X X
5.2.3 Methodg Laser PIV AcquisitioFSX X X X X X X X X X X X X X X X X X X X X X K X X X X X X
5.2.4 Resultg Optical/VidedX X X X X X X X X X X X X X X X X X X X X X X X X X XB6X X X X X X X
5.25Resultg Laser PIX X X X X X X X X X X X X X X X X X X X X X X X X X X X XBX X X X X X >
5.2.6 Additional ResultsLaser PE X X X X X X X X X X X X X X X X X X X X X X X&K X X X X X X
5.2.7 DiscusSSIAX X X X X X X X X X X X X X X X X X X X X X X X X X X X X XDAOX X X X X X X
5.2.8 Conclusici X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X XX X X X X X X

5.3 Ultrasound Compatibilitt X X X XX X X X X X X X X X X X X X X X X X X XK X X X X X ¢
5.3.1 IntroductiotK X X X X X XX K X X X X X X X X X X X X X X X X X X X X XLHOX X X X X X X
5.3.2 Methodg Ultrasound Acquisitiots X X X X X X X X X X X X X X X X X X X X X K X X X X X X .
5.3.3 Resultg B-Mode Ultrasountk X X X X X X X X X X X X X X X X X X XXX X XX X DdDm ™
5.3.4 Resultg Colour Doppler Ultrasout X X X X X X X X X X X X X X X X X X X X E X X X X X X
5.3.5 Resultg PW Spectral Doppler UltrasotldX X X X X X X X X X X X X X X X X X &E X X X X X X
5.3.6 Additional ResulisVector Doppler Imaging X X X X X X XXXROXX X X X X X X BX X O M M
5.3.7 Additional ResulitsColour DoppleX X X X X X X X X X X X X X X X X X X X X X2X X X X X X X
5.3.8 DisCUSSIAP X X X X X X X X X X X X X X X X X X X X X X X XXX XX X XK X X X X X X
5.3.9 ConCluSicR X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

5.4DiscuUsSSIOK X X X X X X X X X X X X X X X X XXX XXX XXXXXXXXAXXXXXX

55Conclusiok X X X X X X X X X X X X X X X X X X X X X XX XXX XXXXEKXXXXX X

Chapter6 ¢ Design improvements and instrumentation pack

6.1IntroductionX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ® X X X X X X

6.2 New PistorDesigiK X X X X X X X X X X X X X X X X X X X X X X X X X XIZX X X X X X >
6.2.1 IntroductiolrK X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X6X X X X X X X
6.2.2 MethodK X X X X X X X X X X X X X X X X X X X X X X X X X X X X XX X X7X X X X X X X
6.2.3 Assembled SystefiX X X X X X X X X X X X X X X X X X RKIKRK IR IKK KK X DM H
6.2.4 DisCUSSIOAX X X X X X X X X X X X X X X XX X X X XXX XXX XXX XIZEK X X X X X X
6.2.5 Conclusici X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X2OX X X X X X X

6.3 Instrumentation Pack DesiglK X X X X X X X X X X X X X X X X X X X X X KX X X X X X >
6.3.1 IntroductiolK X X X X X X X X X X X X X X X X X X X X X X X X X X X X XIRX X X X X X ®
6.3.2 Materialg; Linear Encodé X X X X X X X X X X X X X X X X X X X X X X X K3 X X X X X X |
6.3.3 Materialg; Laser diodes and photodiodes array syskel X X X X X X X X X X XLE2X X X X
6.3.4 Materialg; Photodiodes receiving CircitX X X X X X X X X X X X X X X X X AAH X X X X X X {
6.3.5 Methodg Data Collectiomg Laser Diodes/PhotodiodesArduino Software (IDE)X X186
6.3.6 Methodg Data Collectior Encoderg MATLABX X X X X X X X X X X X X X X X1L36X ®
6.3.7 Resultg Assembled SysteiX X X X X X X X X X X X X X X X X X X X X X XLBBX X X X X X X
6.3.8 Resultg Demonstration and Applicatigh X X X X X X X X X X X X X X X X X AR X X X X X X d
6.3.9 DiSCUSSIOAX X X X X X X X X X X X X X X X X X X X X X X X X X X X X XD4IX X X X X X X
6.3.10 ConcCluSici X X X X X X X X X X X X X X X X X X X X X X XXX X X X XKX X XX X X X

6.4 DISCUSSIOE X X X X X X X X X X X X X X X X X X X XX XX XXX XXX XBXXXXXX

6.5 ConCIUSIOA X X X X X X X X X X X X X X X X X X XX XXX XXX XXX XIXXXXXXX

Chapter7 ¢ Instrumentation Pack; Experimental Analysis
7.1IntroductionX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X B X X X X X X



7.2 System reproducibility (Early ExperimemEX X X X X X X X X X X X X X X X XX X X X X ® (
7.2.1 IntroductiorK X X X X X X X X X X X X X X X X X X X X X X X X X X X X X XX X X X X X X
7.22 MethoK X X X X X X X X X X X X X X X X RKEK KKK KK XXX XXX XBX XXX DD
7.23ResullE X X X X X X X X X X X XX XXX XXXXXXXXXXXXXXXXXXXXXXX
7.2.4 DiscuSSIAX X X X X X X X X X X X X X X XX XXX XXX XXXXXXXEBXXXXXXX
7.2.5 Conclusion

7.3 Different Combination Piston Loads/Motor Inputover ¢ Linear encoder

acquisitioNsX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X26X X X X X X X
7.3.2 IntroductiolK X X X X X X X X X X X X X X X X X X X X X X X X X X X X XDBIX X X X X X X
7.3.2MethoK X X X X X X X X X X X X X X X X X XX XXX XX XXX XXX XEIX X XX XXX
7.3.3 Resultg Piston Velocity and Piston Displacement Profile reproducililkyX X X X26X &

7.3.4 Resultg Correlation PIotE X X X X X X X X X X X X X X X X X X X X X X X A58 X X X X X X
7.3.5DiscusSiAX X X X X X X X X X X X X X X X X X XX XXX XXX XXX XDEX X X X X X X
7.3.6 Conclusick X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X&BX X X X X X X

7.4 Different Combination Piston Loads/Motor Input Power_aser Diodes/Photodiodes

acquisitioNsX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X2BK X X X X X X
7.4.1 Introductiotk X XXX X X X X X X X X X X X X X X X X X X X X X X X X XK X X X X X X .
742 MethoK X X X X X X X X X X X X XX XX XXX XXXXXXXXXXX XXX XXXXX
74.3ResullE X X X X X X X X X X X X X X X X X XXX XXXXXXXXXXXXEXXXXXX
7.4.4 DiscusSIAX X X X X X X X X X X X X X X X X X X X X X X X X X XXX XBIDX X X X X
7.4.5 ConCluSIAR X X X X X X X X X X X X X X X X X X XX XXX XXX XXX XBX XXX X X X

7.5 EnergeticK X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X698 X X X X X X
7.5.1 IntroductiolcK X X X X X X X X X X X X X X X X X X X X X X X X X X X X XDEK X X X X X X
7.5.2 Mass moved fronhe motoiX X X X X X X X X X X X X X X X X X X X X X X MBOX X X X X X )
7.5.3 Methodg Energy delivered by the motor in pulSeX X X X X X X X X X X X X X 6B X X X X ® P
7.5.4 Methodc Energy transferred into the Vortex R X X X X X X X X X X X X XX X X X X
7.5.5 Resultg Energy delivered by them motlrX X X X X X X X X X X X X X X X X KFIX X X X X X X
7.5.6 Resultg Energy Delivered by the motarLimitations{ X X X X X X X X X X X X AZBX X X P O
7.5.7 Resultg Energy transferred into the Vortex R X X X X X X X X X X X X X XA X PP
7.5.8 DiscusSicAX X X X X X X X X X X X XXX XXXXXXXXXXXXXXXEXXXXXXX
7.5.9 Conclusick X X X X X X X X X X X X X X X X X X X X X X X X X X X X X XLFEX X X X X X X

7.6 DiSCUSSIOHE X X X X X X X X X X X X X X X X X XX XX XXX XXX XXAB/X XXX XX

7.7 ConClusioK X X X X X X X X X X X X X X X XXX XXX XXX XXXXXKKXXXXX X

Chapter8 ¢ magnetic Resonance Compatible Vortex Ring based Complex
Flow Phantom desigg Proof of Concept
8.1 IntroductionX X X X X X X X X X X X X X X X X X X X X X X X X X X X X AR X X X X X X
8.2 Magnetic Resonance UnigsMaterial restrictionsX XgbX X X X X X X X X X X XLOX X X X
8.2.1 IntroductiolrK X X X X X X X X X X X X X X X X X X X X X X X X X X X X XIAK X X X X X X
8.2.2 Diamagnetic, Paramagnetic and Ferromagnetic mat&ridlX X X X X X X X X XD8X X X X
8.2.3 Forces involved with strong magnetic filds X X X X XXX X X X X X X X X X8K X X X
8.2.4 Magnetic Resonance ZOHEX X X X X X X X X X X X X X X X X X X X X X XDBX X X X X X X
8.2.5 Introduction of ferromagnetic objects into the MR environment X X X X X X X X8X X X
826 SumMmMaRg X X X X X X X X X X X X XX XXX XXXXXXXXXXXXXXEEXXXXXX.
8.3 Magnetic Resonance Compatible Vortex Ring based Complex Flow Phantom
DesigiK X X X X X X X X X X XXX XXX XXX XX X X X XK X



8.3.1 IntroductionK X X X X X X X X X X X X X X X X X X X X X X X X X X X X XDgX X X X X X X
8.3.2 Desigig Motor Base and Piston/Cylinder support bIogKE X X X X X X X X X X XBKR PP X X © P
8.3.3 Desigmg Piston/Cylinder systeMi X X X X X X X X X X X X X X X X X X X X X 20X X X X X X X
8.3.4 Desigg Tank Cylindef X X X X X X X X X X X X X X X X X X X X X X X X XDOX X X X X X X
8.3.5 Assembled SystefiX X X X X X X X X X X X X X X X X X X X X X X X X X AR X X X X X X
8.3.6 Demonstration and ApplicatiEnX X X X X X X X X X X X X X X X X X X X X XZ X X X X X X’
8.4 Magnetic Resonance compatible Vortex Ring based Complex Flow Phanizesign
LimitationsX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X AH X X X X X X
8.4.1 IntroductionK X X X X X X X X X X X X X X X X X X X X X X X X X X X X XX X X X X X X
8.4.2 Design LimitationsMotor energgt X X X X X X X X X X X X X X X X X X X X KX X X X X X X
8.4.3 Design LimitationsTurbulencéX X XXX X X X X X X X X X X X X X X X X X XB® X X X X X X «
8.4.4 Design LimitationsPiston leakag X X X X X X X X X X X X X X X X X X X XD X X X X X X
BS5SUMMaK X X X X X X X X X X XX XXX XXX XXXXXXXXXXXXXXXXXX!
8.6 ConcClusioA X X X X X X X X X X X X X X X X X X X X X X X X X X X X X2 X X X X X X

Chapter9 ¢ Conclusion and Future Work

9.1 Thesisoverviegl X X X X X X X X X X X X X X X X X X X X X X X X X X X200 X X X X X X
9.2 Current limitations and future work; Phantom desigik X X X X X X X X X X X Z(0® X X X

9.3 Current limitations and future worlg StudyX X X X X X X X X X X X X X X X XX X X X X
9.4 Current linitations and future workc Laser PIVraw data X X X X X X X X X X 208 X X ®

9.5 PhD contribution and final messajfleX X X X X X X X X X X X X X X X X X X XK X X X X X ¢

ReferenceX X X X X X X X X X X X X X X X X X X X X X XKIKRKRK XK X1 X X

AppendiceX X X X X X X X X X X X X X XX X XX XXX XXX XAKX X X X X X
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Table d Figures

Figure 1.1Blood velocity estimatioq Doppler Effect

Figure 1.2 Longitudinal i1z) and transverseMxy) spin magnetization in blood or tissue. Magnitude and phase
images can be derived from the length and the orientatioiVigf.

Figure 1.3 External magnetic field gradient applied to static and moving spins. The amount of phase difference
is proportional to the velocity(t) of the moving spin and to the amplitude and timing of the gradiertphase,
t=time, v= velocity.

Figure 1.4 Two aquisitions are performed with identical parameters except for the feemsitising bipolar
gradients. Subtraction of the two resulting phase images allows quantification of the flow or motion velocities.
Stationary spins undergo no net change in phaserathe two gradients are applied while moving spins
experience a phase shiff.= phase, t=time, v= velocity.

Figure 15: Streamline display of intraardiac vortex ring following a 4D Flow MRI acquisition. Left ventricle and
right ventricle endocardial staces are displayed with red and yellow dots, respectively.

Figure 1.6 Anthropomorphic wholebody phantom PB®0 manufactured from Kyoto Kagaku (Kyoto Kagaku
Co., Ltd, Kyoto, Japan)

Figure 17: Semianthropomorphic PETIQ phantom designed by Leeds Tejstc Ltd for Positrommission
Tomography quality control (Leeds Test Objects Ltd, Boroughbridge, United Kingdom).

Figure 18: Nonanthropomorphic phantoms TOR 18FG and MaglQ manufactured from Leeds Test Objects Ltd
(Leeds Test Objects L#lproughbridge, United Kingdom).

Figure 19: Basic components of a flow phantom

Figure 110: typical workflow for the development of new protocols and test objects

Figure 111 Rotating Cylinder Phantom (a) developed by Walker et al (2009) and VFI (b}utgained by
Ketterling et al (2017) used as examples. Colour encotmalFigure 18b (top) and vector flow mapping imaging
Figure 18(bottom).

Figure 112: Spiral Flow phantom developed by Yiu et al (2017). Top images: Cad drawing (top left), absemble
box (top middle), box with TMM poured (top right). Bottom images: vector flow imaging (Bottom left),
estimated velocity magnitude map (Bottom middle), estimated velocity angle map (Bottom right).

Figure 113: String Phantom (a) manufactured by Cirsq@ic., Norfolk, VA, USA) and flow phantom (b)
manufactured by Sun Nuclear (Sun Nuclear Corporation, Melbourne, FL, USA)

Figure 114: DCE Perfusion Flow Phantom (a) and MRI Compatible Multimodality Motion Controller (b)
developed by Shelley Medical Imagihgchnologies (Shelley Medical Imaging Technologies, Ontario, Canada)
Figure 1.15Dynamic Multimodality Heart Phantom (a) and Dynamic Left Ventricle Phantom (b) developed by
Shelley Medical Imaging Technologies (Shelley Medical Imaging Technologieis, Qataada)

Figure 2.1Vortex formation process in the left ventricle chamber

Figure 2.2 Ultrasound echdPlV imaging of vortex formation in healthy subjects in late diastole (a) and end of
diastole (b) (onset systole). Streamlines, reconstructed frontiplahe acquisitions, depict the flow spiralling

out from the vortex and moving towards the aorta.

Figure 2.3 Axisymmetric approximations and description of ring vortex through N&ti@tes equations.

Symbols used: Stream functian circulation®; density of the fluid , core radius a (dark grey), ring radRis
(lightgrey), T'6#WEMNE ™M A& (KS RATT dedar@dsselfungidh, géricrdlizedh y 3Qa 02 NB
hypergeometric functionf.

Figure 2.4Vortex ring generator proposed yharibet al (1998).

Figure 2.5Vortex rings generated for L/D = 2 (Top), L/D = 3.8 (Middle), L/D = 14.5 (Bottom). Digital particle
velocimetry imaging.

Figure 2.6Streamlines and vorticity of propagating vortex ring with Digital Particle Image Velogi(agt

Laser Induced Fluorescence (b) and Particle Image Velocimetry (c). Direction of propagation is from left to
right.

Figure 2.7Vortex ring core for laminar (a) and turbulent (b) conditions

Figure 2.8vortex ring core vorticity distribution profilor low Reynolds numbers (a) and for high Reynolds
numbers (b), considering an experimental rangd@® <Re< 4000.

Figure 3.1Block Scheme of the dirased vortex ring generatoPlease note that this is a schematic
representation and elements are ntii scale.
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Figure 3.2components of the aibased vortex ring generator.

Figure 3.3in-house developed software for vortex ring size and vortex ring translational velocity as function of
the time calculations.

Figure 3.4 Vortex ring position as functioof time. Experimental results (left) and CFD results (right)

Figure 3.5 Vortex ring size as function of time. Experimental results (left) and CFD results (right). The CFD plots
are not smooth due to spatial discretisation.

Figure 3.6 Vortex ringtranslational velocity as function of time. Experimental results (left) and CFD results
(right). The CFD plots are not smooth due to spatial discretisation.

Figure 3.7 Natural logarithm of vortex ring translational velocity as function of distance texieixperimental
results (left) and CFD results (right)

Figure 3.8Correlation plot of vortex ring position féte= 2000¢ experimental data versus CFD simulations
Figure 3.9Reproducibility of the evolution of vortex ring position as function of tialeusing the same
generating conditions). Measurements refer to the acquisition of 5 vortex rings. Each acquisition is
represented with a different marker shape.

Figure 3.10Reproducibility of the evolution of vortex ring size as function of time tinfleuéng the same
generating conditions). Measurements refer to the acquisition of 5 vortex rings. Each acquisition is
represented with a different marker shape.

Figure 3.11Reproducibility of the vortex ring translational velocity as function of timet{all using the same
generating conditions). Measurements refer to the acquisition of 5 vortex rings. Each acquisition is
represented with a different marker shape.

Figure 3.12Schematic block diagram of the Licddsed vortex ring generator used in Faai et al (2018)
experiment.Please note that this is a schematic representation and elements are not to scale.

Figure 3.13Liquidbased vortex ring generator assembled.

Figure 3.14vorticity field of ring vortex generated with numerical simulation (tepmd with blue coloured dye

in a Liquidbased vortex ring generator.

Figure 3.15Vortex ring position as a function of time. Plot refers to average value and error bar to standard
deviation, both calculated on the acquisition of 5 vortex rings undenademt generating condition.

Figure 3.16:Vortex ring size as a function of time. Plot refers to average value and error bar to standard
deviation, both calculated on the acquisition of 5 vortex rings under equivalent generating condition

Figure 3.17Vortex ring translational velocity as a function of time. Experimental data refers to average and
standard deviation calculated on the acquisition of 5 vortex rings. CFD plot are not smooth due to spatial
discretisation.

Figure 3.18Schematic block of propatiag vortex ring and quantity measured (vortex ring position, vortex
ring size and vortex ring translational velocity as a function of tiRPkease note that this is a schematic
representation and elements are not to scale.

Figure 3.19Correlation betwea experimental and CFD simulation results on vortex ring position
measurements.

Figure 3.20Correlation between experimental and CFD simulation results on vortex ring size evolution
measurements.

Figure 3.21Vortex ring position as function of the timeeproducibility. Measurements refer to the

acquisition of 5 vortex rings. Each acquisition is represented with a different marker shape.

Figure 3.22Vortex ring size as function of the timeeproducibility. Measurements refer to the acquisition of
5 vatex rings. Each acquisition is represented with a different marker shape.

Figure 3.23Vortex ring velocity as function of the timeeproducibility. Measurements refer to the

acquisition of 5 vortex rings. Each acquisition is represented with a differarker shape.

Figure 4.1Challenges associated with the development of a credible flow test object.

Figure 4.2CAD drawing Vortex Ring based Complex Flow Phantpimaging Tank Base

Figure 4.3CAD drawing Vortex Ring based Complex Flow Phantpwiater-tight Imaging Tank.

Figure 4.4CAD drawing Vortex Ring based Complex Flow PhantpRiston cylinder system

Figure 4.5CAD drawing Vortex Ring based Complex Flow Phantpimterchangeable Output Orifices

Figure 4.6 CAD drawing Vortex Rindased Complex Flow Phantapinterchangeable Output Orifices

Figure 4.71nternal components of a stepper motor

Figure 4.8 Arduino Uno board, push button switch, stepper driver DM542, stepper motor and power supply
connections.

Figure 4.9flow chart of he generating code for stepper motor programming.

Figure 4.10Vortex Ring based Complex Flow Phantp8napshot of the Arduino code that generates a ring.
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Figure 4.11Vortex Ring based Complex Flow PhantpB8chematic block diagram of the systelfteasenote

that this is a schematic representation and elements are not to scale

Figure 4.12Vortex Ring based Complex Flow PhantpAssembled System

Figure 4.13Vortex Ring based Complex Flow Phantpissembled System with blue dye to visualise the ring
Fgure 5.1:Phantom prototypes manufactured by Leeds Test Objects Ltd and measurement method
performed.

Figure 5.20ptical/video measurements schematic block of the experimental set iRlease note that this is

a schematic representation and elements ai to scale.

Figure 5.3:Layers of concentric circulating flow constituting the toroidal core, propel the ring vortex
forward along its axis of symmetry at velocity Vtrans.

Figure 5.41 aser PIV measuremergschematic block of the experimental set iflease note that this is a
schematic representation and elements are not to scale.

Figure 5.5Photograph of Laser PIV experimental set up.

Figure 5.6Results optical/video and Laser PIV vortex ring translational velocity measurements relevant to
configuration 1 to 5 listed in Table 5.1. Each configuration corresponds to a combination of marker/shape and
colour. Optical/video results are depicted with solid markers and bold lines while Laser PIV data are illustrated
with dash lines and open markers.

Figure 5.7:Results optical/video and Laser PIV vortex ring translational velocity measurements relevant to
configuration 6 to 10 listed in Table 5.1. Each configuration corresponds to a combination of marker/shape and
colour. Optical/video results are deped with solid markers and bold lines while Laser PIV data are illustrated
with dash lines and open markers.

Figure 5.8Results; Laser PIV measurements performed for Configuration 3, Table 5.1, at the beginning (First
experiment) and at the end (Lastgetiment) of an &our experimental session.

Figure 5.9Vortex ring position data as function of time for configurations 1, 4, 7, 9, 10 (Table 5.1). Variability
increases for vortex rings generated with lower velocities.

Figure 5.10Vortex ring velocitcomponents. Vtrans (m/s), translational velocity component of the travelling
vortex ring. Vr, rotational velocity (m/s) component of the travelling vortex rinlyld8le acquisitions were
performed with the probe positioned along theaxis (Position 2) anan anechoic absorber was used to avoid
strong wall reflections. PW Spectral Doppler acquisitions were performed with the probe placed aloraxibe X
(Position 1). Please note that this is a schematic representation and elements are not to scale.
Figure5.11:Block diagram of PW Spectral Doppler ultrasound acquisitions with probe in Position 1 (Figure 5.10).
Sample volumes of 1 mm and 12.5 mm were selected and angle correction was set to 0 degrees. Consequently,
velocities that correspond to the translatial velocity component Vtrans plus or minus the rotational velocity
component were estimated. Please note that this is a schematic representation and elements are not to scale.
Figure 5.12 B-Mode ultrasound experimental set up. The vortex ring is matketheh NH | aagidlestthat

make it visible both on camera and on the ultrasound scanner simultaneously. On the top left corner an image
illustrating the setup from a different point of view and showing th&ptflex F28 (Precision Acoustic Ltd,
Dorcheser, UK) anechoic absorber to avoid strong reflections.

Figure 5.13B-Mode ultrasound imaging of a travelling vortex ring. The two distinct cores that contained within
the vortex ring atmosphere are clearly visible.

Figure 5.14Colour Doppler imaging (ahd flow fields reconstructed with Laser PIV techniques (b) of a travelling
vortex ring. Both techniques image two rotating cores rotating in opposite direction.

Figure 5.15Results; Pulsed Wave Spectral Doppler ultrasound imaging of a travelling vangxGate size 1

mm, Pulsed Wave Doppler frequency 5.3 MHz, angle correction 0 degrees.

Figure 5.16:Experimental set ug Vortex ring acquisitions with ®erasonics Vantage 256 research scanner
(Verasonics Inc, WA, USA) anl MHz linear transducer ALE4 with 128 elements.

Figure 5.17Vortex ring velocity flow fields reconstructed with eeRtV (a) and Vector Doppler (b).

Figure 5.18Vortex ring velocity flow fields reconstructed with eeRbV (a) and Vector Doppler (b).

Figure 5.19Four Verasonig Vantage 256 research scanner were synchronised for driving a customised 1024
elements transducer.

Figure 5.203D acquisitiong1D Doppler velocity components along tke and planes.

Figure 5.21:Four ®lour Doppler frame images acquired with a Siemens Sonoline Antares scanner at the
G{KSTFTASER ¢SIFOKAY3I 1 2aLIAGlIta bl { -@dstafidhbeiwedhyolodrNHza i ¢ ¢
coded map and B1ode.
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Figure 5.22: Four ColouDoppler frame imageacquired with a Sonix scanner @REATIS consortium (CNRS
UMR 5220 INSERM U1206! Yy A @S NBA A (i SNBARY® [ VRA2FS NE A 1 SQ WEdnye) a2y y Sl
Figure 6.1 CAD drawing Fine tolerance CNC machined Perspex Piston.

Figure 6.2 CNC machinedePspex piston.

Figure 6.3Block diagram of the instrumentation pack consisting of linear encoder, Laser diodes and
photodiodes arrayPlease note that this is a schematic representation and elements are not to scale.

Figure 6.4Block diagram illustratinthe encoder components, connections and installations.

Figure 6.5 Block diagram illustrating Laser diodes and photodiodes connections with Arduino Mega board
Figure 6.6 3D printed case, with Arduino Mega Board and Receiving circuit soldered on ashreli (left), and
Laser diodes assemblage (right).

Figure 6.7:Transimpedance receiving circuit consisting of BPW34 photodiodes, 5 MOhm resistance and 1pF
Capacitor. When illuminated by the light, the circuit provides a voltage approximately proportional to the
amount of radiation.

Figure 6.8 Flow chart of the Amdino Software code (IDE) for LM2902KNs voltage reading during vortex ring
propagation. The instructiodelay(20)orrespond to a sample rate of 50 Hz (a sample each 20 milliseconds).
Figure 6.9 Arduino script for LM2902KNs voltage reading. The instrudgdey(20)correspond to a sample rate

of 50 Hz (a sample each 20 milliseconds).

Figure 6.10Flow chart of the MATLABcript for encoder data collection during phantom piston action.

Figure 6.11 MATLAB® script for LM10 linear encoder data collectiain.gAK AobpShés been used to store
position and timing data of the encoder

Figure 6.12instrumentation paclg Encoder, Laser Diode and photodiodes receiving circuit assembled on the
Vortex Ring Based Complex Flow Phantom prototype.

Figure 6.13 Expeninental setup for real time vortex ring translational velocity detection. The vortex, marked
with dark food dye colourant, travels across the Laser beams and it creates a shadowing that causes a drop in
voltage reading in the photodiodes. As an example iamera frame rates with the vortex travelling across the
Laser beams are also shown. Encoder and E201 connections are also shown.

