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Abstract

Abstract

The Lorentz force, as the linkage between the mechanical displacement and the
electrical current, is investigated in this thesis in two fields of the medical acoustics,
1.e. scanning electric conductivity gradients with ultrasonically induced Lorentz force
(SECG-UILF) and elastography.

The first part of the thesis studies the SECG-UILF. To reduce the instantaneous
stimulation power to the transmitting transducer and at the same time the peak
acoustic pressure from the transducer, this thesis proposes to apply the linearly
frequency-modulated ultrasound pulse excitation or the sinusoidal step-frequency
ultrasound pulse excitation in SECG-UILF.

For the scanning electric conductivity gradients with linearly
frequency-modulated ultrasound-induced Lorentz force (SECG-LFM-UILF), first,
two schemes - the coherent demodulation scheme and the pulse compression scheme -
of reconstruction of the longitudinal distance of the electric conductivity gradients to
the transducer are studied independently. The SECG-LFM-UILF uses electrical signal
of peak instantaneous power of 39.54 dBm to excite the transmitting transducer,
which is 25.5 dB lower than the peak instantaneous power of the negative
high-voltage narrow pulse (65.05 dBm) adopted in traditional SECG-UILF; and at the
same time, the peak transmitting acoustic pressure in SECG-LFM-UILF is 0.44 MPa
lower than that in traditional SECG-UILF. Experiments are done to confirm the
feasibility and the performance of SECG-LFM-UILF with either the coherent
demodulation scheme or the pulse compression scheme, using multi-shaped saline
agar phantoms of conductivity ranging from 0.2 S/m to 0.5 S/m. The experiment
results show that: (1) the SECG-LFM-UILF can detect precisely the longitudinal
distance of the electric conductivity gradients; (2) the signal-to-noise ratio of the
reconstructed B-scan images of the electrical conductivity gradient distribution by the
SECG-LFM-UILF are comparable to that obtained through the traditional
SECG-UILF; and (3) using modulation frequency bandwidth of 2 MHz and

modulation duration of 500 us, a longitudinal resolution of 1 mm is achieved.
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For scanning electric conductivity gradients with step-frequency ultrasound
induced Lorentz force (SECG-SF-UILF), the theory of application of the
step-frequency technique to reconstruction of the longitudinal distance of the electric
conductivity gradients is formulated in terms of the in-phase demodulation scheme
and the in-phase/quadrature-phase (IQ) demodulation scheme. Compared with the 1Q
demodulation scheme, the in-phase demodulation scheme is simple in hardware
implementation but can only detect half of the longitudinal range. Experiments of
SECG-SF-UILF are done on a sample of two-layer copper foil, and the results
demonstrate that, using a frequency bandwidth of 2 MHz and 64 discrete frequencies,
the longitudinal range of the sample can be detected precisely.

The second part of the thesis studies -elastography which wuses the
cross-correlation approach to reconstruct the shear wave velocity. To expand the
frequency bandwidth of the shear wave displacement field so as to improve the
quality of the shear wave velocity map reconstructed using the cross-correlation
approach, this part studies application of the Lorentz force for generation of shear
wave sources that utilized for elastography.

First, generation of shear wave sources on the soft medium surface is
investigated by stimulating a non-ferromagnetic conductive ring or patch with a
transient magnetic field. Due to the Faraday's law of induction, an eddy current is
generated remotely in the conductive ring or patch by the transient magnetic field.
The eddy current at the same time couples with the magnetic field, generating the
Lorentz force, which constitutes a torque on the ring or patch and vibrates the ring or
patch. The origin and the frequency and amplitude characteristics of the Lorentz force
acting on the conductive ring are confirmed by the displacement measurement using
an interferometric laser probe: (1) the eddy current induced by the transient magnetic
field and the orthogonal component of the magnetic field constitute the two essential
elements of the Lorentz force; (2) the carrier frequency of the Lorentz force equals the
sum of the carrier frequencies of the stimulating transient magnetic field and its time
derivative; and (3) the amplitude of the Lorentz force increases quadratically upon the
amplitude of the stimulating current to the coil. Under a transient magnetic field of
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Abstract

changing rate of 10.44 kTs'!, the patch generates a shear wave field source of
amplitude of 100 um at the surface of the sample of polyvinyl alcohol (PVA) phantom.
The shear wave fields created and propagating in the PVA phantom by experiments
agree qualitatively well with the theoretical shear wave fields calculated through the
analytical Green function solution.

Then, the potential of the generated shear wave fields for the cross-correlation
based shear wave velocity reconstruction is explored. The displacement fields in the
multi-shaped soft biological tissue mimicking agar phantoms are recorded at a
sampling rate of 1000 frames/s as the multiple shear wave sources propagate in the
phantoms. Based on the cross-correlation approach, the shear wave velocity maps are
reconstructed from 100 frames of the displacement fields, which show that: (1) the
interfaces or boundaries between regions of different stiffness can be clearly
recognized, which are completely concealed in the ultrasound images; (2) cylindrical
inclusions of diameter as small as 5 mm can be differentiated from the background,
but at the same time, there are phony boundaries in the homogeneous areas which
undermine the performance of the method; and (3) using the cross-correlation
approach, it is possible to qualitatively but not quantitatively reconstruct the shear

wave velocity in the samples from 100 frames of the displacement fields.

Key Words: Hall effect imaging, linear frequency modulation, step-frequency

technique, passive elastography, transient magnetic stimulation
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Résumé

Résumé

La force de Lorentz, en tant que le lien entre le déplacement mécanique et le
courant €lectrique, est étudié¢ dans cette thése dans les deux domaines de 1'acoustique
médicale: le balayage des gradients de conductivité électrique avec la force de
Lorentz induite par ultrasons (SECG-UILF) et 1'¢lastographie.

La premicre partie de la theése étudie le SECG-UILF. Pour réduire la puissance de
stimulation instantanée du transducteur émetteur et en méme temps la pression
acoustique maximale du transducteur, cette thése propose d'appliquer l'excitation de
I'impulsion ultrasonore a la modulation de fréquence linéaire ou l'excitation de
l'impulsion ultrasonore a fréquence sinusoidale dans SECG-UILF.

Pour les gradients de conductivité ¢lectrique a balayage avec la force de Lorentz
induite par I'ultrasons a la modulation de fréquence linéaire (SECG-LFM-UILF),
deux schémas - le schéma de démodulation cohérente et le schéma de compression
d'impulsions - de reconstruction de la distance longitudinale des gradients de
conductivité ¢électrique au transducteur sont étudiés indépendamment. Le
SECG-LFM-UILF utilise un signal électrique de puissance instantanée maximale de
39,54 dBm pour exciter le transducteur de transmission, ce qui est inférieur de 25,5
dB a la puissance instantanée maximale de 1'impulsion étroite haute tension négative
(65,05 dBm) adopté dans le SECG-UILF traditionnel. Et en temps, la pression
acoustique d'émission maximale dans le SECG-LFM-UILF est inférieure de 0,44 MPa
a celle du SECG-UILF traditionnel. Des expériences sont effectuées pour confirmer la
faisabilité et la performance de SECG-LFM-UILF avec le schéma de démodulation
cohérent ou le schéma de compression d'impulsions, en utilisant des fantomes de
conductivité a plusieurs formes d'agar salin allant de 0,2 S/m a 0,5 S/m. Les résultats
de l'expérience montrent que: (1) le SECG-LFM-UILF peut détecter avec précision la
distance longitudinale des gradients de conductivité électrique; (2) le rapport signal
sur bruit des images de balayage B reconstituées de la distribution de gradient de
conductivité ¢électrique par le SECG-LFM-UILF est comparable a celui obtenu par le

biais du SECG-UILF traditionnel; et (3) en utilisant une largeur de bande de
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fréquence de modulation de 2 MHz et une durée de modulation de 500 us, une
résolution longitudinale de 1 mm est obtenue.

Pour balayer des gradients de conductivité électrique avec une force de Lorentz
induite par ultrasons a fréquence fréquentielle (SECG-SF-UILF), la théorie de
l'application de la technique de fréquence incrémentielle a la reconstruction de la
distance longitudinale des gradients de conductivité électrique est formulée en termes
de schéma de démodulation de phase et le schéma de démodulation en
phase/quadrature-phase (IQ). Comparé au schéma de démodulation IQ, le schéma de
démodulation en phase est simple a implémenter en matériel mais ne peut détecter
que la moitié de la plage longitudinale. Des expériences de SECG-SF-UILF sont
effectuées sur un échantillon de feuille de cuivre a deux couches et les résultats
démontrent qu'en utilisant une largeur de bande de fréquences de 2 MHz et 64
fréquences discretes, la plage longitudinale de 1'échantillon peut étre détectée avec
précision.

La deuxiéme partie de la thése étudie 1’¢lastographie, qui utilise 1'approche
decorrélation croisée pour reconstruire la vitesse d'onde de cisaillement. Pour étendre
la largeur de bande de fréquence du champ de déplacement de 1'onde de cisaillement
afin d’améliorer la qualité de la carte de vitesse de I'onde de cisaillement reconstruite
a l'aide de I'approche decorrélation croisée, cette partie étudie I'application de la force
de Lorentz pour la génération des sources d'onde de cisaillement utilisées en
¢lastographie.

Tout d'abord, la génération des sources des ondes de cisaillement sur la surface
du support souple est étudiée en stimulant un anneau ou un patch conducteur non
ferromagnétique avec un champ magnétique transitoire. En raison de la loi d'induction
de Faraday, un courant de Foucault est généré a distance dans l'anneau ou le patch
conducteur par le champ magnétique transitoire. Le courant de Foucault en méme
temps se couple avec le champ magnétique, générant la force de Lorentz, qui
constitue un couple sur la bague ou le timbre et fait vibrer la bague ou le timbre. La
mesure de déplacement a l'aide d'une sonde laser interférométrique confirme les
caractéristiques d'origine, de fréquence et d'amplitude de la force de Lorentz agissant
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Résumé

sur I'anneau conducteur: (1) le courant de Foucault induit par le champ magnétique
transitoire et la composante orthogonale du champ magnétique constituent les deux
¢léments essentiels de la force de Lorentz; (2) la fréquence porteuse de la force de
Lorentz égale la somme des fréquences porteuses du champ magnétique transitoire
stimulant et de sa dérivée temporelle; et (3) l'amplitude de la force de Lorentz
augmente quadratiquement avec I'amplitude du courant de stimulation dans la bobine.
Sous un champ magnétique transitoire dont la vitesse de changement est de 10,44
kTs™!, le patch génére une source de champ des ondes de cisaillement d'amplitude de
100 um a la surface de 1'échantillon de fantome d'alcool polyvinylique (PVA). Les
champs d'ondes de cisaillement créés et se propageant dans le fantome de PVA par des
expériences concordent bien qualitativement avec les champs des ondes de
cisaillement théoriques calculés au moyen de la solution de fonction analytique de
Green.

Ensuite, le potentiel des champs d'ondes de cisaillement générés pour la
reconstruction de la vitesse des ondes de cisaillement basée sur la corrélation croisée
est exploré. Les champs de déplacement dans le tissu biologique souple multiforme
imitant les fantdmes d'agar sont enregistrés a un taux d'échantillonnage de 1000
frames/s, les multiples sources des ondes de cisaillement se propagent dans les
fantomes. Sur la base de 1'approche de corrélation croisée, les cartes de vitesse d'onde
de cisaillement sont reconstituées a partir de 100 frames de champs de déplacement,
ce qui montre que: (1) les interfaces entre les régions de rigidité différente peuvent
étre clairement reconnues par les images échographiques; (2) des inclusions
cylindriques d'un diamétre aussi petit que 5 mm peuvent étre différenciées de
l'arriére-plan, mais en méme temps, il existe des frontieres factices dans les zones
homogeénes qui compromettent la performance de la méthode; et (3) en utilisant
I'approche de corrélation croisée, il est possible de reconstruire qualitativement mais
non quantitativement la vitesse de I'onde de cisaillement dans les échantillons a partir
de 100 frames des champs de déplacement.

Mots-clés: imagerie a effet Hall, modulation de fréquence linéaire, technique de
fréquence progressive, ¢lastographie passive, stimulation magnétique transitoire

XI



Application of Lorentz force in ultrasound-electromagnetic-field-coupled electrical impedance tomography and
elastography

Xl



S

W =

WA 2 iR B AT USSR 12 3 S R b LR A AH B A . A SRR T
TG 2% S AE B T R S ORI AR 2% 70 I LS 2B B A8 (Scanning Electric
Conductivity Gradients with Ultrasonically Induced Lorentz Force, SECG-UILF) #
Bk % (Elastography) HHIRF .

ARSI B — 3 B A T AR ORI AR 22 0TI L R B R . N T IR
Ui R 7B L AR ORI SR Th e, RIS 90 T AT 7 Tk Bl (R A S e, AR
S AR TR P ORI A 25 00 10 PR S TR 2 AR o N FH 6 P R AR 7 kIl
BT AT P KUl o

Xof T = T e M I ARR 7 K P ORI AG 2% 00 1 L3 FE AR B R (Scanning
Electric ~ Conductivity ~ Gradients ~ with  Linearly  Frequency-Modulated
Ultrasound-Induced Lorentz Force, SECG-LFM-UILF), A4 ¥ 57T T Bififs
FE L RBVRMA BRI N BE B R R AT 5 - FE T TR R BOR 1 SR g 7 S A
BT B p R AR (R A7 5 o 5T 2R AT 75 Bk P R VA0 25 0 1 FL 5 S b
JE A5 PRI WA ) 28 0y 39.54 dBm (1 HLM5 5 I8URh R  4e e 28, LUAR G007 1
FT A B s R E 5 (BRI (E D)% 65.05 dBm) 1K 25.5 dB, [FIEF, j=4
R 75 ok Ul PR WAL 75 s B A B8 792K 0.44 MPa. FIFHFL %11 0.2 S/m 2
0.5 S/m HIZILBERRVIAREA, SCIGIRIUE T 56T 2R Ik VA AR P Bk B R A 26
(1 F, 3 20 AR CRLA AR T R S 307 AR ik ok R 4 S B 7 58D (Rl AT A
RE o SO0 45 R B, BT 2R Mk R AI0EE 75 Ik I IR 1 46 24 77 1R L 3 2880 BE % s (D
A DLAEf AR A o AA7E F S R B A BRI BE s (20 EEAIREA RS
SRR AR PE R SRR 2 (3) I 2 MHz BT % F1 500 us
Rk BERE, BTLASEE 1 mm N IA] 40 FE

b 3 T 20 HE AT 288 P kb ORI AR 22 1 F S BB E AR (Scanning
Electric Conductivity Gradients with Step-Frequency Ultrasound-Induced Lorentz
Force, SECG-SF-UILF), &-F HLil T8 [F]AH A 5 S AN EE T XUEIE [ AH / 1L A2 AH
PATT 5, AT Ja S 1 N AP B A SR AT AE i 5 2B AZ (A ot A 2 1 L
(ISR 5 00 [F A / AEAS AR AR 77 SR A L, B SR (] A T 7 S bl A 5
I 8T BRI 1a] G B o SRS FH R A A RS T A0 0 A3 i 7 ik i

XII



Application of Lorentz force in ultrasound-electromagnetic-field-coupled electrical impedance tomography and
elastography

FBACE I B TR E AR S0 . IR SRR R 2 MHz SRR 5 A 64
AN SRS, T RS 71 TT AR AR AR A 1 P

ARSCE A I T T L OIS SR AR B ) U T R P B AR T PR A
ST R0 B V) 0 R DASR i 5 HAE DG B 10 B ) g 3 RO R A, A SO
T LFEAR 25 377 A B DI AL RS YR I R T3 AR

e, AERA W ST T R B AR A R AR Bk i T AR IR (B R
F RBNFEAE A R T A BT VIR B TRRLEE RIS, B A e 4R
AR (B JE D A iR . IR R SRR & P RIS 2% 1. X
SeIEAR 2L e B PRI, (4R RE . R EOE TR OO &4 R
FrIRIIALAS , E S TR FTE S JE P 38 I8 A8 26 07 R IR AT AR BERFAE : (1D
B AR W37 T8 4 v R B H (R IR PSR T2 I R B 3 W) R i A8 22 1 T R A
BEARFLR: (2) I 2L I M E BN 5E T B (5 5 AR A 215 5 1 E A
S Ay I B (3) HoE I 22 P WU LA e FE — s ek K R R AR 3N 10.44
KTs™! BB ARG W ih 4@ v v LAAE S 20 (Polyvinyl alcohol, PVA) fhiAFE A
R E MR LI 100 wm BT VIR o SIS (FI7E PVA i 7R P 5% R 1 85 1)
WAL 5 PRI R BOR A3 BT VDB A 8 OB 8 e e &

NI ARERIRR T PRI 2 A BV L BV LE 5L T FLAR SGI8 BN By ) o
JE S T T PR RE o SRAE 2 AN B VIR A RS URTE 2 TR AE WA SR B R A R A v £
Tfifeyy CRREZJY 1000 WUFP), I FHFAHC 2 100 Mih % B = 2 17 4
H BT DR I A P R AR U T AERIER I (1) FEAHR R X 3R] g 4 S
THT BRIV T DA A AR AR, 1 76 6 7 LR, X R 4y ST 58 A AN R R s (2D
BAR/NE 5 mm PEFE RSP CRBEEEAS [F) 115 503 2 O wT ARl fH
RIS, ERCRERER S I X Hk, AErEfh oy S, PR T SO I &E: (3) TR
FH 32 S 1A BY L9850k P i ik BN 100 B 1A A% B SRAS FEAS o 8 1138
TR A, (HIERIS Al

R BIRBNEAR, SNEIEOR, SHIEOR, $EEhitimB, b
B

XIV



Content

Content
ACKNOWIEAZEMENTS .....eiiieiiieeiiie e et eeae e e aae e s e e enes I
ADSTIACE ...ttt et sh ettt sbe et A%
RESUME ...ttt ettt st e s IX
T 3OO OO OO TP OO OO T OT PP UOT OO OTPURT PPN XIII
Chapter 1 INtrodUCHION .......ccuviiiieiiicieeie ettt et beesaaeesbeesseeeasaes 1
1.1 Significance of the topic and supporting programs ............cceeceeveeereeereeeeeene 1
1.1.1 Electrical impedance tomography............cccceeeevierienieiieenieeieeeeeeeeeen 1
1.1.2 EIaStO@raphiy ...cccuveeeiiieeiieeeiee ettt 3
1.1.3 SUpPPOIting PrOZIAMS. .....ccveerureerieriieeieeriieeieeneeeereenseeesaeenseeesseeseessseenseas 7
1.2 Summary of the status of the research topic ........ccccevvieeeieeeciieeieeeeeeeee e 8
1.2.1 The LOrentZ fOrCe. .......eevuieiiriiiiiiesiteieeestee et 8
1.2.2 The role of Lorentz force in electrical impedance tomography.............. 8
1.2.2.1 Magneto-acoustic imaging of bioelectric currents...........c..c....... 8
1.2.2.2 Forward mode of the Hall effect imaging...........cccceevveveuvrenenn. 10
1.2.2.3 Reverse mode of the Hall effect imaging.............ccccevverieenennne. 12

1.2.2.4 Scanning electric conductivity gradients with ultrasonically-

induced Lorentz force.........ovverieiiiiinieniiiicceccseee e 14
1.2.2.5 Magneto-acoustic tomography with magnetic induction............ 16
1.2.2.6 Magneto-acousto-electrical tomography ...........ccceeevvenericnnns 18

1.2.3 The role of Lorentz force in functional magnetic resonance imaging

(FIMIRI) .ttt ettt e te e seeneeneas 20

1.2.3.1 Lorentz effect imaging of action current using MRI .................. 20

1.2.4 Application of Lorentz force in elastography ............ccocceeveeiieniienncne 21
1.2.4.1 Electromagnetic actuator in MR elastography.............cccceeuneee. 22

1.2.4.2 Direct generation of shear wave in soft tissues............ccccveennnee. 22

1.3 Structure 0f the theSiS......coveriiiiriiieieeee e 25
1.4 Highlights of innovations in the thesis...........cceevviiiiriieeiiieecieece e 27

Part 1 Scanning electric conductivity gradients with ultrasonically-induced Lorentz

XV



Application of Lorentz force in ultrasound-electromagnetic-field-coupled electrical impedance tomography and
elastography

Chapter 2 Scanning electric conductivity gradients with linearly frequency-modulated
ultrasound-induced Lorentz force..........ooviveriiniiiiiieniiienecceecece e 31

2.1 Measured current signal in SECG-UILF ........ccccooviviiiiiniiiieeiieeeeeeee e 32

2.2 Linearly frequency-modulated ultrasound pulse stimulation and the current
SIENAL GENETALEA ....oviiiiiieiiieieeie e e 34

2.3 Calculation of the longitudinal distance - using coherent demodulation

2.4 Calculation of the longitudinal distance - using pulse compression scheme..39

2.5 Experimental setup and methods ...........ccoocveiiiieiieniiiiiieieeeee e 41
2.5.1 LFM ultrasound pulse generation SyStem ..........ccccecveeeeuieercreeenveeennnennn 42
2.5.2 Magnetic field .......oooiiiiiiieieceee e 46
2.5.3 SAMPIC....neriieiieeee et s 47
2.5.4 Signal detection SYStEIM.......ccueeriierierieeriieeieeieeete et e eete e e seeeeaeesaee e 49

2.5.5 Four SECG-LFM-UILF experiments using linearly frequency

modulated ultrasound pulSe..........cccoevuieriiiiieniiiieeee e 50
2.5.6 SECG-UILF using high-voltage narrow pulse signal..............c...c....... 53
2.6 Experiment results and diSCUSSION .......cccueeruieriieriienieeiieeie et 55

2.6.1 The first group of experiment - confirmation of the feasibility of
SECG-LEM-UILF ..ottt 55
2.6.2 The second group of experiments - B-scan image of multi- shaped agar
PRANTOMIS. ...ttt et 59
2.6.2.1 SECG-UILF on a multi-shaped saline agar phantom with a
rectangular hole INSide.........ocoeeviieiiiiiiiiiiieeeeeee 59

2.6.2.2 SECG-UILF on a multi-shaped 3-layer saline agar phantom.....63
2.6.3 The third group of experiments - demonstration of the longitudinal
TESOIULION L.ttt 65
2.6.4 The fourth group of experiments - retrieving the conductivity gradient

polarity by the IQ-coherent-demodulation-scheme-based SECG-LFM-

XVI



Content

2.7 Chapter SUMIMATY .....cccvieiieeiieiieeeeetieeteesteeseteeteesseeebeesaseenseesssesnseesneesnseenses 71
Chapter 3 Scanning electric conductivity gradients with step-frequency ultrasound
Induced LorentzZ fOTCE ......c.eivuiriiriiiiiiieiceeeeee et 73

3.1 Application of step-frequency teChNiquUE ..........ccccvveeriieeriieeiieeieeeiee e 73
3.1.1 Calculation of the longitudinal distance - the in-phase coherent
demodulation SChemEe ..........ccoueiieiiiiiiiecee e 76

3.1.2 Calculation of the longitudinal distance - the in-phase/quadrature-phase

(IQ) coherent demodulation scheme.............cccceeeevieeiiiiiiiiccieceee e 77
3.2 Theoretical analysis and eXPEriments ..........cccuveercvreerireerieeeiieeeieeeereeeeveeenns 78
3.3 Results and diSCUSSION .......eeueiiiriieiiiiieiiieie et 80
3.4 Chaper SUMIMATY .....cccvieeeeiieesieeesreeeireeesteesteeessseeessseeessseessseessseessseeessseeenes 81

Part 2 Shear wave generation by the Lorentz force and its application in elastography

Chapter 4 Shear wave generation by remotely exciting aluminum patches with a
transient magnetic field.........c.coooiiiiiiiiiiii e 87
4.1 Characteristics of the Lorentz force induced ...........cccoocveveriininiinicnenncnnn, 87
4.2 Displacement of the aluminum patch under the stimulation of a transient

mMagnetic fleld ..o 89
4.2.1 The transient pulsed magnetic field ...........cccoeeviiiiiiiiiiiiieee, 90
4.2.2 Three groups of experiments measuring the displacements of the
AIUMINUIN TINE....eeeiiiieeiieeeiee et et eee e et e e s aeeesbeeesnseeeennee s 92

4.3 The Shear wave displacement fields in the soft medium generated by the
aluminum patch under the transient Lorentz force...........cccoeevveviienieeneennnns 93
4.3.1 Ultrafast ultrasound imaging and calculation of the shear wave
displacement of the medium............ccccoeeiieiiieiiiiiiiciee e 93

4.3.2 Two experiments measuring the medium displacements...................... 94

4.3.3 Theoretical longitudinal displacement field in the PVA phantom

calculated using the Green function ...........ccccceeveiieecieeecieeccee e 95
4.4 Results and diSCUSSION ....cc.eeruieiiiiiniieieiieieeie sttt 97
4.4.1 Confirmation of the Lorentz force origins.........ccceevvveeeveencveescreeennnenn. 97



Application of Lorentz force in ultrasound-electromagnetic-field-coupled electrical impedance tomography and

elastography
4.4.2 The frequency characteristics of the Lorentz force...........c.ccccuvrrueenneenne 99
4.4.3 The amplitude characteristic of the Lorentz force...........ccccuvvevuneennnee. 101

4.4.4 The propagation of shear wave displacement in the PVA phantom....102

4.4.5 Propagation of multiple shear wave sources in multi-shaped agar
PRANTOIMN ..t 104

4.5 Chapter SUIMIMATY ......ceeivieeiieeeiieeeieeeeieeesreeesaeeesseeessreessreesseeessseeessseeennses 104
Chapter 5 Ultrasound elastography with the shear wave source generated by vibrating
aluminum patches with a transient magnetic field ............cccooovveveiieiiiniiiniennnn, 107

5.1 Elastography experiments on multi-shaped agar phantoms.......................... 107

5.1.1 The transient pulsed magnetic field and the aluminum patches actuators

5.1.2 Ultrafast ultrasound imaging and calculation of the shear wave
displacement fieldsS .........cccuiieriiieiiie e 110

5.1.3 Shear wave velocity reconstruction using the cross-correlation- based

APPTOACK. ... e 111
5.1.4 Five samples of multi-shaped agar phantoms............cccceveeeerieennennnn. 113
5.1.5 Three groups of ultrasound elastography experiments....................... 120

5.1.6 The control experiment - generation of shear waves using a mechanical

o110 110 ) SRR 122
5.2 Results and diSCUSSION .....cc.eeeuiiiiiieiiieriieeiieeie ettt e 123
5.2.1 Elastography of the 3-layer multi-shaped agar phantom sample........ 123

5.2.2 Elastography of the multi-shaped agar phantoms samples with four
CYlINAer INCIUSIONS ....ovvieiiiiiieiiecieee ettt 126

5.2.3 Qualitative rather than quantitative reconstruction of shear wave

VEIOCIEY ottt ettt ettt ettt ettt eebeestaeebeessneenseennneans 130

5.3 Chapter SUMIMATY ....cccuveeeeuieeeiieeereeesteeesteeesseeesseeesseeessseeessseesssseesssseessseeans 140
Chapter 6 Conclusions and future Work............ccccoeveerieeciienieiiieieee e 141
6.1 Overall CONCIUSIONS........ccciiieiiieeiiieciie et e esereeeeanee s 141

6.2 Challenges and possible SOIULIONS .........cecvveeiieriieeieiiieeieeiieeee e 143
Appendix 1 Derivation Of (2.8)...cccuiiccieeeiieciie ettt s 145

XVIII



Content

Appendix 2: Derivation Of (3.4).....cceiiiiiiiiiieieeeeeee e 149
Appendix 3: Derivation 0f (3.7)..cccueiiiiiieee e 151
BibLIOZIAPRY ..o e 153
BIOGIaPRY ....eeeeee e e e eeenaee s 165

XIX



Application of Lorentz force in ultrasound-electromagnetic-field-coupled electrical impedance tomography and
elastography

XX



Chapter 1 Introduction

Chapter 1 Introduction

The Lorentz force, which connects the electrical current and the mechanical
motion, attracted researchers' attention and had been explored a lot during the past
two decades in many fields of biomedical imaging, such as electrical impedance
tomography, elastography, etc. For the conductive medium placed in the magnetic
field, the induced Laplace force - when there is electrical current passing through the
medium (the electrical current density is not completely parallel with the magnetic
field) - introduces movement into the medium. This is the electrics-to-mechanics
mechanism of the Lorentz force. And for the moving conductive medium in the
magnetic field (the direction of the movement is not totally parallel with the magnetic
field), the charged particles (like ions in saline solutions) deviate toward the direction
perpendicular with both the magnetic field and the movement. This is the

mechanics-to-electrics mechanism of the Lorentz force.

1.1 Significance of the topic and supporting programs

1.1.1 Electrical impedance tomography

The electrical properties of biological tissue include conductivity and permittivity.
Among various biological tissues, the conductivity and permittivity have broad ranges.
Basically, the human fluids, for instance the cerebrospinal fluid and the plasma, have
relatively high conductivity, while the bone and the adipose tissue have low
conductivity. These parameters also are indicators of underlying physiological and
pathological conditions in the body. For example, the measurement of thorax
impedance is useful in monitoring cardiac and pulmonary functions such as stroke
volume (Bache et al. 1969) and lung ventilation (Baker and Geddes 1970); and it also
may be used for early breast cancer screening as many researches have shown that
cancerous breast tissue has significantly higher conductivity than its surrounding
tissues (Surowiec et al. 1988, Jossinet 1998).

In addition, the conductivity and the permittivity of the biological tissue are
important biophysical parameters in modeling living systems. For instance, an
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accurate volume conductor model plays an important role in studying the
electrophysiological activities of excitable organs such as the heart and the brain
(Malmivuo and Plonsey 1995). This could be used to improve the accuracy of
locating the source of this electrical activity in the excitable organs through surface
recordings of the resultant electrical signals, as in electroencephalograms (EEG) and
electrocardiograms (ECG) (He 2004). And a bio-impedance model of the body is also
needed in understanding the interactions of the electromagnetic stimulations applied
to the biological tissue as a part of a diagnostic or therapeutic system. Such modeling
could be used to manage the application of electromagnetic energy delivered to the
tissue, as in a high field MRI system or with electrical neural stimulation systems like
transcranial magnetic stimulation (TMS). Therefore, a high resolution, cost-effective
and non-invasive imaging modality that can give accurate estimation of the electrical
properties of biological tissue is highly desired.

Over the past few decades, several techniques have been explored to estimate the
electrical property distribution in biological tissue. These techniques involve inducing
some form of electromagnetic field in the tissue being studied and estimating the
impedance distribution in the tissue from the electromagnetic field measured. Because
of the nonlinear dependence of the electromagnetic fields on the impedance, the
estimating procedure is quite complicated. Various electromagnetic methods are used
for imaging tissue impedance including electrical impedance tomography (EIT)
(Barber and Brown 1984), magnetic resonance electrical impedance tomography
(MREIT) (Khang et al 2002), magnetic induction tomography (MIT) (Griffiths et al.
1999), and microwave imaging (Maeney et al 2000). However, due to the limited
number of unique points on the surface at which the voltages can be measured, the
EIT inverse problem suffers from ill-posedness. This results in the low spatial
resolution impedance image that can be obtained by the EIT method. MREIT can
provide impedance distribution of high spatial resolution, but compared with the EIT
or the MIT methods, it relies on the magnetic resonance imaging and therefore suffers
from long operating time and high cost. So far none of these methods have gained
broad clinical applications. In order to improve the spatial resolution, the hybrid
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methods using ultrasound and electromagnetic fields coupling have been proposed,
which include magneto-acoustic tomography (Towe and Islam 1988), Hall effect
imaging (HEI) (Wen et al. 1998), scanning electric conductivity gradients with
ultrasonically induced Lorentz force (SECG-UILF) (Montalibet et al. 2001a, 2001b),
magneto-acoustic  tomography with magnetic induction (He 2005), and
magneto-acousto-electrical tomography (MAET) (Xu et al. 2007, Haider et al. 2008,
Renzhiglova et al. 2010, Guo et al. 2015). These ultrasound-electromagnetic-field
coupling methods inherit the merit of high spatial resolution of ultrasound and the
merit of high contrast of electrical impedance tomography. The first part of the thesis
aims to study and develop the SECG-UILF.

1.1.2 Elastography

Mechanical properties of the human tissues are determined by tissue
compositions, inflammation effects, cell proliferation, etc, which vary among different
biological tissues and upon various pathological states for the same biological tissue.
For instance, the human muscle tissue is remarkably stiffer than the healthy liver
tissue. And, cirrhotic livers tend to be stiffer than healthy livers because of fibrosis
(Yeh et al. 2002). Variations in the mechanical properties of tissue also go with
therapeutic procedures, such as radio-frequency (RF) ablation which results in the
denaturing of proteins and an inflammatory response stiffening the induced lesion
(Varghese et al. 2002). Therefore, the mechanical characteristics of the soft tissue are
considered as biomarkers for disease diagnosis. Since ancient time, the palpation has
been one of the most common practices in tradition medicine. Nowadays, with the
emergence of advanced medical imaging technologies, a more objective and less
operator dependent method has been developed, which is called elastography.

From a mechanical point of view, these mechanical properties are characterized
by the Lamé constants: A referred as bulk modulus and characterizing the response of
the solid to compression and u the shear modulus quantifying the response to shear
stress. The compressive modulus of the biological soft tissue is significantly higher
than the shear modulus, therefore the biological tissue can be considered as virtually
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incompressible, having a like behavior of fluids when subjected to a compressive
stress. Among the various biological tissues, the bulk modulus has a narrow window
of variation between 1 GPa and 10 GPa while the shear modulus varies several orders
of magnitude, from 100 Pa to 100 MPa (Sarvazyan ef al. 1998).

In an elastic, isotropic and homogeneous soft medium, the displacement field can
be divided into three components: the compression wave field, the shear wave field,
and the coupling between the two previous waves (Aki and Richards 2002). The
amplitude of the coupling term decreases in 1/7° while the compression and the shear
waves decrease in 1/7. The coupling term therefore is the near field wave compared to
the other two components of the wave field. The compression wave speed equals
J@+2u)/p while the shear wave speed equals ,/u/p. The majority of the human
body is made of water (around 70%) and the variation of density among various soft
tissues is less than 5% (Cobbold 2006). So if the density is considered as constant, the
shear wave speed is exclusively determined by the shear modulus, and vice versa. In
soft media, the compression wave speed is significantly greater than the shear wave
speed, and the amplitudes of both waves are inversely proportional to the square of
their propagation speed. The compression wave therefore propagates instantly and has
a very negligible amplitude in the far field, compared to the shear wave. Therefore,
using a fast imaging device, the shear wave displacement can be captured, from which
the shear wave speed and the shear modulus can be computed. This is the
fundamental principle of dynamic elastography.

Generally, elastography consists of three elementary steps: (1) excitating to
generate tissue displacement; (2) acquiring the displacement field; and (3)
reconstruction of mechanical parameters. Since the emergence of elastography about
37 years ago (Dickinson and Hill 1982), innovations have taken place in all three
elementary steps. A variety of approaches have been proposed. Among them are:

(1) Quantification of natural motion of human organs (Dickinson and Hill 1982)
and echoseismography using controlled monochromatic vibrations (Eisensher et al.
1983). These two methods qualitatively distinguished the soft from the stiff tissues
based on the displacement amplitude of the tissues.
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(2) Sono-elastography first realized in 1987 (Krouskop et al. 1987) and given the
name in 1988 (Lerner et al. 1988). The method used Doppler ultrasound to measure
the oscillations under the externally applied vibrations but could only measure
qualitatively the shear elasticity of biological tissue.

(3) Strain Elastography (Ophir ef al. 1991). The method based on the scalar
Hooke's Law and consisted of applying a stress using the ultrasound probe and
measuring the induced strain using the standard speckle tracking technique. This
method still only provided a qualitative measurement of the tissue's shear modulus.
Nowadays, Siemens, Hitachi, BK Medical et al. have installed the strain elastography
in their ultrasound systems.

(4) Magnetic resonance elastography (MRE) (Muthupillai et al. 1995). This
method was similar to sono-elastography in applying monochromatic excitation on
the medium under investigation but could obtain a quantitative shear wave speed in
the medium. In their experiments, they cleverly utilized the Lorentz force from the
coupling of the main magnetic field of the MRI scanner and the oscillating current in
the actuating coil and created the shear wave displacement at the medium surface. As
the MRI scanner measured the three components of the displacement field, MRE
could measure the anisotropy and the viscosity of the biological tissue (Sinkus et al.
2005).

(5) 1D transient elastography developed around 1998 by S. Catheline and 2D
transient elastography developed around 2004 by J. Bercoff during their PhD theses
respectively (Catheline 1998, Bercoff 2004). These two methods used an external
mechanical actuator or a piston integrated into the ultrasound probe to exert an
impulsive excitation on the surface of the medium and used a focused transducer to
record the shear displacement at a sampling rate higher than 1300 samples per second
(5000 samples per second in 2D transient elastography). The transient elastography
opened a reliable alternative providing quantitative elastography measurements. Due
to its effectiveness, this approach was finally implemented in a stand-alone device the
Fibroscan manufactured by Echosens to characterize the stage of the liver fibrosis.

(6) Vibro-acoustography (Fatemi and Greenleaf 1999). This method employs a
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confocal transducer to produce two intersecting continuous ultrasound waves with
slight frequency difference Af, which creates an oscillating radiation force of the
difference frequency Af over the region of interests. The sound from the vibration of
the medium was detected by a hydrophone tuning to the difference frequency. The
limitation of this method was that the measured sound wave may be affected by the
geometry of the target medium and was not directly related to the medium
viscoelastic properties.

(7) Shear Wave Elasticity Imaging (SWEI) (Sarvazyan et al. 1998) and Acoustic
Radiation Force Impulse (ARFI) imaging (Nightingale et al. 2002). These two
approaches were quite similar and they focused an ultrasonic beam for a few
microseconds to a given depth and a variety of parameters were evaluated by
analyzing the mechanical response of the tissue under this solicitation. The ultrasound
probe served both as the excitation device and as the acquisition device, allowing the
system to be more compact. But the technique did not provide a quantitative
measurement of the shear modulus.

(8) Supersonic Shear Imaging (SSI) developed also around 2004 by Bercoff
during his PhD thesis (Bercoff 2004). This technique actually was a revised version of
2D transient elastography by incorporating the idea of ARFI. To increase the shear
wave propagation depth, the ultrasound pulses were focused successively at different
depths of the target media to create constructive interference along a Mach cone. And
by recording the propagation of the induced shear wave, a quantitative 2D elasticity
map can be obtained in real time. The success of this method gave birth to the clinical
imaging system - Aixplorer - by Supersonic Imaging.

(9) Natural Shear Waves Imaging or Passive Elastography. In 1996, H. Kanai et
al. evaluated the thickness change of the heart wall accompanying the cardiac motion
based on the vibration amplitude of the heart wall and used the information for heart
disease diagnosis (Kanai ez al. 1996). In 2002, E. Konogagou et al. estimated the local
cardiac muscle displacement and strain in a human heart utilizing the passive cardiac
muscle motion during a cardiac cycle as the mechanical stimulus. The method was
qualitative as only a strain map was given (Konofagou et al. 2002). In 2007, K. Sabra
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et al. succeeded retrieval of the tissue's shear modulus and shear viscosity parameters
from the shear wave profile, which was extracted by applying cross correlation to the
noise-like displacement measurements from sixteen miniature accelerometers
mounted on the vastus laterali muscle (Sabra ef al. 2007). In 2011, T. Gallot et al.
measured the natural displacement inside a healthy human liver using an ultrasound
scanner and retrieved the shear wave speed map using the noise correlation method
(Gallot et al. 2011). In 2016, A. Zorgani et al. recorded the passive shear waves in the
brain tissue using MRI scanner and retrieved the shear wavelength tomography of the
brain tissue from these noise-like field using the noise correlation method (Zorgani et
al. 2016).

The second part of the thesis aims to study and develop generating the shear wave

displacement sources for elastography using the Lorentz force.

1.1.3 Supporting programs

The thesis is mainly supported by the following programs:

(1) The Key Program of the National Natural Science Foundation of China (Grant
No. 51137004): Research on the Lorentz-force-acoustic-source-based magneto-
acoustic imaging of the biological conductivity.

(2) The Major Scientific Instrument and Equipment Development Program of the
National Natural Science Foundation of China (Grant No. 61427806): Research and
instrument and equipment development of the acoustic-radiation-force-Lorentz-force-
based ultrasound magneto-electric duel-modality imaging method.

(3) The Scientific Instrument and Equipment Development Program of the
Chinese Academy of Sciences (Grant No. YZ201507): The scientific instrument and
equipment development of the focused acoustic-radiation-force-based magneto-
acousto-electrical imaging.

(4) The State-Sponsored Post-graduate Studying Abroad Program of the China
Scholarship Council (Grant No. 201604910849): Ultrasound elastography using the
shear wave source generated by the Lorentz force.

(5) DEVweCAN LabEx - Cancer Development and Targeted Therapies - awarded
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by Government in Lyon (France) and supported by University of Lyon.

1.2 Summary of the status of the research topic

1.2.1 The Lorentz force

The expression of the Lorentz force has the microscopic and the macroscopic
forms. The microscopic form applies to charged particles moving in the magnetic
field while the macroscopic form applies to conductors or conductive medium with
electricity passing through.

The microscopic form: Consider a particle with charge ¢ and moving in the speed v

in the magnetic field B, the Lorentz force F experienced by the particle then is:
F=qvxB (1.1)

where X stands for cross product, the orientation of v, B and F follows the right-hand

rule.

The macroscopic form: Consider a conductor of length L with electricity / passing

though and placed in the magnetic field B, the Lorentz force F acting on the

conductor then is:
F=[ dlxB (1.2)
And for the conductive medium with electrical current density distribution J and
placed in the magnetic field B, the Lorentz force dF working on the small volume

element dz is:

dF = Jdv<B (1.3)

1.2.2 The role of Lorentz force in electrical impedance tomography

In the following sections, we list all the biomedical imaging methods using the
Lorentz force in a chronological order. For methods with the same working principle,
we use the name of the earliest method to honor the originality of the author(s) who

found it first.

1.2.2.1 Magneto-acoustic imaging of bioelectric currents
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In 1988, TOWE et al. invented the magneto-acoustic method for the noninvasive
measurement of bioelectric currents (Towe and Islam 1988). In their experiments
(Figure 1.1), samples such as electrolytes or hamsters were placed in magnetic fields,
and electric currents of microampere-level were driving through the samples. Using
microphone coupled to the sample, acoustic responses induced due to Lorentz force
could be detected. The experiments were implemented either with steady currents and
oscillating magnetic fields (5-10 mT at frequencies of 500-1000 Hz) or with audio
frequency currents (3 kHz) and steady magnetic fields. And the acoustic response
amplitude increased linearly with the current amplitudes, the magnetic field intensity
and the comparative orientation of the electric current density and the magnetic field.
And computerized assisted tomography (CAT) obtained from simulated data showed
that the locations, magnitudes and orientations of the vector dipoles could be
reconstructed (Islam and Towe 1988). Based on fundamental equations of continuum
mechanics and electromagnetism, ROTH et al. derived the theoretical model of
magneto-acoustic current imaging (Roth et al. 1994).

pTt=(K+26)V(V )~ GVx (Vxu) +] x B (1.4)
where p, K, and G are the density, bulk modulus and shear modulus of the sample
medium. u, J and B are the displacement, electric current and magnetic field intensity
within the sample medium.

ROTH et al. derived that the magnitude of the displacement on the surface of the
sphere medium was on the order of gB/(4xGa) when a current dipole of strength ¢
was placed at the center, where @ was the radius of the sphere medium, and that the
pressure produced in the medium was on the order of gB/(4m?), where r was distance
between the center of the dipole and the measurement field. Using a dipole moment of
1 1A (the typical cardiac equivalent dipoles), the shear modulus of 10* N/m for soft
tissues, radius of the spherical medium of 1 cm, and the magnetic field of 1 T, ROTH
et al. calculated that the surface displacements were about 1 nm and pressure was
about 0.166 Pa, which indicated that magneto-acoustic imaging of biomedical

currents was significantly difficult to achieve (Roth ef al. 1994).
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Figure 1.1. Schematic of the experimental setup for magneto-acoustic imaging of bioelectric currents.

(Towe and Islam, 1988)

1.2.2.2 Forward mode of the Hall effect imaging

In 1997, WEN et al. introduced the Hall effect imaging method (Wen et al. 1998),
which worked either in the forward mode (with ultrasonic stimulation and electric
detection) or in the reverse mode (with electric stimulation and ultrasound detection).
In the forward mode (Figure 1.2.a), an object sample was suspended in a plastic
chamber filled with 0.4% NaCl solution and placed in the field of a 4 T magnet in the
Y direction. A unipolar nominal pulse with an amplitude of -500 V and a duration of
150 ns from a pulser (Panametric 5058PR) was used to stimulate the planar
piezoelectric transducer (Panametric V314). The transducer had a nominal element
size of 1.9 cm, a center frequency of 1 MHz and a -6 dB bandwidth of 600 kHz. The
transducer transmitted compression waves in the -Z direction towards the sample and
the sample moved back and forth along the Z direction under the ultrasound
stimulation. The induced electromotive force across the sample in the X direction
because of the Lorentz force was detected through electrodes placed in the solution.
The weak voltage signal then was amplified by 60 dB by a low noise preamplifier
(Miteq), bandpass-filtered, and amplified again by 30 dB. Figure 1.2.b was the
recorded signal with a sample of polycarbonate block. WEN et al. misunderstood the
working principle of the method as the classical Hall effect, but actually the effect
upon which the method worked is Faraday induction, wherein the electromotive force

appears across the conductive medium when it moves transverse to the magnetic field
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Figure 1.2. (a) Schematic of the experimental setup of the Hall effect imaging in forward mode. (b)

Voltage signal from a rectangular polycarbonate block sample. (Wen ef al. 1998)

(Roth et al. 1998). Based on the basic equations of fluid mechanics, WEN et al.

derived the theoretical model of the voltage signal detected (Wen et al. 1998).

?
V(t) = aWRyB, fsoundpath {E [ZE—;] f_toop(z, ‘[)d‘[} dz (1.5)

where o is a coefficient, W is the ultrasound beam-width, Rs is the electrical
impedance of the detection circuit, Bo is the static magnetic field, o(z) and p(z) are
respectively the conductivity and density of the conductive medium, and p(z, ¢) is the
ultrasound pressure along the ultrasound propagation path.

Using the electromagnetic reciprocity theorem, WEN derived the voltage across

the detecting electrodes (Wen 2000).
e —ikIr=R|
s*(r,w) n,_g—————QMn,_g,w)|d3r (1.6.a)

( w Ir=
U, R) = i4mc? fff |r — R|
{ s(r,w) =By X j(r,w) (1.6.b)

Qn,w) = ﬂ Py(r, w)e =R (n.n Yd?r (1.6.¢)
sample surface

\
where R is the coordinates of the ultrasound transducer element, Bo is the applied
static magnetic field, j(r, @) is the electrical current density distribution in the sample
when the oscillating current of 1 A and of frequency of w is injected into the sample,
Po(r, ) is the resulting acoustic pressure at the ultrasound transducer surface, n,
represents the unit normal vector of the sample surface, and Q(n, w) represents the

angular beam profile of the transducer.
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1.2.2.3 Reverse mode of the Hall effect imaging

The reverse mode of the Hall effect imaging is similar to the magneto-acoustic
imaging of biomedical current since both methods use electric stimulation and
ultrasonic detection. The major difference between the two methods is the working
frequency band in the two methods. In the reverse mode of Hall effect imaging
(Figure 1.3.a) (Wen et al. 1997), WEN et al. used almost the same experimental setup
as that in the forward mode except that the output signal from the pulser was used to
stimulate the electrodes and that the transducer - used as detection - was connected to
the preamplifier. The transducer and the preamplifier were refitted in a conical copper
shield, which effectively suppressed the direct cross-talk noise (Wen et al. 1998).
Figure 1.3.b showed the B-scan image of a sample of bacon of streaky pork, from
which the fat and muscle interfaces were better differentiated than from the
echography image (Wen ef al. 1998).

WEN succeeded the 2D tomographic image reconstruction of sample (Wen 1999).

The principle was showed in Figure 1.4. The transducer scanned an evenly distributed

(b)
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Figure 1.3. (a) Schematic of the experimental setup of the Hall effect imaging in reverse mode. (Wen et
al. 1997) (b) B-scan reverse mode Hall effect image (top) and the echo ultrasound image (bottom) of
the sample of bacon (middle). (Wen et al.1998)
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grid pattern R(i, j), and the image of any point r within the sample could be expressed
as (1.7).
Sij(td+|T—Rc(i.j)|

A(r) =2 RG] )P(Q) (1.7)
where, Si(?) is the detected ultrasound signal at point (i, j), 7« is the delay introduced
by the transducer standoff, and P(6) is the angular sensitivity profile of the transducer.

Using the electromagnetic reciprocity theorem, WEN derived the acoustic
pressure signal at the transducer when electrical current stimulated the sample as(1.8.a)
(Wen 2000). From (1.8), WEN pointed three steps needed to derive the conductivity

distribution from the pressure signal: first, reconstructing s(r, w) from P(w, R);

10 mm

Figure 1.4. (a) The schematic of the 2D scan geometry (Wen 1999). (b) Experimental setup for the 2D
tomographic scan (Wen 2000). (c) A sample of a section of aorta of an NIH mini-pig (Wen 2000). (d)

The combined 3D image of the aorta section (Wen 2000).
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second, retrieving the current distribution j(r, @) from s(r, w); finally, reconstructing

the electrical conductivity distribution o(r, w) from the current distribution j(r, w).

: —ik|r—R|
(P(w,R) = %ﬂj [s(r, ) -nr_ReTD(nr_R, w)|d3r (1.8—-a)

|r — R|
{ s(r,w) = By X j(r,w) (1.8 —b)
D(n,w) = ff eikn(r=R) g2, (1.8 —0¢)
transducer area

Based on (1.8) and the experimental setup, WEN pointed out the limitations of
the imaging method: (1) the frequency band of the transducer used was limited to
1.4-3.0 MHz and information about s(r, @) only within this band was contained in
P(w, R). Therefore the resolvable spatial structure of the imaging method was on the
scale between 0.5 mm and 1.5 mm; (2) The acoustic window of the transducer was
limited to a small area and only part of s(r, ®) was sensed; (3) For most biological
samples, the boundary conditions are not known and the current distribution is
partially mapped, so the conductivity distribution could not be uniquely determined

from the current distribution.

1.2.2.4 Scanning electric conductivity gradients with ultrasonically-
induced Lorentz force

In 2001, MONTALIBET et al. proposed and developed the imaging method of
scanning electric conductivity gradients with ultrasonically-induced Lorentz force
(Montalibet et al. 2001a). The fundamental principle of this method is same as that of
the forward mode of Hall effect imaging: ultrasound was used to move the sample
placed in the magnetic field and electrodes were used to detect the electrical current
induced by the Lorentz force, as shown in Figure 1.5.a. But MONTALIBET et al. still
did innovative works: (1) analytical expression of the induced electrical current
density Jy under the ultrasound stimulation was derived as (1.9), which was in-phase
with the sample movement in practical experimental setup (Montalibet ef al. 2001b);
(2) Instead of nominal pulse of short duration and planar transducer, bursts of
sinusoidals (500 kHz, 5 pulses) with Wiener inverse filtering and focused transducer

(the transducer element ¢ = 50 mm, R = 120 mm) were used to realize the imaging
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method (Montalibet ef al. 2001a). Experiments were done with samples of two-layer
gel phantoms (with conductivity 0.5 S/m and 1.4 S/m) and multi-layered pork. The
results showed that the method could recognize the electric conductivity variation
interfaces in the sample.
Jy=0V:Brand o= FXini Ci ui (1.9)
Where F, ni, Ci, ui are respectively the molar electric charge, and the charge, the
volume concentration and mobility of each species of ion.
In 2013, GRASLAND-MONGRAIN et al. continued MONTALIBET's work.
GRASLAND-MONGRAIN ef al. got the B-scan images of samples of gel phantom

@ _ (b)

absorbent
magnetic applicator

measuring chamber
support

rear face of the
transducer

(d)

Figure 1.5. (a) Schematic of the experimental setup of scanning electric conductivity gradients with
ultrasonically-induced Lorentz force. (b) Photo of the experimental setup. (c) Experiments with a
sample of 2-layer gel phantom (top); the received current signal (middle); and the reconstructed
variation interface using the Wiener inverse filtering (bottom). (d) Experiments with a sample of

multi-layered pork. (Montalibet 2002)
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y (cm)

Figure 1.6. (a) 2-layer salty gelatin sample. (b) Echography image (top figure) and SECG-UILF image
(bottom figure) of the 2-layer salty gelatin sample. (c) The sample of the L-shape beef. (d) Echography
image (top figure) and SECG-UILF image (bottom figure) of the sample of L-shape beef.

(Grasland-Mongrain et al. 2013)

blocks (Figure 1.6.a and b) and L-shape beef (Figure 1.6.c and d) by scanning the
samples at laterally different places and uniting each line of data together
(Grasland-Mongrain 2013). GRASLAND-MONGRAIN et al. changed the name of
the imaging method to Lorentz force electrical impedance tomography to describe

both the imaged parameter and the method.