Figure 6.14 Receiving circuit data from the photodiodegoltagedrop is visible as a vortex ring travels across
the laser beam.

Figure 6.15Encoder MATLABnvironment datag piston velocity profile and piston displacement profile during
the generation of a vortex ring.

Figure 7.1 Schematic illustration of piston positioning listed in Table Pléase note that thiis a schematic
representation and elements are not to scale.

Figure 7.2 Plots of the piston velocity profile (top left), piston displacement profile (top right) and translational
velocity of 10 vortex ring generated.

Figure 7.3 Plots of the average pistovelocity profile (top left), average piston displacement profile (top right)
and average vortex ring translational velocity. Average values calculated on the acquisition of ten vortex rings.
Error bars refer to standard deviation on the acquisition of #@rtex rings.

Figure 7.4 Correlation plots; vortex ring peak translational velocity vs piston peak velocity (a) and vortex ring
peak translational velocity vs piston average velocity calculated from final displacement and timing data (b).
Peak velocitynd average values measured do not significantly influence the vortex ring generation.

Figure 7.5 DM542 (Leadshine, DM542, OMC Corporation Limited, Nanjing, China) digital stepper driver
Figure 7.6 Encoder Results Configuration 1 to 3 (No Load), Tal@l8. Average velocity Profile is depicted on
the left (A) and Displacement profile on the right (B). Velocity is expressau/g) Displacement irmm and

time ins.

Figure 7.7 Encoder ResultsConfiguration 4 to 6 (No Load), Table 7.3. Velocity Profile is depicted on the left (A)
and Displacement profile on the right (B). Velocity is expresserhig Displacement imm and time ins.

Figure 7.8 Encoder Results Configuraton 7 to 12, Table 7.3. Velocity Profile is depicted on the left (A) and
Displacement profile on the right (B). Velocity is expressexhifs, Displacement imm and time ins.

Figure 7.9 Encoder Results Configuration 13 to 18, Table 7.3. Velocity Peois depicted on the left (A) and
Displacement profile on the right (B). Velocity is expressexhifs, Displacement imm and time ins.

Figure 7.10Encoder Results Configuration 19 to 24, Table 7.3. Velocity Profile is depicted on the left (A) and
Displacement profile on the right (B). Velocity is expressemhifs, Displacement immm and time ins.
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Figure 7.11 Encoder Resulis Configuration 25 to 30, Table 7.3. Velocity Profile is depicted on the left (A) and
Displacement profile on the right (B)elocity is expressed sm/s, Displacement imm and time ins.

Figure 7.12 Encoder resultg Piston peak velocity values plotted versus increasing piston load (two different
orifices and two different piston positions) for four different motor input pEw96.84W, 84.96W, 48.96W and
25.56W) and a programmed piston speed of 2cm/s.

Figure 7.13 Encoder resultg, Piston final displacement values plotted versus increasing piston load (two
different orifices and two different piston positions) for four di#et motor input power (96.84W, 84.96W,
48.96W and 25.56W) and a programmed piston speed of 2cm/s.

Figure 7.14 Encoder resultg Piston peak velocity values plotted versus increasing piston load (two different
orifices and two different piston positiong)rfthree different motor input power (84.96W, 48.96W and 25.56W)
and a programmed piston speed of 2cm/s.

Figure 7.15 Encoder resultg Piston final displacement values plotted versus increasing piston load (two
different orifices and two different pistopositions) for four different motor input power (84.96W, 48.96W and
25.56W) and a programmed piston speed of 2cm/s.

Figure 7.16Encoder resultg Piston peak velocity and final displacement values plotted versus increasing motor
input power (84.96 W, 48®W and 25.56 W) and programmed piston speed of 2 cm/s and 1.33 cm/s.

Figure 7.17 Vortex Ring translational velocity as a function of position in the imaging tahlaser
Diodes/Photodiodes acquisitions for Configuration 1 to 3, Table 7.5.

Figure 7.18 Vortex Ring translational velocity as a function of position in the imaging tarlaser
Diodes/Photodiodes acquisitions for Configuration 4 to 6, Table 7.5.

Figure 7.19 Vortex Ring translational velocity as a function of position in the imaging tahkser
5A2RSakt K2G2RA2RSa I O dzRdiffarénh expedmeniag dayJidifdBeRt métdr nfut &
powers) acquisitions. Configuration 7 to 9 and Configuratiet4,3rable 7.5. Old acquisitions are depicted with
dash lines while Laser Diodes/Pbdiodes acquisitions are depicted with bold lines.

Figure 7.20 Vortex Ring translational velocity as a function of position in the imaging tatlaser
Diodes/Photodiodes acquisitions compared with optical/acquisitions. Configuration 10 to 12 and Giafigu
1517, Table 7.5. Optical/video acquisition are depicted with dash lines while Laser Diodes/Photodiodes
acquisitions are depicted with bold lines.

Figure 7.21 Schematic block illustrating piston kinetic and ejected fluid kinetic en®lg@se nat that this is a
schematic representation and elements are not to scale.

Figure 7.22 Schematic block of the kinetic energy transferred from the piston to the fluid into the cylinder and
into the vortex ringPlease note that this is a schematic repres¢intaand elements are not to scale.

Figure 7.23 Schematic block of the energetic transferred from the piston to the fluid into the cylinder and into
the vortex ringPlease note that this is a schematic representation and elements are not to scale.

Figure7.24: Schematic block of ideal (red) and real (other colours) piston velocity profiles.

Figure 7.25Frame 1 (a) and Frame 3 (p)aser PIV acquisition for a configuration with a 10 mm orifice and
piston speed of 2 cm/s. The vortex size remaipproximately the same while the vortex has travelled 8.5 cm
into the phantom.

Figure 8.1Field, gradient and force product along the axis of a 4T MR scanner.

Figure 8.2 MRI functional diagram of the four different zones.

Figure 8.3 Example of MRI uni&yout.

Figure 8.4 MRI Compatible Vortex Ring based Complex Flow Phantora 2 1 2 NJ . | 4 S¢ @&

Figure 8.5 MRI Compatible Vortex Ring based Complex Flow PhaniofndzLJLJ2 NIi . £ 201 . I O1 ¢ @
Figure 8.6 MRI Compatible Vortex Ring based Complex Flow Phanfofn dzLJLR Ad] CNRy (¢ o
Figure 8.7MRI Compatible Vortex Ring based Complex Flow Phagibra w & f A Y RS NE @

Figure 8.8MRI Compatible Vortex Ring based Complex Flow Phagto | y{ / &€f A Y RSNE @
Figure 8.9 MRI Compatible Complex Flow Phantg®@tepper Motor assembly

Figure 8.10 Schematic block of the MRI compatible Vortex Ring based Complex Flow Phantont design
stepper motor assembly is placed in MRI ACR Zone Il while the phantom imaging tank is placed into the MR
scannerPlease note that this is a schematipresentation and elements are not to scale.

Figure 8.11 MRI Compatible Complex Flow Phantqrtest with blue DYE food colourant within Leeds Test
Objects Ltd facilities.
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Figure 8.12 Schematic block of the MRI compatible Vortex Ring based CompleRéowtom desigm

jdzt yGAGASE Ay@2f OSSR Ay Plé&dlidedtiatfthis@a schdindik iépredefitatiorbaldzl G A 2 y
elements are not to scale.

Figure 8.13MRI Compatible Vortex Ring based Complex Flow Phagteiow Straightener (simple ptatype).
Figure 8.14Schematic block MRI Compatible Vortex Ring based Complex Flow Prg@mgdnaulic piston.
The piston connected to the pump hydraulically displaces the piston at the RPd@&se note that this is a
schematic representation and elemis are not to scale.

Figure T Appendix 6 Image illustrating axis references during Laser PIV acquisitions.

Figure 2 Appendix 6 Quiver Plot reconstructed in Matlab from Laser PIV raw d&@anfiguration 2, Table
5.1, Chapter 5.

Figure 3 Appendix 6 Velocity along xis (Vx) reconstructed in Matlab from Laser PIV raw qata
Configuration 2, Table 5.1, Chapter 5.

Figure 4 Appendix 6 Velocity along “axis (Vy) reconstructed in Matlab from Laser PIV raw data
Configuration 2, Table 5.1, Chapter 5.

Figure 5 Appendix 6 Vortex ring velocity flow fields reconstructed with eeR8/ (a) and Vector Doppler (b).
Figure 6 Appendix 6 Linear relationship between the rotational and the translational velocii€snfiguration
2

Figure 7- Appendix 6 Linear relationship between the rotational and the translational velocgi€snfiguration
3

Figure 8 Appendix 6 Linear relationship between the rotational and the translational velocgi€snfiguration
7

Figure 9 Appendix 6 Linear relationship bi&veen the rotational and the translational velocitie€onfiguration
10
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Table 2- Appendix 6 Configuration 3Table 5.1Chapter & vortex velocity flow fields along-akis and YAxis.
Average values and standard deviations (D) were calculated from the acquisition of 10 vortex rings.
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CHAPTER 1
1.1 Introduction and Motivation

Cardiovascular diseases (CVDs) are the biggest cause of death in the modern world @vlahdis
2011). More than 17 million people die each year (31% global death) and arguably the majority of
deaths due to premature heart disease (people under the age6®) could have largely been
prevented (Institute for Health Metrics and Evaluation 2010). In the United Kingdom, 7 million people
live with CVDs and the related healthcare costs are estimated to be arG&®R® billion per year
(British Heart Foundation 4@). The early prediction of CVDs is crucial to support diagnosis and to
improve surgical outcomes and the evaluation of potential therapies. Consequently, diagnostic
techniques are constantly being developed. The tendency is to combine information dédved
mechanical, electrical and fluid dynamics tests for more accurate examinations. PedeizakD14)
observed that fluid dynamics analysis can reflect the presence of abnormalities before noticeable
structural (mechanical or electrical) changesar and can be an early indicator of CVDs.

Medical imaging techniques, such as Doppler Ultrasound (acoustic wamdsPhase Contrast
Magnetic Resonancémaging(magnetic fields)have been developed for the assessment of the
cardiovascular systeniThe dility of medical imaging techniques to accurately quantify specific
physics parameters is assessed periodically as part of the Quality Control process. Quality Control (QC)
aims to uncover noftonformities or to identify anomalies from product performarspecification. It

is not mandatory but it is good practice in every hospital and it is recommended within the principle
of Quality Management described by the International Organization for Standardization (ISO
9000:2015- Quality Management System). QCcommonly performed through the acquisition of
images on dedicated test objects, namely medical imaging phantoms, and the evaluation of specific
parameters of interests (i.e. spatial resolution, contrast resolyt@a.). If a parameter differs greatly

from reference values (exceeding piefined tolerances), machine performance may be
compromised and, corrective actions may be undertaken. Medical imaging phantoms are specifically
designed test objects, manufactured according to rigorous specificationsngure consistent
measurements for medical device evaluation/calibration and for the validation of new technigues at
research level.

Currently, there are not many flow phantoms available in literature or on the market; the few that are
available are expesive, they lack accuracy of specification and they fail to capture the complexity of
flow features present in the cardiovascular system. Consequently, the calibration of medical flow
imaging technologies and the definition of standards for routine QC echekchallenging. An
innovative, stable, reproducible, complex flow phantom design will enable more effective calibration
to clarify the capacity of current technologies to quantify pathological flows.

1.2 Aim of the thesis

It is this context that justies the work of this thesis. Its aim is the design, construction, development
and testing of a novel, cosfffective, robust, compact, multimodal complex flow phantom compatible
with medical diagnostic imaging techniques for blood flow analysis. Sineedimetechniques for the
evaluation of blood velocity flow fields are Doppl#trasound and Magnetic Resonance, the ambition

is to develop a phantom design compatible with both technologies. However, the construction and
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the validation of an advanced mirtodal complex flow phantom design is challenging, and therefore,
the phantom is first constructed and validated for Doppl#rasound modalities. Subsequently, the
design is adapted for operating in the Magnetic Resonance environment.

Ideally, a medicamaging flow phantom (or test object) provides a flow benchmark that is stable and
mimics anthropomorphic conditions. A flow benchmark for medical imaging technologies is important
in several ways, including:

- calibration of medical imaging scanners;

- clarification of the capacity of scanners to quantify pathological flows;
- validation of improved quantitative flow algorithms at research level;
- research and development of innovative scanning techniques.

Medical imaging phantoms have the main advantagero¥iding consistent and reliable performance
over time. This allows the carrying out of repeated experiments under the same experimental
conditions, avoiding the use of human or animal subjects and the biological variability of tissues. A
flow phantom albws investigation of the flow field velocities and supports analysis of the relationship
between flow and biological functions.

The fluid dynamics of the cardiovascular system shows complexities both in pathological and healthy
conditions. Quantification fathese complexities can be crucial for the early prediction of pathologies
and more perceptive diagnosis. Although materials must be chosen to be compatible with medical
imaging technologies of interest, the key element for the development of the phamgoime flow

itself. The phantom provides a flow that offers complex flow patterns that resemble physiological
flow conditions. The test object needs to provide reliable and consistent measurements over time.
The flow must be stable (resistant to disturlzas), reproducible (repeatable over time, within defined
tolerances), predictable (within specified tolerances, known fluid dynamics at every point in space and
time) and controllable (relevant flow features can be varied in a controlled manner). Thateltim

of this work is to develop aomplexflow phantom compatible withboth Dopplerultrasound and
Magnetic Resonance Imagiitgorder to enable comparative studies

1.3 Structure of the Thesis

The structure of this thesis is as follows:

Chapter 1 basic concepts of medical imaging technologies for blood flow assessment, basic concepts
of Quality Control for medical imaging (with focus on flow phantoms), literature and market analysis
on flow phantoms for Dopplasitrasound and MRI.

Chapter 2 idertification of the candidate complex flow for the phantom (Ring Vortex). Literature
review and implications for the development of a complex flow phantom for medical imaging
(physiological relevance, stability, predictability, reproducibility, controltgiili

Chapter 3 construction of an Aibased Vortex Ring Generator (proof of concept) and a Liopsed
Vortex Ring Generator for characterising flow performance.

Chapter 4 construction of a Vortex Ring based Complex Flow Phantom prototype (techraieahgr
and specifications).
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Chapter 5 testing and validation of three Vortex Ring based Complex Flow Phantom prototypes
through independent measurement methods (Laser PIV vs Optical/video, Ultrasound vs Laser PIV).

Chapter 6 design improvements includimggston, design and construction of an instrumentation pack
tool for supporting testing and characterisation of the complex flow phantom.

Chapter 7 experimental exercise demonstrating the value of the instrumentation pack and to further
characterise featwgs of the phantom and flow.

Chapter 8 Magnetic Resonance Compatible Vortex Ring based Complex Flow Phantom design (Proof
of concept, design specification and testing in laboratory environment).

Chapter 9 Conclusions, design limitations, study limitati@msl future work.

1.4 Medical Imaging Technologies for blood flow
assessment Overview

The remainder of thisntroductory chapter is divided in to three main sections. The first section
describes the main medical imaging techniques (and basic physiagpfes) commonly used to
obtain quantitative information on blood fluid dynamics within the cardiovascular system. The second
section provides a description of Quality Control in medical imaging and medical imaging phantoms,
with an emphasis placed orofl phantoms. The third section provides an analysis of relevant flow
phantoms for Magnetic Resonance and Doppléiasound developed at research level and available

on the market.

1.4.1 Introduction to Medical Imaging for Blood Flow Assessment

Medical Imaging is a critical technology that is used to view the human body in order to obtain
information about structures (structural imaging) and physiological functions (functional imaging). The
information it provides is used for diagnosis, monitoring améitment of medical conditions. Medical
imaging techniques include use ofrays (Xray imaging), acoustic waveblifasound Imaging),
magnetic and radiofrequency fields (Magnetic Resonance Imaging), or radioactive tracers (Nuclear
Medicine imaging). Doppteultrasound and Magnetic Resonanchnagingare the most frequently

used techniques for blood flow assessment. Examinations are performed with or without the injection
of specific contrast agents. The basic principles of these techniques are describedalowing sub
sections Please note that statef-the art technologies described within this chapter are up to date at
the time of writing this manuscrip2019.

1.4.2 Doppler Ultrasound Basic Principles

Ultrasound imaging is a nenvasive medidaimaging techniquehat uses higHrequency sound
waves (between A5 MHz) to obtain redaime information about anatomical and functional
properties of an organ or tissue. The amplitude and the frequency of the echo, produsedttsring
from tissueand red blood cells, and reflections from boundaries between structwidgs different
acoustic impedance, is detected and ppstcessed to produce an image. Ultrasound imaging relies
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on the piezoelectric effect of an array of pieaxystals assembled a@ scanning probeu{trasound
transducer). Due to crystal deformation, kinetic (or mechanical) energy is converted into an electrical
signal and vice versa (inverse piezoelectric effect).

Ultrasound imaging is a powerful medical imaging diagnostic teakniand has a number of
advantages, including that it is:

- non-invasive;

- relatively inexpensive;

- universally available;

- mobile (can be performed almost in any venue);

- it requires short scanning time and short pgsbcessing time;

- it provides real timemages;

- it provides gualitative and quantitative data;

- nor-ionising;

- safe @t diagnostic power output);

- it has higher temporal resolution thaviRI(Hong et al 2013; Pellikka et al 2013).

The blood is itseléchalucent and, for specific applications, cdre visualised usingontrast agents
(typicallymicrobubblesencapsulated irperfluorocarbon lipid shéll However, the basic principle of
blood motion detection with ultrasound systems relies on the Doppler effEoe Dopplekeffect is
the changen the dbserved frequency of the sound wavi@ €ompared to the emitted frequenc¥: §
which occurs due to the relative motion between the observer and the source (Hoskins et al 2019).
In a theoreticamodel:
- if the source and the observer are stationary: thteserved sound has the same frequency of
the emitted sound;
- ifthe source is moving towards the observer: the observer withesses a higher frequency wave
than that emitted,;
- if the source is moving away from the observer: the observer witnesses a loweefregu
wave than that emitted.

The difference in frequency between the sound wave emitted by the transdficand the returning

wave () reflected from the targets, is known as Doppler shiftf:-f;). The magnitude of the Doppler

shift frequency iproportional to the relative velocity between the source and the obsererassess

the flow velocity clinical ultrasoundgcanners measure the change in frequency of the sound wave
scattered from the red cells in the moving blood. The Doppler shiftugagy {i) depends on the
frequency of the transiitted wave, the speed of sound the tissue €) the wave is passing through,

the velocity of thescatterers in theblood {) and the caine of the angle of insonatign ). The angle

of insonation is define@s the angldetween the path of the ultrasound beam and the direction of
the blood flow This relationship can be expressed by the Doppler equation (1.1) (Quinones et al 2002):

N Q Q — @y

In medicalultrasoundimaging, a@ransducer is held stationary and the blood moves with respect to
the transducer. The transducer emits the ultrasound wave which is scattered by the moving blood
cells. Part of the scattered ultrasound beaeturns tothe transducer and is detected@he ctected

signal is shifted in frequency because of the motion of the blood CHfls.velocity of the moving
scatterers (blood cells) can be derived from equation (1.1), as shown in Figure 1.1.

21



US transducer

_CJa

v=2ftcost9

v = velocity of the moving targets
(blood cells)

f4=Dopplershift

f; = frequency of the transducer
0 = angle of insonation

¢ = speed of sound of the
medium

Figure 1.1Blood velocity estimatioq Doppler Effect

Theestimation of velocityelies on knowing the angle between the beam and flow direction (angle of
insonation) The highest Doppler frequency shift occurs when the beam is aligned with the flow
direction, thus, theangleof insonationis 0 degreescps‘ =1). The least desirable situation occurs
when the angle approaches 90 degreess =0) and then the theoretical frequency shift is zero.
However, in clinicgbractice it can be difficult to align the beam and the vessel. As a rule, the angle of
insonation should be less than 60 degrees. Significant errors occur when the angle of insonation is
greater than 60 degrees (Logason et al 2011).

1.4.3Conventional Doppler Ultrasound techniques

In conventional Doppler, the Doppler shift date displayed inealtime as Doppler frequency versus
time or as a coloumap. The first representation, Spectral Doppler is essentially a-\tetarity
waveform. The second representation, which is named Colour Doppler, dépietoward and away
from the transducer ased or blue for individual pixels in a region of interest (ROI) superimposed on
the BMode image Conventionalltrasound Doppler techniques for blood flow estimatimtiude
three main modalities:Continuous Wave Doppler (CVBulsed Wave Doppler (PW) a@blour
Doppler Imaging.

In Continuous Wave Doppler (CWhe ultrasonic transducer continuously transmits and receives
ultrasonic signals. Typicalsgparatepiezeelectricelements in the transducer are position&alallow
simultaneous transmission andeageption of theultrasound wave. The main advantage of this
technique is that very high velocities canrbeasured as the sampling rate is not limited by the pulse
repetition frequency (PRFMHoweverthe CW Dopplesignal combines velocitypformation from all
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depthsalong the beam andannot be used to select a specific sample deWDoppler tends to ve
more sensitive to norhaemodynamic movements along the beam (i.e. moving cardiac structures or
vessel walls)which may mask blood flow amaformation of interest (Maulik 2005).

In Pulsed Wave (PW) Dopplethe same crystals of the ultrasonic transducer emit and receive pulses
of ultrasound Since the speed of sound in soft tissuas be assumed to Epproximately constant,
velocity information from apecified depths (or sample volume) can be selected based on echo time.
PW Doppler works essentially as a sampling tool for the Doppler frequencies generated by the blood
flow. Themaximum pulse repetition frequencythat can be achieved bthe system (PRF KHz)
depends on the depth of insonatiolf the PRF is insufficient for adequate sampling, the Doppler signal
YIed 0SS YAANBLNBaSyiSR 61y26y & FftAFLaAy3aood ¢2
that the PRF should be at least twice the Dephift frequency (2smax). PW Doppleultrasound is

a valuable tool because provides quantitative estimation of blood flow velocity, howevaccitsacy
depends on a number gkttingparameters such as, Doppler sample voluRRRFangle ofinsonation,
gainandtissue depth

The Doppler shift detected in continuous (CW) and pulsed (PW) wave is displayed on the screen in a
spectral form (Spectral Doppler)rhe horizontal axishowsevolution of thevelocity while Doppler

shift frequency (or viocity) isrepresented on the vertical axiShegreyscalef the spectralwaveform

is related to the intensity of the Doppler shift signélhe Doppler shift signal (variation over time) is
processed through spectral analysis (typically, Fast Fouriesforam analysis) andelocity plotted as

a pixelwhoseintensity approximately represents the number of scatterers travelling at a given speed
(the number of red blood cells at each velocity). This signal is known as power of spectrum. A full
spectral procssing that represents both frequency and average power content is called power
spectrum analysis. The Fast Fourier Transform (FFT) analysis is a highly effective tool for power
spectrum analysis because it can be implemented with reduced computational time

Colour Doppler(CD) is a form of PW Doppler where velocity information and flow patterns are
visualisedin real time with the use of a colotooded map. Typically, red issed to denoteflow
directedtoward the probeand blue away from the probe. Diffent shades of red and blue colour
indicatethe blood flow velociy scale CD displays the direction andmponent of thevelocityin the
direction of the beam, which allows identification of abnormal haemodynamic, stenmstfusion,
valvular regurgitatin, increased velocities through valve orifices and thrombus formation. Being a PW
Doppler modality, thevelocity scaleand PRF must be optimised to avoid aliasing. The basatide
colour scale rangshould be kept low enough to obtain meaningful direnab flow data and high
enough to avoid aliasing. High speeds can be estimasiéitg a highiPRE but the sensitivity to low

flow isthen significantly reducedAt low PREthe system is sensitive to low velocities, but aliasiag
occur, and high velocitgeare falsely interpreted. Other important parameters, sucheam steering

gate size and gain should be optimised to obtain reliable measurements. A detailed review about the
optimisation of Doppler parameters in US scanners is provided by Krusk&2e04).

1.4.4 Angle independent Doppler Ultrasound techniques (Vector
Flow Imaging)

Conventional Dopplasitrasound techniques have the main limitation that only the components along
the beam can be estimated (Jensen, 1996). Although angle corrections tools are available, it is still
challenging to judge the angle in respect of complex geometries such ass,valfurcations or
tortuous vessels. Furthermore, in cardiac applications the angle can vary during the cardiac cycle and
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can significantly affect the estimation of the velocity. The analysis of complex flows, such as vortex
within the left ventricle, is1ot possible using conventional Doppler technigudéslocity components

not parallel to the beam are wrongly estimated and velocity components orthogonal to the deam

not generate a Doppler shiftnaccuracies in velocity estimation, limitedemodynamidnformation

and operator variabilitygsthe measurements are dependent on angle correctignthe usey have
highlighted the need for angle independent Doppler techniques. Recent developments in Doppler
ultrasound include Vector Flow Imaging (VFI), whidlows visualisation of blood flow velocity
patterns as vectors that indicate direction and magnitude (Hansen et al-@0MFI overcomes the
main limitation of conventional Doppleultrasound techniques by providing angiedependent
measurements. Therte flow vector and the velocity magnitude are calculated from the
measurement of at least two of the three components of a velocity vector. Spatial and temporal
information are provided withoumanually performing an angle correction. Generally, the flois
displayed with coloured arrows that indicate the velocity magnitude (colour and length) and flow
direction.

The crossdeam (or multibeam, or Vector Doppler) method was one of the first methods for finding
the flow vector (Peronneaat al1974; Dunmirest al2000). Ths approach uses multiple beams from
different angles to derive the-B (or 3D) velocity vector. The crobgam method has also been
combined with plane waves, where crossing beams are replaced by overlapping regions of steered
plane wavesThis increases the framrate and the fieldbf view compared to single beam acquisitions.

The main VFI techniques are the CrBemm method, Plane Wave Imaging (PWI), Speckle Tracking,
Conventional Transverse Oscillation (TO) and C@opplerbased Vear Flow Mapping (VFM). The
complete description of VFI algorithms is beyond the scope of this manuscript and a complete review
is provided by Jensen et al (2016). However, basic principles are briefly described for better
comprehension, since they repredanutting edge technologies that would benefit from the presence

of a complex flow phantom.

The Cros8eam method employs multiple beams from different angles to estimate the velocity
vector. This approach can be combined with Plane Wave Imagingrease the frame rate and field
of view. However, it is used primarflyr research and is not implemented on any clinical scanner.

In Plane Wave Imaging (PWI), a plane wave is commonly gendratagplying flat delays to the
transmit elements of a lmar transducer. The wave insonifies a large area of interest and
backscattered echoes are recorded and processed. Several image lines are beamformed in parallel by
ultrafast scanners (Fast Plane Wave Imaging). PWI is implemented in commercial MindragyMind
Medical International Limited, Shenzen, China) clinical scanners.