1.2.2.5 Magneto-acoustic tomography with magnetic induction

To overcome the shielding effect (Wen 1999, Tidswell et al. 2001), in 2005, XU
and HE proposed the imaging modality of magneto-acoustic tomography with
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magnetic induction (MAT-MI) (Xu and He 2005). In MAT-MI, the weakly conductive
sample is placed in the static and quasi-uniform magnetic field Bo and a transient
fast-changing magnetic field B1 (of duration about 1 us) was used to induce electrical
eddy current in the sample. Because of the eddy current and the static magnetic field,
Lorentz force is generated and vibrated the sample. The vibration of the sample
generated ultrasounds, which were measured around the sample by the transducers
and used to reconstruct the ultrasound pressure source and the electrical conductivity
distribution within the sample. XU and HE formulated the equations in the forward
and inverse problems of MAT-MI and demonstrated experimentally the imaging
method using metal wire loop (Xu and He 2005).

In the following decade, the MAT-MI had been rapidly developing (Li et al.
2016). LI et al. realized MAT-MI using saline samples with salinity of 1wt %
(electrical conductivity 1.9 S/m), in which conductivity difference between water and
the saline sample could be distinguished (Li et al. 2016). XIA et al. tried MAT-MI
with two permanent magnets (one above and one below the sample), a Helmholtz coil
as the stimulating coil and an acoustic lens for ultrasound focusing. Using the system,
XIA et al. demonstrated 3D MAT-MI in saline phantoms and, for the first time, the
ability of MAT-MI to recognize conductivity variations in salt biological tissue (Xia et
al. 2007). HU et al. used a customized coil driver (the maximum of the charging
voltage was 24 kV) and demonstrated the capability of the MAT-MI in imaging real
soft tissue (electrical conductivity lower than 1 S/m) (Hu ef al. 2010). LI and HE
employed the multi-excitation in MAT-MI and demonstrated that the MAT-MI with
multi-excitation could reconstruct the accurate conductivity contrast from acoustic
data of unlimited bandwidth whereas the relative conductivity contrast from acoustic
data of limited bandwidth (Li and He 2010). HU et al. demonstrated the feasibility of
MAT-MI imaging to recognize with high spatial resolution the small electrical
conductivity contrast between liver tumor tissues and normal tissues (Hu et al. 2011).
HU and HE showed experimentally their MAT-MI system had spatial resolution of
1.51 mm by a parallel-line-source phantom upon the Rayleigh criterion and better
than 2 mm by biological tissue, which suggested the potential application to early
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detection of small-size tumor (Hu and He 2011). MARIAPPAN and HE developed the
ultrasound beam forming method to map the electrical conductivity through the
estimation of induced eddy current vector, which they named as vector source
imaging (Mariappan and He 2013). And they demonstrated that MAT-MI using vector
source method was capable of conductivity reconstruction with the prior range of the
conductivity. By using the static magnetic field 9.4 T of MRI, MARIAPPAN et al.
realized reliable reconstruction of conductivity contrast of real tissue sample
(Mariappan et al. 2014). MARIAPPAN et al. also tried MAT-MI imaging of magnetic
iron oxide nano-particles, but the force acting on the sample was magneto-motive
force rather than the Lorentz force (Mariappan et al. 2016). YU et al. developed a
high-frequency (1.5 MHz) MAT-MI (hfMAT-MI) system with 2D spatial resolution of
1 mm, besides, they verified that not only the boundaries between cancerous and
healthy tissues but also the internal structures of the tumor could be resolved and the
growing tumor could be tracked using the hfMAT-MI system, which altogether
demonstrated the hfMAT-MI was effective for the detection and diagnosis of

early-stage tumors (Figure 1.4) (YU et al. 2016).

1.2.2.6 Magneto-acousto-electrical tomography

In 2007, XU et al. developed the idea first proposed by WEN: upon the
electromagnetic reciprocity theorem, the voltage detected in the forward mode of Hall
effect imaging could be formulated using the electrical current density distribution in
the sample when 1 Ampere electrical current was injected into the sample, and the
relative electrical conductivity contrast of the sample could be reconstructed from the
detected voltage (Xu et al. 2007, Haider et al. 2008). XU et al. renamed this method
as magneto-acousto-electrical tomography (MAET). HAIDER demonstrated MAET
using thin gel phantom sample, 2-layer (muscle-fat) and 4-layer muscle-fat-muscle-fat
biological samples (Haider 2008). One problem with the forward mode of HEI and
MAET is that there are only signals corresponding to conductivity variations but no
signal for places with uniform conductivity. RENZHIGLOVA and XU applied
ultrasound-induced radiation force in MAET and voltage was generated even at places
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Figure 1.4. (a and b) The tumor appearance in the 1st week after a transplantation of the human cancer
cell line. (d, f and h) The ultrasound images of the tumor-bearing mouse in the 2nd, the 4th and the 6th
weeks, and the insets in these three images show the tumor growth in top views. (c, e, g and i) The
hfMAT-MI images of the mouse abdomen, and its growing tumor in the 1st, the 2nd, the 4th and the 6th

weeks respectively. (Yu ef al. 2016)

with uniform conductivity (Renzhiglova et al. 2010). GUO et al. proposed the method

19



Application of Lorentz force in ultrasound-electromagnetic-field-coupled electrical impedance tomography and
clastography

of MAET with coil detection - magneto-acousto-electrical tomography with magnetic
induction (MAET-MI) (Guo et al. 2015), which was the reverse mode of MAT-MI.
The MAET-MI could also get rid of the shielding effect.

1.2.3 The role of Lorentz force in functional magnetic resonance

imaging (fMRI)

Since the early 1990s, functional magnetic resonance imaging (fMRI) has
become a dominant modality for brain imaging research because of its totally
non-invasiveness. The primary form of fMRI was based on the blood oxygenation
level-dependent (BOLD) contrast (Ogawa et al. 1990a, Ogawa et al. 1990b, Ogawa
and Lee 1990, Glover 2011). However, BOLD fMRI could not in time localize
accurately the neuronal activation because of the delays and spatial dispersions within
the hemodynamic response (Kim et al. 1997). On the other hand, techniques like
electroencephalography (EEG), magneto-encephalography (MEG), and event-related
potential (ERP) recordings merited excellent temporal resolutions on the order of
milliseconds, but all have poor spatial resolutions. Therefore, fMRI directly imaging
the electromagnetic changes accompanying the neuronal activity appeared, which
combined the merits of non-invasiveness and high spatial resolution of MRI with the
merit of high temporal resolution of EEG, MEG or ERP. For instance, several
researches used MRI to detect the minute magnetic field changes produced due to the
neuronal currents during the brain activity (Joy et al. 1989). The Lorentz effect
imaging was one of such method that took advantage of the strong static and gradient

magnetic fields in MRI to detect the minute electrical current changes (Song and

Takahashi 2001).

1.2.3.1 Lorentz effect imaging of action current using MRI

In 2001, SONG and TAKAHASHI proposed the Lorentz effect imaging (LEI) to
explore additional sensitivity of neuronal current detection using MRI (Song and

Takahashi 2000, Song and Takahashi 2001). The Lorentz effect imaging relied on the

20



Chapter 1 Introduction

Lorentz force - more specifically the Laplace force. When electrical current passed
through a thin string conductor placed inside an elastic sample in MRI, the thin string
conductor experienced Laplace force due to the strong static magnetic field of MRI.
The movement of the conductor compressed the adjacent medium, resulting in a
spatial change of the density distribution of the spins in the regions pressed. And in
the presence of the gradient magnetic field, the change in the density distribution
resulted in a change in the accumulated phase and finally a change of the signal
within the voxel. SONG et al. demonstrated Lorentz effect imaging with 5 A current
passing carbon wire inside gelatin phantom (Truong et al. 2006) and 1 mA-level
current passing ionic solution (2.8 g/l CuSO4) (Truong et al. 2008). SONG et al.
demonstrated the feasibility of imaging the human median nerve activation in vivo
when applying electrical stimulation of the wrist (Truong and Song 2006). ROTH and
his colleagues derived the mechanical model of neural tissue displacement during
Lorentz effect imaging (Roth and Basser 2009). Upon the model and using practical
values for the parameters of human median nerve in a 4 T field, ROTH et al. got the
results: the displacement induced by the Lorentz effect was 5 nm or less (Roth ef al.
2014); the phase shifts caused by the magnetic field of action currents were on the
order of 0.01° (Roth and Basser 2009); and the displacement distributed broadly
throughout the tissue rather than locally near the nerve (Roth and Basser 2009). In
summary, Lorentz effect imaging of neuronal stimulation still had some technical

challenges to resolve (Roth and Hobbie 2014).

1.2.4 Application of Lorentz force in elastography

Elastography is a rapidly developed technology for qualitatively and/or
quantitatively assessing the mechanical properties of biological tissues. Elastography
is viewed as an imaging version of palpation, which is commonly used by physicians
to diagnose and characterize disease. The principle of palpation relies on the fact that
the mechanical properties of tissues usually change dramatically in the presence of
biological, pathological or even physiological changes. Elastography obtains the
elastic parameter information by assessing the propagation of shear waves in the
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tissues, which essentially involves three steps: (1) generation of shear waves in the
tissue; (2) successive imaging of displacements of each small element with the tissue;
(3) construction of map of elastic parameter of the tissue, i.e. the elastogram. The
methods of inducing shear waves in the tissue mainly include compressions generated
by external mechanical force (Eisenscher et al. 1983, Catheline ef al. 1999), acoustic
radiation force (Sarvazyan et al. 1998, Nightingale et al. 2002, Bercoff et al. 2004),
impulse Lorentz force (Basford et al. 2005, Grasland-Mongrain et al. 2014,
Grasland-Mongrain ef al. 2016b) or magneto-motive force (Urban et al. 2014,

Oldenburg et al. 2012), etc. This thesis explores the method using the Lorentz force.

1.2.4.1 Electromagnetic actuator in MR elastography

In 1995, MUTHUPILLAI et al. developed the Magnetic Resonance
Elastography (MRE) technique (Muthupillai et al. 1995, Muthupillai and Ehman
1996, Muthupillai ef al. 1996), in which a driver device based on the Lorentz force
mechanism was used to apply harmonic vibrations of acoustic-range frequencies
in tissue (Figure 1.8.a) (Rossman et al. 1999). An electrical coil positioned in the
MRI core was driven by the electrical current at 50-1000 Hz and oscillated due to
the Lorentz force. The motion of the coil then was transferred to the sample
through a pivot bar. SINKUS et al. developed a similar mechanical oscillator to
induce oscillations in the longitudinal direction in the breasts of the patients
(Sinkus et al. 2000, Sinkus et al. 2004). To assess the varying shear wave speed in
spatially different directions, BRAUN et al. developed an electromagnetic actuator
capable of generating variably oriented shear waves (Figure 1.8.b) (Braun et al.
2003). Through a redirection plate, motion of coil in the direction of the main
magnetic field can be converted to other directions by changing the conversion

angle.

1.2.4.2 Direct generation of shear wave in soft tissues

External shaking actuators, which rely on the acoustic, pneumatic, piezoelectric
or electromagnetic mechanisms, have two main drawbacks: (1) the attenuation along
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Figure 1.8. (a) The electromagnetic actuator consists of an electrical coil attached to a pivot bar and is
driven by a wave generator at 50 to 1000 Hz. The alternating flux of the coil interacts with the main
magnetic field of the imager, yielding a cyclic force, which is coupled by a contact plate to the surface
of the sample to be studied (Muthupillai et al. 1995). (b) A variable direction change of motion is
achieved with an additional pivoted redirection plate. The plate is connected with a standard actuator

mounted piggyback onto an adapted base plate (Braun ez al. 2003).

the shear wave propagation pathway from source to destination prevents efficient
transmission of shear wave, especially for targets like the brain tissue, which locates
behind the skull and is surrounded by the cerebrospinal fluid; (2) the shaking induces
pain in patients, and patients' biological or physiological reactions to the pain, like
muscle contraction or neuronal activity, change the elastic characteristics of the
targets and undermine the accuracy of the results. To overcome the drawbacks of the
external shakers, since 2014, GRASLAND-MONGRAIN ef al. have developed the
method of generating shear waves directly in the tissue through the Lorentz force
mechanism. Using current injection method (Grasland-Mongrain ef al. 2014), for a
water-based phantom with 1 wt% salt and 0.1 wt% graphite placed in a 100 mT
magnetic field, the 100 mA peak-to-peak electrical current burst can create shear
wave displacement reaching a magnitude of 1 um (Figure 1.9.a). Because of the
shielding effect on the skin, the electrical current could not be efficiently injected into
the body. In 2016, GRASLAND-MONGRALIN et al. proposed the contactless method

of generating shear waves, which employed induction of eddy current in biological
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tissue through transcranial magnetic stimulation (TMS) (Figure 1.9.b) (Grasland-
Mongrain et al. 2016b). The induced eddy current coupled with the static magnetic
field and generated the Lorentz force, which finally generated shear wave

displacement in the biological tissue target.
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Figure 1.9. (a) An electrical current was applied through two plane electrodes in a soft solid placed in a
magnetic field (top figure). This induced displacements observed with an ultrasound probe at,
respectively, 5 ms, 15 ms, and 25 ms after current injection are shown (bottom three figures)
(Grasland-Mongrain et al. 2014). (b) A coil is inducing remotely an electrical current (blue circles) in a
sample. A magnet creates a magnetic field (pink arrows) in the sample. The combination of the
electrical current and the magnetic field induces the Lorentz force (red arrows), which creates shear
wave displacements (green lines) in the sample (top figure). The z component maps of the displacement
in the chicken breast tracked through an ultrasound array, respectively 2 ms, 4 ms and 8 ms after the

current emission (bottom three figures) (Grasland-Mongrain ef al. 2016b).

24



Chapter 1 Introduction

1.3 Structure of the thesis

This thesis studies the application of the Lorentz force in scanning electric
conductivity gradients with ultrasonically induced Lorentz force (SECG-UILF) and
elastography. The first part of the thesis studies the SECG-UILF. To reduce the peak
instantaneous stimulating power to the ultrasound transducer, and also at the same
time to reduce the peak instantaneous transmitted acoustic pressure while keeping the
longitudinal resolution, this thesis proposes to apply linearly frequency- modulated
ultrasound stimulation or step-frequency ultrasound stimulation in SECG- UILF. The
second part of the thesis studies the cross-correlation-approach-based elastography. In
order to remotely generate the shear wave displacement fields for elastography in the
target regions behind a strongly reflective medium, like the heart behind the sternum
and ribs or the brain behind the skull, this thesis studies using the Lorentz force to
generate the shear wave displacement fields for elastography.

Focusing on the above purposes, the thesis is organized into the following
chapters:

In Chapter 1, the significance of electrical impedance tomography (EIT) and
elastography and the relevant supporting programs in the hosting laboratories are first
presented. Then a brief overview of the evolution and status of application of the
Lorentz force in biomedical imaging, including EIT and elastography, is given.
Finally, the structure of the thesis and highlights of innovations in the thesis are
summarized.

In Chapter 2, study on the scanning electric conductivity gradients with linearly
frequency-modulated ultrasound induced Lorentz force (SECG-LFM-UILF) is
presented. Two methods of calculation of the longitudinal distance - one uses coherent
demodulation scheme and the other uses pulse compression scheme - are first
presented. Then, the feasibility and performance of SECG-LFM-UILF are confirmed
by experiments using saline agar phantom samples of electrical conductivity ranging
between 0.2 S/m and 0.5 S/m.

In Chapter 3, study on the scanning electric conductivity gradients with step-
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frequency ultrasound induced Lorentz force (SECG-SF-UILF) is presented. Based on
the in-phase coherent demodulation scheme and the in-phase/quadrature-phase
coherent demodulation scheme, the theory of calculation of the longitudinal distance
using the step-frequency technique is first formulated. Then, using the two-layer
copper foil sample, the feasibility of SECG-LFM-UILF is verified experimentally.

In Chapter 4, study on the generation of shear waves in soft media by stimulating
an aluminum patch using a transient magnetic field is presented. Through measuring
the displacement of the aluminum ring using an interferometric laser probe, the source
and the frequency and amplitude characteristics of the Lorentz force acting on the
aluminum ring are first confirmed. Then, by stimulating an aluminum patch using a
transient magnetic field, the shear wave displacement fields in the polyvinyl alcohol
(PVA) phantom sample are generated and its propagation in the PVA is captured by
the ultrafast ultrasound imaging. Finally, the theoretical shear wave displacement
fields in a homogeneous, isotropic and purely elastic solid medium, which are
calculated through the Green function, are compared with the shear wave
displacement fields from experiments.

In Chapter 5, investigation of calculation of the shear wave velocity from the
shear wave displacement fields generated by the method in Chapter 4 and through the
cross-correlation approach is presented. By stimulating an array of aluminum patches
using a transient magnetic field, the shear wave displacement fields from multiple
sources are first generated in the agar phantom samples. Then, the shear wave velocity
maps are reconstructed from 100 frames of displacement fields. Finally, we confirm
through experiments on multi-shaped agar phantom samples: (1) whether interfaces
between regions of different stiffness can be differentiated from the velocity maps; (2)
whether boundaries of the cylinder inclusions of different stiffness from the
background part can be recognized from the velocity maps; (3) the velocity maps are
quantitative or qualitative.

In Chapter 6, the advancements obtained within the framework of the thesis are
summarized. And the challenges in SECG-UILF and cross-correlation approach based
elastrography and the possible solutions are given.
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1.4 Highlights of innovations in the thesis

(1) This thesis proposes application of the coherent demodulation technique in
scanning electrical conductivity gradients with linearly frequency-modulated
ultrasound induced Lorentz force (SECG-LFM-UILF). Replacing the negative spike
signal with the linearly frequency-modulated wide signal, the peak instantaneous
stimulating power to the ultrasound transducer is decreased by 25.5 dB, and the peak
instantaneous transmitted acoustic pressure decreases by 0.44 MPa. Through
experiments of the coherent demodulation scheme based SECG-LFM-UILF on saline
agar phantom samples of electrical conductivity ranging between 0.2 S/m and 0.5 S/m,
the results confirms: (1) the SECG-LFM-UILF can locate the electrical conductivity
variations precisely; (2) the SNR of the 2D conductivity variation map by
SECG-LFM-UILF is comparable to that by traditional SECG-UILF using spike pulse;
(3) using a modulation frequency band of 2 MHz and a modulation duration of 500 us,
the SECG-LFM-UILF succeeds a longitudinal resolution of 1 mm.

(2) This thesis succeeds a longitudinal resolution of 1 mm in the pulse
compression based SECG-LFM-UILF. Through experiments of the pulse compression
scheme based SECG-LFM-UILF on saline agar phantom samples of electrical
conductivity ranging between 0.2 S/m and 0.5 S/m, the results confirm: (1) the
SECG-LFM-UILF can locate the electrical conductivity variations precisely; (2) using
a modulation frequency band of 2 MHz and a modulation duration of 500 us, the
SECG-LFM-UILF succeeds a longitudinal resolution of 1 mm.

(3) The thesis proposes the scanning electric conductivity gradients with
step-frequency ultrasound induced Lorentz force (SECG-SF-UILF), in which the
step-frequency technique is utilized to calculate the longitudinal distance. Through
experiments of SECG-FS-UILF on a two-layer copper foil sample, the principle of
SECG-SF-UILF is validated.

(4) The thesis proposes generation of shear wave displacement fields through
stimulating the aluminum patches with a transient magnetic field. The source and the

frequency and amplitude characteristics of the Lorentz force acting on an aluminum
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ring is confirmed by measuring the displacement of the aluminum ring using an
interferometric laser probe. Using a transient magnetic field of peak changing rate of
10.44 kTs™', shear wave displacement source of amplitude of 100 um is successfully
generated at the surface of the polyvinyl alcohol phantom sample.

(5) The thesis succeeds building a qualitative shear wave velocity map of the agar
phantom sample from 100 frames of the shear wave displacement fields. From the
shear wave velocity maps reconstructed: (1) the interfaces between regions of
different stiffness can be clearly recognized; (2) cylinder inclusions of diameter as
small as 5 mm and having different stiffness from the background part can be

recognized.
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Part 1 Scanning electric conductivity gradients with

ultrasonically-induced Lorentz force

In any pulse-echo method of ultrasound imaging systems, the signal-to-noise
ratio (SNR) and also the penetration depth is directly proportional to the energy of the
transmitted ultrasound pulse. In such cases, however, the transducer is limited by its
peak power capacity far before its average power limit. In the special case of medical
ultrasound transducer, the peak power limit comes from the risk of reaching the
biomedical hazard limit rather than the hardware capability limit. At the other hand,
the pulse-echo methods must have both a sufficient overall system-bandwidth and a
transmitting signal of wide frequency bandwidth to achieve the desired longitudinal
resolution.

As in ultrasound imaging, the trade-off between longitudinal resolution and
penetration depth also exists in scanning electric conductivity gradients with
ultrasonically induced Lorentz force (SECG-UILF). Given the short pulse in the
traditional pulse-echo-based-SECG-UILF, the ultrasound penetration can be increased
by either increasing the pulse amplitude or the pulse duration. However, as pulse
amplitudes of commercial transducers already near the regulatory limit and the
mechanical index (MI), which is related to peak negative pressure, the only feasible
alternative is to extend the pulse duration, which has the undesirable consequence of
reducing the longitudinal resolution.

To overcome this peak power (penetration depth)-longitudinal resolution problem,
it is well known that the spread energy method is almost the only solution, by prior
experience in radar and sonar.

In chapter 2, we carry out an in-depth study of SECG-UILF using linearly
frequency-modulated ultrasound pulse stimulation for increasing SNR (also the
penetration depth) while keeping the longitudinal resolution. The homodyne coherent
detection method and the heterodyne pulse compression filter method are studied
independently, transforming the induced current signal so as to locate the electrical
conductivity gradients.
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In chapter 3, we study the step frequency ultrasound stimulation and application

of the step-frequency technique in SECG-UILF.
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Chapter 2 Scanning electric conductivity gradients with linearly

frequency-modulated ultrasound-induced Lorentz force

Coded excitation based on a linearly frequency-modulated (LFM) excitation and
a pulse compression filter in medical ultrasound is used to improve the SNR and also
the penetration depth, as long as the side-lobe level, the energy and the longitudinal
resolution are kept acceptable for ultrasound imaging (Parks and Linzer 1976,
O'Donnell 1992, Takeuchi 1995, Misaridis and Jensen 1999, Misaridis et al. 2000,
Chiao and Hao 2005). An improvement in SNR of 10 dB or more is expected,
depending on the code parameters, and the available bandwidth (Takeuchi 1995).
Clinical images of the liver from two healthy volunteers demonstrated an
improvement in penetration depth of at least 4 to 5 cm at 4 MHz with temporal
side-lobe levels lower than -35 dB (Misaridis et al. 2000). LFM waveforms have been
used as coded excitation because of their important symmetry properties and their
linear group delay. The narrowest -3 dB main-lobe width is achieved with a constant
waveform, although the range side-lobe level (RSLL) is only -13 dB below the
main-lobe. The LFM waveform with apodization trades off the main-lobe width for
the low RSLL. For instance, a Gaussian and cosine square apodization window results
in —100 dB RSLL performance with tradeoff in SNR gain and main-lobe width
(Takeuchi 1995). Mismatched filtering with different transmitting and receiving
apodization may be used to optimize the energy transmitted into tissue (Misaridis and
Jensen 1999).

Using linearly frequency-modulated pulse for the reduction of peak stimulating
power originated in radar applications (Stove 1992) and in recent years has already
been used in ultrasound nondestructive testing (Battaglini et al. 2014, Kunita et al.
2008, Kunita 2007) and magneto-acoustic imaging (Aliroteh et al. 2014, Aliroteh et al.
2016). In this chapter, we carry out an in-depth study of scanning electric conductivity
gradients with linearly frequency-modulated ultrasound induced Lorentz force
(SECG-LFM-UILF). This method employs linearly frequency-modulated pulse to
stimulate the ultrasound transducer, and therefore compared with the traditional
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method using the negative spike of high peak instantaneous power, it can reduce the
peak instantaneous stimulating power to the ultrasound transducer and at the same
time the peak acoustic pressure produced from the transducer. We first summarize the
theoretical foundation of scanning electric conductivity gradients with ultrasonically-
induced Lorentz force (SECG-UILF) using linearly frequency-modulated pulse signal.
The feasibility and performance of this imaging modality was then evaluated

experimentally using weakly conductive phantoms samples. (Sun et al. 2017, 2018b)

2.1 Measured current signal in SECG-UILF

The scenario of SECG-UILF is illustrated using Figure 2.1. Ultrasound waves are
transmitted along the direction er into a conductive sample placed in the
quasi-uniform static magnetic field of direction ey. As the positive and negative ions
inside the sample move along ex together with the sample, they deviate from their
tracks due to the Lorentz forces acting on them in the direction of e-. As the Lorentz
forces acting on the positive and negative ions are in opposite directions, the positive
and negative ions deviate to the opposite directions, which results in local electrical

current density J in the sample that can be calculated by the following (Montalibet et

al. 2001a):
JZO'VxByez (21)
Magnet
Sample -
AR oy
Electrode

Trunsc{ucc@v Y
I . meas
Magnet i

Figure 2.1. Ultrasound waves are sent into a conductive sample placed in a static magnetic field, which
induces electrical current density due to the electrical field created by the Lorentz force acting on the
positive and negative ions (Sun et al. 2018b). The induced current /., separates into two parts, fis
locating inside the sample, and /,..s collected by the electrodes.
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where o is the local electrical conductivity, v is the ion vibration velocity along ex,
and By is the magnetic induction density along e;.

To calculate the electrical current collected by the electrodes, an approximation is
assumed that the ultrasound waves propagate in the form of a plane wave in the
direction ex, within a cylindrical area of which the diameter is /. The total current Zio
generated then can be approximated by the average of the surface integrals of the

current density on all planes normal to e: within the cylindrical area, i.e., (Wen et al.

1998)

Lot = [[J - dS dz = — [ [[ ov.B, dxdy dz (2.2)
In practice, only a fraction of the total current /,x induced by the Lorentz force
can be detected. The quantity of the detected current /meqs can be derived using Ohm’s
law as follows (Grasland-Mongrain et al. 2015):
Imeas = Iiot - Rin | (Rin + Rumeas) (2.3)
where Rin 1s the resistance experienced by the part of the induced current inside the
sample, and Rumeas 1s the resistance passed through by the remaining current.

For a linear and inviscid medium, using the relationship between the medium

vy (tx) . lap(t,x)
at - p O0x

velocity and the ultrasound pressure wave p(¢, x), (p being the

density of the sample), the detected current signal can be calculated by the following

(Wen et al. 1998).

Lmeas = %f ff;: {By % [%] f_too p(t, x)dr} dxdy dz (2.4)
where a = Rin / (Rin + Rmeas).

Because the density only differs by less than ten percent over different biological
soft tissues (Cobbold 2006), whereas the electrical conductivity can differ more than
several tenfold (Gabriel er al. 1996), gradient of a(x)/p(x) is, for the most part,
determined by the gradient of o(x). Thus, (2.4) is reduced to the following (Wen et al.