Speckle tracking can be performed with (traditionally called dehg or without (Blood Speckle
Tracking) the use of contrast agents. Microbubbles are used to increase the baclstathioes

from blood flow in echePIV while the speckles emerging naturally from the red cells are tracked in
blood speckle tracking. Speckle movements are tracked from one frame to the next using block
matching algorithms and the velocity vectors arerestied. Blood Speckle Tracking (or Blood Speckle
Imaging) is implemented on GE Healthcare (GE Healthcare, lllinois, USAY&tatiDers.

Transverse Oscillation (TO) employs a single array transducer and two received beamformers to
estimate axial and trasverse components of the velocity vector. The TO technique was FDA approved

in 2013 and is available on BK Ultrasound (BK Ultrasound, Nova Scotia, Canada) and Carestream
(Carestream Health, Ontario, Canada) scanners for phased array, convex and linear(jpeoisen et

al 2013).
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ColourDopplerbased Vector Flow Mapping (also known as VFM) is based oprpostsing of colour
Doppler images. Since it provides streamline distribution and quantitative information about the
strength and the direction of vouity distribution fields, this method has been mostly developed for
the clinical evaluation of complex flows within the left ventricle chamber. VFM is commercially
available on Hitachi (Hitachi Ltd., Tokyo, Japan), GE Healthcare (GE Healthcare, Bipiand)
Mindray (Mindray Medical International Limited, Shenzen, China) clinical scanners.

1.4.5 Magnetic Resonandenagingc Basic Principles

A competing technology for measuring flows, and therefore relevantthe development of a
complex flow phantomis Magnetic Resonance Imaging (MRI). In MRI, the combination of strong
magnetic fields and radimequency signals is used to excite hydrogen nuclei in the Mtgn nuclei

with half-integer spin are placed into a magnetic field with intenddy their magnetic moment
preceses around the axis filel with frequency. ( (resonance frequency or Larmor frequencihe
Larmor frequency is given by (1(®wong et al 2008)

T ro 12

where is the gyro magnetic ratio. Fields with linear wiag intensity (gradients) are commonly
applied to vary the rate at which the spins preceBistee different gradient magnetic fields can be
applied:G,, G,, andG,. Depending on the location in space of the region of interds, gradients
add or subtract from the main static magnetic fi@gdan amount of field strengthApplying gradiers
Gz to the field, the resonance frequency of the spinsiggaaccording to (1.3jKwong et al 2008)

1 6 Ow Ow 0Oa @y

After the excitation radigfrequency signal are removedthe nuclei relax sendingecayingsignals

that are measured by receiver coils. The procedure is repaatdtiple times and different gradients

and pulse sequences are applied. Several acquisition techniques are used to obtaim 2D
information about anatomy, motion, functioning and perfusion of organs or tissues (Haacke et al
1999). MRhas requirementgor a canplex flow phantom because imaging reconstruction algorithms
are very elaborate. Many assumptions are made in the image reconstruction process, which may hide
errors or provide false quantitative informatioflowsensitive MRI techniquedased onintrinsic

motion sensitivity of phase imagéBhase @ntrast MR), have been developed, tested and validated
both in vitroandin vivosince the 1980sRyant et al 1984Moran, 1985h Q52 yy St Moy p T CA N
1987; Maier et al 198Pelc et al 1991Kraft et 4 1992; Rebergen et al 1993; Pelc et al 1994, Frayne

& Rutt 1995 Lotz et al 2002; Kwong et al@®). Basic principles dhaseContrast MRItechniqueare
described in the following sections.

1.4 6 Flowsensitive MRI technique Phase Contrast MRI

PhaseContrast(PCMRI is a nosinvasive medical imaging technigue that can be used to visualise and
guantify tissue motion or blood flowl'he MR signal & function oflongitudinal M) and transverse
(Myy) components of spin magnetization in blood or tis§bgure 1.2)Magnitude and phase images
are influencedby the length and orientation of the transverse compongh,,). Phase images are
motion sensitive therefore, these can be useth combination with specific magnetic gradients, to
measure local vekities of moving spins.
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Figure 1.21ongitudinal i1z) and transverseMxy) spin magnetization in blood or tissue. Magnitude and phase
images can be derived from the length and the orientatioMef . ' LIKI & S

Magnetic moments (spins) moving alongiagnetic field gradient experience a phase shift which, for
linear field gradients, is proportional to the velocity of the moving spin (Lotz et al) 20@®nstant
velocity motion is assumed and no refocusing radio frequency pulses are usgahetbe skt at the
time (t) (after the transverse magnetization is crea}esl proportional tothe velocity (v) andto the
first moment of the gradient waveform (Pedt al 199):

PO [0 "000Q0 (a4

Therefore, the transverse magnetization of spins that move in the presence of a magnetic field
gradientacquirea different phase than static spinBhe diagram in Figure 1.3 shows the effect of an
external magnetic field gradient applied to static and mngvspins.

Constant Magnetic Field Magnetic Field Gradient Applied ———
Stationary tissue Stationary tissue
Phase ¢ = 0° ¢ =0° & =20° b=40° =60° b =80°
V(t) V(t) '
D ——— B ———
0 20 40 60
Blood flow ¢=Z+T+T+T 30°
Blood flow
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Figure 1.3External magnetic field gradient applied to static and moving spins. The amount of phase difference
isproportional to the velocity(t) of the moving spirmnd to the amplitude and timing of the gradient= phase,
t=time, v=velocity.

Unfortunately,the phase changef the spinscan be affectedy many other phenomena, such Bs
inhomogeneity, magnetic field eddy currents and motion in other directions. Consequently, it is not
possible to image flow from a singlataacquisitionandfrom the assumption the change in phase is
onlydue to motion in the direction of interest (Bryant et al 1984)order to quantify flow or motion
velocities PC MRmethodsdo not rely on absolute phassagesbut on relativephaseshifts Multiple
measurements are performed using identical acquisition parameters and varying the velocity
encoding gradients. Subtraction of the resulting phase images allows elimination of phase shifts
induced by the sequencef parameters and quantitative asssment of the velocities of the
underlying flow or motion¢ KS aAYLX Said t/ awlL Lz &8 A4Sl *SIEKR ¢
requires two measurements, each made with a different magnetic field gradient along one direction
to examine motion inthat B O i A 2 y 1688)MBobipolabgradients with equal magnitude but
opposite polarities are applieéds shown in a schematic representation in Figure Stdtionary spins

do not experience any phase charajter the two gradients are applietMoving pinshave a different
spatial position and experience a different magnitude of the second gradient compared to the first.
Thus, moving spins undergshase change proportional to the blood flow velocity and to the
amplitude and timing of the gradient.

Positive lobe applied > < Negative lobe applied
Stationary tissue Stationary tissue
$=0° =200 ¢$=40° =60° H=80° Phase ¢ = 0°
V(t) V(t)
—_— —_— ‘
Blood flow
Blood flow

Bipolar gradient 1

Bipolar gradient 2

Fgure 1.4:Two acquisitions are performed with identical parameters except for the-flemsitising bipolar
gradients. Subtraction of the two resulting phase images allows quantification of the flow or motion velocities.
Stationary spins undergo no net change in phase after the two gradients are applitel mdving spins
experience a phasshift. . I'  LJK=tirieSv= velocity.

Three pairs of measuremes 6-8J8 B y (i Y &dhioairRampling along one Cartesiandios,
are needed to measure motion along all directions t, Z(Pelcet al 199). ¢ K S -Ld28MyHI Y S K2 R§
uses an independent phase reference for each direckpiY and Z Alternatively, a singkphase
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reference can beneasuredand used to encode thetloer directions. In this case, one measurement
provides the phase reference {) and other three points are needed to encodiéferentially in each
direction 6 & FI2HMNY (i Y @dickerzaR £99). A PC MRImeasurementalso requires prior
knowledge of themagnitude of the velocities that have to be quantified. The velocity dependent
phase shift has to be within a range ©F18( (+/-") to avoid wraparound The velocity encoding
(Veng, which is given in centimeters per seconts/fs), determines the highs and lowest detectable
velocity (or the velocity that produces a phase shift of?83at can be encoded by a phasentrast
sequenceVelocity sensitivity is defed as the velocity that producesphase shif(n. ) of = radians,
and is determined bthe difference of the first gradient moments used for the velocity encodln)
(Kwong et al 2008, p. 207):

W S'/ (1.5)
where is the gyro magnetic ratio ari) denotes the difference of the first moment of the gradient
time curve.Forvelocities larger than the velocity encoding{), the velocity induced phase shift will
exceed + and phase wrapping (aliasing) occurs. Unfortunately, the velocity encdigocannot
be se arbitrarily high because that incurs a sigt@noise ratio (SNR) penaltythe better the
encoding velocity matches the peak velocity of the region of interest, the more precise the
measurement will be.

1.4.7 Phase Cdrast MRI¢ from 2D to 4D

Phase @ntrast Magnetic Resonance Imaging has seen clinical acceptance for the visualisation and
guantitative assessment in the heart, aorta and large vessels (Nayak et al Z0a8itionally,
electrocardiograpmgated timeresolved (CINE) 2D phasentrast MRI squences were used in
clinical practice for quantifgig blood flow and peak flow velocities (Bollache et al 20¥&)ocity was
encoded in singldirection through a 2D plane (20dir) during a breatkholding.Instantaneous flow

rate and total forward andbackward flow during a cardiac cycle were derived, basing on the area of
the vessel crossection and the average velocity within the defined region (van der Geest and Garg,
2016).However, placement of the 2D acquisition plane is challenging and peagitiesdocan be
underestimated if misplaced or not orthogonal to the flow directidm.common cases involving
complex intracardiac patternsflow quantification accuracy of 2D PC N&Rlimited. This limitation

can be improved by taking into account adMl directions, which can be achieved by thdieectional
encoding of all three principal velocity directions inside a slice of interesB@ip(Bollache et al
2016).Alternatively, fow-encodingcanapplied to all the three spatial directions to obtailata in all

the three dimensions of space and to the dimension of time along the cardiac cyclésw4lRI=

3D MRI + time) (Dyverfeldt et al 2015j)elocity is encoded along the three spatial dimensions
providing a timeresolved 3D velocity fielddD fow MRIhas great potentiafor quantifying intra
cardiacparameters of the blood flow, such as vortex ring formation or vector flow components. The
image provides full volumetric coverage of the structure of interest with comprehensive spatial and
tempord information on the 3D blood flow dynamic@Markl et al 2014)Several visualization
techniques, such as coleoding, streamlinesr vectorsdisplay, are used for visual data interpretation

in 2D or 30van der Geest and Garg, 201By. way of example, streamline display of irtardiac
vortex ring flow is shown in Figure 1@uantitative analysis can be performed in ppsbcessing from

a single 4D flow MRI acquisition. The scanned 3D volume can be retrospectively reformatted in 2D
images planes and througtlane velocity encoding can be applied for flow quantificatiomjlar to
conventional 2D phaseontrast imaging (van der Geest and Garg, 2016).
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Main advantages are that:
- measurements are derived from a single scan, thereftweart rate variability des not
degrade measurement consistency;
- position and orientation of the reformat planes can be adjusted at any location inside the 3D
data volume
- multiple measurement planes can be defined from a single acquisition.

V (cm/s)®

Figurel.5: Streamline displagf intra-cardiac vortex rindollowing a4D Flow MRI acquisitioheft ventricle and

right ventricle endocardial surfaces are displayed with red and yellow dots, respectively.
Figure4: van der Geest, R.J. & Garg, P. (2016). A@hanalysis techniques for Intcardiac Flow evaluation from 4D Flow
MRI.Cur Radiol Reg@;38.

1.4.8 Summary

In general, there is no such thing as a perfect imaging system. The medical imaging modality is chosen
to match the clinical need or the research question. Doppl&iasound and Phase Contrag?C)
Magnetic Resonancbnagingare currently the preferred teehnologies for quantitative analysis of
intravascular complex (i.e. turbulent, vortical) flows. Both techniceessprovide 2D and 3D blood

flow field imaging as a function of time (4bw MRIand Ultrasound VFI). Since no ionising radiations

are involved Ultrasoundand MRkcanning are suitable for repeated follow up studies. Although there

are shortterm hazards foMR|, they are well known and well managed in clinical practice (Hoskins
2017).

Phase ContrasMRI is a powerful andwell-established techigue for obtaining(non-invasively
guantitative information on the blood flow or tissue motidhis widely considered the gold standard
for blood flow assessments of the cardiovascular system (Brown et al 2 AC MRI is not suitable
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for the quantifcation of complex flow patternsinderestimation of peak velocitiesccuis when the

2D acquisition plane is misplaced or not placed orthogonal to the flow dire&m®an alternative4D

Flow MRI has developed to obtain more comprehensive informatiobl@od flow through the heart

and large vessel. However, 4D Flow imaging requires the @tmuisf a large amount of data. Long
scan times, ranging from 10 to 20 min, initially limited the application of the technology to research
(Markl et al 2014)Recent developmentshavereduced scan times to a range oB82min(Garg et al
2018; Zhang et al 2018; Garcia et al 2048d a consensus statememn the clinical utility of the
technologyhas been published (Dyverfeldt et al 2016urrentimplementationsin 4D flow MRbare
quickly approaching clinicallfeasible scan timgshowever, the technology is still nabutinely
accepted in clinical practice. In addition, MRI is not compatible with all patiemdamtable devices,
such as stents, cardiac valvespacemakers, produce artefacts in the image or rules out Magnetic
Resonance scanning (Segupta 20Bpart fromtechnical issues, such as motion artefacts due to
patient breathing,MRIcan prove to be a problem for hospitdiecauseit is time-consumingwith
implications forlong patientswaiting lists. Moreover, a Magnetic Resonance device (and compatible
Magnetic Resonance room) can cost over 1 million GBP and its presence is limited to specific
departments of a high budget hospital.

An effective diagnstic alternative iDopplerultrasound which isa noninvasive, noronising, cost
effective, portable and fast medical imaging technique that provides-tiea quantitative and
gualitative information about the fluid dynamics of the blood flow. Theafdéopplerultrasound can
significantly reduce waiting lists with comparable diagnostic resultdRd This has clinical impact,
providingrapiddiagnosis and improved outcomes. The accuracy, the precision and the clinical efficacy
of several Doppleultrasound technigues have been widely demonstrated and constant effort is put
into research, aiming to makdtrasound diagnostic imaging the finstethod ofchoice for reatime
analysis of blood fluid dynamics (Jensen et al 2016; Hansen et ab2017

Trarsverse Oscillation (Ultrasound Vector Flow Imaging technique) has been FDA approved (2013) and

it is recommended as the first choice for réimhe assessment of cardiovascular complex flows (Jensen

et al 2013). 2D and 3D velocity VFI algorithms are cugreavailable on research scanners
manufactured by Verasonics (Verasonics Inc, Washington, USA) and on clinical scanners manufactured
by GE Healthcare (GE Healthcare, lllinois, USA), BK Ultrasound (BK Ultrasound, Nova Scotia, Canada),
Mindray (Mindray Medial International Limited, Shenzen, China), Carestream (Carestream Health,
Ontario, Canada) and Hitachi (Hitachi Ltd., Tokyo, Japan).

Currently, thereis little in the way ofcosteffective phantom technologies on the market able to
challenge clinical ulisound scannergcorporatingthese innovative modalities. Validated complex
flows are desirable to support calibratiai equipmentand drafting of new QC protocols for these
devices. A test object that provides a known (with vaglfined tolerances) contex flow fieldwould

be advantageous to support calibration, validation, research and development of quantitative blood
flow velocity algorithms for both Ultrasound amiRImodalities.

1.5 Quality Control in Medical Imaging

The scope of this thesis st development of a phantom to test the ability of advanced medical flow
imaging scanners to quantify complex flow patterns. The aim is to provide a flow benchmark for
comparative studies, Quality Control and calibration of clinical scanwhish is suible for testing

and validatingadvanced velocity estimation algorithms at a research level.
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As described in the previous section 1.4, Ultrasound Vector Flow Imaging is already available on a
number of clinical scanners while Ph&entrast Magnetic Resancelmagings still not fully clinically
accepteddue to expense antbng scanning times. Consequently, the phantom prototype described

in this thesis is initially designed to challenge clinically available ultrasound technologies. Design
adaptation for Magnetic Resonance environment compatibility and for comparative studies
(Ultrasound v#MRY)) is described in Chapt&r

Basics concepts of Quality Assurance and Quality Control in medical imaging are described in this
section. Definition, classificationse, and relevance of phantoms in medical imaging are described in
detail.

1.5.1 Introduction

The International Organization for Standardization (ISO) defines Quality Assurance (QA) and Quality
Control (QC) as follows (ISO 9000:2015):

Clause33.4vdz f AG@ | 24adNF yOSY GLI NI 2F ljdz t Ade Yyl 38
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In other words, QualityAssurance (QA) is a proactive process whose purpose is to prevent
nonconformities (defects) in products from the beginning of the manufacturing process, while Quality
Control (QC) is a reactive process that s¢eleliminate nonconformities in the finigid product. They

are both part of the Quality Management System (ISO 9000:2015) and they include activdtieas
inspecting, monitoring, checking, testing and recording. QA analyses the process and the product
while the QC identifies flaws in the fineth product. Quality Control imedicalimaging can be
described as a series of regular (daily, weekly, monthly or yearly), detailed evatuatioredical
imaging equipment by qualified personned.d. amedical physicist, engineer, clinical scientist,
qudified technician). QC is desirable and aims to obtain an optimal image through the evaluation of
specific parameters. If the specific parameters differ greatly (with values exceeding defined
tolerances) from the reference values, corrective actions magaken and may stop the device from
being used. Commonly, the assessment is made through the acquisition of images on dedicated test
objects (medical imaging phantoms) and the subsequent evaluation of the main physical parameters
of the image. Phantoms @y a basic role both at research and clinical level and ideally they should
develop in step with new technologies.

1.5.2 Medical Imaging Phantoms

Medical imaging phantoms are specific test objects designed to provide consistent, reliable,
gualitative am quantitative information when scanned or imaged in the field of medical imaging.
Resultsshould beconsistentovertime and (ideally) measuremenghiould betraceable to national or
international standards. Phantoms are widely used for calibration, QQuasurance, training,
validation, research and development of new imaging techniques both at commérogitaland
research levels.

The use of test objects has four main advantages (Hoskins 2017):
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- Reproducibility of resultsa test object is designed to provide reliable and consistent results
over a defined time. This allows repeated experiments under the same (within specified
tolerances) experimental conditions, avoiding measurement problems associated with
biological varability.

- Control test objects are designed to provide a high degree of control including geometries,
dimensions, flow rates, pressures etc.

- Ethics test objects allow the undertaking of experiments without the use of human or animal
subjects, biologicalidsues and hazardous materials. This avoids all the ethical issues
associated with licensing and health and safety regulation.

- Idealisation medical imaging phantoms can be broadly categorised as anthropomorphic,
semianthropomorphic and nomnthropomorphc.

Anthropomorphic phantoms mimic as closely as possible the anatomy and/or the physiology of a
KdzYl'y adzoeSOod Ay LI dK2ft23A0Ft FyRk2NI KSIHfGKe 02y
for human body parts. By way of example, a whole body ramtbmorphic phantom manufactured

from Kyoto Kagaku (Kyoto Kagaku Co., Ltd, Kyoto, Japan) is shown in Bigure 1.

Figure 16: Anthropomorphic wholébody phantom PB60 manufacturecby Kyoto Kagaku (Kyoto Kagaku Co.,
Ltd, Kyoto, Japan)
Figure 1: Kyot&agaku catalogue (https://www.kyotokagaku.com/lineup/pdffghcatalog.pdf)

Semianthropomorphic phantoms provide a simplified version of human body patsch aims to
conserve the key aspects of interest that the user wants to investigate. An exampleser
anthropomorphic phantom is the PETIQ phantom (Figurg developed by Leeds Test Objects Ltd
(Boroughbridge, United Kingdom). This phantom meets the standards MNEMA(2007) and IEC
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616751 (2013) for Quality Control of image quality in PositeomssionTomography (PET). The design
simulates the trunk of the human body in terms of average dimensions and shape.

Figure 17: Semianthropomorphic PETIQ phantom designed by Leeds Test Objects Ltd for Resiission
Tomography quality contrglL.eeds Test Objects Ltd, Boroughbridge, United Kingdom).
Figure 1: https://www.leedstestobjects.com/wpontent/uploads/PETQ-productspecifications13.pdf

Finally, noranthropomorphic phantoms are designed with high precision machined (tolerances
typicaly of +/+ 0.1 mm) test targets to allow the calibration of medical devices at clinical and research
level. Nonanthropomorphic phantoms usually contain line pairs per mm (LP/mm) resolution targets
and simple geometric structures, such as circuteirsquae-shaped targets, with different contrast

levels. These targets support quantitative measuremerittindamental imaging parameters, such

as low contrast resolution, spatial resolution, geometric distortion, Modulation Transfer Function
(MTF), Point Spredgunction, etc. As an example, ranthropomorphic phantoms manufactured by

Leeds Test Objects Ltd (Leeds Test Objects Ltd, Boroughbridge, United Kingdom) for Fluoroscopy and
Magnetic Resonance modalities are shown in Figu8e 1.
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Figure 18: Nonanthropomorphic phantoms TOR 18FG and MaglQ manufactured from Leeds Test Objects Ltd
(Leeds Test Objects Ltd, Boroughbridge, United Kingdom).
Figure: Images adapted from Leeds Test Objects Ltd brocthites://www.leedstestobjects.con)l

1.5.3 Flow Phantoms

Flow phantoms are a challenging area of phantom design since they must invoke motion, produce a
known field (within predefined tolerances) and mimic in vivo conditions. Depending on the
application, flowphantoms can be designed with anthropomorphic, samthropomorphic or non
anthropomorphic considerations. In general, a flow phantom consists of a conduit which mimics
geometries of interest of the cardiovascular system through which a fluid (blood mgrpamped.

The conduit is embedded in a material that mimics human tissues (Tissue Mimicking Material) and it
is compatible with the medical imaging modalities of interest. When appropriate, the simplest Tissue
Mimicking Material (TMM) is deionised watbecause it has well known physical properties. The
blood mimicking fluid usually consists of a mixture of deionised water and chemical components (or
particles). The chemical components are chosen to provide viscosity and density comparable to the
blood, and signals that can be detected by the imaging system of interest. The pump is usually
computer controlled and (ideally) provides pulsatile flow with known waveforms and tolerances.
Information and quantities of interest, recorded by the imaging systera, ammpared with the
reference values provided by the phantom specifications (hopefully well established). Basic
components constituting a standard flow phantom are shown, with a schematic representation, in
Figure 19.
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Figure 19: Basic components offlow phantom

Such phantoms allow the calibration of clinical medical imaging systems by permitting repeated
experiments in the laboratory, which would be difficult (or impossible) in living subjects.

A flow phantom is commonly used for (Hoskins 2017):

- investigation of flow field velocities: phantoms can be built with optical transparent materials
that allow the undertaking of measurements with optical imaging systems, such asRl&ser
(Particle Imaging Velocimetry) or LDA (Laser Doppler Anemometnge Tdehnologies have
high temporal and spatial resolution and allow reconstruction of the flow field velocity data
and associated phenomena;

- crossvalidation of flowfield data obtained usinglifferent medical imaging modalities and
optical imaging systems: medical imaging systems, such as MRI and Ultrasound, can be used
to measure blood velocity flow fields and associated quantities. Comparative studies can be
carried out (even using optical imaging teyss data) and validation of new techniques for
blood flow velocity estimation can be undertaken;

- investigation of the relationship between flow and biological functions: flow phantoms can be
built with materials and geometries that mimic specific phylsiraperties (i.e elasticityand
dimension$ of sections of the cardiovascular system. Relationships between the physical
properties of interest and biological function can be studied.

A flow phantom cannot mimic in detail all the aspects of the cardimyas system, but needs to be
sufficiently complex to allow specific research questions to be answered (Hoskins 2017). The phantom
design should not be overomplicated, but should provide a simplified version of reality and mimic
key aspects of interesmhia reproducible and controllable way. The research question comes first. The
flow phantom design follows the research question, trying to satisfy all the main aspects that
characterise a test object (i.e. reproducibility, controllability, stability).
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1.5.4 Steps for the development of a medical imaging phantom

No single test object, tissue mimicking material or geometrical shape will be optimal for all the
applications and modalities available on a single medical device. However, a few basiameqtsre
for the development of a test object can be identified.

An ideal test object should be:

- smple;

- usable;

- informative;

- discriminative (between several images);

- reliable (consistent results);

- robust;

- safe (i.e. transport, delivery);

- provided withwell-defined accuracy specification.

Quiality Control checks are often performed within tight schedules sotttegtdo not interfere with
clinical workflove, therefore, a test object should be simple, to set up aisé andshould provide
results that are asy to interpret. The phantom design should be informative and usable for the
purpose for which it has been developed. It should enable discrimination between different images
and different image techniques. It should be robust to provide consistent sesithin a reasonable
amount of time. The phantom should be easy and safe to ship, and testing materials (i.e. imaging
compatible solutions) should be accurately contained. Open source packages or software tools for
consistent and quick analysisiofagingdata should be encouraged.

Typically, the development of a new phantom design involves cooperation between manufacturers
and clinical scientists (i.e. medical physicist, biomedical engineers) (Fige Qlinical scientists
identify needs, project obives and goals. Manufacturers define what is doable (in practice), identify
the most costeffective solution and pursue market opportunities. Within this process, the scope of
the project is definedand usually a nowlisclosure agreement is signed bewve parties. The
manufacturers are responsible for the development of prototypes and for the modification (if needed)
until the design is validated. Prototypes are tested by clinical scientists in a clinical setting, such as a
hospital, a universityor a private clinic. Suitability for the task, reliability and accuracy of the results
are the features most evaluated. Eventually, if sufficient evidence of test results is observed the design
is validated. Clinical scientists (may) use the results to writeopods (e.g. IPEM, ACR standards) and
scientific articles while manufacturers (may) launch a product on the market that is supported by
valuable scientific evidence.
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1.5.5 Summary

Quiality Assurance and Quality Control in medical imaging are advisable to maintain optimal diagnostic
image quality with minimum hazard to patients. Device performance is evaluated with the acquisition
of images on specifically designed tebjects(phantoms) Test objects have the main advantage of
providing reliable and consistent resultser time, avoiding the use of human or animal subjects.
Depending on the application, medical imaging phantoms are designed with anthropomorphic, semi
anthropomorphic or noranthropomorphic shape¥ey requirements and steps for the development

of a medical imaging phantom have been listed. Cooperation between manufacturers and clinical
scientists is desirable for the development of harmonised standards§@nthe designs of effective

test objects.