1998).
By do
Imeas = 5 S [17 55 252 [L, p(x x)d | dxdy dz (2.5)

When ultrasound waves pass by places where the gradients of o(x) along the
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waves' propagation direction are zero, the integrand is zero and contributes none to
the final integral. And only when the ultrasound waves pass by discontinuities of a(x)
in the propagation direction can then be integrand so huge that its value can be
reflected in the final integral. In this way, discontinuity distribution of a(x) in the xoz
plane can be mapped in B-mode by placing the ultrasound transducer (along ex) at
evenly distributed points along e: and joining all channels of measured current signals

together.

2.2 Linearly frequency-modulated ultrasound pulse stimulation and

the current signal generated

Linearly frequency-modulation is a technique often used in continuous wave
imaging mode to reduce the peak power requirement while maintaining the same
average power, SNR, etc. In this work, linearly frequency-modulation doesn’t work in
continuous wave mode but uses wide pulses. As shown in Figures 2.2 and 2.4, a
linearly frequency-modulated RF pulse 7 (2.6.1) is generated and used to stimulate
the ultrasound transducer, yielding the transmitted ultrasound pressure signal 7us

(2.6.2) towards the target sample:

T, = Aysin {211 [fo +—= (t - le)] (t —kTy) + ¢>o},

KT <t<kTi+ T, k=0,%+1,42, . (2.6.1)

Tus = Ay (Osin {2 [fo +2L (t k1| - k1) + 6}

kT <t<kh+T,k=0,£1,£2,---.  (2.6.2)

where Ao is the amplitude of the transmitted signal, 4i(¢) is the amplitude of the

ultrasound pressure signal 7us, fo is the initial frequency, 7 is the modulation period or

the pulse duration, Af is the modulation frequency bandwidth, 71 is the linearly

frequency-modulated pulse repeat period, ¢o is the initial phase of the 7, ¢1 is the
initial phase of the 7us, and £ is any integer.

In the presence of an electrical conductivity variation, an electrical current signal

is generated due to the Lorentz force (2.1). As shown in (2.5), the induced current

signal is the time-domain integral of the ultrasonic pressure signal. Because the
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time-domain integral of a sinusoid results in a sinusoid of the same frequency, the
resulting current signal has the same instantaneous frequency as the ultrasound
pressure signal. But because that 7us is linearly frequency modulated and that the time
domain integral in (2.5) produces the current signal with its instantaneous amplitude
inversely proportional to the instantaneous frequency of 7us - the integral of
ultrasound of low frequency produces a relatively large amplitude while the integral
of ultrasound of high frequency produces a relatively small amplitude, amplitude
variations are generated in the electrical current produced, which means new
frequencies are introduced into the electrical current.

The electrical current signal produced is detected by the electrodes, and amplified
by the low noise pre-amplifier, and finally becomes the radio-frequency signal
received Rx (2.7). Comparing (2.6.1) with (2.7), we can get that the frequency
difference between the instantaneous 7x and Rx is proportional to the time-of-flight

(TOF) of the ultrasound waves from the transducer to the target.

) Af R R
R, = A(t)sin {271 [fo + ﬁ(t kT, — ;>] (t kT, - ?) 4 ¢>0},

kTh+ Ric<t<kTi+R/cc+T,k=0,%1,£2,---.  (2.7)
where A(f) is the amplitude of the received signal which takes account of the
amplitude variation of the ultrasound signal during propagation and the amplitude
variation during the mechanics-to-electrics transformation, R is the distance of the
ultrasound transducer to the medium where electrical conductivity variation exists,
and c is the ultrasound (mainly the compression wave or the longitudinal wave)

propagation velocity in the sample.

2.3 Calculation of the longitudinal distance - wusing coherent

demodulation scheme

The implementation of the coherent demodulation technique in scanning electric
conductivity gradients with linearly frequency-modulated ultrasound-induced Lorentz
force (SECG-LFM-UILF) is shown in Figure 2.2. The instantaneous frequency

difference between Ry and 7% can be obtained through coherent demodulation. The R«
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.

Af =2 MHz

T =500pus
R=9cm
c=1418.4m /s
f, =253.8kHz

Af = LFM bandwidth

T — LFM duration

| R—target range

¢ —speed of sound

[, — Intermediate
Frequency

Figure 2.2. SECG-LFM-UILF using coherent demodulation technique (Sun ez al. 2018b). (a)
Frequency characteristics of the 7 and R.. (b) Intermediate frequency. (c) Schematic of SECG-LFM-

UILF system using coherent demodulation technique.

multiplies with the local oscillator signal L., which is also linearly frequency-
modulated with the same modulation frequency-band and time-period as 7. and
originates from the same source as the 7. After filtering the double frequency signal,
the output signal is the intermediate frequency signal /, whose instantaneous
frequency equals the frequency difference between Rx and 7%. There are two schemes
of coherent demodulation: the in-phase coherent demodulation scheme and the
in-phase/quadrature-phase (1Q) coherent demodulation scheme.

For the in-phase coherent demodulation scheme, the in-phase local oscillator
signal L has the same linear frequency modulation and the same phase as the 7. The
in-phase intermediate frequency signal (/) is obtained by demodulating the detected
current signal Ry through multiplying (2.8) with the coherent in-phase local oscillator
signal L; and low-pass filtering (LPF) (2.9). The detailed derivation of (2.8) from
(2.6.2) and (2.7) is listed in appendix 1.
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soay [ fo+ L (e = kmy = )| (¢ — k1)

L +R.=—
I fx —2n<f0_%'§)§+2¢0
+A°A(t) cos [27r(t - kT1)£ 5 +21 (fo - g ' g) g]

KTi+ Rle<t<kDi+Rlc+ T, k=0,%1,42, . (2.8)

I; = LPF{T, - R,} o< A(t)cos [27T(t - le)Af =+ (fo o 5) R]

2T c/c
kTi+R/c<t<kI+Rlc+T k=0,+1,£2 ---. (2.9)

For the 1Q coherent demodulation scheme, the R. is divided into two equal
channels, of which one is demodulated by the L; to obtain the /; and the other is
demodulated by the quadarature-phase local oscillator signal (Lo), which has the same
linear frequency modulation as 7x but keeps ahead of 7x in phase by n/2, also through

multiplication (2.10) and LPF (2.11) to obtain the quadarature-phase intermediate

frequency signal (Io).
Af R
wonor (4 [fo + L (e —kr = B)] (e — k)
Lo R, = sin Af R\R
el
020 — k)L E —JLE)E
+=—=sin [Zﬂ(t kT;) +2m (fO 2T c) c]

KTi+ Rlc<t<kDi+Rlc+T, k=0,%+1,42, . (2.10)

lo = LPF{Lq - Ry} & A(t)sin |2m(t — kTy) L -2+ 27 (fy = L -2) 1]

2T ¢/ c¢
kTi+R/c<t<kTi+R/c+ T, k=0,£1,£2,---. (2.11)
Then, the complex form of the intermediate frequency signal (/) is obtained by

combining /7 and /o:

Af R Af R

=1+ jl, < A(t)exp [JZn(t—le)— L (fo ZT';)f]

kh+R/c<t<khh+Rlc+T, k=0,%£1,£2,---. (2.12)
From (2.9) and (2.12), we can get that the intermediate frequency (f;) equals to:

Af R

fI:?._

c

(2.13)

Therefore, fr is linearly related to the distance R from the transducer to the

medium where electrical conductivity changes exist. And the R can be reconstructed
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from the spectrum of the intermediate frequency signals based on (2.13), which is the
central result of the method.

As mentioned above, the resulting current signal's varying amplitude changes its
frequency components. Instead of deriving the analytical solution of the integral of
linearly frequency-modulated ultrasound pressure signal, theoretical analysis is
adopted here to show that the varying amplitude barely changes R.'s frequency
component and the integrity of the final intermediate frequency signal is comparable
to that with constant amplitude. As shown in Figure 2.3, the -3 dB bandwidths of the
two intermediate frequency signals' spectra are same, but the spectrum side lobe level
of the intermediate frequency signal obtained by demodulation of the integral of the
delayed sinusoid is a little higher than that obtained by demodulation of the delayed

sinusoid.

Or ‘ ‘
____ Demodulation
-5t of the signal
1ot Demodulation ||
— of'the signal
-15¢ integral L

Relative Amplitude (dB)
)
()

T M

160 180 200 220 240
Frequency (kHz)

Figure 2.3. Comparison of the spectra of the intermediate frequency signals obtained by demodulation
of the delayed linearly frequency-modulated signal (black line) and by demodulation of the integral of

the delayed linearly frequency-modulated signal (red line) (Sun ef al. 2018b).

The longitudinal resolution is determined by the modulation duration, the linearly
frequency-modulation bandwidth, the effective intermediate frequency signal duration

(Te), and the sound speed, i.e. as (2.14).

T 1 R
AR—E-T—e-c,Where Te—T—; (214)
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Therefore, if using modulation duration of 500 us and bandwidth of 2 MHz,
longitudinal resolution is better than 1 mm for longitudinal imaging range less than
100 mm (7e =429.5 us).

The lateral resolution of the 2D electrical conductivity gradient map is
determined by the -6 dB beam width of the ultrasound, and for Olympus immersion

focal transducers, -6 dB beam diameter of 3 mm can be obtained.

2.4 Calculation of the longitudinal distance - using pulse compression

scheme

The implementation of pulse compression in SECG-LFM-UILF is shown in
Figure 2.4. The tank is filled with transformer oil so that both the transducer and the
sample are under the surface of the oil and the ultrasound can be transmitted easily
into the sample. A LFM ultrasound pulse is used to stimulate the sample, which is
placed in the static magnetic field. Electrical current density is generated as the
Lorentz force acts on the positive and negative moving ions. The detected current
signal then is sampled with the high sampling-rate ADC. Finally the digital SECG-
LFM-UILF wide pulse is compressed by convolving it with the filter's impulse
response function. Theoretically, the width of the compressed pulse equals the inverse
of the bandwidth of the LFM ultrasound signal and the signal to noise ratio improves
by a factor of the square root of the modulation period and bandwidth.

The selected matched pulse compression filter has the impulse response of the
form:

h(t) = cos {2m (fo + Af —=Lt)t+ o), 0=t<T  (215)
where fo is the initial frequency, T is the frequency modulation period or the pulse
duration, Af'is the modulation frequency bandwidth, and ¢o is the initial phase of the
T:xin (2.6.1).

h(?)'s instantaneous frequency decreases linearly at the same absolute rate as Ry,
and H(f)'s phase group delay () decreases linearly at the rate of 7/Af (Figure 2.4.a).

The characteristics of the compression filter enable it to compress Rx into a narrow
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Figure 2.4. SECG-LFM-UILF using pulse compression technique (Sun et al. 2017). (a) Frequency
characteristics of the R, and the goup delay characteristics of the pulse compression filter function A.
(b) The output signal of the pulse compression filter. (¢) Schematic of SECG-LFM-UILF system using

pulse compression technique.

pulse with high effective peak power (Figure 2.4.b). The peak instantaneous power of
the pulse increases by a ratio of TAf, and the temporal width (measured at appropriate
point) of the compressed pulse equals 1/Af. The longitudinal resolution therefore is:
AR = c/Af (2.16)
Instead of deriving the analytical solution of the compressed pulse, theoretical
analysis is done to get a view of the compressed signal, as shown in Figure 2.5. The
generation of the SECG-LFM-UILF signal (of duration of 500 us) has taken into
consideration of the uneven amplitude-frequency response of the transducer and the

integral in the acousto-electrical transformation. As shown in Figure 2.5, although the
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compressed pulse's waveform degrades from one sharp peak into two peaks due to

Ry's varying amplitude, SECG-LFM-UILF signal's width is compressed a lot and a

high longitudinal resolution is achieved.

<
(o

(=

-0.5

Relative Amplitude (a. u.)

Figure 2.5. SECG-LFM-UILF signal - induced by electrical conductivity discontinuity located at 71.4

mm from the transducer - is compressed (Sun et al. 2018b). The ultrasound propagation speed of 1428

m/s in the medium is used here.

2.5 Experimental setup and methods

L
]
o

Mixer
(Olympus  (Mini-Circuits  (Mini-Circuits Mini-Circui
SHX-GF2 (Mini-Circuits
5662) ZFHP-1R2+) SLP-5+) ( ) ZADS5)
HPF LPF Power
»{ PREAMP || Lyl .| Por
i De- vtz splitter (Tektronix
DP02014B)
Mixer
Quadrature (Mini-Circuits
In-Phase
Power | LFM pulse Phase ZAD-8+)
il spliter - generator LPF, FFT

(NF HSA4101)(SHX-GF2)

(Keysight 33600A)

(PC MATLAB)

Figure 2.5. Schematic layout of SECG-LFM-UILF experiment setup using the coherent demodulation

method. The parts in red were specific to the IQ demodulation scheme.
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Figure 2.6. Schematic layout of SECG-LFM-UILF experiment setup using the pulse compression

technique.
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Figure 2.7. Schematic layout of SECG-UILF experiment setup using high-intensity wide-band

ultrasound pulse signal.

2.5.1 LFM ultrasound pulse generation system

Two linearly frequency-modulated (LFM) RF pulse signals are generated using
the Arbitrary Waveform Generator (AWG) (Keysight 33612A). Both of them are
generated with a modulation time of 500 us, a sweep frequency ranging from 1.4
MHz to 3.4 MHz, a pulse repeat frequency (PRF) of 100 Hz. The first LFM pulse
signal had an initial phase of 0 degrees while the second LFM pulse signal had an
initial phase of n/2. The two LFM pulse signals are triggered by the same source and
are perfectly synchronized. The first LFM pulse signal has an amplitude of 1.1
peak-to-peak voltage (Vpp) and the second pulse signal has an amplitude of 2.2 Vpp.
The first LFM pulse signal is attenuated (Shanghai Huaxiang, Step attenuator
GKTS10-8-90-1-B) by 20 dB and then used as the quadrature-phase local oscillator
signal. The first LFM pulse is equally split (Shanghai Huaxiang, SHX-GF2) into two
channels, of which one channel is attenuated (Shanghai Huaxiang, Step attenuator

GKTS10-8-90-1-B) by 20 dB and then used as the in-phase local oscillator signal
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while the other channel is power amplified to the level of 60 Vpp (Figure 2.8) and
used to stimulate the ultrasound transducer (Olympus C306) to generate the linearly
frequency-modulated ultrasound pulse. The peak stimulating power to the transducer
therefore is 39.54 dBm. The Olympus C306 is a flat transducer, with an element size
of 1.27 cm in diameter and -6 dB frequency band starting at 1.4MHz and ending at
3.38 MHz (Figure 2.9.b).

We use a needle hydrophone (Institute of Acoustics, Chinese Academy of
Sciences, model PT-1704365) and measured the acoustic pressure generated by the
transducer. Linearly frequency-modulated electric pulse of amplitude 60 Vpp is used
to stimulate the ultrasound transducer (Olympus C306). Figure 2.10.a shows the peak
electric signal output from the hydrophone when the hydrophone is placed 60 mm in
front of the C306. But, we can not calculate the acoustic pressure at any time point
because the sensitivity of the hydrophone (Table 2.1) is not constant between 1.4
MHz and 3.4 MHz and only values of sensitivity at several discrete frequencies are
known. We use the sensitivity values of 2.28 xV/Pa for frequency between 1.4 and 2.4
MHz) and 0.8 xV/Pa for frequency between 2.4 and 3.4 MHz when calculating the
corresponding acoustic pressure, as shown in Figure 2.11. The calculated acoustic
peak pressure is 0.395 MPa, the mechanical index (M) is 0.16, and the spatial peak

temporal average intensity (Ispr4) is 17.4 mW/cm?.
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Figure 2.8. Linearly frequency-modulated wide voltage pulse stimulating the ultrasound transducer. (a)

The waveform. (b) The spectrum.
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Figure 2.9. Ultrasound pulse produced by the ultrasound transducer when feeding with a wide-band

spike voltage signal. (a) Signal waveform. (b) Frequency spectrum.
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Figure 2.10. The voltage output signal of the needle hydrophone. (a) The waveform. (b) The Spectrum.

Table 2.1. Sensitivity of the hydrophone (PT-1704365).

M (dB)

M (uV/Pa)

f(MHz)

-232.5

2.38

-232.8

2.28

-243.6

0.66

-240.0

1.00
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Figure 2.11. Acoustic pressure signal converted from the hydrophone output voltage signal using the

hydrophone sensitivity.

2.5.2 Magnetic field

The quasi-uniform static magnetic field is generated using a pair of permanent
magnets placed along the same axis and in the same direction. Both of the two
magnets are made from the compound material of Neodymium Iron Boron (Ningbo
Yunsheng, NdFeB N45) (Table 2.2). The two magnets are shaped in cylinders and of
the same dimensions. The diameter of the cylinder is 150 mm and the height is 30 mm.
The surface distance between the two magnets is 83 mm. The two magnets are fixed
in a framework made of aluminum (Figure 2.12.a). Static magnetic field numerical
calculation using the software Maxwell 15.0 shows that the average magnetic
induction density within the 50 mm>X50 mmX50 mm of the space between the two

magnets is about 260 mT with homogeneity greater than 94.5% (Figure 2.12.c).

Table 2.2. The magnetic characteristics of the compound material of Neodymium Iron Boron

N45.

Remanence  Coercive Field Intrinsic Max Energy Temperature
B/T) Intensity Coercive Field Product (C)
(H:p/kAIm) Intensity (BH yax/ KJ/m®)

(HcylkAlm)
Min  Max Min Min Min Max
20
1.32 1.37 876 955 342 346
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Figure 2.12. The static magnetic field system. (a) The aluminum frame used for holding the magnets. (b)
The 2D magnetic field intensity distribution. (c) The magnetic field intensity along the axial coordinate

in the plane of y = 0.

2.5.3 Sample

The samples used in our experiments are agar phantoms made using salt, agar
powder and water. The agar phantoms are made by the following procedures: (1) stir
and heat the saline water to the boil; (2) add the agar powder, heat the mixture to the
boil again, and then stop heating but keep stirring the mixture; (3) stop stirring the
mixture when it cools down to around 40 degrees Celsius; and (4) put the mixture in a
refrigerator of 5 degrees Celsius for more than 2 hours. The quantity of agar powder

used is 1 wt%. And the electrical conductivity of the agar phantom is controlled by
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varying the salt concentration. The electrical conductivity of the agar phantom ranges
from 0.2 S/m (salt concentration 1.351:10 g/ml) to 0.5 S/m (3.379:10" g/ml). The
electrical conductivity of normal human biological tissue is approximately 0.4 S/m
while that of tumor tissue is more than 13% larger (Haemmerich et al. 2003),
therefore, the electrical conductivity of the agar phantoms thus made can represent
that of biological tissue. The agar phantoms are 75 mm wide (z) and 50 mm (y) high
with varying dimension in the ultrasound propagation direction, as shown in Figure
2.13. The agar phantom sample is placed stably in a framework made by acrylic board.
The acrylic board framework holding the agar phantom is placed on top of the bottom
aluminum shell which holds the magnet. The acrylic board framework holding the
agar phantom, the aluminum framework holding the magnets, and the ultrasound
transducer are put in a water tank filled with the transformer oil. The transformer oil
acts as the ultrasound conductive medium. Two rectangular hole of dimensions of 45
mmx30 mm (zxy) are cut from the front and back sides of the acrylic board
framework so that the ultrasound can propagate directly from the transformer oil to
the sample and then back to the transformer oil. Another use of the acrylic framework
is to hold the detection electrodes and the sample tightly so that electrical current

signal can be well detected.

Figure 2.13. Agar phantom sample (Sun ef al. 2018b). Its dimensions are 50 mmx75 mm (yxz).
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2.5.4 Signal detection system

Plane electrodes made from copper foil (0.1 mm thick) are used to collect the
electrical current signal. The length of the rectangular electrodes is 50 mm while the
width varies in 7.5 mm, 12.5 mm and 22 mm. Experiments show that the width of the
electrodes makes little difference to the current signal detected. The detected electrical
current signal is firstly amplified by 34 dB (Olympus PREAMP 5662), and then
band-pass filtered (Mini-Circuits, ZFHP-1R2+ cascaded with SLP-5+).

For the method of calculation of the longitudinal distance using the coherent
demodulation scheme, the filter output signal is equally divided into two channels by
a power splitter (Shanghai Huaxiang, SHX-GF2). And for the in-phase coherent
demodulation scheme, only one channel of the signal is mixed (Mini-Circuits
ZAD-8+) with the in-phase coherent local oscillator signal, while for the IQ coherent
demodulation scheme, two channels of signals are mixed (Mini-Circuits ZAD-8+)
with the in-phase and the quadarature-phase coherent local oscillator signals
respectively. The output(s) of the mixer(s) which contain(s) the intermediate
frequency (IF) signals is (are) sampled at a rate of 125 mega samples per second
(MSPS) by the oscilloscope (Tektronix DPO2014B). The DPO2014B also implements
coherent averaging by 512 times on the digital data to increase the SNR by 27.1 dB.
The DPO2014B finally saves the averaged data in CSV files, which are transferred to
PC for spectrum calculation through FFT using MATLAB (Figure 2.5).

For the method of calculation of the longitudinal distance using the pulse
compression scheme, the output of the filter is directly sampled at a rate of 125 mega
samples per second (MSPS) by the oscilloscope (Tektronix DPO2014B). The
DPO2014B also implements coherent averaging by 512 times on the digital signal to
increase the SNR by 27.1 dB. And similarly, the DPO2014B saves the averaged
signals in CSV files, which are transferred to PC. Using MATLAB, the digital signal
convolves with the impulse response of the pulse compression filter. After the
TOF/distance transformation, the longitudinal distance of the medium having

conductivity gradient are retrieved from the compressed signal.
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2.5.5 Four SECG-LFM-UILF experiments using linearly frequency

modulated ultrasound pulse

The first experiment is to verify the feasibility of SECG-LFM-UILF to recognize
the electrical conductivity variations and it is done with a three-layer agar phantom
sample. Each layer of the sample has dimensions of 10 mmX50 mmX75 mm
(XXYXZ). Viewing from the transducer side, the electrical conductivities of each
layer of the phantom are, respectively, 0.2 S/m, 0.2 S/m and 0.4 S/m, as in Figure
2.14.a. Plastic film (0.015 mm thick) is used to separate the three layers and to stop
Na' and Cl™ in one layer from entering into the neighboring layers. The three layers
and the plastic film are placed so closely to each other that there are few air pockets
between them. In experiments, the ultrasound is transmitted along ex. Intermediate
frequency signals are collected at linearly increasing distances between the transducer
and the agar phantom.

The second experiment is to demonstrate the performance of the SECG-LFM-
UILF and it is done with two multi-shaped agar phantoms. The first agar phantom has
a rectangular hole in the center. The electrical conductivity of the agar phantom is 0.2
S/m. The agar phantom is of dimensions 30 mmX50 mmX75 mm (XXY XZ), while
the dimensions of the middle rectangular hole were 10 mmX50 mmX15 mm
(XXY XZ), as shown in Figure 2.14.b. When doing experiments, the rectangular hole
is filled with transformer oil. The second agar phantom has three layers, with
electrical conductivities 0.2 S/m, 0.4 S/m and 0.2 S/m respectively. The dimensions of
each layer are clearly shown in Figure 2.14.c. The middle parts of the first and third
layers are 2.5 mm thinner than other parts, while that of the second layer is 5 mm
thicker than the remaining parts. Each layer has a dimension of 50 mm in y. Plastic
film (0.015 mm thick) is used to separate the three layers and to stop Na" and Cl~ in
one layer from entering into the neighboring layers. The three layers and the plastic
film are placed so closely to each other that there are few air pockets between them.
In experiments, the ultrasound is transmitted along ex, and the ultrasound transducer

keeps a distance of 70 mm to the front surface of the agar phantom sample.
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The third experiment is to verify the longitudinal resolution of SECG-LFM-UILF
as (2.14) and (2.16). The B-scan experiments were done on a saline agar phantom
with two slots. The electrical conductivity of the agar phantom was 0.5 S/m. The agar
phantom had the dimensions of 30 mmX50 mmX75 mm. Both of the two
top-bottom-through slots were 15 mm wide. In the compression wave propagation
direction, the dimension of the first slot was 1 mm and that of the second slot was 2
mm. And the distances - from the front interface to the center of the first slot, between
the centers of the slots and from the center of the second slot to the back interface - all
are 10 mm, as shown in Figure 2.14.d. In experiments, the ultrasound is transmitted
along ex. And the distance between the transducer and the front interface of the agar
phantom sample is 70 mm, so 7. in (2.14) for the whole agar phantom was greater
than 423.0 us. The two slots are filled with transformer oil when doing experiments.

The fourth experiment is to evaluate the capability of the coherent IQ
demodulation scheme based SECG-LFM-UILF in retrieving the polarity information
of the conductivity variations. In SECG-LFM-UILF, the detected current signal
contains the polarity information of the conductivity variation, but the in-phase
demodulation method fails to retrieve the initial phase of the intermediate frequency
(IF) signal through the Fast Fourier Transform (FFT), which prevents from retrieving
the polarity of conductivity variation. To get the initial phase of the IF signal, we tried
the coherent IQ demodulation scheme in SECG-LFM-UILF. The experiments were
done on a saline agar phantom of electrical conductivity of 2 S/m. The agar phantom
had the dimensions of 15 mmX50 mmX75 mm (XXY XZ)(2.14.e). In experiments,
the ultrasound is transmitted along ex. The in-phase and quadrature-phase IF signals

are collected at linearly increasing distances to the transducer.

51



Application of Lorentz force in ultrasound-electromagnetic-field-coupled electrical impedance tomography and

elastography
Y 75 mm N
=
=
0.2 S/m E
¢ & S
0.2 S/m =)
=
Ultrasound
30 mm ;(15 mmg 30 mm c
(b.1) £
=y
0.2 S/m Hole g
[w]
(- E —
g
2
Ultrasound
30 mm ng mrrgﬂg 30 mm .
(c.1)
H i 0.2 S/m =)
£ = €
=) g
= - g2
0.2 S/m £
e
Ultrasound
30 mm *15 mm* 30 mm
i i g
d.1) ) =
2 mm -2 g
0.5 S/m i S~ slots =
1 mm:3¥4 . £ =
Pt
g
=
Ultrasound
75 mm
(O] g
2 S/m £
n
Ultrasound

Figure 2.14. Multi-shaped agar phantoms samples (Sun et al. 2017, 2018b). (a) The 3-layer agar
phantom for the first group of experiments. (b) The agar phantom with a rectangular hole inside for the
second group of experiments. (¢) The 3-layer agar phantom with the middle part of the second layer
protruding outside for the second group of experiments. (d) The agar phantom with two
top-bottom-through slots for the third group of experiments. (¢) The 1-layer agar phantom for the

fourth group of experiments.
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2.5.6 SECG-UILF using high-voltage narrow pulse signal

For each sample in the experiments in section 2.5.5, conventional SECG-UILF
using high acoustic pressure wide band pulse as the control experiment is carried out
on it. The experimental setup (Figure 2.7) has the same sonication system as that of
SECG-LFM-UILF but different stimulation and detection systems. The stimulating
signal to the transducer (Olympus C306) is generated by a commercial pulser
(Olympus 5058PR). The stimulating pulse has a negative peak of -400 volts (figure
2.15) - which corresponds to a peak instantaneous power of 65.05 dBm - and a PRF of
100 Hz. Under the stimulation by the negative broadband spike signal, the ultrasound
transducer transmits ultrasound pulse towards the sample. Figure 2.16.a is the output
signal of the hydrophone when the hydrophone is placed 60 mm in front of the C306.
And figure 2.16.b is the spectrum of the hydrophone output signal. The spectrum peak
is at round 2 MHz. Using the sensitivity of the hydrophone at 2 MHz (M = 2.28
1V/Pa), the acoustic pressure signal and its spectrum are calculated, as shown in
figure 2.17.a and b. The calculated acoustic peak pressure is 0.965 MPa, the
mechanical index (M) is 0.40, and the spatial peak temporal average intensity (/spr4)
is 1.90 mW/cm?.

The induced current signal is detected using electrodes and then amplified by 54
dB using pre-amplifier (Olympus 5662). The amplified SECG-UILF signal is sampled
at a rate of 10 MSPS by the oscilloscope (Agilent DSO7052A). The DSO7052A also
implements coherent averaging by 1024 times on the digital data to increase the SNR
by 30.1 dB. The DSO7052A finally saves the averaged data in CSV files, which are
transferred to PC for further processing with MATLAB.
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Figure 2.15. The negative high-voltage spike signal generated by the Olympus 5058PR.
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Figure 2.16. The output signal of the hydrophone when its distance to the transducer is 60 mm. (a) The
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2.6 Experiment results and discussion
2.6.1 The first group of experiment - confirmation of the feasibility of

SECG-LFM-UILF

The first group of experiments is done with the three-layer agar phantom sample
(Figure 2.14.a).

Figure 2.18.a.1 shows the spectrum of the intermediate frequency signal obtained
by the in-phase-coherent-demodulation-scheme-based SECG-LFM-UILF when the
transducer locates at the distance of 70 mm in ex to the first interface. Intermediate
frequency signals at 198.4, 254.6, and 282.3 kHz correspond to the first, the third, and
the fourth interfaces of the agar phantoms, respectively. The weak signal at 227.0 kHz
can not be judged as the intermediate frequency signal induced by the second
interface, because the signal disappears rather than decreases or increases in
frequency when the transducer is moved toward or far away from the phantom.
Figures 2.18.a.2-4 show the relationship between the resulting intermediate frequency
(the red squares) and the varying distances from the transducer to the first, the third,
and the fourth interfaces, respectively. Theoretical values of the intermediate
frequencies (the blue circles) for the distances to the three interfaces are also
presented in Figures 2.18.a.2-4 for comparison. The compression wave propagation
speed used for the transformer oil and the agar phantom are, respectively, 1418.4 and
1428.6 m/s at 17 °C, which has been confirmed experimentally before the
experiments.

Figure 2.18.b.1 shows the compressed signal obtained by the pulse-compression-
scheme-based SECG-LFM-UILF when the transducer locates at the distance of 70
mm in ex to the first interface. The compressed pulses at time-of-flights (TOFs) of
49.35 us, 63.48 us, and 70.40 us correspond to the first, the third, and the fourth
interfaces of the agar phantoms, respectively. The weak signal at 56.53 us can not be
judged as the intermediate frequency signal induced by the second interface, because
the signal disappeared rather than decreased or increased in TOF when the transducer
is moved toward or far away from the phantom. Figures 2.18.b.2-4 show the

55



Application of Lorentz force in ultrasound-electromagnetic-field-coupled electrical impedance tomography and
elastography

relationship between the resulting TOFs (the red squares) and the varying distances
from the transducer to the first, the third, and the fourth interfaces, respectively.
Theoretical values of the TOFs (the blue circles) for the distances to the three
interfaces - which are calculated by R/c, where R is the longitudinal distance to the
interface and c¢ is the compression wave velocity - are also presented in Figures
2.18.a.2-4 for comparison.

Figure 2.18.c.1 shows the signal obtained by the traditional high-acoustic-
pressure-based SECG-UILF when the transducer locates at the distance of 70 mm in
ex to the first interface. The pulses at time-of-flights (TOFs) of 49.38 us, 63.58 us, and
70.58 us correspond to the first, the third, and the fourth interfaces of the agar
phantoms, respectively. There is no pulse generated for the second interface. Figures
2.18.c.2-4 show the relationship between the resulting TOFs (the red squares) and the
varying distances from the transducer to the first, the third, and the fourth interfaces,
respectively. Theoretical values of the TOFs (the blue circles) for the distances to the
three interfaces - which are calculated by R/c, where R is the longitudinal distance to
the interface and c is the compression wave velocity - are also presented in Figures
2.18.a.2-4 for comparison.

The plastic film (0.015 mm thick) separating neighboring layers of the phantom
creates a negative change of the o(x) at the front surface and a positive change of the
a(x) at the back surface of the plastic film. Therefore, the gradient of o(x) in direction
x had a negative delta function signal at the front surface and a positive delta function
signal at the back surface of the plastic film, with the signals' amplitude being equal to
the values of o(x) at corresponding sides of the plastic film. At the front and back
surfaces of the plastic film, the negative and positive gradients of a(x) were 0.015 mm
apart in space, and the compression waves differed in phase by between 5.2° (at f'=
1.4 MHz) and 12.6° (at f'= 3.4 MHz). The compression waves at the front and back
surfaces of the plastic film canceled out each other a lot but not totally in the integral
in (2.5) because of the opposite polarity of the gradient signals and the small phase
difference between the compression waves at two surfaces of the plastic film.
Theoretical analysis shows that the amplitude of the SECG-UILF signal due to the
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second interface is between 9.1% (at f= 1.4 MHz) and 21.8% (at /= 3.4 MHz) of the
amplitude of the SECG-UILF signal induced by a positive change of o(x) from 0 to
0.2 S/m, while that due to the third interface is between 100.8% (at f= 1.4 MHz) and
104.7% (at f = 3.4 MHz) of the amplitude of the LFEIT signal induced by a positive
change of a(x) from 0 to 0.2 S/m. The result of the first experiment confirmed the
theoretical analysis - in Figures 2.18.a-c.1, the SECG-UILF signals induced by the
second interface are too weak to be recognized from the background noise while those
induced by the third interface have the same level of amplitude as those induced by
the first interface.

In this group of experiments, there are four interfaces where the discontinuities of
the o(x) in direction x exist in the agar phantom. For the first interface, from the
transformer oil to the first layer of the agar phantom, and the fourth interface, from
the saline agar phantom to the transformer oil, gradients of o(x) are theoretically huge
as the electrical conductivity o(x) changed in the form of a step function. For the
second interface, as discussed earlier, the negative and positive gradients of o(x) at the
front and back surfaces of the plastic film greatly reduce their overall effect in
generating the SECG-UILF signal, and for the third interface, it has almost the same
effect as a gradient of o(x) from 0 to 0.2 S/m in generating SECG-UILF signal.
Besides the discontinuities of a(x), acoustic discontinuities also exist at these four
interfaces. The phenomenon that only the three signals (the intermediate frequencies,
the compressed pulses, and the spike pulses) are observed in the first experiment
demonstrated that it are the discontinuities of o(x) rather than the acoustic
discontinuities that generate the SECG-UILF signals.

The intermediate frequency of the signal obtained through the in-phase-coherent-
demodulation-scheme-based SECG-LFM-UILF is less than 350 kHz for distance less
than 110 mm, so the sampling rate of analog-to-digital conversion (ADC) can be as
low as 700 KSPS whereas in the pulse-compression-scheme-based SECG-LFM-
UILF, the ADC rate is at least 6.8 MSPS. To achieve this, SECG-LFM-UILF using the
in-phase coherent demodulation scheme uses more complex circuit than SECG-
LFM-UILF using the pulse compression scheme.
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Figure 2.18. SECG-LFM-UILF (using both the coherent demodulation method (a) (Sun et al. 2018b)

and the pulse compression method (b) (Sun et al. 2017)) and SECG-UILF based on the high acoustic-
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pressure wide-band ultrasound pulse stimulation (c). (a.1) Spectrum of the intermediate frequency
signal due to the conductivity gradients at the first, the third and the fourth interfaces of the agar
phantom at the distance of 70 mm from the first interface to the transducer. (a.2-4) Intermediate
frequencies for the first, the third and the fourth interfaces increase linearly with distance from the
transducer to the agar phantom (the red squares are for values gotten through experiments and the blue
circles are for values gotten theoretically). (b.1) Compressed SECG-LFM-UILF pulse signals induced
by the conductivity gradients at the first, the third and the fourth interfaces of the agar phantom. (b.2-4)
The time-of-flights (TOF) of the compressed SECG-LFM-UILF signals corresponding to the
conductivity gradients at the first, the third and the fourth interfaces of the agar phantom (the red
squares are for values gotten through experiments, and the blue circles are for values gotten
theoretically). (c.1) SECG-UILF signals induced by the conductivity gradients at the first, the third and
the fourth interfaces of the agar phantom, using the conventional high acoustic pressure wide-band
ultrasound pulse stimulation method. (c.2-4) The time-of-flights (TOFs) of the SECG-UILF signals
corresponding to the conductivity gradients at the first, the third and the fourth interfaces of the agar
phantom (the red squares are for values gotten through experiments, and the blue circles are for values

gotten theoretically), using the conventional high pressure narrow ultrasound pulse stimulation.

2.6.2 The second group of experiments - B-scan image of multi-
shaped agar phantoms
2.6.2.1 SECG-UILF on a multi-shaped saline agar phantom with a

rectangular hole inside

The first half of the second group of experiments is done using a multi-shaped
agar phantom with a rectangular hole inside as the sample (Figure 2.14.b).

Using the in-phase-coherent-demodulation-scheme-based SECG-LFM-UILF, the
intermediate frequency signal is recorded and its spectrum is calculated at each
position when moving the transducer in 1-mm step across the z-direction. The 2-D
image of the relative gradient of the electrical conductivity of the multi-shaped
phantom sample was formed by joining all tracks of the spectra together (Figure
2.19.a.1). The relative amplitude values were converted, using the color map HOT, to
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128 colors. The spectra of intermediate frequency signals of individual tracks at
positions z = -13 mm (Figure 2.19.a.2), z = 0 mm (Figure 2.19.a.3), and z = +12 mm
(Figure 2.19.a.4) are also provided here for detailed examination of the spectra of the
intermediate frequency signals. From Figure 2.19.a.1, four o(x) discontinuities,
including two at the outer front and back interfaces and two at the rectangular hole of
the sample, are clearly recognized. The lengths of the recognized inner discontinuity
are approximately 15 mm, equal to the real width of the hole.

Similarly, using the pulse-compression-scheme-based SECG-LFM-UILF, the
induced wide pulse current signal is recorded at each position when moving the
transducer in 1-mm step across the z-direction. The 2-D image of the relative gradient
of the electrical conductivity of the multi-shaped phantom sample is formed by
compressing the detected wide pulse signals and joining all tracks of the compressed
signals together (Figure 2.19.b.1). As the compressed pulses have bi-polarities, the
relative amplitude values are converted, using the color map HSV, to 128 colors. The
compressed signals of individual tracks at positions z = =13 mm (Figure 2.19.b.2), z =
0 mm (Figure 2.19.b.3), and z = +12 mm (Figure 2.19.b.4) are also provided here for
detailed examination of the compressed signals. From Figure 2.19.b.1, four o(x)
discontinuities, including two at the outer front and back interfaces and two at the
rectangular hole of the sample, are clearly recognized. The lengths of the recognized
inner discontinuity are approximately 15 mm, equal to the real width of the hole.

And using the traditional high-acoustic-pressure-wide-band-ultrasound-signal-
based SECG-UILF, the induced current signal is recorded at each position when
moving the transducer in 1-mm step across the z-direction. The 2-D image of the
relative gradient of the electrical conductivity of the multi-shaped phantom sample is
formed by joining all tracks of the signals together (Figure 2.19.c.1). Since the pulses
have bi-polarities, the relative amplitude values are converted, using the color map
FIREICE (which has the same colors as HOT for values from 0 to 1), to 128 colors.
The signals of individual tracks at positions z = -13 mm (Figure 2.19.c.2), z = 0 mm
(Figure 2.19.c.3), and z = +12 mm (Figure 2.19.c.4) are also provided here for
detailed examination of the signals. From Figure 2.19.c.1, four o(x) discontinuities,
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including two at the outer front and back interfaces and two at the rectangular hole of
the sample, are clearly recognized. The lengths of the recognized inner discontinuity
are approximately 15 mm, equal to the real width of the hole.

Two abnormalities are observed on the reconstructed interfaces (Figures
2.19.a-c.1): (1) the dimension of the agar phantom along ex becomes shorter and (2)
the back interface is broken into three parts. These two abnormalities are due to the
facts that the ultrasound propagated slower in the transformer oil (1418.4 m/s, 17 °C)
than in the saline agar phantom (1428.6 m/s, 17 °C) and that, when reconstructing the
longitudinal distance of the discontinuities of o¢(x), one unique compression wave
speed (1418.4 m/s) is used. Because the compression waves propagated faster in the
agar phantom than in the transformer oil, the resulting intermediate frequency
increment within the agar phantom is less than that within the transformer oil for the
same distance. Therefore, the reconstructed distance of the agar phantom is smaller
than the real distance.

Comparison of Figure 2.19.a.1 (with an SNR of 9.28 dB), Figure 2.19.b.1 and
Figure 2.19.c.1 (with an SNR of 8.16) shows that: (1) the SECG-LFM-UILF,
including calculation of the longitudinal distance through the in-phase coherent
demodulation scheme and that through the pulse compression scheme, can recognize
the variations of o(x) in the agar phantom sample; (2) the SNR in recognizing
gradients of o(x) in the agar phantom sample obtained by the in-phase-coherent-
demodulation-scheme-based SECG-LFM-UILF is comparable to that obtained by the
traditional high-acoustic-pressure-wide-band-ultrasound-stimulation-based SECG-
UILF, but the peak instantaneous power of the LFM pulse to the transducer was 25.5

dB lower than that of the negative high-voltage spike pulse.
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Figure 2.19. B-scan images of the conductivity gradients in the saline agar phantom having a

rectangular hole inside ((a.1) Using linearly frequency-modulated ultrasound pulse stimulation and the
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in-phase coherent demodulation method (Sun ef al. 2018b). (b.1) Using linearly frequency-modulated
ultrasound pulse stimulation and the pulse compression technique (Sun et al. 2017). (c.1) Using the
conventional high acoustic pressure wide-band ultrasound pulse stimulation). (a.2-4) The spectra of the
intermediate frequency signal when the ultrasound transducer is at z = -13 mm, 0 mm, and +12 mm,
using linearly frequency-modulated ultrasound pulse stimulation and the coherent demodulation
method. (b.2-4) The compressed signals got when the ultrasound transducer is at z = -13 mm, 0 mm,
and +12 mm, using linearly frequency-modulated ultrasound pulse stimulation and the pulse
compression technique. (¢.2-4) The signals got when the ultrasound transducer is at z =-13 mm, 0 mm,

and +12 mm, using the conventional high acoustic pressure wide-band ultrasound pulse stimulation.

2.6.2.2 SECG-UILF on a multi-shaped 3-layer saline agar phantom

The second half of the second group of experiments is done using a multi-shaped
3-layer agar phantom as the sample (Figure 2.14.c).

Using the in-phase-coherent-demodulation-scheme-based SECG-LFM-UILF, the
intermediate frequency signal is recorded and its spectrum is calculated at each
position when moving the transducer in 1-mm step across the z-direction. The 2-D
image of the relative gradient of the electrical conductivity of the multi-shaped
phantom sample is formed by joining all tracks of the spectra together (Figure
2.20.a.1). The relative amplitude values are converted, using the color map HOT, to
128 colors. The spectra of intermediate frequency signals of individual tracks at
positions z = -12 mm (Figure 2.20.a.2), z = 0 mm (Figure 2.20.a.3), and z = +12 mm
(Figure 2.20.a.4) are also provided here for detailed examination of the spectra of the
intermediate frequency signals. From Figure 2.20.a.1, the front and back interfaces on
the agar phantom and the first internal interface can be clearly recognized. The third
internal interface except the middle part can also be clearly recognized. The middle
part of the third internal interface is vague because the corresponding induced
intermediate frequency signals are comparatively weak. The lengths of the recognized
inner discontinuity on the internal interfaces are approximately 15 mm, which is equal
to the real width of the middle part of the second layer.

Similarly, using the pulse-compression-scheme-based SECG-LFM-UILF, the
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induced wide pulse current signal is recorded at each position when moving the
transducer in 1-mm step across the z-direction. The 2-D image of the relative gradient
of the electrical conductivity of the multi-shaped phantom sample is formed by
compressing the detected wide pulse signals and joining all tracks of the compressed
signals together (Figure 2.20.b.1). As the compressed pulses have bi-polarities, the
relative amplitude values are converted, using the color map HSV, to 128 colors. The
compressed signals of individual tracks at positions z = -12 mm (Figure 2.20.b.2), z =
0 mm (Figure 2.20.b.3), and z = +12 mm (Figure 2.20.b.4) are also provided here for
detailed examination of the compressed signals. From Figure 2.20.b.1, the front and
back interfaces on the agar phantom and the two internal interfaces are clearly
recognized. The lengths of the recognized inner discontinuity on the internal
interfaces are approximately 15 mm, which is equal to the real width of the middle
part of the second layer.

And using the traditional high-acoustic-pressure-wide-band-ultrasound-
stimulation-based SECG-UILF, the induced current signal is recorded at each position
when moving the transducer in 1-mm step across the z-direction. The 2-D image of
the relative gradient of the electrical conductivity of the multi-shaped phantom sample
is formed by joining all tracks of the signals together (Figure 2.20.c.1). Since the
pulses have bi-polarities, the relative amplitude values were converted, using the color
map FIREICE (which has the same colors as HOT for values from 0 to 1), to 128
colors. The signals of individual tracks at positions z = -13 mm (Figure 2.20.c.2), z =
0 mm (Figure 2.20.c.3), and z = +12 mm (Figure 2.20.c.4) are also provided here for
detailed examination of the signals. From Figure 2.20.c.1, the front and back
interfaces on the agar phantom and the two internal interfaces could be clearly
recognized. The lengths of the recognized inner discontinuity on the internal
interfaces are approximately 15 mm, which is equal to the real width of the middle
part of the second layer.

While the B-scan image by the traditional high-acoustic-pressure-wide-band-
ultrasound-stimulation-based SECG-UILF (Figures 2.19.c.1 and 2.20.c.1) provides
the polarity information of the electrical conductivity variations, the B-scan images
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obtained through the in-phase-coherent-demodulation-scheme-based SECG-LFM-
UILF (Figure 2.19.a.1 and Figure 2.20.a.1) losses the polarity information although
the detected current signal keeps the polarity information of the conductivity gradients.
This is because FFT can get only the amplitudes but no phases of various frequency
components of the intermediate frequency (IF) signal in the SECG-LFM-UILF. To
retrieve the phase information of the IF signal, the SECG-LFM-UILF needs to adopt

the in-phase/quadrature-phase (IQ) demodulation scheme.

2.6.3 The third group of experiments - demonstration of the

longitudinal resolution

To verify the longitudinal resolution of SECG-LFM-UILF including calculation
of the longitudinal distance through the in-phase coherent demodulation scheme and
that through the pulse compression scheme, B-scan experiments are done on the
sample of saline agar phantom with two slots (Figure 2.14.d).

Using the in-phase-coherent-demodulation-scheme-based SECG-LFM-UILF, the
intermediate frequency signal is recorded and its spectrum is calculated at each
position when moving the transducer in 1-mm step across the z-direction. The 2-D
image of the relative gradient of the electrical conductivity of the multi-shaped
phantom sample is formed by joining all tracks of the spectra together (Figure
2.21.a.1). The relative amplitude values are converted, using the color map HOT, to
128 colors. The spectra of intermediate frequency signals of individual tracks at
positions z = -12 mm (Figure 2.21.a.2), z = 0 mm (Figure 2.21.a.3), and z = +12 mm
(Figure 2.21.a.4) are also provided here for detailed examination of the spectra of the
intermediate frequency signals. Besides the front and back interfaces on the agar
phantom, the front and back interfaces on each slot are clearly identified in Figure
2.21.a.1. The widths of the interfaces recognized are approximately 15 mm, and the
distances between the recognized interfaces on the first and the second slots are
approximately 1 and 2 mm, respectively. So, longitudinal resolution of 1 mm by(2.14)

is verified experimentally.
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scan images of the conductivity gradients in the saline agar phantom having 3

Figure 2.20. B

multi-shaped layers ((a.1) Using linearly frequency-modulated wide ultrasound pulse stimulation and
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the coherent demodulation method (Sun ef al. 2018b). (b.1) Using linearly frequency-modulated wide
ultrasound pulse stimulation and the pulse compression technique (Sun et al. 2017). (c.1) Using the
conventional high acoustic pressure wide-band ultrasound pulse stimulation). (a.2-4) The spectra of the
intermediate frequency signal when the ultrasound transducer is at z = -12 mm, 0 mm, and +12 mm,
using linearly frequency-modulated wide ultrasound pulse stimulation and the coherent demodulation
method. (b.2-4) The compressed signals got when the ultrasound transducer is at z = -12 mm, 0 mm,
and +12 mm, using linearly frequency-modulated wide ultrasound pulse stimulation and the pulse
compression technique. (c.2-4) The signals got when the ultrasound transducer is at z=-12 mm, 0 mm,

and +12 mm, using the conventional high acoustic pressure wide-band ultrasound stimulation.

Similarly, using the pulse-compression-scheme-based SECG-LFM-UILF, the
induced wide pulse current signal is recorded at each position when moving the
transducer in 1-mm step across the z-direction. The 2-D image of the relative gradient
of the electrical conductivity of the multi-shaped phantom sample is formed by
compressing the detected wide pulse signals and joining all tracks of the compressed
signals together (Figure 2.21.b.1). As the compressed pulses have bi-polarities, the
relative amplitude values were converted, using the color map HSV, to 128 colors.
The compressed signals of individual tracks at positions z = —12 mm (Figure
2.21.b.2), z = 0 mm (Figure 2.21.b.3), and z = +12 mm (Figure 2.21.b.4) are also
provided here for detailed examination of the compressed signals. Besides the front
and back interfaces on the agar phantom, the front and back interfaces on each slot are
clearly identified in Figure 2.21.b.1. The widths of the interfaces recognized are
approximately 15 mm, and the distances between the recognized interfaces on the first
and the second slots are approximately 1 and 2 mm, respectively. So, longitudinal
resolution of 1 mm by (2.16) is also verified experimentally.

And using the traditional high-acoustic-pressure-wide-band-ultrasound-
stimulation-based SECG-UILF, the induced current signal is recorded at each position
when moving the transducer in 1-mm step across the z-direction. The 2-D image of
the relative gradient of the electrical conductivity of the multi-shaped phantom sample
is formed by joining all tracks of the signals together (Figure 2.21.c.1). Since the
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pulses have bi-polarities, the relative amplitude values are converted, using the color
map FIREICE (which has the same colors as HOT for values from 0 to 1), to 128
colors. The signals of individual tracks at positions z = -12 mm (Figure 2.21.c.2), z =
0 mm (Figure 2.21.c.3), and z = +12 mm (Figure 2.21.c.4) are also provided here for
detailed examination of the signals. Besides the front and back interfaces on the agar
phantom, the front and back interfaces on each slot are clearly identified in Figure
2.21.c.1. The widths of the interfaces recognized are approximately 15 mm, and the
distances between the recognized interfaces on the first and the second slots are
approximately 1 and 2 mm, respectively. So, longitudinal resolution of 1 mm is also
verified experimentally.

Regarding the lateral resolution, in all the above experiments, we used the flat
ultrasound transducer (Olympus C306), of which the —6 dB beam diameter was large
compared with the focal transducer. But the width of the recognized interfaces does
not widen much. Future experiments using focal ultrasound transducer are planned to

study the lateral resolution.
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scan images of the conductivity gradients in the saline agar phantom having two slots

Figure 2.21. B

((a.1) Using linearly frequency-modulated narrow ultrasound pulse stimulation and the coherent
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demodulation method (Sun ef al. 2018b). (b.1) Using linearly frequency-modulated wide ultrasound
pulse stimulation and the pulse compression technique (Sun et al. 2017). (c.1) Using the conventional
high acoustic pressure wide band ultrasound stimulation). (a.2-4) The spectra of the intermediate
frequency signal when the ultrasound transducer is at z = -12 mm, 0 mm, and +12 mm, using linearly
frequency-modulated wide ultrasound pulse stimulation and the coherent demodulation method. (b.2-4)
The compressed signals got when the ultrasound transducer is at z = -12 mm, 0 mm, and +12 mm,
using linearly frequency-modulated wide ultrasound pulse stimulation and the pulse compression
technique. (c.2-4) The signals obtained when the ultrasound transducer is at z = -12 mm, 0 mm, and

+12 mm, using the conventional high acoustic pressure wide-band ultrasound stimulation.

2.6.4 The fourth group of experiments - retrieving the conductivity
gradient polarity by the IQ-coherent-demodulation-scheme-based

SECG-LFM-UILF

Figures 2.22.a-f are the spectra with polarity of the complex intermediate
frequency signals, which are produced by combinations of the in-phase and the
quadrature-phase intermediate frequency signals as (2.12) when the ultrasound
transducer locates respectively 67.5, 72.5, 77.5, 82.5, 87.5 and 92.5 mm in front of the
front surface of the saline agar phantom sample. The method has not been maturely
developed by us yet - sometimes it works (Figure 2.22.a and d) while other times it
fails (Figure 2.22.b, c, e and f). The biggest problem with the 1Q demodulation
method is that the Fast Fourier Transform (FFT) itself also introduces phase variations
into the complex spectrum, which prevents deducing the phase of the intermediate
frequency signal precisely from the complex spectrum obtained through FFT. We still
work on the SECG-LFM-UILF using the 1Q demodulation method. We are trying

methods to get rid of the phase variations produced by FFT itself.
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Figure. 2.22. The spectra with polarity of the complex intermediate frequency signals (2.12). The
distances (R) from the front surface of the agar phantom to the ultrasound transducer are respectively
67.5 mm (a), 72.5 mm (b), 77.5 mm (c), 82.5 mm (d), 87.5 mm (e), and 92.5 mm (f). Both the distance
and the polarity information can be correctly retrieved from the spectra of the complex intermediate
frequency signals when the front surface of the agar phantom locates at distances of 67.5 mm (a) and
82.5 mm (d); Only the distance information rather than the polarity information can be correctly
obtained from the spectra with polarity of the complex intermediate frequency signals when the front

surface of the agar phantom located at distances of 72.5 mm (b), 77.5 mm (c), 87.5 mm (e) and 92.5

mm (f).