A market analysigs conducted in the next section of this chapter, in order to identify which
technologies are currently proposed/available for flow phantom desialevant technologies
proposed in literaturehave been also quoted.
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1.6 Relevant Flow Phantom technologies available in the
literature and on the market

1.6.1 Flow Phantoms and their DesigrAn introduction

From an analysis of the literature and of the phantom market it is noticeable that there are not many
flow phantoms available. They tend to be expensive, fail to mimic relevant physiological conditions
and accuracy specifications are not clearly providednsequently, calibration and Quality Control
checks of medical imaging systems for blood flow assessment are challenging or not feasible. In
addition, the lack of appropriate equipment makes the creation of -defined Quality Control
guidelines difficit to establish.

This section describes relevant flow phantoms that have been developedcammercial and
research level, for Doppledtrasound and Magnetic Resonance Imaging flow modalities (at the time
of writing this manuscript,2018). Doppleultrasound and Magnetic Resonance modalities have been
selected over Xay modalities because these are the main medical imaging technologies used for
guantitative blood flow velocity estimation (as described in Section 1.4).

1.6.2 Phantoms for Doppleultrasound

The choice ofiltrasound compatible materials is an important challenge in the construction of a flow
phantons for Dopplermodalities The choice of conduits and surrounding materials has important
implications for acoustic wave propagation arat ¥elocity Doppler estimation. For simplicity the
phantom proposed in this thesis is designed to work in the free field (deionised water), although it
does offer some possibility for embedding tissue mimicking materials (TMMs). Nonetheless, the
latter is not the focus of this work and analysis of tissue and vessel mimicking mdtaridtsasound
compatildlity would be outside the scope of this studyHowever, relevant studiesf Doppler
ultrasound flow phantoms are acknowledged and the main techrieogroposed fowultrasound
Vector Flow Imagingvaluationare also reported.

1.6.3 Dopplenltrasound flow phantoms proposed in literature

A GFlex pipe surrounded by an Adaaised TMM is the design suggested by the BS EN 616852002
IEC 61685:2001, aicent International standard (stability date: 2020) for the development of a flow
Doppler test object (BS EN 61685:2002, IEC 61685:2001). Howddex tDbing (Col®armer, IL,

USA) has attenuation values that are five to ten times higher than vesseés and even thin wall
thickness (0.2 mm) produces substantial Doppler Spectral distortion (Hoskins 2008). A large number
of alternative materials have been characterised and tested as vessel mimicking material including
PVAc, Norprene, Perspex and Petllrylene (Hoskins 2008).

As an alternative to phantom designs embedding pipes, Weds phantoms have been widely
proposed and tested in the literature (Rickey et al 1995; Ramnarine et al 2001; Pye & Ellis 2002;
Meagher et al 2007; Weir et al 2015; Kergit et al 2015b; Ho et al 2017; Zhou et al 2017). Tissue
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Mimicking Materialsare used to formchannels which mimic soft tissues properties in terms of
characteristic acoustic impedance, acoustic attenuation, speed of sound and acoustic backscatter
coefficient (BS EN 61685:2002, IEC 61685:2001)-fsgad (Teirlinck et al 1998) and gelatiesed
(Madsenet al1982) TMMs have been extensively studied and fully characterised (Brewin et al 2008;
Sun et al 2012; Rajagopal et al 2015). However, these miatexia brittle and lack mechanical
strength (they break if the flow speed is set higher than certain limitisgrefore, they have been
widely used in research studies but are not commonly used in commeitriasound phantoms.
Another material widely usgis Polyvinyl Alcohol (PVA). PVA is prepared ga and exposed to
different freezethawing cycles to produce an elastic material called-BlyAgel. Several studies have
been conducted on different PWi#ased recipes (Chu & Rutt 1997; Surry et al 2D4eley et al 2006;
Cournane 2010; Cannon et al 2011; Ramnarine et al 2013; Kokkalis et al 2014; Zhou et al 2017) but the
physical properties of the final cryogel are strictly dependent on the evaporation during the mixing
(typically performed at temperates higher than 90 degrees), freezing temperature, freezing holding
time, thawing rate and number of freezing/thawing stages (Peppas and Scott 1991; Stauffer and
Peppas 1992)n addition, the reproduction of certain shapes is challenging because it ossible

to fully control the gel swelling process during the freezing stagésthese variables make the
repeatability of the manufacturing process challenging. The -rdral intervariability of the PVA
manufacturing process, which significantly afféhe acoustic and mechanical properties of the final
TMM, makes comparative studieballenging

As an alternative to flow phantoms, rotating test objects have been used for mean velocity accuracy
and spatial resolution estimation. The rotating bloansisting of reticulated foam (Mc Dicken et al
1983), block of gelatine (Fleming et al 1994) or digewed TMM (Kripfganst al 2006; Ressnegt al

2006; Yang et al 2013; Kenwright et al 2015; Badescu et al 2017; Ketterling et al 2017), can simulate
blood flow and tissue motion. The Rotating Cylinder Phantom has the main advantage of providing
known axial and lateral velocitiesera wide range of Doppler angles. Vector Flow Imaging techniques
have been successfully appliedhong othersby Kripfgans et a{2006), Badescu et al (2017) and
Ketterling et al (2017)amongst others Unfortunately, the Rotating Cylinder phantom is not
commercially available and does not provide complex flow features. Images of the phantom
developed by Kripfgans et al (2009) andmples of VFI results obtained by Ketterling et al (2017) are
shown in Figure 1.8a and Figurd 1b, respectively. Typically, a block of TMM is immersed in water
and rotated at known velocity through the connection to a stepper motor (Figurea)l.
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Figure 111: Rotating Cylinder Phantom (a) developed by Walker e2@09) and VFI results (b) obtained by
Ketterling et al (2017) used as examples. Colour encoded map Figure 18b (top) and vector flow mapping imaging
Figure 18bottom).

Figure 1.10a: Adaptation of Figure 1: Kripfgans, O. D., Rubin, J. M., Hall, Aawlk&s,FJ. B. (2006). Vector

Doppler Imaging of a Spinning Disc Ultrasound Doppler Phantom. Ultrasound in Medicine and Biology.

Figure 1.10b: Adaptation of Figure 1 and Figure 3: Ketterling, J. A., Aristizabal, O., Yu, A. C. H., Yiu, B. Y. S,
Turnbull, DH., Phoon, C. K. L. & Silverman, R. H. (2017).Spiedd, Higirrequency, VecteFlow Imaging of in

Utero Mouse Embryos, in: IEEE International Ultrasonics Symposium, IUS.

An innovative phantom, designed to challenge VFI Ultrasound Doppler techriiqusdsgen proposed

by Yiu et al (2017). The-salled Spiral Flow Phantom (Yiu et al 20dathpriseda 3D printed spiral

lumen of polylactic acid embedded within atirasound compatible TMM. The spiral lumen is later
dissolved, leaving a wdltss phantomstructure of TMM. The geometric structure is intended to
mimic a tortuous vessel and offers mdirectional flow over all angles {860 degrees). It is a great

tool for estimating the accuracy of flow estimation algorithms, but it is not commercicdijasle,as

it is challenging to manufacture (it is a RPb#sed TMM) and chloroform (which is toxic) is used to
dissolve the vascular structure. The Spiral Flow Phantom proposed by Yiu et al (2017) and VFI
acquisitions results are shown in Figur&2l Similar technology has been used by Ho et al (2017) for

the construction of a walkess flow phantom with tortuous vascular geometries.
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Figure 112: Spiral Flow phantom developed by Yiu et al (2017). Top images: Cad drawing (top left), assembled
box (top middle), box with TMM poured (top right). Bottom images: vector flow imaging (Bottom left),
estimated velocity magnitude map (Bottom middle), estimated velocity angle map (Bottom right).

Figure 19: Modification of Figure 3 and Figure 6: Yiu, B. Y. 8. & €. H. (2017). Spiral Flow Phantom for
Ultrasound Flow Imaging Experimentation. IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, 64(12), 184{1848.

Thislist of phantomsdescribedin the literature for Doppleultrasoundis urlikely to beexhaustive.

Belt phantoms, vibrating phantoms, string phantoms, moving plate phantoms have been also
proposed in the literaturéBrowne et al 2014 )Further information about Doppledtrasound QA tests

and flowultrasound phantoms designs apeovided by reviews of Hoskins (2008), Culjat et al (2010),
Browne (2014) and Hoskins et al (2017, p.-283), therefore, is was ndielt necessary to perform a
systematic review.

1.6.4 Doppler Ultrasound flow phantoms available on the market

Unfortunately, theultrasound flow phantom market does not offer many compelling choices.

The Institute of Physics and Engineering in Medicine (IPEM) provided, in 2010, the guidelines for
Ultrasound QC through Report 10Quality Assurance of Ultrasound Imagingt8m. Report 102

21LSya G/CBRLIWIBBEND adrkdAy3a GKFG a¢KS fAYAGSR | @ Af
commercial tesbbjects designed for Doppler testing combined with a poor evidence base for the
validity of such testing have made thadNBE & ONA 6 Ay 3 2F | LILINBLINAI GS GSad
Report 102, Institute of Physics and Engineering in Medicine 2010, p. 19). The report was written in
2010, however, the ultrasound flow phantom market has not provided valuable alternativesireve

2018. There are not many flow phantoms available, they are usually expensive (>10000 GBP) and
specificationsandtolerances araunclear. When Manufacturers are asked to provide evidence about

how to reproduce their tests (in order to match their tolerancesterials eithedack information or

provide values with no evidence of the measurement methods (Dudley and McKenna 2017}. Repor

102 recommends the use of a simple string test object (string phantom), consisting of a moving
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filament of Gring rubber immersed in a fluid with speed of sound of 1546¢.mMsdetailed description

of a string phantom and instructions for conducting @6tg is provided by Chapter 3 of the IPEM
Report 102 (IPEM Report 102, Institute of Physics and Engineering in Medicine 2010). However,
Cournane et al (2014) reported errors exceeding2g %, + 50 % and +/40 %, on experimental

mean velocity measurenmgs carried out on a string phantom for linear, curvilinear and phased array
probes, respectively. These errors are higher than the limit ofl8/20 % suggested by the BS EN
61685:2002IEC 61685:2001 (BS EN 61685:2002, IEC 61685:2001). Doppler floensheomsisting

of a straight cylindrical conduit embedded into altrasound TMM, are also commercially available

and offer an alternative to the string phantom (BS EN 61685:2002, IEC 61685:2001). However, flow
phantoms are expensive, tolerances are nothgpecified (Dudley and McKenna 2017), fluid dynamics
properties are not described (laminar flow, transient flow, Reynolds number etc), the flow is
simplified, and the phantom does not reproduce complex flow features that resemble physiological
flows (i.e complex flow patterns). TMMs often consist of a hydrogel and durability is limited because
of desiccation. The acoustic properties are not consistarer time, not well specifiedor when
measured, deliver results that are different to that declaredMignufacturers (Browne et al 2003).
Examples of commercially available string phantoms and flow phantoms are shown in Fijae 1.
and Figure 1L.3b, respectivelyFurther limitations of these two phantom technologies are discussed

in Chapter 4, Section 4.5.

(@) (b)
Figure 1.8B: String Phantom (a) manufactured by Cirs (Cirs Inc., Norfolk, VA, USA) and flow phantom (b)
manufactured by Sun Nuclear (Sun Nuclear Corporation, Melbourne, FL, USA)
Figure 1.12a: CIRS (201Bpppler String Phantorfvailable at:
http://www.cirsinc.com/products/all/69/dopplerstringphantom/
Figure 1.12b: Sun Nuclear (201Bpppler 403 MirDoppler 1430 Flow PhantomAvailable at:
http://www.cirsinc.com/products/all/69/dopplefstringphantom/
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1.6.5 MRI flow phantoms

Similar toultrasound, the construction of MRI flow phantoms is particularly challenging, espeally
choice of tissue mimicking materials (TMMs). In MRI, TMMs shouficrtissues of interest in terms

of T1 (longitudinal magnetic relaxation time), T2 (transverse relaxation time) and proton density
(concentration of protons, usually hydrogen nuclei in tissues). However, if the study fofoises
example on velocity measuremenjshe properties of theTMM are not of interestAnumber of solid
materials (i.e. silicone, polyester and acrylic) can be used. Commonly, these materials are chosen to
be transparent, thus they are compatible with optical imagimgdalities (i.e. Laser Particle Imaging
Velocimetry) and comparative studies can be performed.

The main challenge is related to the potential interaction with the strong and homogeneous magnetic
fields (commonly 1.5 T or 3 T) that are typically employeblRl.Materials that are placed into the
Magnetic Resonance environment must not be ferromagnetic and must not interfere with
radiofrequency currents. This significantly limits the choice of pumps and motors, commonly used to
drive flows in a controllablevay. Although there are MRI compatible linear motion systems available
on the market (i. e. http://www.simutec.com), the cost is high (over 10000 GBP in 2018). Ultrasonic
motor designs have been also proposed in the literature (Tavallaei et al 201 &kkstillaindergoing
validation stage. In addition, af the mentioned systems are limited in maximum achievable speed
and maximum range of motiorHazards, regulation, material restrictions in Magnetic Resonance
Units, and a coskffective solution to deelop an MRI compatible multimodal phantom design, are
described in detail in Chapter 8.

1.6.6 Magnetic Resonance Compatible flow phantoms proposed in
the literature

The first Magnetic Resonance flow phantom developed for research applisatias propsed by
Stahlberg et al (1986). The phantom consisted of a wiited cylindrical acrylic chamber which
comprised of two, four or eight tubes with diameters relevant to vessels of interest. A number of flow
phantoms were then constructed to mimic vaseuigpometries in healthy and diseased conditions
(Holdsworth et al 1991; Frayne et al 1993; Frayne et al 1995). An anthropomorphic carotid phantom,
which incorporated different stenotic geometriesasdeveloped by Smith et al (Smith et al 1999). A
portable, siliconebased phantom containing parallel straight and stenosed flow channels in one layer
and a Ubend in a second layer, has been proposed by Summers et al (2005). More recently, a phantom
design able to produce complex flow patterns has been propaseidvalidated by Toger et al (2016).
The phantom employed vortex rings to validate FBumensional Flow MR velocities @RI). The
system developed by Toger et al (2016) is innovativeveasithe first phantomto provide complex

flow patterns.The phanbm design involves a servo motor that powers a ball screw linear actuator,
which in turn moves a pisteaylinder apparatus that pushes the flow through a flow rectifier and then
into a water tank. Howeveithe motor is not MRI compatible (the motor pumpkespt outside the 2

mT safety line of the Magnetic Resonance Rqtne) apparatus is longer than a metegxXcluding the
pump) and the water tank has a volume over 20 litres. The systprabsblyover-engineered, indeed

the declared manufacturing cost 19000 EUR (excluding taxes and laboanyd it is irpractical. Key
aspects of our phantom design are portabibiyd costeffectivenessin order to bemarket oriented

Ideal requirements for the development of the phantom are summarised in Figure apteéCH).A
detailed and recent review that describes quantitative MRI phantoms is provided by Keanan et al
(2018). The review is written by members of the Standards for Quantitative Magnetic Resonance
committee and highlights the needs for appropriate ptam designs to refine international standard
protocols for quantitative Magnetic Resonance Imaging.
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1.6.7 Magnetic Resonance Compatible flow phantoms available on
the market

At the time of writing (2018), Gold Standard Phantoms (Gold Standard Pharitondgpn, UK) and
Shelley Medical Imaging Technologies (Shelley Medical Imaging Technologies, Ontario, Canada) are
the only companies on the market that provide programmable flow phantoms for Magnetic
Resonance Imaging. Gold Standard Phantoms (Gold StaRtamtoms, London, UK) designed
QASPER (https://www.goldstandardphantoms.com), a flow phantom that mimics vessels geometries
and flow velocities of the arteries. Shelley Medical Imaging Technologies (Shelley Medical Imaging
Technologies, Ontario, Canaddifeos a multimodal Perfusion Flow Phantom compatible with CT, MRI

and PET, and two seranthropomorphic flow phantoms that mimic the left ventricle of the heart. The
so-called DCE Perfusion Flow Phantom, the MRI Compatible Multimodality Motion Contitodler,
Dynamic Multimodality Heart Phantom and the Dynamic Left Ventricle Phantom, developed by Shelley
Medical Imaging Technologies (Shelley Medical Imaging Technologies, Ontario, Canada), are shown in
Figure 1.4a, Figure 14b, Figure 1.%a and Figure 18b, respectively. Formal quotes for these
phantoms ranged from 30000 to 50000 USD at the time of writing (2018).

(a) (b)
Figure 1.14: DCE Perfusion Flow Phantom (a) and MRI Compatible Multimodality Motion Controller (b)
developed by Shelley Medical Imaging Technologies (Shelley Medical Imaging Technologies, Ontario, Canada)
Figure: Adaptation of images from Shelley Medical Imageannologies (Shelley Medical Imaging Technologies,
Ontario, Canada) website. Availablendttp://www.simutec.com/index.html
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(a) (b)
Figure 1.5: Dynamic Multimodality Heart Phantoa) andDynamic Left Ventricle Phantofh) developed by
Shelley Medical Imaging Technologies (Shelley Medical Imaging Technologies, Qataaida)
Figure: Adaptation of images from Shelley Medical Imaging Technologies (Shelley Medical Imaging Technologies,
Ontario, Canada) website. Availablendttp://www.simutec.com/index.html

1.6.8Summay

A literature review and a market analysisflow phantom technologies has been presented both for
Ultrasound and Magnetic Resonance flow imaging modalities. It is evident that theréeware
compelling choices on the market and there is a need for appropriate flow phantom designs to support
Quality Control checks, calibration, validation of innovative techniques and to refine (or establish)
international standard protocols. Fundamental chafjer relate to the choice of materials compatible

with the modality of interest. Since the development of a flow phantom design compatible with both
advanced Doppler ultrasound and Magnetic Resonance would be challenging, the phantom described
in this thess is developed firstly for Ultrasound Vector Flow Imaging modalities and then adapted

use in aMlagnetic Resonance environment.

1.7 Discussion

State of the art medical imaging for quantitative blood flow assessment includes advanced diagnostic
techniques such as Ultrasound Vector Doppler Imaging (VFI) and Cbiaisast Magnetic Resonance
Imaging(PCMRY). 4D flow Phase Contrast MRads great potential for estimatingpmplex flow fields
typical of healthy and pathological conditions of the cawaiscular system. However, Magnetic
Resonance devices are very expensive andiibdlowMRItechnique is not clinically accepted (yet)
becauseof long scanning and pogtrocessing timesThe use of Doppler ultrasound techniques over
Magnetic Resonandenagingoffers numerous advantagemd disadvantage®oppler ultrasound is
non-invasive, coseffective, portable, universally available and compatible with all types of patient.
By the time an MRI scan is performed (usually 1 to 2 hours}o 5 ultrasoundscans can be
completed. Moreover, a hospital commonly has a larger number of ultrasound machines than
Magnetic Resonance rooms. The use of Doppler ultrasound can significantly reduce waiting lists with
comparable diagnostic results @Rl Thisallows in quicker diagnosis and improved outcomes.
Conventional Doppler ultrasound techniques provide +#t@ak qualitative and quantitative
information about intravascular blood flow patterns with high accuracy. Howekesetechniques

are strictly angle depend#. Advanced angle independent Ultrasound Vector Flow Imaging (VFI)
techniques have been developed to overcome this limitation. Ultrasound Vector Flow Imaging has
attracted great interest in recent years. VFI accuracy and clinical efficacy have been widely
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demonstrated. Severa&D VFI approaches have been validated and are already implemented on
clinical and research ultrasound scanners. In 2013, VFI was FDA approved and recommended as the
first choice for the assessment of cardiovascular flows and analybisod fluid dynamics. A major
problem for medical physics departments involved in medical devices Quality Control is the lack of
test objects technologies on the market able to challenge these innovative deCai@wation of
medical imaging devieds recommended as part of the Quality Management System stated by the
ISO 900€015. Quality Control checks should be performed with periodic acquisition of images on
specially designed test objects. Specific imaging quality parameters are quantifiddtaddlues of
interest differ from predefined threshold values, corrective actions must be undertaken. In order to
challenge state of the art technologies, phantom designs must ideally develop alongside the medical
imaging device market. The main advages of using test objects over human (or animal) subjects
and biological tissues are related to the reproducibility of results (it is possible to carry out
comparative studies over time), high control (high precision in manufacturingylasehce oéthical

issues (licencing, health and safety regulasioandethics). For these reasons, phantoms play a
fundamental role and find wide application for calibration, Quality Control, training, research and
development of medical imaging devices, testing anidatibn of novel techniques at the research
level. Flow phantoms are commonly used for the investigation of flow field velocities, the cross
validation of flowfield data obtained from independent measurement methods (i.e. medical imaging
modalities and ofical imaging systems) and for the investigation of a potential relationship between
fluid dynamics and biological functions. A flow phantom can be designed as anthropomorphic, semi
anthropomorphic or noranthropomorphic. It should invoke motion, mimic eghnt physiological
conditions and produce a known flow field within specified tolerances. From an analysis of the
literature and of the market, there are few flow test objects available. Current flow phantom
technologies are expensive, inappropriate, tHajyl to mimic relevant physiological conditions and
often lack accuracy specifications. There are no-effstctive flow phantoms technologies able to
reproduce complex flow patterns to challenge advanced medical imaging technologies clinically
available,such as Ultrasound VFI and RIRL Consequently, calibration, testing and validation of
medical imaging scanners for quantitative blood flow assessment and definition of standards for
Quiality Control checks is very challengihmpvel emerging Ultrasoundnd MRI methods would
benefit from a routine standardisation and a calibration ta®dlcomplex flow test object would allow

the undertaking of measurements, collection of datptimisation of scanning parameters for
optimising procedures and training tdwé clinicians. A standard tool is essential to engage with
scientific community, compare results across centres and widespread the use of these innovative
medical imaging technologiesAppropriate flow phantom designs can create wddfined
internationalstandard guidelines (IPEM 2010; Browne 2014; Dudley and McKenna 2017; Keanan et al
2018) and validate new research techniqu@sis thesis consists to the design, development, testing
and validation of a senmanthropomorphic flow phantom that offers compleflow patterns
comparable to relevant physiological conditions. The flow phantom must comply withf #ie
requirements (stability, controllability, predictability, reproducibility, reliabiliigcommended for

test objecs and manufactured from material compatible with multiple imaging technologies for flow
measurements. However, the choice of materials compatible with both Ultrasound and Magnetic
Resonance technologies is very challenging. The test object aims to deliver lefiolvnark for
calibration of clinical scanners and for the validation of advanced velocity estimating algorithms at
research level. The key element is the flow itself, rathggempting to mimicsurrounding tissues or
vessels. Therefore, the first objeatiis the identification and characterisation of a flow that can satisfy

all the desirable requirements. The prototype is designed to operate infiedak (deionised water)

and to be compatible with Doppler Ultrasound Vector Flow Imaging modaldlesady clinically
available since 2013. Optibatransparent materials are preferred, in order to allow the undertaking
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of comparative experiments with optical imaging techniques, such as-B#igeaind video cameras.
After the design characterisation and dation, a coseffective solution for the adaptation ta
Magnetic Resonance environment is proposed in Chapter

1.8 Conclusion

Medical imaging diagnostic modalities for quantitative assessment of the cardiovascular system and
basic physical principleare discussed. Although PI@RIis recognised as a gold standard for flow
measurements, Doppler Ultrasound Vector Flow Imaging is an attractive alternative because it does
not involve ionising radiation, it is cesffective, portable, fast and provides gjitative and
guantitative information in reatime and with results comparable tdRL Doppler Ultrasound Vector

Flow Imaging is available on a number of clinical scanners since 2013, but there is a lack of test objects
that can support calibration and @lity Control of these devices or that can offer a flow benchmark
for comparative studies and validation of innovative techniques. This thesis aims to provide a complex
flow phantom for medical imaging compatible with advanced Doppler ultrasound modaditiés
optical transparent imaging techniques for comparative studies. After prototype validation and
characterisation of the maiphysicalparameters, the design is adapted (Chapter 8) to operate in a
Magnetic Resonance environment.
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CHAPTER 2

Vortex rings in the cardiovascular system

2.1 Introduction

The desirable requirements for the development offlew phantom for medical imaging were
described in detail in Section 1.5 of the previous chapter§d). The major challenges associated
with the development of such technology, are the choice of suitable tissin@icking materials and

the identification of a flow with specific characteristics. With the intent to simplify the prolikeam
phantom will bedesigned to operate in the frefield (deionised water) with the possibility of
embedding tissue mimicking materials on demand. Consequently, the first target is the identification
of a flow that resembles complex flow patterns relevant to physiologaaditions, but also has to be
stable, reproducible, predictable and controllable. A literature analysis is conducted within this
chapter to identify a flow that fulfils part or all of these requirements.

A simple way to approximate the laws of fluid dynesnin the cardiovascular system would be to
interpret flow into vessels as the equivalent of flow into a cylindrical pipe. Assuming a parabolic
velocity profile, Poiseuil@ Eaw could be applied to find mathematical relations that link the main
physicalparameters (i.e. velocity, pressure, Reynolds number). Unfortunately, cardiovascular flows
are pulsatile and not steady, therefore Poiseuille parabolic flow only becomes adequate as an
approximation for timeaveraged analysis or regions where the puldgtié negligible (Kheradvar and
Pedrizzetti 2012, p.245). In addition, the blood circulatory system exhibits complexities, turbulence,
recirculation and vortices. In particular, cardiac blood ejection is characterised by the formation of
vortices that leds extra momentum to the flow and directs the blood towards the aorta. Quantitative
analysis of these complex flow patterns can provide significant support for the early diagnosis of
cardiovascular pathologies (Pedrizzetti et al 2014).

Interestingly, aalogies between intraardiac vortices and vortex rings have been demonstrated. Such
fluid dynamics phenomena have been widely studied in vitro. After complete formation, vortex ring
fluid dynamics are predictable. Analytical and mathematical models, wdeshkribe relationships
between the main physical parametgare available in the literature (Hill 1894; Lamb 1932; Kaplanski
Rudi 1999). It has been demonstrated that simple vortex ring physical parameters, such as the
formation time, can be used as aantitative index of cardiac health. Indeed, the literature indicates
that vortex rings can be created in the laboratory, in a controlled environment, with encouraging
reproducibility.

Important aspects of vortex formation within the left ventricle of thealt, analogies with vortex ring,
analytical models and physiologically relevant parameters are described in this chapter. This includes
experimental studies presented in the literature and basic fluid dynamics concepts.