2.7 Chapter summary

In this chapter, we carried out an in-depth study of scanning of electrical
conductivity gradients with linearly frequency-modulated ultrasound induced Lorentz
force (SECG-LFM-UILF). First, two methods of calculation of the longitudinal
distance of the medium having conductivity variations - the coherent demodulation
scheme and the pulse compression scheme - were studied. Although, in the frequency
range 1.4-3.4 MHz, the ultrasound transducer's amplitude-frequency response was not

flat, and the integral of the ultrasound pressure signal in the mechanics-to-electrics
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transformation also produced variation in the amplitude of the induced
SECG-LFM-UILF current signal, theoretical analysis showed that: (1) the resulting
intermediate frequency signal was hardly undermined and its side lobe level increased
little; and (2) the signal after pulse compression still exhibited as a narrow pulse.
SECG-LFM-UILF experiments on agar phantoms of electrical conductivity ranging
between 0.2 S/m and 0.5 S/m demonstrated its feasibility and performance. The
SECG-LFM-UILF used LFM signal of peak instantaneous power of 39.54 dBm to
stimulate the ultrasound transducer, while the traditional SECG-UILF used the
negative spike signal of peak instantaneous power of 65.05 dBm; and in
SECG-LFM-UILF, the transmitted ultrasound had a peak acoustic pressure of 0.525
MPa, while that in the traditional SECG-UILF had a peak acoustic pressure of 0.965
MPa. The experiment results showed: (1) the SECG-LFM-UILF, calculating the
longitudinal distance either through the in-phase coherent demodulation scheme or
through the pulse compression scheme, located the electrical conductivity
discontinuities precisely; (2) the SECG-LFM-UILF could get the comparable SNR in
detection of electrical conductivity variations as the traditional SECG-UILF; (3) using
modulation frequency bandwidth of 2 MHz and modulation time of 500 us, the
SECG-LFM-UILF achieved a longitudinal resolution of 1 mm within the range of 100

mm.
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Chapter 3 Scanning electric conductivity gradients with

step-frequency ultrasound induced Lorentz force

In this chapter, we explore the use of step-frequency technique in scanning
electric conductivity gradients with ultrasonically induced Lorentz force
(SECG-UILF). This technique originated from ground penetrating radar (GPR)
(lizuka et al. 1976, lizuka and Freundorfer 1983, lizuka et al. 1984), where it was
used to overcome mutually conflicting demands of lower operating frequency and
higher resolution which were both necessary for the GPR. The step-frequency
technique utilizes information from both the phase and the amplitude of a
target-reflected signal with the emphasis on the phase information. With accurate
phase measurement, a resolution of much less than one wavelength was proven to be
achievable. In recent years, besides its continuous usage in GPR (Oyan et al. 2012), it
has been applied in microwave-induced thermo-acoustic imaging (Nan and Arbabian
2014), magneto-acoustic tomography (Aliroteh et al. 2014) and accurate ultrasound
ranging (Natarajan et al. 2010, Podilchuk et al. 2012). This chapter is organized as
follows: first, the theory of scanning electric conductivity gradients with
step-frequency ultrasound induced Lorentz force (SECG-SF-UILF) is presented. Then,
theoretical analysis and experiments with copper foils are done to demonstrate the

feasibility of this method. (Sun ez al. 2018a)

3.1 Application of step-frequency technique

The set-up of application of step-frequency technique in SECG-UILF is shown in
Figure 3.1. A collection of monotonic signals with frequency increasing in equal step
are in turn used to generate the sinusoidal ultrasound bursts. And the sample placed in
the quasi-uniform static magnetic field is vibrated by the generated ultrasound and
SECG-UILF current signal is induced in the sample. The detected SECG-UILF
current signal is demodulated by the coherent local reference signal. The resulting DC
signals contain the accumulated phase as the ultrasound propagates to the places of
variations of o(x). Equivalently, the range information of the electrical conductivity

73



Application of Lorentz force in ultrasound-electromagnetic-field-coupled electrical impedance tomography and
elastography

variations is contained in the collection of DC signals via the accumulated phases.
Craftily, by using step frequencies and by assuming that the electrical conductivity
variations' distances to the transducer increase in equal step, the DC signals represent
the Fast Fourier Transform (FFT) - at the specific frequency points - of the existence
function of the electrical conductivity variations. Inversely, the distribution of the
electrical conductivity variation can be deduced by performing Inverse Fast Fourier
Transform (IFFT) on the collection of the DC signals. In the real situation, the
ultrasound is transmitted in the form of wide pulse rather than continuously to reduce
the power of the transmitting system. Besides, the transmission of the ultrasound
pulse of the same frequency and collection of its induced current signal is repeated

multiple times to apply the coherent addition before jumping to the next frequency.
@[ 7, (1) sAN\,~ R (6) - 1, (8)

T, (¢) —>WV\)% R, (ti) - Ifl'(tl.) IFFTA e—jZﬂfb ;
. . . . : : % n

nA,

“\|= | IFFT

1,'(¢)
f, =1.4MHz
Af = 2MHz
no, R, (1)|N = 64
c=1428m/s
=W Sy ‘
Py A =—=0.714mm
: ) Af
Lo e 3N+ A
I — vz Zy = 7 z
NeA_ =45.696mm

Figure 3.1. Schematic of the SECG-SF-UILF using step frequency technique (Sun et al. 2018a). (a)

The signal transformations from the stimulating signals T, (¢) and the detected SECG-SF-UILF

. niz
current signals Ry, (t) to the IF signals I}k (t) and finally to the existence function A,e”’ o, (b)

ﬁAZ is specific to the direct

Schematic of SECG-SF-UILF system. The restriction of z, = 5

demodulation method, which guarantees the artificial target mirrors with the real target with respect to
z =12+ %AZ.
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The stimulating signal to the ultrasound transducer is of the form as (3.1).
o Af _
Ty, (6) = Aosin |21 (fo + Lk ) t + o[, 0 S t <Tandk = 01, N - 1. (3.1)

where Ao is the amplitude of the stimulating signal, fo is the initial frequency, Af'is the
total frequency bandwidth, @o is the initial phase, N is the number of steps, and 7 is
the stimulating pulse width.

Because the amplitude-frequency response of the ultrasound transducer is not flat
within the frequency band of 1.4 - 3.4 MHz, the transmitted ultrasound pulses from
the transducer do not have the same amplitude although the stimulating signals to the
ultrasound transducer have the same amplitude. But the frequency of the transmitted
ultrasound pulse signal still has the same frequency as that of the stimulating signal to
the transducer. The induced current signal, as shown in (2.5), is the time-domain
integral of the ultrasonic pressure signal. The resulting current signal has the same
instantaneous frequency as the ultrasound pressure signal because the time-domain

integral of a sinusoid results in a sinusoid of the same frequency. But as the frequency

increases between different Ty, (t)s, the integral of ultrasound pressure also

introduces amplitude variation between different Rf, (t)s. To sum up, we get Ry, (t)

as (3.2).

Ry, (£) = :Z:An(t)sin |27 (£ + %k) (£=22) + o),

Zo

2<t<™4Tand k=01 ,N-1 (32)

where za+1 is the n' target range, zo the 1% target range, and A4.(f) accounts for the
overall amplitude-frequency response of the transducer, the ultrasound propagating
medium and the acousto-electrical transforming system.

For detection of the accumulated phase, there are two demodulation schemes -
one is the in-phase demodulation scheme and the other is the in-phase/quadrature-

phase (IQ) demodulation scheme.
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3.1.1 Calculation of the longitudinal distance - the in-phase coherent

demodulation scheme

In the in-phase coherent demodulation scheme, where only the in-phase reference
signal is used to demodulate the detected SECG-UILF signal, the intermediate

frequency (IF) signal has the form as (3.3).

N-1
A z
I, (t) = z A, (t)cos [271' (fo + ﬁk) ?"]’
n=0
ZTl=ZO+nAz; ZC_OSt<ZNT_1+Tandk=O'1"N_1 (33)

. Af . \z
After multiplying Ir (t) with e’ 2n(fo+ 37 fE and applying the restrictions
plying fk

AzA

3N+1
szl and z, =

——A4,, I5,(t) is transformed into If, (t).

=

-1
, . nd, .2m . 2zg+(N-1-n)A, .2m
Ifk(t) = [An(t)e szl Cze TN 4 AN—1—n(t)e]2nf° ¢ Ze Tk )

0

S
Il

L<t<®24Tandk =01, ,N-1.  (34)

From (3.4), we can get that, mathematically, If'k (t) is the FFT of the summation

o niz . 2zZg+(N—-1-n)Az o niz .
of A,(£)e /¥ and Ay_i_,(t)e’*™o c . A,(De e s an

existence function of the electrical conductivity variation at z = zo + n-A:, while

jamf, R0t (N=1-mdg . . , ,
Ay_1-n(t)e c is an artificial existence function of the electrical

conductivity variation at z = zo + (N - 1 - n)-A.. Therefore, when doing IFFT on I];k (),

a real target and an artificial target are recovered for one electrical conductivity

3N+1

variation. The restriction of z, = A, in the transformation from (3.3) to (3.4)

. o N
guarantees the mirror for the real and artificial targets locates at z = zy + EAZ‘ To
avoid confusing the artificial targets with the real targets, the detection range is

limited within (zy, zy + (g - 1) A,). Indeed, the recovered targets locating in the

range (zg, zo + (g — 1) A,) are judged as the real targets, while those locating in the
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range (z, + gAZ,ZO + (N — 1)A,) are judged as the artificial targets.

3.1.2 Calculation of the longitudinal distance - the in-phase/

quadrature-phase (IQ) coherent demodulation scheme

In the IQ coherent demodulation scheme, besides the in-phase IF component, the

quadrature-phase IF signal is also obtained as (3.5).

I () = ZAn(t)cos [Zn (fo + ?V—fk) Z?"]
lop, (£) = Ni _A,(O)sin [27‘[ <f0 + %k) 27"]
n=0

Zy = 2o +n- A, Z—:St<Z’VT‘1+Tandk=0,1,---,N—1. (3.5)

Therefore, the complex form of IF signal is obtained as (3.6) using the in-phase

and quadrature-phase IF components.

Zy +TLAZ

N-1 Af
. —j2m( fo+—srk PO =2
I, (8) = Lip, (0) + jlgf, () = Z A, (e’ n( N ) <,
n=0
L<t<®™l4Tandk =01, N-1. (3.6)

j2n(fo +Awfk)z—°

Reducing the constant phase by multiplying the term e ¢, Ir, (t) is

changed to (3.7).

N-1
, nA 21T
I () = Z A, (e 2o eI Tk,
n=0

2<t<?™4Tandk =01, ,N-1. (37)

c

. niz
From (3.7), it can be gotten that Ir, (t) is the FFT of A, (t)e™’ 2mfo~c" Therefore,
by IFFT of If, (t), An(t) - containing the location information of the electrical

conductivity variations - can be reconstructed.
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3.2 Theoretical analysis and experiments

Theoretical analysis of the SECG-SF-UILF using step-frequency technique are
done in terms of the in-phase and IQ demodulation schemes. Generation of the
SECG-SF-UILF current signal takes into consideration of the amplitude-frequency
response of the transducer and the integral in the acousto-electrical transformation.
System parameters used are the same as those in Figure 3.1. Two electrical
conductivity variations - being respectively 78 mm and 103 mm far away from the

transducer - exist. 64 discrete frequencies with equal step are used and zo is set to

3N+1
2

68.93 mm so that zo equaled A,.

Experiments also are done to demonstrate the feasibility of this imaging method.
The experimental setups are shown in Figure 3.2. The in-phase and quadrature-phase
channels of monotonic frequency pulse are generated with pulse width 100 us and
starting phase differing by 90 degree - i.e., the in-phase channel is sin(w?) and the
quadrature channel is cos(wt). The monotonic frequency starts at 1.4 MHz and
increases by a step of 31.25 kHz. And the number of frequencies used is 64, so the
frequency bandwidth used is 2 MHz. The in-phase channel monotonic frequency
signal is split into two channels, of which one was amplified (HSA4101) to 37.5 Vpp
to stimulate the ultrasound transducer, and the other is used as the local reference
signal to the mixer (Mini-Circuits ZAD-8+). The transducer used is the Olympus
C306, which is a flat transducer with the element size of diameter of 1.27 cm and the
-6 dB band starting at 1.4 MHz and ending at 3.38 MHz. Two permanent magnets
(NdFeB N45, diameter - 15 cm and height - 3 cm) placed along the same axis and in
the same direction are used to generate the static magnetic field with magnetic
induction density about 260 mT.

The SECG-SF-UILF current signal detected by electrodes is first amplified
(Olympus 5662) by 34 dB, high-pass and low-pass filtered, then converted to
baseband by mixing (Mini-Circuits, ZAD-8+) it with the local reference signal. In the
direct demodulation scheme, the detected current signal is only mixed with the

in-phase local reference signal, while in the 1Q demodulation scheme, the detected
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current signal is first split into two channels, of which one channel is mixed with the
in-phase local reference signal and the other channel is mixed with the quadrature
local reference signal. The output signals of the mixers are sampled using the
Tektronix oscilloscope (DPO2014B). Two frequency components - the DC and the
double-frequency component - exist in the output signals of the mixers. Only the DC
component is useful and the double-frequency component is filtered using a 5" order
Butterworth digital low-pass filter. The DC component contains the accumulated
phase information which relates to the distances between the medium of variations of
o(x) and the transducer. The different phases are reconstructed by doing IFFT on the
DC signals. And the range information of the electrical conductivity variations are

finally obtained by linear operation on the reconstructed phases.

Mixer
(Olympus (Mini-Circuits  (Mini-Circuits Mini-Circuits
5662) ZFHP-1R2+) SLP-5+) (SHX-GF2)  ( ZAD-84)

- PREAMP | HPF L LPF ~ Power
A
—

Y

1.2-800MHz DC-5MHz splitter (Tektronix

L

DP0O2014B)
l f P
Y (Rigol DG10327) (Mini-Circuits
In-Phase | ¢; Quadrature .
Power Power | Sinu pulse ZAD-8+)
& Ame [ spiter [ g —
(PC MATLAB)

(NF HSA4101)(SHX-GF2)

Figure 3. Schematic layout of SECG-SF-UILF experimental setup (Sun ef al. 2018a). The parts in red

were specific to the IQ demodulation scheme.

The samples used in the experiment are two narrow strips of copper foils (0.1 mm
thick) - 5 mm wide and 75 mm long, as shown in Figure 3.3. Two ends of each foil
stick on the acrylic sheet frame. The copper foils were placed in parallel along e: with
the plane surface perpendicular to ex. Along ey, the transducer is placed in the middle
between the two copper foils. And along e:, the transducer locates in the middle
between the two ends of the each copper foil. And in direction x the distances between
the transducer and two copper foils are 78 mm and 93 mm respectively. The

transducer transmitted ultrasound right in direction x.
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Figure. 3.3. Schematic (a) (Sun ef al. 2018a) and photo (b) of the sample - two-layer copper foils.

Using the method described above, experiments of detection of electrical
conductivity variation - the existence of copper foils here - are carried out. 64
monotonic pulses sequentially are used to stimulate the transducer. The DC signals
containing the accumulated phase are used to reconstruct the range information of the
electrical conductivity variation. The experiments are done only using the I1Q
demodulation scheme, but verification of the in-phase demodulation scheme is

accomplished using only the in-phase channel signals.

3.3 Results and discussion

In Figure 3.4.a and b, the lines in black with circles represent the reconstructed
electrical conductivity variations by theoretical calculation using the in-phase and the
1Q demodulation schemes respectively, while the lines in red with asterisks represent
the reconstructed electrical conductivity variation by experiments using the direct and
1Q demodulation methods respectively.

Both theoretical calculation and experiments show that in the in-phase
demodulation method (Figure 3.4.a), besides two target electrical conductivity
variations - 78.21 mm and 93.21 mm far away from the transducer - being recognized,
two artificial variations - respectively 104.6 mm and 89.64 mm far away from the
transducer - also appear, whereas in the IQ demodulation method (Figure 3.4.b), only
two electrical conductivity variations - 78.21 mm and 93.21 mm far away from the

transducer - are recognized. And, the reconstructed variations - locating at
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respectively 78.21 mm and 93.21 mm far away from the transducer - coincide with
the real distances (78 mm and 93 mm), with a minor amount of error.

Better low-noise amplifying circuit can be explored to detect weak SECG-SF-
UILF current signal in experiments using weakly conductive phantom samples.
Although the method of increasing the number of the step frequencies can also
improve the signal to noise ratio and increase the detecting range, this method is not
preferred as the operating time of the step frequency technique increases linearly with

the number of step frequencies.

3.4 Chapter summary

In this chapter, we carried out an in-depth study of scanning electric conductivity
gradients with step-frequency ultrasound induced Lorentz force (SECG-SF-UILF).
Theory of adaptation of step-frequency technique to SECG-UILF in terms of
calculation of the longitudinal distance using either the in-phase coherent
demodulation scheme and the IQ coherent demodulation scheme was formulated.
Although the uneven frequency response of the transducer and the integral in the
acousto-electrical transformation undermined the integrity of the accumulated phase,
it was still viable to recognize the range information of electrical conductivity
variations using the step-frequency technique. Using the same ultrasound stimulation,
the in-phase coherent demodulation method can only detect half the range of the
electrical conductivity variation as the IQ coherent demodulation method due to the
mirroring artifacts, but compared with the 1Q coherent demodulation method, the
in-phase demodulation method has the advantage of hardware simplicity.
Experimental verification of both schemes using copper foil samples was done. The
results showed that the ranges of copper foil could be reconstructed precisely.
Therefore, using sinusoidal pulse signal and step-frequency technique suggests an

alternative direction for the development of SECG-UILF.
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Figure 3.4. Reconstructed electrical conductivity gradient distribution from SECG-SF-UILF (a:
In-phase demodulation method only using the in-phase channel signal; b: IQ demodulation method
using both the in-phase and the quadrature-phase channel signal. Black circle: Results by theoretical
analysis; Red asterisk: Results by experiments.) (Sun er al/. 2018a) and from the traditional

SECG-UILF using the high acoustic pressure wide-band ultrasound pulse stimulation.
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Part 2 Shear wave generation by the Lorentz force and its application

in elastography

Currently, clinical shear wave elastography techniques use an external vibrator
(Muthupillai et al. 1995, Sandrin et al. 2003) or the acoustic radiation force
(Sarvazyan et al. 1998, Nightingale et al. 2002, Bercoff et al. 2004b) to generate the
shear wave source. However, in situations where the target region of an organ locates
behind a strongly reflective medium like the heart behind the sternum and ribs or the
brain behind the skull, the shear waves generated by the active methods are severely
attenuated. Deriving from the noise-like signal correlation technique which had
previously been applied successfully in geophysics (Campillo and Paul, 2003), crustal
tomography (Shapiro et al. 2005), helioseismology (Duvall Jr et al. 1993, Giles et al.
1997), oceanography (Buckingham et al. 1992, Roux et al. 2004), and ultrasonics
(Lobkis and Weaver 2001), the cross-correlation approach based elastography (Sabra
et al. 2007, Gallot et al. 2011, Catheline et al. 2013, Zorgani et al. 2015, Nguyen et al.
2016, Kitazaki et al. 2016, Grasland-Mongrain et al. 2018) can use the shear wave
sources passively generated by internal physiological motions accompanying
respirations or cardiac pulsation without synchronizing the scanner to these shear
wave sources (Sabra et al. 2007, Gallot et al. 2011, Catheline ef al. 2013, Zorgani et
al. 2015). The general concept consists in retrieving the Green’s function from the
correlation of a complex noise-like wave field. The cross-correlation approach based
elastography therefore possesses the possibility of evaluating the target regions
inaccessible to the methods relying on actively generating the shear wave motions.

The cross-correlation based shear wave velocity reconstruction method requires
that the shear wave displacement fields have a broad frequency bandwidth. The shear
wave displacement fields used in passive elastography, which are generated from the
physiological activity of the human body, however, have narrow frequency bandwidth.
In the passive elastography experiments, at least 500 frames of the passive shear wave
displacement fields are needed to reconstruct the shear wave velocity map using the
cross-correlation approach, and therefore large amount of calculation is needed.
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CATHELINE Stefan's team in LabTAU investigates the active methods of generating
shear wave displacement fields of broader frequency bandwidth, with the aim of
improving the shear wave velocity map reconstructed using the cross-correlation
approach. Compared with the passive methods of generating shear wave displacement
fields, the active methods are easier in expanding the frequency bandwidth of the
generated shear wave displacements. When GRASLAND-MONGRAIN Pol worked
in LabTAU and LBUM between 2013 and 2016, he proposed to directly generate the
Lorentz force in the biological tissue target, which then generates shear wave
displacements in the target (Grasland-Mongrain et al. 2014, Grasland-Mongrain ef al.
2016). The author of the thesis continues GRASLAND-MONGRAIN Pol's work,
studying and developing further the generation of shear wave displacements in the
soft media through the Lorentz force for the cross-correlation approach based
elastography.

In 2015, GRASLAND-MONGRAIN Pol explored the Lorentz force to remotely
generate shear wave displacements in soft medium: induction of the Lorentz force by
combining the eddy current from transient magnetic stimulation and the static
magnetic field from permanent magnets succeeded in contactlessly generating shear
waves in soft biological tissues (Grasland-Mongrain et al. 2016). However, one
serious shortcoming of his method is that the shear wave produced is too weak for
clinical application - the amplitude is on the order of 0.5 um, even though the
transient magnetic field B1 produced by the stimulator reaches a changing rate of 30
kTs!. Moreover, besides the stimulating coil (to generate B to induce electrical eddy
current in the tissue), this method requires permanent magnets to create the static
magnetic field Bo. In fact, the transient magnetic field produced by the electrical
current in the stimulating coil reaches 0.74 T at 2 cm apart from the coil surface -
almost quadruple the intensity of the static magnetic field produced by the permanent
magnets (ranging from 100 mT to 200 mT) - and in the area right in front of the coil,
the transient and static magnetic fields are in the same direction. Therefore, even if the
static magnetic field was eliminated, the generated Lorentz force only decreases
approximately 20 percent. This is quite similar to the situations in electromagnetic
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forming (EMF) (Harvey and Brower 1961, Psyk et al. 2011) and electromagnetic
acoustic transducer (EMAT) (Jian et al. 2006, Rueter and Morgenstern 2014), where
the Lorentz force is remotely generated on the conductive target by coupling the eddy
current induced from a transient magnetic field with the orthogonal component of the
transient magnetic field.

In the second part of the thesis, we transfer the method in the EMF and the
EMAT of remotely generating the Lorentz force to the field of elastography and
presents realization of shear wave generation by remotely exciting aluminum patches
actuators through a transient magnetic field and its preliminary application in the
cross-correlation approach based ultrasound elastography.

In chapter four, we will study stimulating the aluminum ring or patch actuator
using a transient magnetic field so as to generate the Lorentz force on the ring or
patch, which vibrate and generate displacements on the surface of the soft media that
propagate towards the inside of the soft medium target.

In chapter five, we will verify the performance of the cross-correlation approach
based shear wave velocity reconstruction using the shear wave displacement fields

generated by the method in chapter four.
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Chapter 4 Shear wave generation by remotely exciting aluminum

patches with a transient magnetic field

This chapter studies generating shear wave displacement fields in soft medium
by stimulating an aluminum ring or patch using a transient magnetic field. The
transient magnetic field from a coil induces and interacts with eddy currents in the
ring or patch, producing Lorentz force on the ring or patch and generating shear wave
displacement at the sample surface. Under the same transient magnetic field, multiple
patches generate multiple shear wave sources at the sample surface. This chapter is
organized as follows: the physics of generation of the Lorentz force on the aluminum
ring actuator is first described; then the origin and the characteristics of the Lorentz
force acting on and the resulting displacement of the actuator are verified; and then
the shear wave field created in the soft medium is studied by experiments and by
theory; and finally, the shear wave displacement fields generated by the patch

actuators is demonstrated with a multi-shaped agar phantom.

4.1 Characteristics of the Lorentz force induced

To simplify the explanation of generation of Lorentz force on the actuator while
keeping generality, an aluminum ring is chosen as the actuator (Figure 4.1.a). For the
case of using an aluminum patch as the actuator, the patch can be treated as multiple
rings of different diameters superimposed together. The ring sticks onto the surface of
the sample. And a solenoid coil in front of the ring generates a transient magnetic field
B when an electrical current pulse I passes the coil, as (4.1), where J. is the current
density in the coil, xo is the magnetic permeability of free space, and A4 is the
magnetic potential.

An electrical current 7 is induced in the ring as a result of the Faraday’s law of
induction as (4.2), where E is the induced electrical field, J is the eddy electrical
current density in the ring, and o is the electrical conductivity of the ring. The
electrostatic potential created by the accumulated free charges is neglected in (4.2).

The induced eddy current 7 in the ring couples with the y and z components of
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Figure 4.1. (a) Generation of Lorentz force on a non-ferromagnetic conductive ring as the actuator
using a transient magnetic field from a solenoid coil. (b) The ring locates on the left half of the coil’s
horizontal diameter. (¢c) The waveforms of /.(f) (the top signal), B,.(f) (the magenta signals), /(¢) (the
cyan signals) and FL(t) (the red signals) on the left half (the middle set of signals) and right half (the
bottom set of signals) of the ring. These waveforms are divided into four equal intervals (1), (2), (3)
and (4). (d) The directions of B,(f) (the magenta arrows), I(f) (the cyan arrows) and EL(t) (the red
arrows) in each interval. (e) The directions of B,,.(f) (the magenta arrows), /() (the cyan arrows) and

FyL,Z (t) (the red arrows) in each interval. (Sun ef al. to be submitted)

the magnetic field By, and generates the x component Lorentz force F%, as (4.3),
where V is the volume containing I. F% (Figure 4.1.d) on the left half (and a small
part of the right half) of the actuator is in the same direction, while that on the
remaining right half of the actuator is in the opposite direction. F%, therefore,
constitutes a torque and rotates the actuator around y-axis. However, as F: on the
left half of the actuator is not totally symmetric with that on the right half of the
actuator, FL also translates the actuator in x direction.

The eddy current in the ring I also couples with the x component of the magnetic

field B: and generates the Lorentz force in the yoz plane Fﬁ,lz (Figure 4.1.e).
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However, F f/,z is centro-symmetric and therefore cancels out and has little effect on

the displacement of the actuator.

VX B =y, B=VxA (4.1)
E=-2]=0E=-02 (4.2)
F' = [[[J x BdV = [[[ —0 5= x BdV (4.3)

If the electrical current to the coil - I(¢) - takes a sinusoidal pulse of carrier
frequency f1 (4.4), the y and z components of the magnetic field - B):(¢), the eddy
current in the ring - /(¢), and the x component Lorentz force acting on the ring - EE(t)
- have the waveforms as (4.5), (4.6) and (4.7) (Figure 4.1.c), where Ao is a constant, k1,
k2 and k3 are variables with r. f2 differs from fi as a band signal shifts its carrier
frequency after taking time derivative. From (4.7), EL(t) has two characteristics: (1)
its spectrum has two carrier frequencies, which are respectively the sum and the
difference of the carrier frequencies of the transient magnetic field and its time

derivative; (2) its amplitude increases as power of two with the amplitude of /c(¢).

I.(t) = Apsin(2rfit),0 <t <T 4.4)
By, ,(rt) = k(1) Apsin(2nfit),0 <t <T 4.5)
I(r,t) = k,(r)Agcos(2rfyt),0 <t <T (4.6)

EL(r,t) = ky(r)A3{sin[2n(f; + fo)t] + sin[2n(f, — L)t]}L0<t<T 4.7)

4.2 Displacement of the aluminum patch under the stimulation of a transient
magnetic field

The displacement of the actuator, under the stimulation by the transient magnetic
field, is studied using an interferometric laser probe (Interferometric probe SH-140,
THALES LASER S.A., Orsay France) (Monchalin 1986) (Figure 4.2.a). The SH-140
optical heterodyne probe is designed to measure transient mechanical displacements

of very low amplitude. It is specially devoted to measuring displacements generated
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Figure 4.2. (a) Schematic layout of measurement of the actuator’s displacement using an
interferometric laser probe (top side view). A zoom-in of the actuator in the yoz plane is included in the
top-left corner. (b) The center of the actuator (an aluminum ring) positions at z =+2.5 cm, 1.5 cm and

+0.5 cm respectively along the horizontal diameter of the coil. (Sun ef al. to be submitted)

by the propagation of an acoustic or ultrasonic wave.

The time varying magnetic field is generated by outputting a sinusoidal electrical
current pulse to a solenoid coil. An aluminum circular ring with an outer diameter of
10.5 mm, an inner diameter of 8.5 mm, and a thickness of 0.5 mm serves as the
actuator. The actuator sticks on the surface of a polyvinyl alcohol (PVA) phantom,
which is made from a mixture of PVA (7 wt%), graphite power (0.4 wt%) and water
(Fromageau et al 2007) and of size 8§ cmx8 cmx4 cm. Two freezing/thawing (12
hours/12 hours) cycles are applied to stiffen the PVA phantom. In Figure 4.2.a, the
coil axis coincides with the x-axis. The optical laser beam focuses on the middle of
either the left or the right half of the actuator, as indicated by the tiny red points in
Figure 4.2.b. The current to the coil and the 3-D magnetic field flux density are
simultaneously measured by a current monitor (Current Monitor Model 110A,
Pearson Electronics, CA, USA) and a magnetic field probe (MagProbe 3D,

MagVenture, Farum, Denmark).

4.2.1 The transient pulsed magnetic field

The transient pulsed magnetic field is generated by stimulating a solenoid coil
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Figure 4.3. The schematic of the transient magnetic field generation. The time diagrams of the control
signals S; and S; for the two fast high voltage thyristor switches are shown inside the dotted rectangle.

(Sun et al. to be submitted)

with a high-intensity current pulse. The working principle of the high intensity current
pulser is shown in Figure 4.3 (Polson et al 1982, Barker et al 1985). In operation, by
switching on the first fast high voltage thyristor switch (BEHLKE HTS 81), the
charge is built on a bank of capacitors of total capacitance of 6 uF. After fully
charging the capacitors, the HTS 81 is switched off and the second high voltage
thyristor switch (BEHLKE HTS 120-500-SCR) is switched on. The high-intensity
electrical current pulse is generated when the charge releases through the coil. The
intensity of the electrical current into the coil is controlled by varying the charging
voltage to the capacitors. And the carrier frequency of the electrical current pulse is
controlled by varying the inductance of the coil. Four solenoid coils with inductance
of 2.33 mH, 615.0 uH, 265.4 uH and 151.5 uH are employed independently to alter
the circuit impedance of the current pulser, which finally produce high-intensity
current pulse of carrier frequencies of 1.240 kHz, 2.480 kHz, 3.815 kHz, and 4.959
kHz.

The homemade solenoid coils, all having a diameter of 11.7 cm, are made from
different lengths and different numbers of turns of copper wire of a cross-section area
of 0.75 mm?. The multiple turns of wire are wound into layers, and the wire jumps

from the inner layer to the outer layer in a manner like 'Z'.
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4.2.2 Three groups of experiments measuring the displacements of the aluminum
ring

The first group of measurements is to confirm the source of the Lorentz force: (1)
the z component magnetic field flux density; and (2) the changing rate of the x
component magnetic field flux density. The displacement of the middle point of the
left half of the ring, under the Lorentz force, is measured, when the ring locates at
different positions on the horizontal diameter of the coil. The center of the ring
positions at z = £2.5 cm, £1.5 cm and +0.5 cm along the horizontal diameter of the
coil (Figure 4.2.b).

The second group of measurements is to verify the frequency characteristics of
the displacement of the actuator stimulated by the transient magnetic field. The
actuator is kept fixed while the transient magnetic field is generated using each of the
four coils independently. The center of the actuator positions at z = +2.5 cm on the
horizontal diameter of the coil.

The third group of measurements is to prove the amplitude characteristics of the
ring actuator's displacement upon the current of variable amplitude to the coil. The
actuator is kept fixed with its center positioning at z = +2.5 cm spatially relative to the
horizontal diameter of the coil. Electrical current pulses of step-increasing amplitude
passing the coil of inductance of 265.4 uH is used to generate the transient magnetic
field. The measurements are done first on the middle point of the left half and then on
the middle point of the right half of the ring actuator. The amplitudes of the current
and the displacement in either set of measurements are calculated by the following
procedures: (1) halves of the peak-to-peak values of the current and displacement
waveforms in the first measurement of the set are taken as the reference amplitudes of
the current and the displacement; (2) the amplitudes of the current and the
displacement in the remaining measurements of the set are converted from the
spectrum peak amplitudes by assuming the same proportionality in waveform

amplitudes as that in spectrum peak amplitudes between two different measurements.
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4.3 The Shear wave displacement fields in the soft medium generated

by the aluminum patch under the transient Lorentz force

Under the Lorentz force, the patch actuator - sticking on the surface of the PVA
phantom - rotates and translates, exerting a force on the surface of the phantom.
Under the force, the shear wave displacement is generated on the surface and
propagates into the phantom. The longitudinal displacement generated and
propagating in the PVA phantom is detected by an ultrasonic probe (PHILIPS, ATL
L7-4) and a scanner (Verasonics Vantage 256TM, Washington, USA) (Figure 4.3.a).
The coil of inductance of 173 uH is used to generate the transient magnetic field, and
an aluminum rectangular patch of sizes of 0.5 mmx15 mmx10 mm (X'XYXZ') serves
as the actuator (Figure 4.3.b and d). The patch actuator sticks on the front surface of
the PVA phantom, which is turned anticlockwise around the y-axis by 30 degrees to
increase the Lorentz force induced. As in the experiments using the interferometric
optical laser, the current to the coil is measured using the current monitor, and the x'
and z' components of the magnetic field flux densities are measured using the
magnetic field probe. The x' component displacement of the medium is calculated by
performing cross correlation - the speckle tracking technique (Sandrin et al. 2002) -

on the sonograms, which are acquired by the Verasonics ultrasound scanner.

4.3.1 Ultrafast ultrasound imaging and calculation of the shear wave

displacement of the medium

To track the shear wave propagation inside the sample, the sample is first imaged
using ultrasound ultrafast imaging with a 38 mm linear array ultrasound transducer
(PHILIPS, ATL L7-4) and a scanner (Verasonics Vantage 256TM, Washington, USA),
which works with the depth set to 10 cm.

The x' component displacement of the medium is calculated by performing cross
correlation - the speckle tracking technique - on the ultrasound images acquired by the

Verasonics ultrasound scanner (Sandrin et al. 2002) (Figure 4.3.a).
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Figure 4.3. (a) Schematic layout of magnetic stimulation and ultrasound ultrafast imaging of the
phantom target (top side view). The phantom is turned anticlockwise around the y-axis by 30 degrees.
A zoom-in of the patch actuator in the yoz' plane is included in the top-left corner. (b) An aluminum
patch of sizes of 0.5 mmx15 mmx10 mm (X'xYXZ') attaches on the front surface center of the PVA
phantom. (c) Ultrasound ultrafast imaging of the the multi-shaped agar phantom sample with one layer
of bovine liver, one layer of bovine muscle, and a homogeneous background part of agar phantom. (d)
Eight aluminum patches - each of dimensions of 0.5 mmx15 mmx10 mm (X'xYxZ') - attach on the

front surface of the agar phantom. (Sun ef a/. to be submitted)

4.3.2 Two experiments measuring the medium displacements

The first experiment using the ultrasound ultrafast imaging is to study the
propagation of the shear wave displacement source - which is generated using one
aluminum patch as the actuator - in the target of a homogeneous PVA phantom
(Figure 4.3.b). The PVA phantom is made in the same way as the one used in the
experiments using the interferometric optical laser. The Verasonics ultrasound scanner
works at a sampling rate of 2000 frames/s.
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The second experiment using the ultrasound ultrafast imaging is to study the
propagation of the shear wave displacement fields in the target of a multi-shaped
tissues-mimicking agar phantom (Figure 4.3.c). Eight aluminum patches sticking on
the agar phantom surface (Figure 4.3.d) serve as the actuators to generate multiple
shear wave displacement sources to improve the signal-to-noise-ratio for shear wave
velocity reconstruction (Zemzemi et al. 2018). The multi-shaped agar phantom
sample contains one layer of bovine liver - about 9 mm thick in x' direction, one layer
of bovine muscle - about 8§ mm thick in x' direction, and a background part of
homogeneous agar phantom. The background part of the agar phantom is made from a
mixture of agar powder (0.6 wt%), graphite powder (0.4 wt%) and pure water. The
agar phantom is made by heating the pure water to the boil, adding the agar powder,
heating the mixture to the boil again, cooling the hot mixture down, and adding the
graphite powder. The mixture is stirred by a bar magnet and a magnetic force agitator
to make the mixture to be more homogeneous until it cools down to 38 degrees
Celsius. In experiments, the Verasonics ultrasound scanner works at a sampling rate of

1000 frames/s.

4.3.3 Theoretical longitudinal displacement field in the PVA phantom

calculated using the Green function

In the first ultrafast ultrasound imaging experiment, the actuator sticks on the
surface of the sample. When the actuator rotates and translates under the Lorentz
force, the actuator exerts a force on the surface of the sample. Numerical calculation
of the force is too complicated because of the boundary conditions and is beyond the
scope of this work. A simple model of dipole force - one in positive x-direction and
the other in negative x-direction - is adopted for the force. Theoretical calculation of
the x' component displacement in the medium using the analytical Green function
(Aki and Richards 2002, Grasland-Mongrain et al. 2014) is done.

The displacement field u(r, f) in a homogeneous, isotropic and purely elastic

solid medium when subjected to an external force f{(r, ¢) satisfies the classical Navier's

95



Application of Lorentz force in ultrasound-electromagnetic-field-coupled electrical impedance tomography and
elastography

equation (4.8).

pTE= A+ 2WV(V - u) — u¥ x (VX w) + f(r, ) (4.8)
where p is the medium density, A is Lamé's first parameter, and x is the medium shear
modulus.

The displacement field in i (i refers to x or y or z) - ui(r, ) - when the medium is
subjected to a space-time Dirac function in direction j - fo(r, t) (4.9) - constitutes the
Green function - g;;(r,t) (4.10).

fo(r,t) =e;6(r)o(t) 4.9

where ¢; is the unit vector in direction ;.
gij(r,t) = gh(r, ) + g5, 0) + gl (r,0) (4.10)
where gfj (r,t) is the far-field P-wave Green function (4.11), i.e. the far-field

compression wave of u(r, f) when the medium is subjected to fo(r, ?); gfj (r,t) isthe
far-field S-wave Green function (4.12), i.e. the far-field shear wave of ui(r, f) when the
medium is subjected to fo(r, 7); and gleS (r,t) is the near-field Green function (4.13),

i.e. the near-field displacement (including both the compression and the shear waves)

of ui(r, f) when the medium is subjected to fo(r, 7).

1 1
950 = 78 (e =) (4.11)
1 1 r
95 = s (8 = i) 16 (t-2) (4.12)
1 1
gip (r,t) = o (3viv; — 6i5) T—J:/;: T6(t — 1)dt (4.13)

where ¢p = /(A + 2u)/p is the compression wave speed, ¢ = //p is the shear

wave speed, and y; and y; are the direction cosines. i and j refer to x or y or z.
The displacement field in i (i refers to x or y or z) - ui(r, t) - generated in the

medium by any force f{(r, f) can be modeled by the spatial and temporal convolution

of flr, t) with g;;(r,t) as (4.14).

wi(r,t) = [dt Y josy, [I[ dE3f;(§, D) gij(r — &t — 1) (4.14)

where i and j refer to x or y or z.
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4.4 Results and discussion

4.4.1 Confirmation of the Lorentz force origins

Figure 4.4.a.1-6 show the z component magnetic flux density - B:(¢), the time
derivative of the x component magnetic flux density - 0B«(¢)/0t, the theoretical
Lorentz force density - f,L(t) (I(f)-B«(?)) - acting on and the displacement - D(f) - of
the middle points of the left half and the right half of the ring actuator in the first
group of experiments using the interferometric laser probe. The spectra of each set of
signals are shown in the corresponding right figures (Figure 4.4.b.1-6). The
waveforms and spectra of the four set of signals of B:(¢), 0Bx(¢)/0t, fL(t), and D(f)
show: (1) Bx(t), 0B«(f)/0t, and fL(t) individually have quite similar spectra across the
six different positions, which confirms the validity of separation of the
temporal-spatial factors in (4.5) - (4.7); (2) B:(t) and D(¢) are largest at positions z =
+2.5 cm, smallest at positions z = 0.5 cm, and that in-between at positions z = £1.5
cm. Besides, B:(¢) and D(f) at positions z = +2.5 cm, +1.5 cm, and +0.5 cm have
opposite polarity correspondingly to those at positions z = -2.5 c¢cm, -1.5 cm, and -0.5
cm; and (3) except at position z = -0.5 cm, D(¢) has the same polarity as f£(t) and its
amplitude varies proportionally to the amplitude of f,X(t). These characteristics
confirm the theory in section 2.1: the Lorentz force acting on the ring is contributed
both by the z component magnetic field and by the time-varying x component

magnetic field which induces eddy electrical current in the ring actuator.
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Figure 4.4. The z component magnetic flux density (B-(f)) (magenta signals) at the middle of the left
half (solid lines) and the right half (dashed lines) of the ring actuator, the changing rate of the x
component magnetic flux density (0B.«(f)/0f) (cyan signals) at the center of the ring actuator, the
theoretical Lorentz force density (f;£(t)) (red signals) acting on and the displacement (D(¢)) (black
signals) at the middle of the left half (solid lines) and the right half (dashed lines) of the ring actuator
when the ring actuator locates independently at positions z = +2.5 ¢cm (a-1), +1.5 cm (a-2), +0.5 cm
(a-3), —0.5 cm (a-4), —1.5 cm (a-5), and —2.5 cm (a-6) in the first group of experiments using the
interferometric laser probe. The spectra of each set of signals are also calculated using FFT and shown

respectively in sub-figures (b-1), (b-2), (b-3), (b-4), (b-5), and (b-6). (Sun et al. to be submitted)

4.4.2 The frequency characteristics of the Lorentz force

Figure 4.5.a.1-4 show the signals of the z component magnetic flux density -
B:(?), the changing rate of the x component magnetic flux density - 0B«(¢)/0t, the
theoretical Lorentz force density - fL(t) (I(f)'B:(t)) - acting on and the
displacements - D(t) - of the middle point of the left half and the right half of the ring
actuator in the second group of experiments using the interferometric laser probe. The
spectra of each set of signals are shown in the corresponding right figures (Figure
4.5.b.1-4). The carrier frequencies of the signals are summarized in Table 4.1. For
each of the four coils, the carrier frequency of f,X(t) equals the sum of the carrier
frequencies of B:(f) and 0Bx(¢)/0t; and the carrier frequency of D() is equal to or a
little larger than that of f,X(t), which confirms the fi + f> frequency component in
Equation (4.7). The fi - f2 frequency component can hardly be recognized in the
spectra of f,L(t) or D(f) mainly because that the signal lengths are much shorter than

one complete period.
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Figure 4.5. The z component magnetic flux density (B.(f)) (magenta signals) at the middle of the left

half (solid lines) and the right half (dashed lines) of the ring actuator, the changing rate of the x

component magnetic flux density (0B.(£)/0f) (cyan signals) at the center of the ring actuator, the

theoretical Lorentz force density (fi:(t)) (red signals) acting on and the displacement (D(¢)) (black

signals) at the middle of the left half (solid lines) and the right half (dashed lines) of the ring actuator

when solenoid coils with inductance of 2.33 mH (a-1), 615.0 xH (a-2), 265.4 uH (a-3), and 151.5 uH

(a.4) are employed independently to generate the transient magnetic field and the ring actuator locates

at position z = +2.5 cm in the first group of experiments using the interferometric laser probe. The

spectra of each set of signals are also calculated using FFT and shown respectively in sub-figures (b-1),

(b-2), (b-3), and (b-4). (Sun et al. to be submitted)
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Table 4.1. Carrier frequencies of the pulse signals (kHz) (Sun ef al. to be submitted)

15t coil 2nd coil 31 coil 4t coil
B.(0) 1.240 2.480 3.815 4.959
OB\ (t)/0t 1.717 3.242 4.959 6.485
JHO) 2.956 5.531 8.774 11.44
D(r) 3.052 5.722 9.155 11.44

4.4.3 The amplitude characteristic of the Lorentz force

Figure 4.6 shows the amplitudes of the displacements of the middle point of the
left and the right halves of the ring actuator in the third group of experiments using
the interferometric laser probe. For either set of measurements, a coefficient (a)
defined as the division of the displacement amplitude by the square of the current
amplitude is calculated. The average value of a from measurements on the left half of
the actuator is 4.10-10"* nmA 2 while that from measurements on the right half of the
actuator is 2.57-10* nmA™2. The curve of D = a - 12 for either set of measurements
is also included in Figure 4.6 for comparison, which shows that, when the
displacement amplitude is smaller than 5 nm - such as the displacements in the first
eight measurements on the left half and in the first ten measurements on the right half,
the displacement amplitude observed by the laser probe agrees well with the formula
of D = a - IZ, or equivalently, the displacement amplitude follows a quadratic growth
upon the amplitude of the current to the coil. This phenomenon coincides with the
theory in Equation (4.7). The decrease of the displacement amplitude in the last four
measurements on the left half and the last two measurements on the right half of the
actuator comes from the rotating movement of the ring actuator - the rotation of the
actuator decreases the laser beam reflected back to the lens and ultimately decreases

the displacement signals' amplitude.
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Figure 4.6. The change of the displacement amplitude upon the current of variable amplitude to the coil
(the red signals). The curve of D = a - 12, for either set of measurements on the left and the right

halves of the ring actuator, is included (the blue signals). (Sun et al. to be submitted)

4.4.4 The propagation of shear wave displacement in the PVA

phantom

In the first experiment using the ultrasound ultrafast imaging, the electrical
current pulse to the coil - /c(¢) - reaches a peak amplitude of 947.7 A; the z' component
magnetic flux density - Bz(f) - reaches a peak amplitude of 239.6 mT; the x'
component magnetic field reaches a peak changing rate - 0Bx(¢)/0t - of 10.44 kTs—1;
the x' component of the Lorentz force density acting on the actuator - f5(t) - reaches

I and the x' component displacement field in the

a peak amplitude of 29.9 Nm~
medium has a peak amplitude of 100 um at the source and keeps a peak amplitude
larger than 1 um after propagating 2 cm away from the source. The x' component
displacements of the medium at 1-15 ms after the trigger of the Lorentz force are
displayed in Figure 4.7 (top row). The shear wave field generated has a propagation
speed (cs) of 1.67 ms'and a period (7) of 10 ms. Using the shear wave speed cs =

1.67 ms !, the compression wave speed cr = 1500 ms™!, the medium density p = 10°

kgm™, and a dipole pulse force of period T = 10 ms, theoretical calculation of the x'
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Figure 4.7. The x' component displacement field in the PVA phantom created by experiment (a.1-15)
and by theoretical calculation using the Green function method (b.1-15) at 1-15 ms after the trigger of

the transient magnetic field. (Sun ef al. to be submitted)
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component displacement in the medium using the analytical Green function (4.14)
(Aki and Richards 2002, Grasland-Mongrain et a/ 2014) at 1-15 ms after the trigger of
the force is done and shown in Figure 4.7 (bottom row). Comparison of each pair of
displacement fields - by experiment and by theory - shows the experiment results

agree qualitatively well with the theory.

4.4.5 Propagation of multiple shear wave sources in multi-shaped

agar phantom

The multiple shear wave displacement sources created at the bottom of the
multi-shaped agar phantom propagates to other parts of the agar phantom. Figure
4.8.a-r show the longitudinal shear wave displacement in the imaged area of the
multi-shaped agar phantom from 2 ms, with a step of 6 ms, to 104 ms after triggering
of the Lorentz force. The shear wave displacement field keeps amplitude of several
micrometers after successfully penetrating through the layer of bovine muscle and the
layer of bovine liver. Reverberations of the shear wave displacements from the
phantom boundaries also exist in some of the shear wave displacement fields. These
shear wave displacement fields are used to reconstruct the shear wave velocity map in

the agar phantom, which is the subject of chapter 5.

4.5 Chapter summary

This chapter studied the Lorentz force that was generated from the transient
magnetic field and the shear wave displacement source generated on the surface of the
soft media. Under the transient magnetic field, the electrical eddy current was
generated in the aluminum ring or patch actuator because of the Faraday's law of
electromagnetic induction. At the same time, the eddy current coupled with the
orthogonal magnetic field and generates the Lorentz force. The Lorentz forces on the
left half and the right half of the aluminum ring or patch constituted a torque, which
vibrated the ring or patch. The origin and the frequency and amplitude characteristics

of the Lorentz force acting on the aluminum ring were confirmed by measuring the
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Figure 4.8. The longitudinal shear wave displacement in the imaged area of the multi-shaped agar

phantom from 2 ms, with a step of 6 ms, to 104 ms after triggering of the Lorentz force.

displacement of the aluminum ring using an interferometric laser probe. Shear wave

displacement source of peak amplitude of 100 um at the target surface was
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successfully generated with a transient magnetic field of changing rate of 10.4 kTs .
And the longitudinal displacement in the PVA phantom by experiment agreed
qualitatively well with the theoretical longitudinal displacement calculated by the
analytical Green function. Using eight aluminum patches sticking on the phantom
surface and the transient magnetic field, multiple shear wave sources were
successfully generated at the target surface and propagated towards the interior of the

target.
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Chapter 5 Ultrasound elastography with the shear wave source
generated by vibrating aluminum patches with a transient magnetic

field

This chapter presents ultrasound elastography experiments on multi-shaped agar
phantoms samples, to investigate the potential of the shear wave displacement fields
generated using the method in chapter 4 for ultrasound elastography. First, multiple
shear wave displacement sources are generated on the surface of the multi-shaped
agar phantoms by stimulating an array of aluminum patches with a transient magnetic
field. Then, the target area is repeatedly imaged through the method of ultrafast
ultrasound imaging, and the longitudinal displacements of the phantom medium,
mainly the propagating shear wave displacement fields, are calculated using the
speckle tracking algorithm. Finally, the shear wave velocities in the target area are
calculated using the cross-correlation-based approach. Through the elastography
experiments, we aim to answer the following questions: (1) from the shear wave
velocity map reconstructed, is it possible to differentiate layers in layered targets
having different stiffness in each layer? (2) from the shear wave velocity map
reconstructed, is it possible to differentiate inclusions having different stiffness from
the background part of the phantom sample? and what's the limit in terms of the
inclusion's size that can be differentiated from the background? and (3) is it possible
to get a quantitative shear wave velocity map, or just relative shear wave velocity

difference between areas of different stiffness?

5.1 Elastography experiments on multi-shaped agar phantoms

Elastography experiments with the shear wave displacement fields generated by
stimulating an array of aluminum patches with a transient magnetic field is shown in
Figure 5.1: (1) generation of shear wave displacement fields and ultrafast ultrasound
imaging of the medium inside the target are shown in Figure 5.1.c; and (2) calculation

of the displacement fields from the ultrasound images and calculation of the velocity
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map from the displacement fields are shown in Figure 5.1.d. The coordinates system
is such chosen that the x-axis coincides with the coil axis, the z-axis is horizontal and
the yoz plane contains the left opening of the coil, as shown in Figure 5.1.c. During

experiments, the aluminum patches stick on the front surface of the sample and the
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Figure 5.1. Photo (a) and schematic (c) (top side view) of ultrasound ultrafast imaging of the
multi-shaped agar phantom, where the shear wave displacement fields are generated by an arrangement
of aluminum patches (b) (lateral side view) under the stimulation of the transient magnetic field. (d)
Computation of the shear wave displacement fields from the ultrasound images and computation of the
shear wave velocity map from the displacement fields. (Sun et al. to be submitted)
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ultrasound probe was placed on the opposite surface to image the medium inside
(Figure 5.1.b). The plane containing the patches' surfaces - the yoz' plane - has an
angle of 30 degrees with respect to the yoz plane to increase the intensity of the

Lorentz force generated on the aluminum patches.