2.2 Intracardiac Flowg Vortex Ring

In the proximity of valves, heart chambers and vessel bifurcations, the fluid dynamics of the
cardiovascular system exhibit complex flow velocity fields (turbulence, recirculation, jets, vortices)
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both in healthy and pathophysiological conditions (Rzktti et al 2014; Arvidsson et al 2016).
Particularly, the blood circulation within the heart chambers is balanced by the formation of vortices.

During diastole, the blood flows into the left ventricle through the mitral valve and generates a shear

layeNJ G KIF G aNBffa dzLld Ayid2z2 | @G2NISE® ¢KAA O2NISE A
valve (the anterior leaflet is larger than the posterior leaflet) (Kheradvar and Pedrizzetti 2012, p.47).

The vortex forms from the boundary layers at thestal tip of the mitral valve leaflets, then

propagates rapidly into the ambient fluid of the left ventricle and becomes a stable structure. The
process of vortex formation is shown in Figure 2.1. A numerical simulation and mathematical model

of the left ventricle vortex formation and propagation is described in detail by Domenichini et al

(2005).

Early diastolic Mid diastalic Late diastolic Isovolumic vortex Systolic
vortex formation vortex formation vortex pinch-off rotation vortex translation

Figure 2.1Vortex formation process in the left ventricle chamber
Figure 3.2: Kheradvar, A. and Pedrizzetti, G. (2012). Vortex Formation in the Cardliav&ystem. London:

SpringefVerlag

At the end of diastole, the vortex provides extra momentum to the circulation of blood. The incoming
fluid from the left atrium is decelerated, while the outflow towards the aorta is accelerated
(Pedrizzetti et a014). This physical phenomenon balances the dynamic between the motion of the
myocardial tissue and the circulation of the blood flow. It is a natural process that happens in healthy
left ventricles and facilitates cardiac blood ejection. By way of exanysb echocardiographic images

of vortex formation in healthy subjects in late diastole and at the end of the diastole are shown in
Figure 2.2a and Figure 2.2b, respectivitythe late diastolic phase (Figure 2.2a), the asymmetry of
the vortex is visild.
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a) Late diastole b) End of diastole

Figure 2.2 Ultrasound echd’lV imaging of vortex formation in healthy subjects in late diastole (a) and end of
diastole (b) (onset systole). Streamlines, reconstructedhfmultiplane acquisitions, depict the flow spiralling
out from the vortex and moving towards the aorta.

Figure 3: Pedrizzetti, & al (2014). The vortean early predictor of cardiovascular outcomdature Reviews
Cardiology 11, 545553.

The flow inside the right ventricle is expected to form a complex pattern, which involves vortex
formation in a similar way. Unfortunately, the right ventricular function is difficult to evaluate due to
its asymmetrical lunar shape and the difficultiespplying 2D echocardiography techniques. The flow
inside the right ventricle is still unclear, due to the lack of technologies to map 3D spatial and temporal
details of the fluid dynamics in that region of interest (Kheradvar and Pedrizzetti 2012, itb6)gh

the correct functioning of all the four heart chambers is crucial, the dynamics of the left ventricle
regulates the cardiac output. Malfunctions of this section of the heart affect the overall health of the
cardiovascular system.

Quantitative andysis of vortex dynamics can be crucial for early diagnosis and has attracted the
attention of several scientists during the last decades. In early 1995, Kim et al (1995) provided the first
guantitative description of vortex motion inside the left venteicising a 1.5 esla 15S Gyroscan HP
Philips (Philips, Eindhoven, Netherlands). In 2006, Gharib et al (2006) noted similarities between
vortices observed in vivo (within the left ventricle chamber) and a rotating fluid mass, the vortex ring,
which had beenbroadly studied and fully characterised in vitro (Akhmetov and Kirasov 1969;
Maxworthy 1977; Didden 1979; Gharib et al 1998; Akhmetov 2001; Dabiri and Gharib 2004; Krueger
et al 2004; Akhmetov 2009). Using quantitative parameters and analytical equaltieadyadescribed

for the vortex ring in vitro, Gharib et al (2006) demonstrated that major aspects of cardiac function
are accompanied by vortex formation in blood flow during diastole. Gharib et al (2006) correlated
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physical parameters of vortex formatipabtained experimentally ivitro, with existing quantitative
indexes of cardiac health (i.e. the left ventricle ejection fraction).
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the literature tha the vortex ring formation (described in detail in following Section 2.4) can be related
to:

- left ventricular filling and mitral valve efficiency (Pierrakos and Vlachos 2006);
- dimensions of the mitral valve annulus (Kheradvar et al 2007);

- ventricular pressure drop (Kheradvar and Gharib 2007);

- diastolic dysfunction (Kheradvar and Gharib 2009; Kheradvar 2011) and

- mitral valve leaflet length (Kheradvar 2010).

Correlating vortex ring formation with the dimensions of the mitral valve annireradvar et al
(2007) observed that the smaller annulus (corresponding to stenotic valves) and larger annulus
(corresponding to dilated cardiomyopathy) were related to different vortex ring formation. In 2012,
Segupta et al (2012) confirmed that relevasinical information can be obtained if complex flow
patterns are analysed and the full velocity vector field is available. Kheradvar and Pedrizzetti (2012)
authored a book that describes the fluid dynamics aspects of vortex formation within the heart
chambers. Dynamics of vortex evolution in viscous fluids, relations between vortex ring physical
parameters and heart dysfunction, diagnostic techniques for vortex imaging analysis are also
described (Kheradvar and Pedrizzetti 2012). More recently Pedriezeit(2014) concluded that the
vortex ring is a sensitive precursor of left ventricle malfunction and can support therapeutic strategies.
Finally, Ardvisson et al (2016) demonstrated that the vortex ring provides an epigenetic blueprint for
the human hart. Vortex ring formation and fluid dynamics analysis both provide unique physiological
and mechanical information about cardiac function and have potential clinical utility as measures of
cardiac health (Arvidsson et al 2016).

2.3 Vortex Ring: definibn and analyticadescription

As deduced from the literature mentioned at the end of the previous section (Section 2.2),
guantitative description of intracardiac vortices is valuable fassessmenbf the cardiovascular
system. Vortex fluid dynamics pridle relevant information on physiological and anatomical events,
which are directly related to cardiac performance. A pivotal moment was when Gharib et al (2006)
approximated the intraventricular vortex flow to a vortex ring based on fluid dynamics teet w
extensively studied in vitro (Akhmetov and Kisarov 1969; Maxworthy 1977; Didden 1979; Gharib et al

Mppy T ! 1KYSG2F HnamT 5F0ANR YR DKFENROG HananT YN

approximations (2006), existing mathematical models/fatex rings were applied to intraventricular
blood flow and quantitative indexes of cardiac health defined. A vortex ring can be defined as a
GU2NRARFE @2ftdzyS 2F @2NIAOIET FidzZAR Y2@Ay3 Ay
translational sped perpendicular to the ring plane. The fluid motion is axisymmetric, and the vector
of vorticity in the torus is directed along the circles concentric with the circular axis of the torus. A
certain volume of the fluid which embraces the ring and lookes &k ellipsoid flattened along the
direction of motion is moving together with the toroidal vortex ring. This enclosed volume of fluid is
called vortex atmosphere. Inside the vortex atmosphere, the fluid is circulating along the closed
streamlines encompaing the toroidal core of the vortex. The motion of the fluid surrounding the
G2NILSE FiY2aLIKSNBE NBaSyvyotSa | LIGGSNY 2F Ft2¢
(Akhmetov 2009, p.5)Analytical solution of Naviéstokes equations for descnily the vortex ring
behaviourhavebeen attempted under simplified incompressibility assumpsiovith highly idealised

and axisymmetric conditions (Tryggeson 200H9wever, thepreferred description is in terms of
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stream functiona . Three particular idesations, consistent with the Navi&itokes equations, have
been provided by Hill (1894), Lamb (1932), and Kapldsti (1999) (Figure 2.3).
In 1894, Hill (1894) described the vortex ring as a sphere of raduigh uniform distribution of

vorticity. & Y2 & {
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constant vorticity inside the vortex core (whegés the core radius anBthe ring radius, limit as/R-
>0). Finally, Norbury (1973), Fraenkel (1972) and Kaplihski(1999) assumed a Gaussian (linear)
distribution of vorticity within a larger core radius to ring radius rati@ (g the core radius angthe
ring radius, Limit aa/R-> 2). Idealised models and stream functiansre shown in Figure 2.3. The
schemdic stream functiona depicts the vortex ring rotating cores (of radiag, the vortex
atmosphere (of radiu®) and the streamlines.

Model (class) Spherical (Hill, 1894) Thin (Lamb, 1932) Thick (Kaplanski-Rudi, 1999) Used Symbols
— A
y oy N\ 1] vd
y/ \ N\ A
[ \ R
, “// . B +e =
Schematic | "/ N/ | "« R
| { - +
Stream B ; = — v
! ¢ :‘/‘/ '\\ / +
Function § N - -
N\
NS/ n)
; . I %
Circulation T I'=5aV Constant [ r=—lt- exp(—— ]
TR’ 2
Impulse | 1= 2pma’V I=prmk? ot p=density of the fluid
a=core radius
R =ring radius
10 1 R 7 2 33) (5 T=R/1, where 1 isthe diffusivity
=[=|pmady? A o 1 R A R ) 2 1
Energy E E (7)P“3V B R[lna 4] 2n2R3[12\/_ 22({2‘2}'[2'3]' T)] of the ring's core
11 =first-order Bessel function
2F2 = generalized
hypergeometric function
X T
V= i (-Hu(5)+
; I 8 1 1
ConstantV R 1 33 (54 2
Velocity onstan V= mh—-)) st m (36 j] —)-
i ({33 a2

Figure 2.3 Axisymmetric approximations and description of ring vortex through N&tites equations.
Symbols used: Stream functian circulation®; density of the fluid , core radius a (dark grey), ring radRis

(light grey),

hypergeometric functionf.
Table 1: Adapted from Ferrari,&.al (2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom
for Medical ImagingOpen Journal of Medical Imaging 2841.
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2.4 Vortex Ring: Formation Time

Analytical descriptions (Figure 2.3) of vortex ring dynamics provide mathematical relationships
between the main physical parameters. However, it is not straightforwaaktermine whetherthe
produced vortex reflects the spherical approximation (Hill 1894), the thin approximation (Lamb 1932)

or something in between (Norbury 1973; Fraenkel 1972; Kapkitigttii 1999).

A great contribution tan vitro experimental work has been provided Barib et a[1998). Gharib et

al (1998) performed experiments with a water tank and a conshesaid tank, computecontrolled

by a flow monitoring valve. The flow from the constdngtad tank moved a piston that pushed a
column of fluid out of a cylindricatozzle. A vortex ring formed at the nozzle outemd and
propagated across the connected wafidled tank. The computecontrolled valve controlled the flow

from the constarnthead tankand thus the velocity profile. A flow meter was used to monitor the
ejected volume. A schematic representation of the vortex ring generator proposed by Gharib et al

(1998) is shown in Figure 2.4.

Constant-
head tank

Overflow —
Control

L Ml\e
: 1 :
\[ ‘ f‘ lv—w— \)
| Dump tank “—( m—
| Dump tank -— @ = s

Pump

Ultrasonic
flow meter ;

ir

Computer controller

Figure 2.4V ortex ring generator proposed by Ghaebal (1998).

Water tank }

Figure 1Gharib, M.et al(1998). A universal time scditar vortex ring formationJ Fluid Mech360, 121140.

Fluorescent particles were introduced into the system and Digital Particle Image Velocimetry was
performed to analyse the flow. A range of vortex rings were generated by varying the volume ejected

(D, the nozzle diamete, and different noAmpulsive velocity profilesp (t)

Gharib et al (1998) experimentally observed that (Figure 2.5):

- theflow fields produced by small valueslgDratios showed a single vortex ring;
- theflow field produced by large/Dratios showed a leading vortex ring followed by a trailing

jet;

- the transition between these two phenomena occurred whenitfigratio lay in between 3.6

and 4.5.

The nondimensional value which corresponded to the tramsitbetween the two phenomend.(D

9 no 61& YyFIYSR GF2NXIGAZ2Y ydzZryo SNE
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equivalent to the ratio of length to the diameter of the ejected column of fluid (the stroke ratib),
= Upt/D, whereUpis the average ejection (i.e. the piston, the column of fluid) velocity. The maximum
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(Gharib et al 1998).

CriticalL/Dratio values for vortex ring formatioobserved in experimental and numerical studies are

summarised in Table 2.1.
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Digital Particle Image Velocimetry images of vortex rings generatdd@or2, L/D =3.8 andL/D =
14.5 are shown in Figure 2.5 (Gharib et al 1998).

Formation Number

Vortexring formation

Technical Notes

L/ D<0.05

No vortex ring formation

L / D too small, the vortex ma|
move back into the generator

0.05<L/D<0.1

Vortical fluid rolls up into a spiral,

entraining irrotational fluid, but no

appreciable translationahotion Is
noticed

Themaximum vortex ring
diameter (2R, Figure 2.3)
reached at the end of the
stroke is not sufficient to form
a stable vortex ring with
appreciable translational
motion (Didden et al 1979)

0.1<L/D<1.5

Formation of diffusive vortexnmgs
with thick core

Low Reynolds number,

diffusive vorticity distribution,
G§SYRAY 3 ( 2limil K
case (Shariff & Krueger, 201

1.5<L/D< 3.6 (i.eL /D= 2, Figure
2.5)

Single stable vortex ring is
generated and travels with self
induce velocity

No noticeable vorticity is
observed in the trail jet
behind it (Gharib et al 1998)

3.6<L/D<4.5 (i.eL/D=3.8,
Figure 2.5)

There is a clear separation betweg
the formed vortex ring and the
trailing jet region behind it

all thedischarged fluid is
entrained into the vortex ring
(Gharib et al 1998)

L /D> 4.5 (i.eL/ D= 14.5, Figure
2.5)

Vortex ring has the same size an
leaves a trailing jet behind

Vortex ring is not able to
6a2ND Y2NB
mass or vorticity, iloes not
grow in size (same diameter
2R, Figure 2.3) and leaves &
trailing jet behind it (Gharib et
al 1998)

Table 2.1CriticalL/Dratio values for vortex ring formation observed in experimental and numestcalies
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Figure 2.5Vortexrings geneated for L/D = 2 (Top), L/D = 3.8 (Middle), L/D = 14.5 (Bottom). Digital particle
velocimetry imaging.
Figure 3Gharib, M.et al(1998). A universal time scale for vortex ring formatidirluid Mech360, 121140.

2.5 Formation Time as a quantitative index of cardiac health

As described in Section 2.2, the vortex ring is a fundamental phenomenon that transfers extra
momentum from the left atrium to the left ventricle and regulates the efficiency of the cardiac output.
Gharib et al (2006) demonstrated that the vortex ring fatian number can be used as a measure of
cardiac health.

Defining D, as the average mitral valve diameter (equivalent to the nozzle diameter in Gharib et al
Mppy 0E FYR -3 a GKS @SN 3IS @St20Aa08 ad&ioni KS NI
time (VFT) through the mitral valve can be calculated as (2.1) (Gharib et al 2006):

GO =0 (21)

Gharib et al (2006) suggested carrying out vortex formation time (VFT) measurements in healthy
patients and to use statistical analyscs establish a range of values as a baseline. Stenotic mitral

gt @Saz YItFdzyOtAz2y 2N OKIFy3aS 2F | YAGNIf €SI Tt
left ventricular wall, muscle contractioanddiastolic dysfunction are a few examples athwlogical
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conditions thatsignificantlyaffect the transmitral vortex formation time (Kheradvar and Pedrizzetti
2012). Having a baseline of healthy subjects, it would be possifleatatifythe presence of a number
of heart malfunctions or pathologiebased on the efficiency of the vortex formation time (Gharib et
al 2006).

Vortex formation time (formation number) can also be related to existing equations of transmitral
flow and ejection fraction (EF) as follows (2.2) (Gharib et al 2006):

RjL e u— 00 (2.2)

where f 00w ; — ; 0 —

where:

- VFT= transmitral vortex formation time;

- EF= left ventricle ejection fraction;

- 1 =fraction of stroke volume contributeidom the atrial component to the left ventricle filling;
- Va=blood volume into the left ventricle during the atrial contraction;

- EDV= left ventricular volume at the end of the diastole;

- VThL=velocity time integral of the atrial contraction-¢fave);

- DE= diameter of the mitral geometric orifice area (GOA);

- h3=nondimensional volumetric parameter for the left ventricle.

Such analyses indica¢hat vortex formation is significantly affected by the presence of artificial
valves and vortex formation time can be used to determine the positioning and design of mechanical
and bioprosthetic heart valves or to monitor patients after surgical proceslyiheradvar and
Pedrizzetti 2012).

However, further studies need to be undertaken to provide a better understanding of these
phenomena. This will ascertain if there is further evidence of clinical efficacy, sufficient to promote
the method.

2.6 VortexRing: fluid dynamics in viscous fluids (in vitro
experiments)

Section 2.4 has already shown that theoretical approximations of vortex ring generation phase and
evolution (described in Section 2.3) do not adequately explain vortex dynamics for a broadofang
initial conditions (Dabiri and Gharib 2004; Tinaikar et al 2018). Further experimental data is needed to
obtain information about vortex formation, evolution, interaction and decay (Tinaikar et al 2018).

In the spirit of classification this sectionopides basic information on vortex ring evolution, Reynolds
number dependence and velocity distribution profiles.
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2.6.1 Vortex ring evolution

A vortex ring naturally forms when a bulk of fluid is forced through a smaller orifice into another
expansivefluid environment. Under specific initial conditions, the fluid rolls up at the edge of the
orifice (or nozzle) and propagates into the adjacent fluid environment. Within an initial period, the
structure is unstable with continuous momentum addition ansteus effects strictly dependent on

the main generating parameters (stroke length, nozzle diameter, Reynolds number and piston velocity
profile). Subsequently, it stabilises and propagates with aiseélfced velocity, exhibiting a smooth
vorticity distrikution and predictable dynamics. For a configuration consisting of a piston and a nozzle
(Figure 2.4), the vortex becomes stable (for defined Reynolds numbers) after propagating over a
distance 23 times greater than the nozzle diameter (Tinaikar et al 20B8cause of diffusion effects
(finite viscosity) in real fluids, the propagating vortex ring exhibits-ilmgendent vorticity fields. For

a fully developed vortex ring (beyond the initial unstable period), the vortex core (Figure 2.3) may be
approximatel as a rigid disc and the vorticity distribution can be approximated as a Gaussian profile
(Saffman 1970; Maxworthy 1977; Saffman 1978; Weigandand and Gharib 1997; Akhmetov 2001;
Tinaikar et al 2018). Typically, the core vorticity reduces due to viscssipation and the core radius
(Figure 2.3) increases as the vortex propagates. The vortex entrains more fluid and the ring velocity
decreases as a consequence of sharing the same momentum with more bulk mass of fluid (Reynolds
1876; Tinaikar et al 2018)tr&amlines and vorticity flow fields captured with Digital Particle Image
Velocimetry, Laser Induced Fluorescence and Particle Imaging Velocimetry in two relevant research
studies are shown in Figure 2.6a, Figure 2.6b and Figure 2.6c, respectively.

\\\\\\
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Figure 2.6Streamlines and vorticity of propagating vortex ring with Digital Partickge Velocimetry (a),

Laser Induced Fluorescence (b) and Particle Image Velocimetjréztion of propagation is from left to

right.

Figure 2.6a. Modification of Figure Babiri, J.O. and Gharib, M. (2004). Fluid entrainment by isolated vortex
rings.J Fluid Mechf11, 311331.

Figure 2.6b and 2.6c. Maodification of Figure 5: Tinaikaat &l.(2018). Understanding evolution of vortex

rings in viscous fluids. Fluid MecB836, 873909.

2.6.2 Vortex ring evolutiorg Reynolds Number dependency

Vortex ring evolution depends on the generating condition which is strongly influenced by the
Reynolds numberRg. The Reynolds number captures the ratio between inertial and vidoocess

and defines the stability of the fluid motion. In a straight pipe, flow motion with low Reynolds numbers
(Re< 2300) is defined as laminar and it is orderly, smooth, highly viscous and wipraggure loss.

As the Reynolds number increas&e(2300) the flow exhibits more chaotic dissipation of kinetic
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energy and it is less smooth. Instabilities start to occurefirther increases and the flow becomes
fully turbulent forRe> 10000.

In vortex ring experimental studie®e has been commonly stimated as the ratio of the core
circulation to the kinematic viscosity (Weigand and Gharib 1997) or with regards to the generating
condition (input flow velocity profile and orifice/nozzle diameter) (Rosenfeld et al 1998; Akhmetov et
al 2001). For lamirrasortex rings, the vorticity of the rotating core is smooth, the core size is narrow,
and the ring keeps a circular shape as it travels. In turbulent vortex rings, the core rotates violently,
intensely and can develop into unstable shapes. By way of deawgtex rings with laminar and
unstable cores are shown Figure 2.7(a) and Figure 2.7(b), resjpasy (Yan et al 2018).

(@) (b)
Figure 2.7Vortex ring core for laminar (a) and turbulent (b) conditions
Figure 5aan, Xet al (2018). Laminar to Turbulent Buoyant Vortex Ring Regime in Terms of Reynolds Number,
Bond Number, and Weber Number.

Different Reynolds numbers provide different evolutionary dynamics. A complete review, which
includes mathematical modetiescribinghow the Reynolds number affects the vortex ring evolution

in viscous fluids, is provided by Kaplanski et al (2012). Reynaldberan human blood vessels are
normally below 1000 (in healthy subjects). In the ascending aorta and sometimes in the left ventricle
it can reach the critical threshold (~2300) for short intervals. However, turbulence is weak and does
not affect dynanics and vortex ring formation. Reynolds number might be transitional only in mid
diastole in the left ventricle and in miystole in the aorta, reaching a maximum value of ~7000 as
the peak for short periods (Kheradvar and Pedrizzetti 2012, p. 14 &8).p.

Experimental work on the evolution of laminar vortex rings with Reynolds numbers (defined by the
ratio of the core circulation to the kinematic viscosity) in the range 83®e< 1650 has been
conducted by Weigand and Gharib (1997). One year I&esenfeld et al (1998) determined the
dependency the vortex ring circulation from formation time and Re (based on the maximal piston
velocity and the orifice diameter) ranging from 1250 to 5000. Analogous experiments were conducted
by Akhmetov (2001). Witk fixedL/D value of ~ 5, Akhmetov (2001) observed that laminar vortex
NAy3Ia sAGK  fF@SNBR ALIANIf &0NHzOGdzZNB:X 6KAOK R2
Re< 1-20000. Further experimental studies (with Reynolds number of 1400, calcudatéte piston
speed and cylinder exit diameter, and Reynolds numbers varying between 2@0®<<4000,

58



calculated on the ring circulation) have been conducted by Dabiri and Gharib (2004). A numerical
simulation for vortex rings with Reynolds numbers raggirom 3000 to 10000 is provided by Archer

et al (2008).

Finally, a more recent research study that includes a comparison with all the previously proposed
models is provided by Tinaikar et al (2018). Tinaikar et al (2018) performed experiments witldReyno
numbers (in circulation) ranging from 100 to 1500. Results of peak vorticity, circulation, ring core size,
the standard deviation of the Gaussian distribution and formation number results as a function of time
are provided (Tinaikar et al 2018). Excéptthe standard deviation of the Gaussian distribution, all

the variables in these experiments showed high repeatability with an error lower thd #6. Results
provided by Maxworthy (1972), Weigand and Gharib (1997), Rosenfeld et al (1998), DihGihaaib
(2004), Archer et al (2008) and Tinaikar et al (2018) show good agreement in terms of dependence of
vortex ring evolution from the Reynolds numbers (both with Reynolds number defined as the ratio of
the core circulation to the kinematic viscosipnd Reynolds number based on the maximal piston
velocity and the orifice diameter).

2.6.3 Vortex ring core Gaussian distribution profile

By arbitrarily assuming that the vortex ring size is T' , wheueklis a specific vortex core parameter
descrbed by Tinaikar et al (2018),s the standard deviation of a Gaussian distribution and thas

is the average vorticity (considering the ring core as a rigid disc with lineariation), the vorticity
distribution profile of the ring core can be salily approximated by the Gaussian profiles shown in
Figure 2.8(a) and 2.8(b). As the Reynolds number (test conducted forR86 £0000) decreases,
viscous effects become dominant, the core size increases, the distribution of vorticity is less
concentrded, the standard deviation of the Gaussian profile is larger and increases with time and
there is more diffusivity. As the Reynolds number decreases and approaches 100, the vorticity
RAAGNAROGdzAA2Y OlFy o©6S FLIfe& RSa(DOnka & & 2068 Aklinfetsy | A £ C
2001). Increasing the Reynolds number (with respect to the laminar flow limit and to the values tested
into the mentioned experiments), the core size becomes smaller and the circulation is more
concentrated with higher veldty gradients. For higher Reynolds humbers, internal viscous interaction
(dissipation) is negligible compared to the external dissipative effects, therefore the circulation of the
core can be approximated as a solid disc.
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Figure 2.8vortex ring core vorticity distribution profile for low Reynolds numbers (a) and for highoRksyn
numbers (b), considering an experimental rangd@® <Re< 4000.

Modification of Figure 5 from: Tinaikar, ét.al (2018). Understanding evolution of vortex rings in viscous
fluids.J Fluid Mech836, 873909.

2.7 Discussion

In summary, the firsthallenge associated with the development of a complex flow phantom that
operates in a free field (deionised water) is the identification of an appropriate flow. The flow must
be stable, predictable, reproducible and controllable. In addition, the flaukhexhibit complex flow
patterns that mimic relevant physiological conditions. This literature analysis identifies a flow that
could be a potential candidate as a test obje€urbulence, recirculation, vortices and jets are
characteristics of cardiovasiar fluid dynamics both in healthy and pathological conditions.
Particularly, the efficiency of cardiac output is regulated by the formation of vortices in the proximity
of the mitral valve. Interestingly, analogies between vortices, wamaliac vortics, and vortex rings
have been widely demonstrated. With simple physical parameters relevant to vortex ring formation
being used as a quantitative index of cardiac health.

In addition to the physiological relevance, the main advantage of using the vangas the test
object is that it has been extensively studied in vitro and important parameters characterised.
Idealised analytical and mathematical models and relationships between the main physical
parameters are available in the literature (Hill 1894mb 1932; KaplansRudi 1999). Vortex ring
generation in a system consisting of a tube and an orifice depends on the stroke lengtbzzle
diameter O), Reynolds numbeRg and piston velocity profildfp (t). After complete formation and

under speific generating conditions (i.e/DF N0 G(KS @2NIHSE NAY3I LINBLI 3 i
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fluid) with selfinduced velocity and predictable fluid dynamics. Vortex rings can be generated in a
laboratory, in a controlled environment, with reprodudityi of the main parameters typically better

than +~ 10 %.All the evidence indicates that the vortex ring has the potential to constitute a flow
benchmark for the development of complex flow test object. Arguably, it is physiologically relevant,
stable, predictable and controllable, and it satisfies all the requirements discussed in Chapter 1. To
assess this hypothesis, two vortex ring generators able to operate in air and in fluid were built.
Experimental measurements and numerical simulations wperéormed,and results were compared.

The systems, the experiments and the results are discussed in detail in the following chapter (Chapter
3).

2.8 Conclusion

Thisliterature analysis identifies an appropriate flow for the development of a complex #®iv t
object for medical imaging. The vortex ring, a fluid dynafrppbenomenon extensively studied and
characterised in vitro, is a potentially excellent candidate, especially since physical parameters studied
in vitro can also be used as quantitativelicesof cardiac health. These phenomena have relevance

to many areasfrom the wing tip vortices of aircraftto the physiology of the human heart.
Experimental studies have indicated that vortex rings can be generated in a lab in a controlled manner
with encouraging reproducibility. All the evidence warrants its consideration as a candidate for a flow
test object. To this end, two vortex ring generators are described and experiments conducted, as
described in the next chapter.
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CHAPTER 3

Vortex ring as flow reference for the development of
a novel test object?

3.1 Introduction

Current desigtimitations described in Chapterake part ofthe motivation for this PhDyhichaims

to build and validate a multimodal complex flow phantom for medical imaging. Literature analysis
(Chapter 2) haalsoprovided evidence that the vortex ririgia form otomplex flow thatan be found
underphysiological conditions. Main feature§the ring vortexi.e. translational speed, ring size) are
predictable and controllable, describatirough mathematical equations (Figure 2.3, Chapter 2).
Consequentlythe vortex ring has been identified as potential candidate for the development of a
complex flow tesbbject.

To validate this hypothesis and itovestigate credibility of the ring as a quantifiable flow for imaging
an Airbased Vortex Ring Generator (First Prototype) and an equivalent #igs&tl Vortex Ring
Generator (Second Prototype) were budsdescribed in this chapter.

Experiments wereundertaken and comparative analysis was conducted on both prototypes
evaluating:

- simple relationshipsdescribed by theoretical models summarised in Figure 2.3 (Section 2.3,
Chapter 2);

- measurements performedith video camera and software;

- computational Fluid Dynamics (CFD) simulations.

The work of this chapter is supported by the publication of a research paper (Ferrari et al 2017) and a
conference research paper (Ferrari et al 2018)

3.2 First Prototypeg Proof of Concept Air-based Vortex Ring
Generator

3.2.1 Introduction

An AirBased Vortex ring generator was built to investigate reliability of the vortex ring in terms of
stability, reproducibility and predictability. The system relied on the energyiged by a speaker
(woofer) driving air through an orifice, controlled by a laptop. Stable vortex rings were generated and
measurements were performed to assess reproducibility in terms of vortex ring size and translational
position as a function of timeComputational Fluid Dynamics (CFD) simulations akseperformed

using appropriategenerating conditions. A comparison between theoretical models, summarised in
Figure 2.3 (Section.3, Chapter  CFD simulations and experimental measurements was (peeft.
Although the system was simple and low cost, it demonstrated basic concepts and features of the
vortex ring.
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All the results obtained are reported in an open access scientific paper published by the Open Journal
of Medical Imaging (OJMIScirp). Asndicatedin the paper, the first two authors Simone Ferrari and
Simone Ambrogio contributed equally to the preparatmfithe manuscript.

3.2.2 Materials

Vortex ring generation requires a mechanism capable of propelling a slug of fluid through an orifice or
a nozzle. Once ejected, the fluid swirls at the orifice interface and forms a stable toroidal structure
that propagatesalong its axis (see Figures 2dd 2.5, Section 2.4, Chapter Zhe system should
exhibit sufficient reproducibility to allow consistent measurements of flow features of interest. A cost
effective and simple way to build a system demonstrating design concept, is by exploiting the
energy provided by the membrane displacement of a speaker (woofer). The woofer was coupled to a
chamber, for vortex ring development. A vaporised fluid was used for visualisation. An electrical signal
was applied to the voice coil, moving it back and fatid generating a pressure wave (sound wave)

in response to the electrical signal applied. A laptop was used to generate a singtalbngcle of
sinusoidal oscillation signal at 10 Hz. The signal was amplified by connection with a 20 W stereo audio
amplifier (Adafruit, MAX9744, USA), compatible with the speaker (woofer) power requirements. The
output of the amplifier was used to drive the membrane of a Monace4SB speaker (Monacor, SP

45/8, Germany). Plastic chambers, providing the orifice and esdémt the vortex ring development,

were 3D printed in cylindrical, funnel and conic shapes. The chambers were coupled to the speaker
with elastic bands. Differences in vortex ring formation and circulation can be controlled by the 3D
printed shapes, agported by an experimental study conducted by Rosenfeld et al (2009). For further
flexibility, an iris was used to modify the output diameter (and consequently the vortex ring diameter
and vortex ring formation time) on demand. A transparent tunnel was ufagiured from Poly
(methyl methacrylate) (PMMA) and was used to minimise external atmospheric disturbances during
the propagation of the vortex ring. A schematic block diagram of the system and pictures of the
components areshown in Figure 3.1 and FigBe2, respectively

Video Camera

Signal Generator

3D Printed Vortex Ring
development chamber

Low frequency

i sinusoidal oscillation
FP————t
|
I ] ot Y Le—
| # f (Monacor SP-45/8) ) -
Transparent PMMA

MAX3744) | =

tunnel

Figure 3.1BlockScheme of the aibased vortex ring generatoPlease note that this is a schematic
representation and elements are not to scale.
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Cylinder Funnel Cone + Iris Iris

Figure 3.2components of the aibased vortex ring generator.

In terms of operation, the selected 3D printed chamber was filled with a vaporised fluid by a smoke
fog machine (Atmotech, VS400, United Kingdom) for visualising the ring vortex. The fog was generated
by a mixture of water and glycerol (QTX Fog Smoke Madhiuid, UK). The half cycle waveform
generation was then activated, producing a controlled displacement of the woofer membrane. A
smokefilled vortex ring emerged from the orifice and travelled along the PMMA tunnel. The vortex
ring movement was capturelly a video camera, enabling measurements through 4postessing

and analysis. This involved measuring vortex ring position (pixel) and vortex ring size as a function of
time from the captured frames of the video.

3.2.3 Method

Simple parameters, su@s vortex ring size and vortex ring translational velocity as a function of time,
were evaluated through the comparison of three different methods: simple relationships provided by
analytical formulae found in literature, results obtained from opticald@dacquisitions and
Computational Fluid Dynamics (CFD) simulations.
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The CFD study was conducted in partnership with a member of theC&BH consortium
(http://www.vph-case.eu/), namely Simone Ferrari, hosted by the University of Sheffield.

Optical/video measurements were performed capturing the ring vortex at 30 frames per second (fps)
with a video camera connected to a Laptop Dell Inspiron 13 (Inspiron 13, 5000 Series, Dell, USA). The
same laptop was used for generating the signal (singlehalf cycle of lowfrequency sinusoidal
oscillation, 10Hz) driving the coil (and the membrane) of the woofer. A progaaipt, written in
MATLAB (MathWorks Inc., USA) allowed synchronisation of the generation of the vortex ring with the
camera acquisitins. The frame rate of the camera andhousedevelopedsoftware (Figure 3.3)
allowed measurements of salient features such as vortex ring size and vortex ring translational velocity
as a function of time.

Measure Tool

Figure 3.31n-house developed software for viex ring size and vortex ring translational velocity as function of
the time calculations.

For proof of concept, data were collected with a conical shape chamber awdifit® diameter set

at 10 mm +#0.5 mm. Simulated CFD Reynolds numbers (Regdhtbat of the orifice werd&ke= 500,

Re= 1000 andRe= 2000. These parameters were selected because of physiological relevanee. Bale
Glickman (2003) reported valuesRé= 560 andre= 1680, corresponding to peak systolsiaenosed
common carotid arteries (diameters from ~4.5 mm to ~8 mm), respectively. Experimental acquisitions
were performed with an estimated Reynolds number of ~2000. This value was calculated with
reference to the programmed average velocity of the membrane (eoflisplacement, the
membrane (woofer) diameter and the orifice size. The vaporised fluid density and the dynamic
viscosity were approximated as air under standard conditions (i.e. room temperature and pressure 1
atm). Equivalent generating conditions weansed for both experimental optical/video measurements
and CFD simulations. The CFD simulation data was provided by Simone Ferrari for comparison with
the experimental results.
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3.2.4 Results

Computational Fluid Dynamics results are reported for Refmoumbers 500, 1000 and 2000, and
experimental results have been plotted for Reynolds humber 2000. Vortex ring position, size (2R + 2a,
Figure 2.3, Section 2.3, Chapter 2) and translational velocity as a function of time are piditgdre

3.4, Figure3.5 and Figure 3.6, respectively. Figure 3.7 shows a linearised plot of the vortex ring velocity
as a function of distance travelled. The plots on the left depict experimental optical and video results
whilst the righthand plots show numerical simulatiafata. For completeness, correlation plot of
vortex ring position estimated with optical/video and CFD simulataeshown in Figure 3.8.
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Figure 3.4 Vortex ring position as function of time. Experimental results (left) and CFD results (right)

Plot results from: Ferrari, S., Ambrogio, S., Walker, A., Verma, P., Narracott, A. J., Wilkinson, I. & Fenner, J. W.
(2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom for Medical I@pgimgournal of

Medical Imaging7(1), 2841. Retrievedrbm
http://www.scirp.org/journal/doi.aspx?D0OI=10.4236/0jmi.2017.71004
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Figure 3.5 Vortex ring size as function of time. Experimental results (left) and CFD results Tigd@FD plct

are not smooth due to spatial discretisation.

Plot results from: Ferrari, S., Ambrogio, S., Walker, A., Verma, P., Narracott, A. J., Wilkinson, I. & Fenner, J. W.
(2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom for Medical I@pgmgournal of

Medical Imaging7(1), 2841.
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Figure 3.6 Vortex ring translational velocity as function of time. Experimental results (left) and CFD results
(right). The CFD plots are not smooth due to spatial discretisation.

Plot results from: Ferrari, S., Ambrogio, S., Walker, A., Verma, P., dtgrfac)., Wilkinson, I. & Fenner, J. W.
(2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom for Medical I@pgimdournal of

Medical Imaging7(1), 2841.
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Figure 3.7 Natural logarithm of vortex ring translational velocityfasction of distance travelled. Experimental
results (left) and CFD results (right)

Plot results from: Ferrari, S., Ambrogio, S., Walker, A., Verma, P., Narracott, A. J., Wilkinson, |. & Fenner, J. W.
(2017). The Ring Vortex: Concepts for a Novel Confjddex Phantom for Medical Imagin@pen Journal of

Medical Imaging7(1), 2841.
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Figure 38: Correlation plot of vortex ring position féte= 2000¢ experimental data versus CFD simulations
Reproducibility and stability are crucial for the developmeha flow test object. Measurements on
the ring vortex size and translational velocity were performed experimentally (using optical/video

methodology) on the acquisition of 5 different vortex rings. Results indicate reproducibility of better
than +/- 10 % Plots of the results arghown in Figure 3.9, Figure 3.10 and Figure 3.11 fovoinex
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ring position, size and translational velocity, respectively. The results refer to a programmed Reynolds
number of 2000 with the fluid dynamics expected to exhibgager instabilities compared to the
lower Reynolds numbers simulated (500 and 1000). The first five frames for vortex ring translational
velocity (Figure 3.10) have been excluded for better data visualis@tiervortex has not fully formed

yet).
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Figure 39: Reproducibilityof the evolution of vortex ring position as function of time (all using the same
generating conditions). Measurements refer to the acquisition of 5 vortex rings. Each acquisition is
represented with a different marker shape.
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Plot results from:Ferrari, S., Ambrogio, S., Walker, A., Verma, P., Narracott, A. J., Wilkinson, I. & Fenner, J. W.
(2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom for Medical I@pgimdournal of
Medical Imaging7(1), 2841.
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Figure 3.1: Reproducibilityof the vortex ring translational velocity as function of time time (all using the same
generating conditions). Measurements refer to the acquisition of 5 vortex rings. Each acquisition is

represented with a different marker spa.

Plot results from: Ferrari, S., Ambrogio, S., Walker, A., Verma, P., Narracott, A. J., Wilkinson, |. & Fenner, J. W.
(2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom for Medical I@pgmdournal of

Medical Imaging7(1), 2841.

3.2.5 Discussion

An Airbased Vortex Ring Generator was built in order to evaluate the basic features of the vortex
rings that were generated experimentally. Measurements on vortex ring position and size as a function
of time were performed with a videcamera using ihouse softwaraleveloped by the University of
Sheffield ComputationaFluid Dynamics (CFD) simulations were performed reproducing equivalent
initial conditions. Experimental results are also worth comparing with the analytical modetibeéelsc

in Chapter 2 (Figure 2.3, Section 2.3, Chapter 2) as well as the CFD simulations.

The theoretical approximations, described Section 2.6 and more in detail in Akhmetov (2009), reveal
simple relationships between the vortex ring's translatiomalodty, its size, time and position. The
vortex ring translational velocity decays exponentially with distance (Figure 3-70R9) and the
vortex ring size grows approximately linearly with the propagation time. Numerical simulations
suggest that the ringadiusRgrows steadily with piston displacemehnand that the piston velocity
determines the velocity of the ring (Ferrari et al 2017). The optical/video and numerical simulation
plots show good(qualitative) agreement with theoretical concepts, both for the vortex ring's
translationalvelocity and its size evolution over time, indicating that, if the generating conditions are
known, the fluid behaviour of vortex ring (produced) can be mathematically predeppddximated.

As described in Section 2.6.1, the vortex embraces more fluid as it propagates. As a consequence of
this, the core radius increases whilst the translational velocity decreases because the momentum is
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shared with the greater mass of the flujiggeynolds 1876; Ferrari et al 2017; Tinaikar et al 2018). As
described in Section 2.6.1 (Chapter 2), after an initial period (in which formation of the ring is
incomplete) the vortex ring stabilises and propagates with aisdliced velocity and predictdd
dynamics (Tinaikar et al 2018). The vortex flow field depends on the following generating conditions:
the velocity profile input, the orifice diameter and the Reynolds number. Due to the exploratory
nature of this system, flow performance has not bedmmcterised in detail but it has been
extensively demonstrated by numerous experimental studies (Weigand and Gharib 1997; Gharib et al
1998; Rosenfeld et al 1998; Akhmetov 2001; Dabiri and Gharib, 2004; Krueger et al 2004; Akhmetov
2009). For proof of aept the Reynolds number of approximately 2000 has been experimentally
reproduced and results reported. The fluid dynamics for Re = 2000 (transitional within the throat of
the orifice) can be expected to exhibit greater instabilities than the lower Régmalmber selected

for CFD simulations (1000 and 500). Furthermore, a Reynolds number of 2000 is the maximum value
suggested by the EN 61685C 61685:2001 (BS EN 61685:2002, IEC 61685:2001), International
standard (stability date 2020) for the developmenf a Doppler Ultrasound flow phantom.
Measurements on vortex ring position, size and translational velocity as a function of time, performed
experimentally (optical/video method) on the acquisition @fe consecutive vortex rings,
demonstrated reproducittity within +/- 10 %. The natural logarithm of the vortex ring's translational
velocity proved to be linear, plotted as a function of the distance travelled for both the experimental
data and the CFD simulation for Reynolds 2000. Indeed, high corretatidficients (R= 0.989, for
experimental, and R= 0.991, for CFD) were found. Greater data dispersion is observed in the final
stages of the CFD simulations because the vortex velocity decreased significantly enough that the
spatial discretisation of #numerical simulation provided nesmooth curves.

3.2.6 Limitations

The analysis conducted on the -Amsed Vortex Ring Generator was limited by the simplified
experimental seup. Experiments and numerical simulations were conducted varying the Reynolds
number only, as one of the three main generating parameters thatrddtee the fluid dynamics. Since
measurements of the woofer membrane displacement proved to be challenging, an assumption that
the displacement profile was equivalent to the signal provided was made. Under this assumption, a
membrane average velocity haséyeused for Reynolds number calculation in the experimental set
up. Notably, software measurement calibration was not performed at the time of the experiment,
consequently, the results are not directly comparable since the experimental data are reported in
pixels and frames while thEFD data are reported in meters and seconds. Nonetheless the strong
correlation illustrated in the plot of Figure 3.8 implgsod comparability.

3.2.7 Conclusion

Experiments were performed on a simplified -Based Vortex Rg Generator to evaluate broad
characteristics of the flow. Analytical, experimental and computational behaviour of the ring vortex
arereported. The system suffered from several limitations, however, these experiments provided the
first evidence that thevortex ring may be a good candidate for the development of a flow test object
because it demonstrates predictability, reproducibility, stability and controllability. Preliminary results
obtained with the study were encouraging and provided motivationtlier development of a more
advanced Liquidbased Vortex Ring Generator system. A liquid environment is crucial for Ultrasound
imaging compatibility. In addition, a more controlled environment is expected to improve the
reproducibility of the flow featuresfdnterest.
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3.3 Second PrototypelLiquid-based Vortex Ring Generator

3.3.1 Introduction

The preliminary analysis conducted on the simplifiedb&ised Vortex Ring Generator design has

provided an indication that the ring vortex is suitable candidiatea reference complex flow. In

addition, the flow resembles complex patterns typical of physiological in vivo condition (Section 2.2,
Chapter 2). Such characteristics are invaluable for the development of a flow test object (phantom)

for medical imagingSince a water environment (or alternatively a tissue mimicking fluid or material)

is fundamental for Ultrasound and Magnetic Resonance Imaging compatibility, working principles

need to be demonstrated with respect to a liqgehdsed system. Consequently|aw-cost Liquid

based Vortex Ring Generator was developed, and comparable experiments were performed. The
Liquidbased system relied on a water tank and a 200 ml syringe driven by a stepper motor. Piston
displacement and piston velocity were controllegt b square wave signal delivered by a laptop
O2YLJzi SN ¢KS ¢2N] RSaAaONAROSR o0St2¢ gl a LINBaSyas
aSiK2Ra Ay ! LILXASR {OASyOSa IyR 9y3IAYySSNAy3Ae o6+
G[ SO0 dzNB b 2aiicha Visioyf antl Bidfrieldzinics LINA Y IASNI LY GSNYF GA2y |
Once again, the first two authors Simone Ferrari and Simone Ambrogio contributed equally to the
manuscript writing.

3.3.2 Materials

The Liquiebased Vortex Ring Generator systertie@ on a NEMA 23 External Linear Stepper Motor
(OMC Corporatioq Stepper Online, China) coupled with a 200 ml commercially available syringe and
a water tank. The OMC Nema 23 is 36 V, 3 A, and it is able to provide a linear travel/step of 0.04 mm
and acaracy of +/5 % (datasheet: https://www.omstepperonline.com/download/23LS22004E
150G.pdf). At the time that the experiment was performed (late 2017), it was one of the most
powerful (~100 W) and cosfffective stepper motors on the market. The steppmotor was
controlled by a DM542 fully digital stepper driver (OMC Corporati@epper Online, China) which

was connected to a compatible power supplyl&®-36, OMC Corporatioq Stepper Online, China).

The microcontroller ATmega328P (Atmel Corporatid8A) of an ArduiridJno Board was used to
generate a 25 pulses squanave signal of amplitude-9olt, width ~1 millisecond and duty cycle 50

%. The signal was delivered to the stepper driver and, consequently, to the coils that drive the rotor
of the stegpper motor. Interacting with the phases of the bipolar stepper motor, the square wave signal
provided a displacement of 0.5 mm at 0.01 m/s (assuming steady displacement and average velocity).
Further details about Arduino Uno Board programming and steppetor working principles are
provided in sections 4.4.4 and 4.4.5 (Chapterihe syringe/piston surface area was 1643.05°’mm
and the orifice diameter 10.40 mm. These generating conditions produced a flow of Reynolds number
~2000 at the orifice interfacéas for the Aibased Vortex Ring Generator experiment). The syringe
was prefilled with a mixture of water and coloured dye to produce a visible vortex ring propagating
through the tank. The leak proof tank, whose dimensions were 18 cm (L) x 9 cm (W) (9, evas

filled with water. Dimensions were chosen to be large enough for walls that would not influence the
vortex ring behaviour. The main components (motor, syringe and waterproof tank) were fixed
together on a wood base, using hingasd screws (Figa 3.13). A 25 fps video camera was used to
capture images and ihouse software to measure vortex rirgize and translational velocity. A

1 Arduino was developed by a student in Ivrea (ltaly) but there are still legal ownership disputes.
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schematiadiagramof the liquidbased system is shown in Figure 3.12 while the assembled system is
shown in Figure 33.
Laptop
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Figure 3.2: Schematic block diagram of the Liciddsed vortex ring generator used in Ferrari et al (2018)
experiment.Please note that this is a schematic representation and elements are not to scale.

Figure 3.B: Liquidbased vortex ring generator assembled.

Figure 26: Modification of Figure Rerrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018).
The Ring Vortex: A Candidate for a LigBésed Complex Flow Phantom for Medical Imadiagture Notes in
Computational Vision and Biomechani2g, 898902.

3.3.3 Method

The methods (described in detail in Section 3.2.1) used to carry out measurements were similar for
both airbased and liquichased systems. The only difference was tha ttaptop Dell Inspiron 13
(Inspiron 13, 5000 Series, Dell, USA) could not be used for controlling both the Arduino Uno Board
(which drives the piston) and acquiring images in MATLAB. At the time of writing (late 2017), the
MATLAB support packages for sitaneous camera communications with Arduino boards were
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missing or defective. Consequently, a 25 fps video camera was used to continuously capture images
and inhousesoftwareusedto measure vortex ring size and translational velocity. The system (syringe
plus water tank) was filled with water and then coloured food dye was introduced into the syringe to
provide contrast between the generated vortex ring and the surrounding water. Experiments were
conducted with Reynolds number ~2000 and a video cameraatipgrat 25 fps. The Reynolds number

was calculated based on the piston speed, the water viscosity and the output orifice diameter. The
stepper motor offered valuable flexibility and controllability of the system. The piston displacement
and the piston vealcity were controlled by varying the frequency and the number of pulses of the
square wave signal with 50 % duty cycle.

Vortex rings were generated, both in experimental measurements and CFD simulations, under the
following generating conditions:

- Reyndds number ~ 2000;

- Stroke ratio ~ 1;

- the assumption of Constant (steady) piston velocity.

The ring vortex size and the ring vortex position (along tlxig), as a function of time, were
calculated following the method described in Section 3.2 3uler was attached to the water tank

face to support the measurements and to allow software calibration (pixefrta@onversion) (Figure
3.13). Figure 3.14 shows the vortex ring vorticity flow field generated in numerical simulations and the
experimentalvortex ring generated with the Liquithsed Vortex Ring Generator (a bliye colour

was used in this experiment). The vortex atmosphere, as well as the inner and outer ring cores, can
be recognised in the images.
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Figure 3.4: vorticity field of ring vortex generated with numerical simulation (top) and with lolieured dye
in a Liquidbased vortex ring generator.

Figure 4Ferrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A
Candiate for a LiquieBased Complex Flow Phantom for Medical Imadiegture Notes in Computational
Vision and Biomechanic27, 898902.

3.3.4 Results

Plots of vortex ring position, size and translational veloc#jgulated from optical/video acquisitisn

(as for the Aibased Vortex Ring Generator systemm)e depicted in Figures 3.15, 3.16 and 3.17,
respectively. The results refer to average and standard deviation (error bard, SD) values
calculated from the acquisition dfve consecutive vortexings.In agreement with the aibased
system and the theoretical models, the vortex ring size grows (Figure 3.16) as a function of time and
the vortex ring velocity varies with the reciprocal of time. A schenditigramfor clarifying what is

being measued is depicted in Figure 3.18.
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Figure 3.5: Vortex ring position aa function of time. Plot refers to average value and error bar to standard
deviation, both calculated on the acquisition of 5 vortex rings under equivalent generating condition
Figure5c: Ferrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A
Candidate for a LiquiBased Complex Flow Phantom for Medical Imadiegture Notes in Computational
Vision and Biomechanic27, 898902.
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Figure 3.8: Vortex ring size aafunction of time. Plot refers to average value and error bar to standard
deviation, both calculated on the acquisition of 5 vortex rings under equivalent generating condition

Figure 5dferrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A
Candidate for a LiquiBased Complex Flow Phantom for Medical Imadiegture Notes in Computational
Vision and Biomechanica7, 898902.
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Translational Velocity vs Time - Experimental
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Figure 3.T: Vortex ring translational velocity afunction of time. Experimental data refers to average and
standard deviation calculated on the acquisition of 5 vortex rings. CFD plot are not smooth due to spatial
discretisation
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Figure 3.8: Schematic block gdropagating vortex ring and quantity measured (vortex ring position, vortex
ring size and vortex ring translational velocity as a function of tiRkease note that this is a schematic
representation and elements are not to scale.

Figure 3.19 and Figu&20 show plots of the quantified correlation between measurements on the
vortex ring position and theortex ring size obtained with experimental measurements (average) and
numerical simulation. There was a very high correlation in both cases withaieef§ of R= 0.999

and R = 0.949 for the vortex ring position and size, respectively. However, the offset and gradients of
the best fit line do show some discrepancitise of perfect agreement between the two modalities
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is plotted in blue in Figure 39, in order toillustrate the bias).A significant dispersion of the data
around the best fit line is also observed in vortex ring size measurements.

g Experimental Position vs CFD Position
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Figure 319: Correlation between experimental and CFD simulation results on vortex ring position
measurementsLine of perfect agreement is shown in blue cdtwhighlight the bias offset.
Figure 5aFerrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A
Candidate for a LiquiBased Complex Flow Phantom Kedical ImagingLecture Notes in Computational
Vision and Biomechanica7, 898902.
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Experimental Size vs CFD Size
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Figure 320: Correlation between experimental and CFD simulation results on vortex ring size evolution
measurements
Figure 5aFerrari, S., Ambrogio, S., Walkér, Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A
Candidate for a LiquiBased Complex Flow Phantom for Medical Imadiegture Notes in Computational
Vision and Biomechanica7, 898902.

Similar to the aibased system, reproducibility wavaluated on the acquisition of five consecutive
vortex rings that were generated under the same experimental conditions. The vortex ring position,
vortex ring size and vortex ring velociy a functiorof time are plotted in Figures 3.21, 3.22 and 3.23,
respectively. Dispersion is greater in the early stages, both for the vortex ring position and the vortex
ring size measurements. The error becomes smaller as the vortex ring propagates. An errooxf appr
+/- 7 % is present for the vortex ring position initialljhe error(variability between multiple
measurementsirops to values lower than +2 % as the ring vortex propagates. Equivalent results
are also seen for the vortex ring size evolutionhia ¢arly stage, errors up to-4 % were estimated
whilst the values drop lower than +2 % when the vortex ring was fully developed. Finally, errors
lower than +£ 8 % were estimated in the translational velocity measurements. In all these cases, error
is characterised as standard deviation calculated from the five vortex rings generated.
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Figure 321: Vortex ring position as function of the timeeproducibility. Measurements refer to the
acquisition of 5 vortex rings. Each acquisition is represehyeal different marker shape.

Figure 6aFerrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A
Candidate for a LiquiBased Complex Flow Phantom for Medical Imadiegture Notes in Computational
Vision andBiomechanics27, 898902.
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Figure 3.2: Vortex ring size as function of the timeeproducibility. Measurements refer to the acquisition of
5 vortex rings. Each acquisition is represertigc different marker shape.

Figure 6bferrari, S., Ambrogi&., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A
Candidate for a LiquiBased Complex Flow Phantom for Medical Imadiegture Notes in Computational
Vision and Biomechanic27, 898902.
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Ring Vortex Velocity (cm/s) - Reproducibility
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Figure 3.3: Vortex ring velocity as function of the timeeproducibility. Measurements refer to the
acquisition of 5 vortex rings. Each acquisition is represehyeal different marker shape.

3.3.5 Discussion

The Liquiebased Vortex Ring Generator has overcome ynainthe limitations exhibited by the first
prototype (Airbased Vortex Ring Generator). Relying on a pisidimder system driven by a stepper
motor and a water tank for the vortex ring propagation. The stepper motor offered controllability,
reproducibilty and flexibility for the generating conditions and the tank offered a more stable
environment thanin air. Following the methods used with the Aased system, optical/video camera
acquisitions and CFD simulations were performed under equivalent gamgieonditions. For the
optical/video measurements, coloured food dye was used to mark the propagating ring and to make
it visible to the camera. Measurements were performed on the vortex ring position, size and
translational velocity as a function of terfor both methods. The results confirmed that the water
offers a more stable environment and the reproducibility was improved compared to the previous
system. Interestingly, larger variability was observed in the early stages when the vortex was not fully
developed, characterised by continuous momentum addition. Later, the vortex stabilised, propagating
with selfinduced velocity and improved reproducibility. This is consistent with the vortex ring fluid
dynamics, described in detail in Section 2.6 (Chaf® The vortex rings were produced
experimentally with errors, typically better than-+ %, +/ 4 % and +/8 %, estimated for position,

size and translational velocity, respectively. Optical video measurements on vortex ring position and
size (averagealues) plotted against the equivalent Cé#&@a to quantify the correlation. The offset

and gradients of the best fit line for the vortex ring position (Figure 3.18) both show some
discrepancies between the experimental and numerical results althougiwingariables are strongly
linearly correlated. The slope and intercept of the linear equation suggest that higisition (or
velocity) values are estimated by the CFD simulations. After 5 seconds, the ring travelled 14 cm as
estimated with the optical deo measurements whilst a distance of 17.65 cm was obtained from the
CFD simulations. Difficulties were also found in the comparison of the vortex ring size data estimated
and simulated by the two techniques. Significant dispersion of the data arounbletefit line was
observed despite the correlation value being very high=(B.94). Experimentally, it is challenging to
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precisely define the boundaries of the vortex core and this undoubtedly adds to the dispersion.
Overall, the CFD simulations exceedaaftex ring size values (up to 28 %) in comparison with
experimental measurements.

The reason for the discrepancy between the two methods (experimental plus CFD) is not clear and
further studies should be conducted to assess contribution of the two ares. However,
experimental measurements showed promising reproducibility and provide the motivation for the
construction of a more advanced ligdidsed prototype, although measurement methods need to be
considered to validate the system. Adequate fuosdlity in water, which is crucial for the
compatibility with medical imaging technologies of interest (i.e. Doppleasound andMR)), has

been successfully demonstrated.

3.3.6 Conclusion

A Liquidbased Vortex Ring Generator wdesvelopedo undertakemeasurements analogous to those
performed on the simplified aibased prototype. The system showed encouraging reproducibility for
vortex ring position, size and velocity as a function of time. However, significant discrepancies were
found between resultprovided by the optical/video camera measurements and the Computational
Fluid Dynamic simulations although a high correlation coefficient was estimated. Higher dispersion of
the data was found in the early stages (i.e. post formation) when the vortexotasilly developed.

It is possible that instabilities in the generating process might be the reason for the discrepancies in
the results of the two approaches (experimental vs CFD). Uncertainties can be reduced with new
measurement techniques to validatbe flow. Nonethelessfunctionality in water, crucial for the
compatibility with medical imaging technologies of interest (i.e. Doppler Ultrasoundviri was
successfully demonstrated. Overall, the system has exhibited improved reproducibility compared
the airbased prototype.

3.4 Discussion

The physiological relevance of vortex rings has already been discussed. In addition, fundamental
requirements for the development of a flow test object are the stability, predictability, reproducibility
and contollability of the flow. The two simple prototypes described here have enabled comparative
studies to be undertaken (Section 3.2 and Section 3.3).

The first prototype, named Ablased Vortex Ring Generator, consisted of a 20 W woofer coupled with
a 3D prited plastic chamber for the vortex ring development. The system was simple and showed
several limitations, however, it enabled comparative studies and demonstrated vortex ring stability
and controllability. Optical/video measurements and CFD simulatioowesth good agreement with
theoretical concepts (Section 2.6, Chapter 2) and provided the motivation for the development of a
second liquidbased prototype. Functionality in water needed to be demonstrated for the
compatibility with medical imaging technolieg of interest(US and MRI)The second prototype,
named Liquiebased Vortex Ring generator, relied on a ~100 W stepper motor and a 200 ml syringe,
coupled with a water tank for the vortex ring propagation. Experimental measurements for simulated
Reynoldshumber of ~2000 demonstrated high stability and controllability of the flow. Vortex rings
were generated withreproduciblesizesand translational velocity typicallgssthan +/-8 %. However,
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significant discrepancies were founehen comparingexperimernal resultswith CFD simulations. CFD
simulations approximate well the theoretical predictions but provide absolute values that blftey

to 28 % from the experimental results. The propagating characteristics of the ring are dominated by
the generatingphase that is captured by numerical methods. The vortex ring generation phase is a
phenomenonthat has not been fully characterisedand numerical simulatimmay struggle to
approximate generating conditions. Consequently, experimental results cannot be directly compared
with CFD simulation results and new measurement methods must be performed to validate the design
through crossvalidation of the results. LasPIV measurements are selected as an alternative to CFD
to characterise both macro and microflow conditions.

3.5 Conclusion

Two prototypes have been developed in order to generate vortex rings in the lab and to carry out
comparative studies. The firstr@totype was a simplified albased system. Encouraging results
providedby the airbased system provided the motivation for the development of a second liquid
based system. As expected, reproducibility and stability of the flow improved in the-bgsi
system compared to the alvased generator. Discrepancies were foumd comparison of
experimental results and numerical simulations. CBiulations demonstratedimportant
characteristics of the flow butvere insufficiently accurate to predict detailsnder equivalent
generating conditions even though the flow was highly reproducible. Consequently, different
measurement methods, such as LaBd¥, will be considered to validate the flow. Overall, the
experiments conducted on the two prototypes, which a@mplemented by the publication of two
scientific articles, have provided evidence that the vortex ring has charactetisicare sufficiently
predictable, reproducible, stable and controllable to warrant consideration as a flow benchmark for
the devebpment of a flow test object for medical imaging.
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CHAPTER 4

Vortex Ring based Complex Flow Phantom for Doppler
Ultrasound¢ Design Specifications

4.1 Introduction

The physiological relevance of vortex rings was discussed in Chapter 2 with Chapter 3 providing the
motivation for the development of an advanced Vortex Ring based Complex Flow Phantom prototype.
Reproducibility, stability, controllability and predictatyiliof vortex rings have been demonstrated
through preliminary experiments on two simplified phantom prototypes. These characteristics,
fundamental for a test object, have been demonstrated in air and in water with optical/video
measurements and ComputatiahFluid Dynamics (CFD) simulations supporting simple relationships
described bytheory. However, discrepancies between absolute values provided by the optical/video
method and the CFD simulations were evident. The generation phase is challenging fotatmmnali
simulations and affects the ring propagation behaviour. L-&3¥r offers an alternative to CFD
simulations to characterise the flow at both macro and micro levels. Nevertheless, Chapter 3 provides
evidence that the vortex ring has features thag¢ &ey to the development of a complex flow phantom

for medical imaging. This chapter extends this work and provides details and technical specifications
for the construction of a credible flow test object. As discussed in Chapter 1, the prototype isedesign

to operate inafree-field and to be compatible with advanced Doppler Ultrasound modalities. After
extensive design characterisation and validation, a Magnetic Resonance compatible version is
proposed in Chapter 8. Regulations for MRI unit regulatiovsleazards are also described in detail
within that chapter.

This chapter is supported by the publication of a journal article (Ambrogio et al 2019). The phantom
RSaA3ady ¢l a faz2 LINSASYGSR d a¢KS ! yyidamidhéa 99 awy :
2019, Vienna, Austria, February@a I NOK o0 @¢gAGKAY GKS aLy@Sada Ay Gl
was demonstrated at the Leeds Test Objects Ltd exhibition baethds Test Objects Ltdeeds Test

Objects Ltd, Boroughbridge, United Kingdois)beneficiary partner of the VRBaSE(Marie

{ 1 U2 REwiadrdnt agreement No 642612).

4.2 Main challenges associated with the development of a
credible flow test object- Summary

The main challenges associated with the design of the test object are the identification of an
appropriate complex flow, dimensions and materials. Fundamental requirements for the
development of the phantonare summarised in Figure 4.1.
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Design Requirements Materials Requirements Flow Requirements

v' Innovative v’ Cost-effective v' Provide complex flow

v Compact v Robust patterns

v’ Portable v’ Optically transparent v Stable

v’ User-friendly v’ Compatible with multiple v’ Controllable

v/ Easy and fast to set up imaging modalities v Predictable

v’ Compatible with v’ Compatible with a range of fluids v Mimic Human
Hospital environment v’ Good quality Physiological

v’ Affordable v Non-hazardous Conditions

v’ Reproducible
Figure 4.1Chdlenges associated with the development of a credible flow test object.

The test object aims to provide a reference flow for:

- clarifying the capacity of new clinical technologies to quantify physiological flows;

- allowing testing and validation of improgdequantitative flow algorithms in both clinical and
research facilities;

- allowing comparative studies between different flow related imaging techniques (i.e. optical
and Ultrasound);

- supporting Quality Control checks in the clinical environnasrd training.

The design should be compact and portable, to allow easy transportation and delivery. It should be
userfriendly and easy (fast) to sep in hospital environment. Typically, clinical scientists (or
technicians, medical physicists, biomedical enginetc.) perform multiple measurements on several
devices in a single day. They would not consider or promote a device that requires excessive time to
set up and useMaterials should be affordable, robust, compatible with different medical imaging
modalities (such as Ultrasound and MR) and optically transparent to allow complementary
measurements withoptical methods (such as Laser Particle Imaging Velocimetry). A good balance
between cost and quality of materials must be maintained. They mushdrehazardous and
compatible with the typical health and safety regulations of the hospital environriéet flow should

mimic relevantin vivoconditions where possible, providing complex flow patterns. Nonetheless, it
should be stable, reproducible (withwelldefined tolerances), controllable and predictable. Ideally,
the fluid dynamial behaviour of the flow should be known to specified tolerances.

4.3 Vortex Ring based Complex Flow Phantgmvhy did the
Ultrasound prototype come first?

Ultrasoundwas chosen over Magnetic Resonarlogaging because it is clinically available and
currently the first choice as a diagnostic modality for the assessment of several cardiovascular
pathologies (Hansen et al 2017). described in Section 1.4 (Chapter 1) tstaf the art Ultrasound
techniques include 2D and 3D remhe angle independent Doppler imaging, based on Vector Flow
Imaging (VFI), particle velocimetry tracking (Speckle Tracking) and volume quantifinagiost
processing (Hoskins et2010; Garciat al2010; Westerdale et al 2011; Kokkalis et al 2015; Jegisen

al 2016; Badescu et al 20h7 Badescu et al 2017, Hansen et al 2017). Transverse Oscillation (TO) is
an advanced and specific Ultrasound Vector Flow imaging technique that has bedd$-Bdo@ and

Drug Administration) approved (2013) and it is currently implemented on clinical scanners
manufactured by BK Ultrasound (BK Ultrasound, Nova Scotia, Canada) and Carestream (Carestream
Health, Ontario, Canada). Transverse Oscillation is themmemmded technique for reatime
guantitative analysis of complex flow within valves, bifurcations and heart chambers (Jensen et al
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2013; Jensen et al 2016). Ultrasound scanners manufactured by Hitachi (Hitachi Ltd, Tokyo, Japan), GE
Healthcare (Ge Healthos lllinois, USA) and Mindray (Mindray Medical International Limited,
Shenzen, China) implement Colour Doppler Based VFI technique (Jensen et al 2016). The GE
Healthcare Vivid E9% (GE Healthcare, lllinois, USA) includes also a speckle tracking techaimee

Blood Speckle Imaging. None of these technologies was available for demonstration purposes at the
latest conference of The British Medical Ultrasound Society (ThéB6ual Scientific Meeting of the

British Medical Ultrasound Society, Mancheste6 of December 2018), but when Manufacturers like
Hitachi and GE Healthcare were asked about these technologies, they affirmed that market demand
is currently so high that they cannot cover both market and exhibition requests. A consistent number

of ultrasound scanners with advanced flow mapping techniques will be soon available and there are
no effective phantom technologies on the market for supporting Quality Control checks of these
innovative devices.

4.4 Vortex Ring based Complex Flow Phantddesign ¢
Technical Specification

4.4.1 Introduction

As describedh Chapter 2 (Sections 2.3 and 2.4), a vortex ring is a natural fluid dynamic phenomenon
that forms when a bulk of fluid is pushed through an orifice (or a nozzle) into an expansive fluid
environment. Under specific generating conditions (Reynolds number, velocity stroke ejection profile,
2NAFTAOS RAFYSGSNDLET GKS FfdzAR GNBffa dzhdducddi GKS
velocity along its central axis. Examples of vortegys in ordinary life are the underwater rings
generated by dolphins or smoke rings generatsthg cigarette smokelhe initial stage of vortex ring
generation occupies a distance estimated &titnes the orifice diameter (Tinaikar et al 2018) and is
characterised by instabilities characteristic of vortex ring formation (as described in Section 2.6,
Chapter 2, and demonstrated in Section 3.3.2 and Section 3.3.3, Chapter 3). Beydmtal stage,

the vortex ring stabilises, assuming a toroidal shapat travels with selnduced velocity and
predictable dynamics across the volume beyond the orifice.

The Vortex Ring based Complex Flow Phantom necessarily accommodates such features and the
design relies on the assembly of three main components: domgiy/linder system and
interchangeable orifices for vortex ring generation, a waight imaging tank for the vortex ring
propagation and a computerontrolled actuator system. The piston, linked to a programmable
external linear stepper motor, driveskamown volume of fluid towards an orifice that connects to the
water-tight tank. As describeth Section 2.4 (Chapter 2), tleharacteristics of the generated vortex

ring depend on the stroke length (piston displacement), on the piston velocity profitaedReynolds
number and on the nozzle diameter. Piston displacement and piston velocity profiles are modified on
demand through dedicated software. Four different interchangeable orifice diameters are provided
with the prototype. Reynolds number is derivedm a combination of these parameters (i.e. flow
velocity, flow density, orifice diameter). Consequently, a wide range of vortex rings with different
characteristics can be produced on demand.

The phantom is almost entirely manufactured from PMMA ¢Pek)¢ a material that is durable,
waterproof, easy to manufacture (i.e. cut, engrave), available in different colour or as clear
(transparent) (particularly useful for Optical measurements techniques). Moreover, PMMArhgs X
attenuation properties comarable with soft tissues at relevant diagnostic energies (Boone et al 2012;
ICRU Report 87, 2012). Therefore, no significant modifications need to be applied to the design for
potential compatibility with Xay imaging modalities (such as CT). In contidsagnetic Resonance
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Imaging (MRI) imposes several restrictions. Particularly, ferromagnetic materials and electric circuits
must be excluded from the design to avoid projectile hazards and electromagnetic interference. These
aspects are ignored in this dga but given specificonsideration in Chapter 8.

Technical CAD drawings of the phantom components, design, materials and methods are described
below.

4.4.2Design¢ Imaging tank

The watertight imaging tank constitutes a seftlosed environment in hich the vortex ring forms

and propagates. The tank is entirely manufactured from clear PMMA (Perspex). It rests on four small
screwable nylon pegs that slot into a transparent PMMA base. The PMMA base, designated the
GAYEF3IAY3I Gyl o0 holéséar additioral sérehable féek NiB fedt GhRhe base can

be useful for phantom alignment on soft surfaces, such as beds for medical examination. The CAD
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Figure 4.2CAD drawing Vortex Ring based Complex Flow Phantpimaging Tank Base.

The use of transparent materials is recommended to allow direct visualisation of flow and
measurements with optical techniques, such as cameras or Laser Particle Imaging Velocimetry (Laser
PIV) (Hoskins et al 2017).

The top surface of the watdrght tank is open. Diagnostialtrasound scans cannot be performed
through PMMA walls due to the acoustic properties of the material. The open surface of the tank
allows the ultrasonic probes to be placed directly into the fluid where the vortex ring is propagating
As mentioned in théntroduction section (Section 4.4.1), PMMA was chosen because it is-tgltgr
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durable andit provides transparency and offers attenuation terdy comparable to human soft
tissues at diagnostic energy range. A couple of spirdi¢eare placed on top of two opposite walls of
the tank for accurate levelling. Screble nylon pegs and spirit levels allow the levelling of the system.
The watertight imaging tank has internal dimensions of 15 cm (width) x 35 cm (length) x 16.5 cm
(height). The choice of tank dimension is criticald as frequently occurs in design engineering, it
relieson numerous compromises. Tank internal height and width should be large enough that the
walls do not provide large reflections iftrasound imagingln addition, the proximity of the walls
should not influencen vortex ring generation and propagation. On the other hand, large dimensions
have negative impact in terms of portability and practicality of the device. Filling and emptying a
device with volmes higher than seven litres in a hospital environment might be impractical. Since
blood mimicking fluids (BMF) typically used in Ultrasound imaging haeeaercialprice of 500
GBPper litre, a large volume has implication in terms of castthe expaiments. Clearly, a compact
design is easier to transport, pack, delivetc.

In order to support reproducible positioning in comparative studies between different techniques,
several reference position markers and a ruler have been engraved intortketafaces. A threaded

hole for a compatible drain cap hagen cut to facilitate emptying. The CAD drawing of the water
LINE2F GFy]l O0GLYIF3IAYy3I ¢lyleé0 Aad akKz2gy Ay CAIdNB
have tolerances of +/0.25 mm Wall thicknesses are 10 mm with production tolerance 6f16/%

plus additional 0.4 mm, in agreement with the ISO 782803 (ISO 7828:2003).
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Figure 4.3CAD drawing Vortex Ring based Complex Flow PhantpWiater-tight Imaging Tank.

Figurel: Ambrogiq S, Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fen(i2019). A complex flow
phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical
Engineering and Technolog)g(3):190-201.
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4.4.3Designg Piston/Cylinder System

The generation of vortex rings requires a system able to thrust a volume of fluid through an orifice or

a nozzle. A simple mechanism is a piston/cylinder assembly with a smaller orifice at the output face.
Thecylindricaldhy y St g1+ & YI ydzFl OGdzNER FTNRBY FNRAGSR taal
Figure 4.4, haaninternal diameter of 70 +/0.25 mm and 10 mm wall thickness (production tolerance

of +/- 10 % plus additional 0.4 mm; ISO 7823003). One opeend of thecylindrical chamber is

threaded and it supports a watgroof screw coupling to accommodate interchangeable orifices and

the watertight imaging tank. The other side is also threaded and is coupled with a compatible
threaded cap. A square hole is cut iretthreaded cap with dimensions compatible with the piston

stem. The square shape acts as a guide for the piston. It impedes undesired movements during the
ReYyFYAO LA&alG2y O0GA2yd ¢KS GKNBIFIRSR OFLXEXE yI YSR
interchargeable screwn orifices are provided with the prototype. Orifice diameter dimensions, which

range from 10 +/0.25 mm to 25 +/0.25 mm, have been selected to generate vortex rings with
dimensions comparable to physiological conditions (Figure 4.5)r@&iffdiameters or shapes can be
manufactured on request. The plunger has been manufactured from white PMMA and contains a
hollow stem that travels along the rotating lead screw of an external linear stepper motor. Piston stem

and stepper motor screw are apled through a threaded nut. The nut transforms the rotating action

of the motor to linear piston displacement. The plunger cap (femd largest part) includes a groove

that accepts a nitrile rubber-@ng. The @ing provides a piston/cylinder watdrght seal. However,

nitrile rubber is not ideal in terms of the coefficient of friction when it is in contact with PMMA
(Perspex). Petroleum jelly (Vaseline) is typically used as a lubricant to reduce frictional forces. Different
materials and piston desigrhave been investigated and are described in the following thesis sections
(Sections 6.3.1, 6.3.2 and 6.3.3, Chapter 6). The CAD drawings of the piston cylinder system, which
NEFSNER (G2 a/ @t AYyRSNE atAadzy Ddzi RADdrawingsRof thet £ dzy 3 S
2NATFTAOSAa LINPOPARSR 6AGK GKS LINRPG20G@LISsE yIFYSR aLyI
4.5,
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Figure 4.4CAD drawing Vortex Ring based Complex Flow PhantpRiston cylinder system.

Figure2: Ambrogiq S, Walker, A., Hrracott, A., Ferrari, S., Verma, P. and Fenn¢2019). A complex flow
phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical
Engineering and Technologyg(3):190-201.
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Figure 4.5CAD drawing Vortex Ring based Complex Flow Phantpmterchangeable Output Orifices.
Figure3: Ambrogiq S, Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fen(20,19). A complex flow
phantom for medical imaging: ring vortex phantom design and technicalfgyaizin. Jorunal of Medical
Engineering and Technolog)a(3):190-201.

4.4.4 Desigrg Programmable Actuator System

The piston and the external linear stepper motor actuator are coupled with a nut/lead screw
arrangement that transforms rotation intaear motion. This assembly is driven by the programmable
actuator system of the phantom. The external linear stepper motor is a Nema 23, 1.8 degrees, 36 V, 3
A (Nema 23 external linear actuator, OMC Corporation Limited, Nanjing, China). The Nemas23 drive
the piston over a threaded screw of 150 mmlength. The stepper motor is fixed on a compatible
mounting bracket that screws into a PMMA (Perspex) block. The PMMA block is glued into the PMMA
base and guarantees alignment between the motor and the pistylinder system. The
piston/cylinder alignment is crucial for smooth effort. Free movement is essential to accurately and
reproducibly translates motor rotation to linear piston movement (to warrant comparable piston
displacements independently from thgston position).The CAD drawing of the PMMA base, named
G{GSLIISNI a2(2N) . aSés Aa aKz2gy Ay CAIdz2NE ndc o
¢yl .FasSé¢ (Kig® Thd Kingé gudrantads a rigid connection when the phantom is in
operation and also allows folding of the system for easier transportation. The PMMA hinge is

¢ K
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Figure 4.6 CAD drawing Vortex Ring based Complex Flow Phantpimterchangeable Output Orifices.

The stepper motor is bipolar, relying on two leads for each set of phase coils, neither of which is
connected to ground. Tygally, a cylindrical permanent magnet is attached to a rotor. The rotor is
surrounded by toothed electromagnets that constitute the stationary magnetic field (stator). The
electromagnets are divided into groups (phases) and these usually follow an dhigrarangement

(i.e. A, B, A+, B+). The phase coils (A+,B¥, B) are connected to a digital stepper driver DM542
(Leadshine, DM542, OMC Corporation Limited, Nanjing, China). The internal components of the
stepper motor ardllustrated in Figure 4.7
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Magnet
(Rotor)

Motor Case

Figure 4.71internal components of a stepper motor.

The DM542 is connected to a compatible switching power supply 150 W, 36 V, 4.17 A (OMC
Corporation Limited, Nanjing, China) (High Voltage @ivig+) and GND, Figure 4.8) and to the I/O
digital pinsof an Arduino Uno board (Arduino, still unclear who is the Owner). Three different digital
pins D9, D10 and D11, are used as outputs to set the motor steps, to set the rotating direction and to
enable the motor, respectively. Digital pin D7 is connectedatpush button which is used to
activate/run the motor/piston displacement prograrihe DM542 limits the current supplied to the
motor to 2.69 A (RMS current) to avoid overheating. The Arduino Uno board logic is based on the
Atmega328P (Atmel Corporatio®an Jose, California, USA) microcontroller. The Atmega328P is a low
power, high performance AVR-bit microcontroller. The unit is programmable through simple USB
connection to a computer and dedicated open source Arduino Software (IDE). Typicallgper ste
motor is programmed through a square wave signal that alternategttarities of the phase coils

(A+, A, B+, B between (+) and-]. The central permanent magnet of the motor (rotor) moves in
discrete steps, as commanded by the digital signal,gamerates torque (Figure 4.7). The total cost

of all the components forming the programmable actuator system was less than one hundred Euros
at the time of writing (2018). A diagram illustrating Arduino Uno, push button, driver DM542, stepper
motor and paver supply connections is shown in Figure 4.8.
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Figure 4.8 Arduino Uno board, push button switch, stepper driver DM542, stepper motor and power supply
connections.

4.4.5 Desigrg Stepper Motor Programming

One of the simplest ways to drive a steppertorais by providing a digital square wave signal. The
Atmega328P microcontroller embedded into the Arduino Uno board is programmed to generate a
digital square wave signal with 50 % duty cycle in CMOS lagi€ The number of pulses of the square
wave sijnal determines the number of motor steps, thus the piston displacement. The frequency of
the square wave signal determines at what rate the polarities of the face coils are alternated, thus it
controls piston speed. By simply changing the number of palsdghe pulse width of a square wave
signal it is possible to control the rotation of the actuator armhnsequently, the piston
displacement/velocity profiles. A square wave signal can be easily created Withlap on the
dedicated Arduino Softward@E). A flow chart of the Arduino code for programming the motor is
depicted in Figure 4.9 and a shapshot of the main part of the code is shown in Figure 4.10 (the whole
code is reported iM\ppendix ).
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Figure 4.9flow chart of the generating code fatepper motor programming.

void loop() {
buttonstate = digitalRead(buttonPin);
if (buttonstate == HIGH){
delay(5000);
while (revolution < HowManyRings) {
for (int i = @; i <= StepDisplacement; i++) {
digitalwrite(pulPin, HIGH);
delayMicroseconds (SetSpeed);
digitalwrite(pulPin, LOW);
delayMicroseconds(SetSpeed);
}
// in case of overheating, disable and enable the motor
digitalwrite(enblPin, HIGH);
delay (8000);
digitalwrite(enblPin, LOW);
delayMicroseconds(6);
digitalWrite(dirPin, HIGH); // High --> piston forward =, LOW--> piston backward
delayMicroseconds(6);
digitalwrite(pulPin, LOW);
delay (2000);
//  delay(10000);
revolution++;
}
¥

Figure 4.10Vortex Ring based Complex Flow Phantp8napshot of the Arduino code that generates a ring.

The first part of the programme is dedicated to initialisation of the variables. A push button is used to

run the praram and to trigger the piston displacement. The digital I/O pin D5 is set to provide a digital
trigger & A 3 YUINER I FoNjpaentidl synchronisation with external measurement methods. A

whilef 221 A4 dzaSR (2 LINRPINI Y @GK2 6 KB yiAA SQ2 gHF Odzd i @S
loop is used to generate the square wave signal that controls the piston velocity/displacement profile
(Figure 4.9). Digital pinsnblPin dirPinand pulPincontrol the enabling/disabling of the motor, the
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motor directon and motor input signal, respectively. These signals must be controlled in a predefined
order and with predefined delays, as indicated from the DM542 datasheet. The current flows through
the winding coils of the motor both when the rotor is enabled arfiew it is stationary. The motor
holds the load in place, which is particularly useful for vertical or leaning applications. Since the piston
is in horizontal position during the phantom applications, there is no need to hold the load. Keeping
the motor endled during inactivity increases the chance of overheating. Therefore, the enabling
signal is switched on/off between each vortex ring generation. In the example in Figure 4.10, a 20
seconds delaydglay(18000) in millisecondsplus adelay(2000),n miliseconds, between motor
activation and vortex ring production) has been chosen between each vortex ring generation. A limit
of 15 seconds delay is effective for prolonged experiments with the phantom. Design improvements
and an instrumentation pack, for aluating design performances, are described in Chapter 6.
Particularly, the instrumentation pack clarifies if the motor can be used at reduced power without
affecting the vortex ring generation. This may be extremely advantageoysdaentingthe motor

from overheating during prolonged application. Experimental studies with the instrumentation pack
are described in detail in Chapter 7.

4.4.6 Desigrg Assembled System

A block diagram of the Vortex Ring based Complex Flow Phantom is depicted in Rigjure 4.

Power supply
or battery (7-9V)

Power supply
(35V —4.17A)

Stepper motor

/ Piston/cylinder

BREREI
Arduino
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[PRTNCLTR

Digital
pulse train

Digital
stepper
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Imaging tank
(with water

Orifice plate and scatterers)
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Ring vortex
propagating at
velocity Vizns

Figure 4.11Vortex Ring based Complex Flow PhantpSthematic block diagram of the systdPhease note
that this is a schematic representation and elements are not to scale.

Figureda: Ambrogiq S, Walker, A., Narracott, A., Ferrari, S., Vermaand Fenner, 2019). A complex flow
phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical
Engineering and Technolog)a(3):190-201.
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Assembling all the components described from sections 4.4424td provides the system illustrated
in Figure 4.12

““Spirit level Imaging Tank
* Cylinder

Spirit Ie\iel

Markers

Orifice

ronic components

PMMA Block for
Motor/Piston
PMMAHinge alignment
Adjustable feet -

Stepper Motor base

Imaging Tank base

Figure 4.12Vortex Ring based Complex Flow PhantpAssembled System.

Figure 4b: Ambrogio, S., Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fenner, J. (2019). A complex flow
phantom formedical imaging: ring vortex phantom design and technical specification. Jorunal of Medical
Engineering and Technologg(3):190-201.

The electronic components illustrated in Figure 4.8 are placed and secured into a water and impact
proof junction boxmanufactured by Schneider Electric (RS Components Ltd, Corby, UK, Stock No. 151
791). The power supply, also positioned within the eledaiety box, is connected to the main socket
(230V, 50 Hz) through a standard UK thpéetype G plug and a residualirrent device (RCD) socket.

The RCD socket is a {ffaving device that quickly breaks the electrical circuit if there any leakage
current is present. Since the system operates in water proximity, it is strongly suggested that
connection of the phantoma the mains plug (230V, 50 Hz) occurs through RCD socket for extra safety.
If the device is meant to be commercialised, it is recommended (but not compulsory) that it complies
with the Low Voltage Directive (LVD 2014/35/EU) and that it undergoes electragnetic
compatibility (EMC) and electromagnetic interference (EMI) testing. The LVD ensures high level of
protections for electrical equipment between 50 and 1000 V while the electromagnetic compatibility
assures that the system does not introduce intoldeaelectromagnetic disturbances to anything in

the environment. All the single electric components (stepper motor, Arduino Uno, Stepper Driver,
power supply) are RoHS, CE and FCC marked, therefore they have already undergone electrical safety
testing. Hovever, the interconnection of the components create a new electrical system, which may
not comply with LVD or EMC testing.

As described in detail in sections 4.4.4 and 4.4.5, the stepper motor is connected to the piston and is
programmed through the Ardob Board to deliver a preonfigured piston displacement/velocity
profile. The piston moves within the cylinder chamber and propels a known volume of fluid through
the orifice (i.e. 3 crin 50 ms). The outcome is the generation of a controlled, propagatimtex ring,

that travels with selinduced velocity (velocities up to 1 Msalong the whole length of the tank
(Figure 4.13). A blue food dye colourant was used for vortex calibration and a ratchet strap was used
to minimise vibration errors during & piston action in reproducibility studies (Figure 4.13). By

changing orifice diameter or piston displacement/velocity profile, t®NI G A2 2F DKI NAR 6 Q

GAF2NXYIFGAZ2Y G(GAYSés {SOGA2Yy wHodnI /KFILIGSNitho OFY
different characteristics. Travelling vortex rings can be imaged, for instance, with an Ultrasound
transducer placed at the free water interface (Figure 4.11). As mentioned before, the system is fully
transparent to aid measurements. Ring vortex featurcan be captured with differerimaging

methods such as Laser Particle Imaging Velocimetry (Laser PIV) or optical/video cameras.
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Ratchet strap
Figure 4.13Vortex Ring based Complex Flow Phantpissembled System with blue dye to visualise the ring.

4.5 Discussion

The vortex ring characteristics (physiological relevance, stability, controllability, predictability and
reproducibility) makeour proposed design of phantom good candidate for the development of a

complex flow phantom for medical imaging (described in Chapter 2 and Chapter 3). A Vortex Ring
Based Complex Flow Phantom prototype has been built and technical drawings are provided. The
system relies on the activof a ~100 W stepper motor connected to a piston cylinder system and a

water tank for vortex ring formation and propagatioAs described in Sections 2.4 (Chapter 2), vortex

ring generation depends mainlyon arBA YSY AA 2y £ LI NI Y SHIISANG yR SEAONAES S:
GF2NXIGAZ2Y yYdzYo SNE 0 DI NX éoutfiiigeomeétry, thefdrynation tirfGexdd | RS T
be described a3 I' 6 -, kwhebet is the average velocity of the pistoB,is the orificeoutput

diameter andT,is the duration of thepiston impulse. Assuming to work always in water (or equivalent

fluid vastly composed by water), the piston velocity profile (piston velocity and piston displacement

in unit of time) and the orific@utput diameteralsodetermine the Reynolds number. Theotype

is provided with preprogrammed modes but the Arduino Board is essentially egmurce. Any

software code can be uploaded with a computer throtlgd USB connection (Type A male to Type B

male) and Arduino Software (IDE), to produce different ioMternatively, the preset parameters,

described in the script in Figure 4.10, can be modified to change the piston velocity profile. The device
2FTFSNE INBLFG FtSEAOAfAGE yR fft2a GKS dzaSNJ G2
expaimental studies. By simply altering the frequency of the square wave signal (stepper

speed,~ Ay DKI NAROG Q& T2 Ndpdifes of The sqkate wavezigng lepper motor
displacement extentT,Ay DKI NR 6 Qa T 2 Nt dlaneter2sixd, \ioie ringsNkhT A O S
different Reynolds numbers, different diameters, velocities, volumes and different core thicknesses

can be generated on demand.

The prototype has been described in detail and needs to be validated through experimental
measuranents to prove its credibility. Considering the inconsistencies between experimental and CFD
simulation ¢lescribed in Chapter 3jwo different methods, namely optical/video and Laser PIV
technique, are considered for quantifying the vortex ring behavimater a number of generating
conditions. Ultrasound compatibilitywill also bedemonstrated. Experimental measurements are
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described in the next chapter. Technical drawing and software source code were also provided,
consequently, phantom and experimentarcbe replicated in any laboratory. The test object design

is novel, simple and cosfffective, and requires less than thirty minutes for-s@t Flow phantoms

offer parabolic flow and a limited range of vessel diameters. In order to make these testsobject
portable, vessel inlet lengtis oftenreduced whichlimits the range of velocities in which the flow is
laminar @ppendix 2. Cavitation in the pump hedd many systemproduces air bubbles even at low
velocities (~6670 cm/s), distorting the Dopplespectrum. When not in use, blood mimicking fluid
scatterer particlegend to settle in the reservoir. Bubbles cannot leasilyremoved and scatténg
particlesare difficult to mix in a closed commercial system, where there is no atcéss reservoir.
Finally previously developed ultrasourftbw phantoms are typically not transparenthich makes it
difficult to cross validate results overify performance using other measurement methods. No
tolerances on flow velocities atgsuallyspecified and thepump is expected to behave in the same
way for the whole phantom life (typically, warranty is 10+ yeaf$)e string phantom, which is
commercially produced only by CIRS (CIRS Inc., Norfolk, USA), relies on the movement of a silk filament
to producethe backscatter signal. However, the silk filament entraps air bubbles and the motor
vibration at certain velocities affects the Doppler measurement accuracy (Browne, 2014). The vortex
ring phantom overcomg&commercial phantom limitations: it offers a range ddrislational velocities
between 7 and 90 cm/s; interchangeable orifices with any diameter can be produced on demand;
scatterer particles can be mixed and air bubbles can be manually removed. Similar to the string
phantom, it operates in free field (waterrdlood mimicking fluid) and do not provide acoustic
attenuation comparable to soft tissues. However, tissue mimicking matemnatls different
geometriescan be embedded into the water tank. Differently fraxistingcommercial systems, the
complex flow jpantom is open source and offers flexibility for both clinical measurements and
research studies.

4.6 Conclusion

Technical drawings and specifications have been provided for the construction of a novel, cost
effective, portable, robust and multimodaln(flow features) Vortex Ring based Complex Flow
Phantom. The system is designed with-pregrammed usefriendly modes but it is essentially fully
programmable, allowing great flexibility. Chosen materials are-memardous, of good quality and
opticallytransparent to allow comparative studies with optical techniques for testing. Electric safety
regulations have been discussed and precautions have been taken for secure use of the device. The
system is tested through optical/video, Laser PIV altrdsourd techniques. Details are provided in

the next chapter.
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CHAPTER

Vortex Ring based Complex Flow Phantom for Doppler
UltrasoundcTesting and Validation

5.1 Introduction

A vortex ring based complex flow phantom design with technical specifications was provided in

Chapter 4. Credibilityf the system needs to be assessed through experimental stuiieze
identicalphantom prototypeswere manufactured by Leeds Test Objddid(Leeds Test Objects Ltd,
Boroughbridge, United Kingdom)as a beneficiary partner of the VRBaSE consortium
(http://www.vph-case.eub
programme & I NR& S

GAGKAY

iKS

9 dzNRB LIS | y
{ 1-QugeRyeamt agtekment No 642612). Opticallvideo camera, Laser PIV
measurementsvere undertaken on the different systems two different premises, on two different
days,and results were compareonventional ultrasound techniques-fBde, Colour Doppler, PW
Spectral Doppler) were also performed on a phantom prototyipies third prototype was provided to

VA2V Q&

| 2 NR T

the CREATIS consortium (CNRS UMR SB2SERM U1206! y A GSNB A (1 § NSARSog[ €2y M
''YAGBSNBAGSQ VEldnne) far geyappiedtion{ofrhigtyTiame rate ultrasound Vector Flow

Imaging techniques. CREATIS consortium is also a beneficiary partner of theaSPHraining

network programme.

All the measurement techniques were performed independently and results were creskethto

confirm the rigour of the methods. A flow chart depicting manufactured prototypes and different
measurement approaches performeddspicted in Figure 5.1.
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performed.
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Optical/video and Lasd?lV methods and results of this chapter are supported by the publication of a

journal article (Ambrogio et al 2019). Ultrasound results have also been presented with a poster at

G ¢ K & Ammual Scientific Meeting ¥ G KS . NAGAAK aSRAOFE | f GNI &a2dzy/f
United Kingdom, 4 of December 2018ppendix ® ® ¢ KS L2 aGSNJ 61+ & | g1 NRSR
t 28 0SNI t NAT S nwnamyéd 't GNIaz2dzyR +SOG2NI Ccft2¢ LYI 3
(2018).

5.2 Optical/Video vs Laser PIV acquisitions

5.2.1 Introduction

Opticaliideo and Laser PIV measurements have the afrmdemonstrating the reproducibility,
stability andreliability of the system. These measurements were performeder acombination of

motor configuratiors and orifice sizesto demonstrate the phantorm functionality. All the
configurations tested aréisted in Table 5.1. As depicted in Figure 5.1, optical/video measurements
were performed at Leeds Test Object I(kebeds &st Objects Ltd, Boroughbridge, United Kingdom)
following the methods described in sections 3.2.3 and 3.3.3 (Chapter 3). Independently, Laser PIV
measurements were carried out with a calibrated LaVision PIV system (LaVision GmbH, Gottigen,
Germany) at thed 5 SLI NI YSyd 2F /FNRA2@F aldzZ I NJ { OASy 0S¢
Hallamshire Hospital, Sheffield, United Kingdom). Laser PIV has become an established technique for
guantitative assessment of complex flow velocity fields (Grant 1997; Westeeve¢l2013). Health

and safety regulations and experimental sgt to perform accurate Laser PIV measurements require
domain expertise. Therefore, Laser PIV measurements were performed under the supervision of a
LaVisionUK Ltd (LaVisionUK Ltd, Bicestritetl Kingdom) application consultant. Two cameras,
calibrated following the method described by Wieneke (2005), were used to obtain stereoscopic view.
Optical/lvideo and Laser PIV measurements were carried out for all the orifice diameter sizes
manufacturel for the phantom prototypes (Figure 4.5). For both optical/video and Laser PIV methods,
the system (imaging tank and piston/cylinder system) was filled with water. A main piston
displacement of 0.8 +0.04 mm and two main piston speeds, 2 @/1 cris and 1.33 +£0.06 cm/s,

were programmed for these experiments. The piston displacement of 0.8.64 mmwasselected
becausehis produced particularly stablesortex rings. However, a further piston displacement of 0.6

+/- 0.03 mmwas tested to prove extated operation The piston speed of 2 cm/s was of interest
becauset pushes the motor close to its maximum obtainable spd@ston speed of 1.33 +0.06
cm/sand afurther speed of 1 cm/svere also testedFinally,Configuration 3 (Table 5.1) was testad

the beginning (morning) and at the end of an arduous experimental session. Results were compared
to verify the consistency of the phantom and of the measurement method over prolonged
experimental periods. Reynolds number and formation tirhéD) calculéions are based on the
cylinder chamber diameter, orifice diameter and average piston velocity.
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Configuration | Orifice Diameter| Piston Speed| Piston Displacement| Reynolds | L /D ratio | Number of
(mm) (cm/s) (mm) number Runs
1 10 2 0.8 9800 3.92 10
2 10 1.33 0.8 6517 3.92 10
3 15 2 0.8 6534 1.16 10
4 15 2 0.6 6534 0.87 10
5 15 1.33 0.8 4345 1.16 10
6 15 1 0.8 3267 1.16 10
7 20 2 0.8 4900 0.49 10
8 20 1.33 0.8 3258 0.49 10
9 25 2 0.8 3920 0.25 10
10 25 1.33 0.8 2606 0.25 10

Table 5.1summaryof the experimental configuration tested.

5.2.2Method ¢ Optical/Video Acquisitiors

Opticall/video acquisitions required visible contrast between the vortex ring and the fluid of the
imaging tank. The system was entirely filled with water, anrgftangeable orifice was selected and

screwed into the cylinder. A few drops of food dye colouring were mixed with the volume of water in

the cylinder chamber to produce visible vortex rings. A video camera SonyPBHI2RESony
Corporation, Tokyo, Japawnps fixed on a tripod and placed at a distance of 3.8 m from the imaging

tank. The camera telephoto lens was selected at 32x extended zoom, to ensure a focused view of the
travelling vortex rings. The camera was placed at the maximum achievable distahperiméted a

clear view of the vortex ring propagation in a selected region of interest for the measurements. This
camera configuration (maximum distance and maximum extended zoom) minimises perspective
errors in measurements. The camera records vide@sat 25 frames per seconds. The field of view

was focused around region of 10 cm near the orifice. Vortex rings travelling from3tieé a L Y I A y 3
¢CFyl1é NBFSNBYOS YI N SNHZh cénfinueNdark wesealistinctlykrhabdd.S NJ n 0
This egion of interest was chosen for both optical/video and Laser PIV measurement methods. In
order to support the measurements with visible timing data, a 1/100 seconds universal digital counter

timer (Stock No 61245, RS Components Ltd, Northants, Unitedjlom) was placed within the field

of view of the camera. In addition to the engraved reference markérs ' 3Ay 3 ¢l y1 € NB
markers, Figure 4.3, Chapter @hapter 4), further reference markers were painted in red colour on

the opposite wall of themhaging tank. These reference markers supported pixel digital measurements

and provided information on vortex ring translational displacement. Video camera framerate and the

timer counter provided timing data. Combining the information, vortex ring trarshal velocities

were estimated measuring the displacement along tkeex}s (Figure 5.2 and Figure 5.3) in consecutive
frames. Average translational velocities and standard deviation values (represented as error-bars, +/
1SD) were calculated as a functiganf @2 NI SE NAy3a LRaAGAZY Ay (GKS
markers, Figure 4.3, Chapter 4) from the acquisition of ten consecutive vortex rings, generated for
each configuration listed in Table 5.1. A block diagram of the experimental set up is shBigare

5.2. For improved clarification, a schematitagram depicting the layers of circulating flow
constituting vortex ring toroidal core and translational velocitya{Y is shown in Figure 5.3.
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Reference markers Reference markers
5cm 15cm

Figure 5.20pticalvideo measurementsg, schematiadiagramof the experimental set uf?lease note that this
is a schematic representation and elements are not to scale.
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Figure 5.3:Layers of concentric circulating flow constituting the toroidal core, propetitigevortex
forward along its axis of symmetry at velocityny.

Figured: Ambrogiq S, Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fen(2019). A complex flow
phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical
Engineering and Technologa(3):190-201.

5.2.3Method ¢ Laser PIV Acquisitions

LaserParticle ImagingVelocimetry (Laser PIV) is arperimental flow visualisation techniqubat
involves capturing sequential camera exposures of Laser illuminated particles in a region of interest.
The Laser PIV experimental gt requires neutrally buoyant light scattering particles mixed &ith
volumeof water in the tankcylinder system. Typically, the particle concentration, the particle density
and the particle size are chosen to not affect the fluid dynamics. Ideally, the particle motion should
not affect the ambient fluid flow. Consequently, a sh@ncentration (~ 10 g) of nylon particles of
size 1620 micron were mixed within the volume of water (-8 L). The imaging tank was placed on a
table and a double pulse Nd:YAG L4keaivisionUK Ltd, Bicester, United Kingdaa$ placed below.

The Laser set cut the travelling vortex ring through its centre in a vertical plane. Two camera
projections (stereoscopic view) were used to record the particle displacement in sequential frames
within a region of interest. Digital image correlation algorithms a#ldwhe reconstruction of the flow

field (Wieneke 2005) with a spatial resolution of 0.4 mm at 14 Hz (time interval between adjacent
samples 0.071 s). Accuracy of the reconstructed flow field velocities as declared by LaVisionUK Ltd was
better than +£0.1%. A schematic diagram and a photograph of the Laser PIV experimental set up are
shown in Figure 5.4 and Figure 5.5, respectively.
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Figure 5.41 asePIV measurements schematialiagramof the experimental set ug?lease note that this is a
schematiaepresentation and elements are not to scale.
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Figure 5.5Photogrp|’of Laser PIV experimental set up.

Knowing the frame rate (14 frames per seconds), translational velocities of the travelling vortex rings

were calculated as well as mapping theaflbeld of the Vx components (along theaXis in Figure 5.4)

at each frame. Average and standard deviation values of vortex ring translational velocities as a
function of the vortex ring positioninthetadkd L Y+ 3Ay 3 ¢+ y1 ¢ NBETEmpefOS YI N
4) were calculated from ten consecutive vortex ring acquisitions, generated for each configuration

listed in Table 5.1.
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5.2.4Resultsg Optical/Video

Average vortex ring translational velocity{¥ Figure 5.3) and standard deviation values (illustrated

as error bars) were plotted as a function of vortex ring position in the imagingdalok. Y 3Ay 3 ¢ I vy
reference markers, Figure 4.3, Chapter 4). All the tested configurations refer to Table 5.1. For
improved clarity of results, configurations (Table 5.1) that produced vortex rings with faster
translational velocities (280 cm/s) are shown in Figure 5.6 while slower translational velociti&s (0
cm/s) are shown in Figure 5.7. As mentioned previousig, experimental work with the two
measurement techniques were undertaken on two different days, in two different premises on two
identically manufactured but different Vortex Ring based Complex Flow Phantom prototypes. Each
configuration of Table 5.1 carsponds to a specific markshape combination and colour, in order to
directly compare data obtained with optical/video and Laser PIV measurement methods.
Opticall/video data are depicted with bold lines and filled markers while Laser PIV resultsstnagdtl

with dashed lines and open markers. Variability, which is cited as coefficient of variation (%) within
the text, was estimated on the basis of ten consecutive vortex rings (for each configuration of Table
5.1) and is expressed as-+1 SD on the pks. Variability estimated with the optical/video
measurement method were always lower than 0%.

5.2.5Resultsc Laser PIV

Average vortex ring translational velocity{¥, Figure 33) and standard deviation values were also
calculated from tervortex ring consecutive acquisitions with the Laser PIV method, for consistency of
NBadzZ Gad wSadzZ Ga FNB LIX20G6SR Fa + FdzyOiAz2y 27F (K
Figure 4.3, Chapter 4) for each configuration listed in Tableds.Xof the optical/video method).
Similar to the optical/video results, configurations generating vortex rings with faster translational
velocities (1830 cm/s) are depicted in Figure 5.6 while slower translational velociti&é$ (n/s) are

shown in Figur 5.7. Laser PIV results have been plotted with dash lines and open markers of the same
shape as the optical/video data. The same colours have been used for Laser PIV and optical/video
results, separating each configuration of Table 5.1. Coefficient dadticar (+/- %) of the data were
calculated as for the optical/video measurements. Laser PIV results show similar behaviour to the
optical/video measurements, nothing that the measurements were carried out in two identically
manufactured but different prottypes. However, variability progressively increases for vortex ring
configurations with translational velocities lower than 8 cm/s (Configuration 8, Configuration 9 and
Configuration 10, Table 5.1). Configuration 7 (Table 5.1), which corresponds to kings»with
translational velocities of ~10 cm/s, demonstrated a percentage of variability (error) lower tha@ +/

%. Finally, the percentage of variability is always lower thai® £6 for all the other configurations
(Configuration 1 to 6, Table 5.1)creached the lowest value of +3 % for an orifice diameter of 10

mm, piston speed of 1.33 cm/s and piston displacement of 0.8 mm (Configuration 2, Table 5.1)
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Translational Velocity (cm/s) vs Phantom Position (cm +/- 0.5) - Laser PIV (dash lines) and Colourant DYE (bold lines) measurements

Different Orifices and Settings - Configuration 1 to 5 - Table 5.1
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Figure 5.6:Results- optical/video and Laser PIV vortex ring translatiomalocity measurements relevant to
configuration 1 to 5 listed in Table 5.1. Each configuration corresponds to a combination of marker/shape and
colour. Optical/video results are depicted with solid markers and bold lines while Laser PIV data aresilustrat
with dash lines and open markers.

Figure6: Ambrogiq S, Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fenr{2819). A complex flow
phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical
Engdneering and Technology3(3):190-201.
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Translational Velocity (cm/s) vs Phantom Position (cm +/-0.5) - Laser PIV (dash lines) and Colourant DYE (bold lines) measurements

Different Orifices and Settings - Configuration 6 to 10 - Table 5.1
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Figure 5.7:Results- optical/video and Laser PIV vortex ring translational velocity measurements relevant to
configuration 6 to 10 listed in Table 5.1. Each configuration corresponds to a combinatiamkafr/shape and
colour. Optical/video results are depicted with solid markers and bold lines while Laser PIV data are illustrated
with dash lines and open markers.

Figure7: Ambrogiq S, Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fen(2919). A complex flow

phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical
Engineering and Technolog)a(3):190-201.

5.2.6 Additional Results¢ Laser PIV

For completeness dalitional LasePIV results are shown figures 5.8 and 5.%igure 5.8 depicts Laser

PIV acquisition results obtained at the beginning (first experiment) and at the end (last experiment)
of an arduous experimental session (more than 8 hours session and more than $p0Aumaximum
percentage difference (difference between the values divided by the average of the two values) of 5
% is apparent between the two curvegortexring position as a function of time for five selected
configurations (Table 5.1) is plotted kigure 5.9. Variability is always better than 0 % with the
exception of configuration 10 where it grows up tc 40 %.
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Figure 5.8Results; Laser PIV measurements performed for Configuration 3, Table 5.1, at the beginning (First
experiment) and at the end (Last experiment) of ahddir experimental session.

Figure 5.9Vortex ring position data as function of time for cipufrations 1, 4, 7, 9, 10 (Table 5.1). Variability
increases for vortex rings generated with lower velocities.

Figure 8: Ambrogio, S., Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fenner, J. ¢aaiggxAlow
phantom for medical imaging: mnvortex phantom design and technical specification. Jorunal of Medical
Engineering and Technologyg(3):190-201.
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