5.1.1 The transient pulsed magnetic field and the aluminum patches

actuators

As in section 4.2, the time-varying magnetic field is generated by outputting a
sinusoidal electrical current pulse to a solenoid coil (Polson et al 1982, Barker et al.
1985). The homemade solenoid coil used in experiments has a diameter of 11.7 cm, a
length of 5 cm and was made from 39 turns of copper wire of cross-section area of
0.75 mm?. These 39 turns are wound into two layers - the inner layer has 20 turns and
the outer layer has 19 turns. And the wire jumps from the inner layer to the outer layer
in a manner like 'Z'. The solenoid coil has an inductance of 173 ¢H and can generate a
quasi-sinusoidal electrical current pulse of carrier frequency of 5.341 kHz. The
current to the coil is measured by a current monitor (Current Monitor Model 110A,
Pearson Electronics, CA, USA). The transient magnetic field generated by the
solenoid coil is measured using a 3D magnetic field probe (MagProbe 3D,
MagVenture, Farum, Denmark). During experiments, the peak amplitude of the
electrical current to the coil reaches 947.7 A; the peak changing rate of the x'
component of the transient magnetic field (0Bx(£)/0f) reaches 10.3 kTs™!; and the z'
component of the transient magnetic field (B:(f)) reaches a peak of 238.6 mT (Figure
5.2). Aluminum patches of thickness of 0.5 mm and of different sizes - 10 mmx10
mm, 15 mmx10 mm, or 15 mmx7.5 mm - stick onto the surface of the target and
serve as the actuators. Six different arrangements of aluminum patches are

independently tried (Figure 5.3).
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Figure 5.2. The waveforms of the coil current (/..i(?)), the changing rate of the x' component of the
transient magnetic field (0B,(#)/0f) and the z' component of the transient magnetic field (B-(7)) at (0, 0,

-2 cm) (x',y,2"). (Sun et al. to be submitted)

(a) (©)

Figure 5.3. Different arrangements of aluminum patches independently stick onto the front surface of
the agar phantom: (a) 24 patches of 10 mmx10 mm (yxz') in horizontally three rows; (b) 16 patches of
10 mmx10 mm (yxz') in horizontally two rows; (c) 16 patches of 15 mmx10 mm (yxz') in horizontally
two rows; (d) 8 patches of 15 mmx>10 mm (y*z') in horizontally one row; (e) 22 patches of 15 mmx7.5
mm (yxz') in horizontally two rows; and (f) 11 patches of 15 mmx7.5 mm (y*z') in horizontally one

row. (Sun et al. to be submitted)

5.1.2 Ultrafast ultrasound imaging and calculation of the shear wave

displacement fields

To track the shear wave propagation inside the sample, the sample is first imaged
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using ultrafast ultrasound imaging with a 38 mm linear array ultrasound transducer
(PHILIPS, ATL L7-4) and a scanner (Verasonics Vantage 256TM, Washington, USA),
which works with the depth set to 10 cm and at a frame rate of 1000 frames per
second.

The x' component displacement of the medium is calculated by performing cross
correlation - the speckle tracking technique - on the ultrasound images acquired by the

Verasonics ultrasound scanner (Sandrin et al. 2002) (Figure 5.1.c).

5.1.3 Shear wave velocity reconstruction using the cross-correlation-

based approach

The generalized time reversal (TR) field of any field ¢(r,7) is (Catheline et al.
2013):

PR (ro,1,t) = (1, —t)?qb(r, t) (5.1)

The TRs of the strain, i.e. the gradient of the displacement field &: = 0¢/0z, and of
the velocity, i.e. the time derivative of the displacement v = 0¢/0t are:
§TR(ro,m, 1) = £,(ro, )@, (1, £)

t
VIR(ry, 1, t) = v(ry, —t)Qu(r, t) (5-2)

t

where &R is the time reversal strain field and V7R is the time reversal velocity field.
For the plane wave at a given center frequency - @(r,f) = e *)  where k is the

wave number and o is the angular frequency - in an ideal isotropic diffuse field,

approximations of the strain &: = ik¢ and the velocity v = -iw¢ are got. Therefore, (5.2)

arrives at (5.3).

TR  _1,2wTR
{f ~ —k*¥ (5.3)

VTR ~ _wZIPTR
The shear wave speed cs can be estimated according to the classical relationship

¢ = w/k, with the TRs in (5.3) on one single spatio-temporal point, i.e. the source at

VTR
=== /fzﬁ (5.4)

where &R represents E7R(ry, 1o, t =0) and VIR

the focus time 1 =0 s.

represents VIR(ry, 1, t = 0).
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Figure 5.4. Schematic of shear wave displacement propagation in the sample: the shear wave

displacement ¢ at point O moves in direction 7 and propagates along /. (Sun ef al. to be submitted)

Figure 5.4 shows the schematic of shear wave displacement propagation in the
sample. To calculate the shear wave velocity, we need to calculate the strain &1 = 0¢/0l,

and the velocity v = 0¢/0%.
_9%
al
a9 (5.5)
T oot

We multiply cos(0) to the right side of (5.5) (0 is the angle between z and » in

&l

Figure 5.4) so that we can use the displacement computed from the sonograms:

&) = £ c0s(8) = 22 cos(h) = 222 = 25in(p) — 222 cos(6)
(5.6)
"= — 99 _ 99
v' =vcos(f) = o cos(f) = p”

where ¢: is the z component of the displacement ¢ and can be computed from the
sonograms using the speckle tracking technique.

Therefore, we can get:

E,TR (TOJ r, t) = Sé (rO' —t)®e§(r, t) = COSZ (9) ETR (rOI r, t)

t
5.7
VTR (1,1, t) = v'To D' D = cos2(0) VTR (ry, 1, t) (5.7)

t

VTR VTR
f(())ﬁ = ,/EZTR (5.8)

And, we can get cs as:
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The problem with Equation (5.8) is that, in the real experiment, the angle € in
(5.6) for the calculation of &' and V' is unknown and is not constant for the same point.

Instead, in experiments, we use the following approximation to get &' and V"

1. 09z
%%

. 04, (5.9)
v~ —=£
at

The problem for this choice is that the shear wave velocity finally calculated is
not accurate. But the experiment results show that we still can get a relative shear
wave velocity map using the approximation.

Another approach using the exact Green’s function brings some minor corrective
terms to equation 5.8 since it uses a scalar wave approximation. The exact expression
of speed reconstruction should be reported in a forthcoming paper (Zorgani et al.

Under review).

5.1.4 Five samples of multi-shaped agar phantoms

The samples used in our experiments are multi-shaped phantoms made from agar
powder, graphite powder and water. For the agar phantoms, the quantity of the
graphite powder used is 0.5 wt%, while that of agar powder varies according to the
stiffness of the agar phantoms. The agar phantom is made by heating the pure water to
the boil, adding the agar powder, stirring and heating the mixture to the boil again,
cooling the hot mixture down, and adding the graphite powder. When the hot liquid
agar phantom cools down to around 40 degrees Celsius, it is degassed for about 5
minutes inside a jar of ultra-low atmospheric pressure. From the beginning of heating
the pure water until the end of degassing, the mixture is stirred by a bar magnet and a
magnetic force agitator to make the liquid mixture to be homogeneous. After
degassing, the liquid agar phantom is poured into a square plastic cabin, which is then
kept in a refrigerator of 5 degrees Celsius for more than 2 hours. Five different agar
phantoms made in this way are used. Each agar phantom has dimensions of 90
mmx45 mmx90 mm (X'xYxZ").

The first multi-shaped agar phantom consists of three layers, and each layer is
cut from one independent agar phantom of dimensions of 90 mmx45 mmx90 mm
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(X'xYxZ"). The quantities of the agar powder used in the three layers are respectively
0.6 wt%, 0.8 wt% and 1.0 wt%. Figure 5.5.b and e show the dimensions of the agar
phantom. The three-layer agar phantom is built by joining the three layers together.
When attaching one layer to another layer of the agar phantom, the base layer is kept
fixed while the layer to be added is attached by slipping from one end to the other end
of the sloping interface. The three layers are joined in this way to prevent bubbles
coming between the contacting sloping interfaces. Figure 5.5.a and d are the photos of
agar phantom made in this way. Because the quantities of graphite powder used for
the three layer are the same (0.5 wt%), there is no difference in the ultrasound images
(Figure 5.5.c and f) between the three layers, although the three layers are different in
stiffness.

The second agar phantom contains a homogeneous soft background part and four
cylinder stiff inclusions of diameters of 5 mm, 10 mm, 15 mm and 20 mm
respectively. The quantity of agar powder used for the background part is 0.6 wt%
while that for the four inclusions is 1.0 wt%. Figure 5.6.b and e show the dimensions
of the agar phantom. The homogeneous background part with four cylinder holes of
diameters of 5 mm, 10 mm, 15 mm and 20 mm is first made by inserting four tubes of
diameters of 5 mm, 10 mm, 15 mm and 20 mm made from aluminum foil paper into
the liquid agar phantom and removing the cylinder phantom inside the tubes when the
agar phantom becomes solid. Four cylinder inclusions are then added by pouring the
degassed liquid agar phantom of 1.0 wt% of agar powder into the cylinder holes of the
background part of the agar phantom. Figure 5.6.a and d are the photos of agar
phantom made in this way. Because the quantities of graphite powder used for the
background part and the four inclusions are the same (0.5 wt%), there is no difference
in the ultrasound images (Figure 5.6.c and f) between the background part and the
inclusions, although the inclusions are stiffer than the background part.

The third agar phantom has the same dimensions as the second one. But the third
agar phantom has a stiff homogeneous background part of 1.0 wt% of agar powder
and four soft cylinder inclusions of 0.6 wt% of agar powder. Figure 5.7.b and e show
the dimensions of the agar phantom. The background part is made and the four

114



Chapter 5 Ultrasound Elastography with the Shear Wave Source Generated by Non-ferromagnetic Conductive
Patches

inclusions are added in the same way as those for the second agar phantom. Figure
5.7.a and d are the photos of agar phantom made in this way. Because the quantities of
graphite powder used for the background part and the four inclusions are the same
(0.5 wt%), there is no difference in the ultrasound images (Figure 5.7.c and f) between
the background part and the inclusions, although the inclusions are softer than the
background part.

The fourth agar phantom consists of a soft homogeneous background part having
0.6 wt% of agar powder and nine cylinder inclusions of same diameter of 10 mm. The
nine inclusions are divided into three columns. The three inclusions in each column
are made with the same quantity of agar powder while inclusions from different
columns have different quantity of agar powder - the inclusions in the left, the middle
and the right columns have respectively 0.9 wt%, 1.2 wt% and 1.5 wt% of agar
powder. Figure 5.8.b and e show the dimensions of the agar phantom. The
homogeneous background part and the nine inclusions are made in the similar way as
for the second and the third agar phantoms. Figure 5.8.a and d are the photos of agar
phantom made in this way. Because the quantities of graphite powder used for the
background part and the nine inclusions are the same (0.5 wt%), there is no difference
in the ultrasound images (Figure 5.8.c and f) between the background part and the
three columns of inclusions, although the inclusions are stiffer than the background
part.

The fifth agar phantom contains a homogeneous agar phantom background part
having 0.6 wt% of agar powder and 0.5 wt% of graphite powder, one piece of bovine
muscle and one piece of bovine liver. Figure 5.9.c and g show the dimensions of the
agar phantom. The bovine muscle and liver are degassed and hung vertically inside a
plastic square box (Figure 5.9.a and e). And then the degassed liquid agar phantom for
the background part is poured into the plastic box. The phantom is ready when it cools
down to the room temperature and becomes solid. Figure 5.9.b and f are the photos of
agar phantom made in this way. It's the same agar phantom as the one used in the
second experiment of section 4.3.2. From the ultrasound images (Figure 5.8.d and h),
the two layers of bovine liver and muscle are clearly differentiated from the agar
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Figure 5.5. The 3-layer agar phantom (Sun et al. to be submitted). (a) The ultrasound array transducer
is placed on the surface of the stiffest layer while the aluminum patches stick on the surface of the
softest layer. The white dotted rectangle marks the imaging area by the linear array transducer. (b) The
dimensions of the whole agar phantom and those of each layer. The first, the second, and the third
layers have respectively 1.0 wt%, 0.8 wt%, and 0.6 wt% of agar powder. The green dotted rectangle
marks the imaging area by the linear array transducer. The ultrasound imaging area is divided into three
regions from the three layers. (c) The ultrasound image of the agar phantom at 2 ms after the trigger of
the Lorentz force is shown, in which the interfaces between the neighboring layers are completely
hidden. (d), (e), and (f) are the corresponding figures of (a), (b), and (c) when the agar phantom is

inverted back to front.
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Figure. 5.6 The agar phantom sample has a soft background part and four stiff cylinder inclusions (Sun
et al. to be submitted). (a) The ultrasound array transducer is placed on the surface close to the smallest
inclusion while the aluminum patches stick on the opposite surface of the phantom sample. The white
dotted rectangle marks the imaging area by the linear array transducer. (b) The dimensions of the whole
agar phantom and those of the four inclusions. The green dotted rectangle marks the imaging area by
the linear array transducer. The background part and four inclusions have respectively 0.6 wt% and 1.0
wt% of agar powder. The ultrasound imaging area is divided into four regions (separated by the red
lines) and each region contains one inclusion. (¢) The ultrasound image of the phantom sample at 2 ms
after the trigger of the Lorentz force is shown, in which the inclusions' boundaries are completely
hidden. (d), (e), and (f) are the corresponding figures of (a), (b), and (c) when the agar phantom is

inverted back to front.

117



Application of Lorentz force in ultrasound-electromagnetic-field-coupled electrical impedance tomography and
elastography

Ultrasound
probe

v 9 (D) Gz p[i] € D2 ]

Lo

90 mm
Alummum patches

<«—Ultrasound
probe

(e)

i plrn| €D Dz el
90 mm

;D T |
90 mm !
Aluminum patches

Figure 5.7. The agar phantom sample has a stiff background part and four soft cylinder inclusions (Sun
et al. to be submitted). (a) The ultrasound array transducer is placed on the surface close to the smallest
inclusion while the aluminum patches stick on the opposite surface of the phantom sample. The white
dotted rectangle marks the imaging area by the linear array transducer. (b) The dimensions of the whole
agar phantom and those of the four inclusions. The green dotted rectangle marks the imaging area by
the linear array transducer. The background part and four inclusions have respectively 1.0 wt% and 0.6
wt% of agar powder. The ultrasound imaging area is divided into four regions (separated by the red
lines) and each region contains one inclusion. (c¢) The ultrasound image of the agar phantom at 2 ms
after the trigger of the Lorentz force is shown, in which the inclusions' boundaries are completely
hidden. (d), (e), and (f) are the corresponding figures of (a), (b), and (c) when the agar phantom is

inverted back to front.
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Figure 5.8. The agar phantom sample has a soft background part and nine stiff cylinder inclusions (Sun
et al. to be submitted). (a) The agar phantom is such placed that the stiffest inclusions belong to the left
column. The background part and three columns of inclusions - from left to right - have respectively
0.6 wt%, 0.9 wt%, 1.2 wt%, and 1.5 wt% of agar powder. The ultrasound array transducer is placed on
the back surface while the aluminum patches stick on front surface of the phantom sample. The white
dotted rectangle marks the imaging area by the linear array transducer. (b) The dimensions of the whole
agar phantom and those of the nine inclusions. The green dotted rectangle marks the imaging area by
the linear array transducer. The ultrasound imaging area is divided into three regions (separated by the
red lines) and each region contains three inclusions - one inclusion from each column. (c) The
ultrasound image of the agar phantom at 2 ms after the trigger of the Lorentz force is shown, in which
the inclusions' boundaries are completely hidden. (d), (e), and (f) are the corresponding figures of (a),
(b), and (c) when the agar phantom is inverted back to front.
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Figure 5.9. The agar phantom sample has a soft background part and one layer of bovine liver and one
layer of bovine muscle (Sun ef al. to be submitted). (a) Two layers of degassed bovine liver and muscle
hung vertical in a square plastic box. (b) The ultrasound array transducer is placed on the surface far
from the bovine liver and muscle while the aluminum patches stick on the opposite surface of the
phantom sample. The white dotted rectangle marks the imaging area by the linear array transducer. (¢)
The dimensions of the whole agar phantom and those of the layers of bovine liver and muscle. The
background part has 0.6 wt% of agar powder and 0.5 wt% of graphite powder. The green dotted
rectangle marks the imaging area by the linear array transducer. Three regions are marked: the first
region contains the bovine liver; the second region contains the layer of agar phantom between the
bovine liver and the bovine muscle; and the third region contains the bovine muscle. (d) The ultrasound
image of the agar phantom at 2 ms after the trigger of the Lorentz force is shown, from which those
two layers of bovine liver and muscle can be recognized clearly. (e), (f), (g), and (h) are the

corresponding figures of (a), (b), (c), and (d) when the agar phantom is inverted back to front.

5.1.5 Three groups of ultrasound elastography experiments

Three groups of ultrasound elastography experiments are done on the five
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multi-shaped agar phantoms samples, to investigate the potential of the shear wave
displacement fields generated by stimulating the aluminum patches with a transient
magnetic field for shear wave velocity reconstruction. For experiments done with
each multi-shaped agar phantom, the experiments are done first with the ultrasound
array transducer placed on one side surface of the agar phantom sample and the
aluminum patches sticking on the opposite surface, as in Figures 5.5-8.a and Figure
5.9.b. The experiments are done with the shear wave sources generated independently
by stimulating each of the six arrangements of aluminum patches (Figure 5.3) with the
transient magnetic field. Once the aluminum patches actuators create the displacement
in the agar phantom sample, the Verasonics ultrafast ultrasound scanner repeatedly
images the longitudinal displacement field in the agar phantom for 100 ms with a
sampling rate of 1000 frames/s. And then the phantom is inverted back to front, and
the same experiments are performed again, as shown in Figures 5.5-8.d and Figure
5.9.f. The shear wave velocity maps are computed from the 100 frames of shear wave
displacement fields, which are computed from the 100 frames of ultrasound images.

(1) The purpose of the first group of experiments is to confirm the feasibility of
differentiating neighboring layers of different stiffness from the velocity map, which
is computed from the shear wave displacement fields generated by the method in
chapter 4. The group of experiments uses the first agar phantom as the sample (Figure
5.5.aand d).

(2) The purposes of the second group of experiments are: (1) to verify the
feasibility of differentiating cylinder inclusions from the velocity map computed from
the shear wave displacement fields generated through the method in chapter 4; (2) to
probe the minimum dimension of the inclusion that can be differentiated from the
velocity map. The group of experiments uses the second (Figure 5.6.a and d) and the
third (Figure 5.7.a and d) multi-shaped agar phantoms independently as the samples.

(3) The purpose of the third group of experiments is to confirm the feasibility of
obtaining a qualitative shear wave velocity map from the shear wave displacements
fields generated through the method developed in chapter 4. The group of
experiments uses the fourth (Figure 5.8.a and d) and the fifth (Figure 5.9.b and f)
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multi-shaped agar phantoms independently as the samples.

5.1.6 The control experiment - generation of shear waves using a

mechanical actuator

Control elastography experiments using a mechanical actuator (LDS V201, Briiel
& Kjer, Nerum, Denmark) (Figure 5.10.a,b) are done on each of the five
multi-shaped agar phantoms samples in section 5.1.4. A sinusoidal pulse of 500 Hz
and 500 mVpp (milli-volts peak to peak) from a generator (AFG3102, Tektronix, OR,
USA) is first amplified 20 dB by a power amplifier (Type 2718, Briiel & Kjer,
Neaerum, Denmark) and then fed the mechanical actuator. Six plastic cubes (Figure
5.10.c) connecting to the head of the mechanical actuator actuate the front surface of

the agar phantom sample and generate the shear wave displacement sources.

(a) Ultrasound Agar Bruel & Kjaer Bruel & Kjaer Tektronix
probe phantom (LDS V201) (Type 2718)(AFG 3022B)

Verasonics Power Arbitrary
Ultrafast . i
Scanner amplifier ] Janetion

generator

(b) 4« Ultrasound probe Agar phantom Actuator ———>
(PHILIPS ATL L7-4) (Bruel & Kjaer LDS V201)

Figure 5.10. Schematic (a) and photo (b) of generation of shear wave displacement fields in a sample
using a mechanical actuator. (¢) Six plastic cubes connecting to the mechanical actuator generate shear

wave displacements at the surface of the sample. (Sun ef al. to be submitted)
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5.2 Results and discussion

5.2.1 Elastography of the 3-layer multi-shaped agar phantom sample

In the first experiment, the ultrasound array transducer is placed on the surface of
the stiffest layer and the aluminum patches stick on the opposite surface of the whole
agar phantom sample (Figure 5.5.a). Figures 5.11.a.1-7 show the seven velocity maps,
which are computed using the shear wave displacement fields generated by the
corresponding arrangement of aluminum patches or the mechanical actuator shown in
the bottom row of Figure 5.11. The interfaces between the neighboring layers can be
clearly recognized from each of the velocity maps, although they are completely
hidden in the ultrasound image (Figure 5.5.c). Figures 5.11.b.1-7 show the shear wave
velocity along the line z' = 0 mm, in each of which we can see the velocity change
around x' = -30 mm and -60 mm. The average and variation of the shear wave velocity
in the region belonging to each layer of the agar phantom are calculated for each
velocity map, as shown in Figures 5.11.c.1-7, which shows that: (1) the average
velocity in the first (also the stiffest) layer is largest, while that in the third (also the
softest) layer is smallest and that in the second layer is in between; (2) the variation of
the velocity in the first layer is much larger than those in the second and the third
layers.

In the second experiment, the ultrasound array transducer is placed on the
surface of the softest layer and the aluminum patches stick on the opposite surface of
the whole agar phantom sample (Figure 5.5.d). Figures 5.12.a.1-7 show the seven
velocity maps, which are computed using the shear wave displacement fields
generated by the corresponding arrangement of aluminum patches or the mechanical
actuator shown in the bottom row of Figure 5.12. The interfaces between the
neighboring layers can be recognized from each of the velocity maps, although they
are completely hidden in the ultrasound image (Figure 5.5.f). Figures 5.12.b.1-7 show
the shear wave velocity along the line z' = 0 mm, in each of which we can see the
velocity change around x' = -30 mm and -60 mm. The average and variation of the

shear wave velocity in the region belonging to each layer of the agar phantom are

123



Application of Lorentz force in ultrasound-electromagnetic-field-coupled electrical impedance tomography and
elastography

(a.1) (a.2) (a.3)

(a.4) (a.5) (a.6) (a7  [ms]

Ao

10 0 -10 0 -10 10 0 -10 10 0 -10 0 -10

o ey .h'_,“
10 0 -10 10 0 -10

Z' (mm) Z' (mm) Z' (mm) Z' (mm) Z' (mm) Z' (mm) Z' (mm)
(b.1) (b2) (b.3)
Y s e A s | Ry p—
80+ — el | N | E - —
70 - - - — 5 —
60— — — = ) | E —
—_ |
EEIEEE Hh--- F- o
40k - — L _ [ I
=30 - =T- - - = =a1- -
20F - = _ 1 _ _ 4L S I
-10f - i e i i —
O0 5 0 5 0 5 5 0 5
Velocity (m/s) Velocity (m/s) Velocity (m/s) Velocity (m/s) Velocity (m/s)
(c.1) (c2) (c.3) (c.4) (.5) (c.6) (7
£
z
2
=
g
=
<]
&

0 Ist 2nd 3rd Ist 2nd 3rd Ist 2nd 3rd Ist 2nd 3rd Ist 2nd 3rd Ist 2nd 3rd  Ist 2nd 3rd
Region No. Region No. Region No. Region No. Region No. Region No. Region No.

| . - 4 ]
HF f

Figure 5.11. (a.1-7) The velocity maps computed from the shear wave displacement fields generated by

the corresponding arrangement of aluminum patches or the mechanical actuator (see the bottom line of
the figure). (b.1-7) The velocities along the line z' = 0 mm in each figure of (a.1-7). (c.1-7) The
averages and variations of the shear wave velocity for the regions belonging to each layer of the agar

phantom sample in figures (a.1-7). (Sun ef al. to be submitted)
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Figure 5.12. (a.1-7) The velocity maps computed from the shear wave displacement fields generated by

the corresponding arrangement of aluminum patches or the mechanical actuator (see the bottom line of
the figure). (b.1-7) The shear wave velocities along the line z' = 0 mm in each figure of (a.1-7). (c.1-7)
The averages and variations of the shear wave velocity for the regions belonging to each layer of the

agar phantom sample in figures (a.1-7). (Sun et al. to be submitted)
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calculated for each velocity map, as shown in Figures 5.12.c.1-7, which shows that: (1)
the average velocity in the first (also the softest) layer is smallest, while that in the
third (also the stiffest) layer is largest and that in the second layer is in between; (2)
the variation of the velocity in the third layer is much smaller than those in the first

and the second layers.

5.2.2 Elastography of the multi-shaped agar phantoms samples with

four cylinder inclusions

The first and the second experiments use the second agar phantom sample with a
soft background part and four stiff cylinder inclusions.

In the first experiment, the ultrasound array transducer is placed on the surface
close to the smallest inclusion and the aluminum patches stick on the opposite surface
of the agar phantom sample (Figure 5.6.a). Figures 5.13.a.1-7 show the seven velocity
maps, which are computed using the shear wave displacement fields generated by the
corresponding arrangement of aluminum patches or the mechanical actuator shown in
the bottom row of Figure 5.13. The inclusion boundaries can be clearly recognized
from each of the velocity maps, although they are completely hidden in the ultrasound
image (Figure 5.6.c). Figures 5.13.b.1-7 show the shear wave velocity along the line Z'
= 0 mm, in each of which the widths of the velocity peaks coincide with the diameters
of the inclusions. The averages and variations of the shear wave velocity of the
inclusion and of the background in each region of the agar phantom are calculated for
each velocity map, as shown in Figures 5.13.c.1-7, which shows that, for each of the
four regions in the agar phantom: (1) the average velocity in the background part is
smaller than that in the corresponding inclusion; (2) the variation of the velocity in the
background part is also smaller than that in the corresponding inclusion.

In the second experiment, the ultrasound array transducer is placed on the
surface close to the largest inclusion and the aluminum patches stick on the opposite
surface of the agar phantom (Figure 5.6.d). Figures 5.14.a.1-7 show the seven velocity

maps, which are computed using the shear wave displacement fields generated by the
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corresponding arrangement of aluminum patches or the mechanical actuator shown in
the bottom row of Figure 5.14. The inclusion boundaries can be clearly recognized
from each of the velocity maps, although they are completely hidden in the ultrasound
image (Figure 5.6.f). Figures 5.14.b.1-7 show the shear wave velocity along the line z'
= 0 mm, in each of which the widths of the velocity peaks coincide with the diameters
of the inclusions. The averages and variations of the shear wave velocity of the
inclusion and of the background in each region of the agar phantom are calculated for
each velocity map, as shown in Figures 5.14.c.1-7, which shows that, for each of the
four regions in the agar phantom: (1) the average velocity in the background part is
smaller than that in the corresponding inclusion; (2) the variation of the velocity in the
background part is also smaller than that in the corresponding inclusion.

The third and the fourth experiments use the third agar phantom sample with a
stiff background part and four soft cylinder inclusions.

In the third experiment, the ultrasound array transducer is placed on the side
surface close to the smallest inclusion and the aluminum patches stick on the opposite
side surface of the agar phantom (Figure 5.7.a). Figures 5.15.a.1-7 show the seven
velocity maps, which are computed using the shear wave displacement fields
generated by the corresponding arrangement of aluminum patches or the mechanical
actuator shown at the bottom row of Figure 5.15. The inclusion boundaries can be
partly recognized from each of the velocity maps, although they are completely
hidden in the ultrasound image (Figure 5.7.a). But at the same time, there are lots of
artifacts where the velocity computed is much larger than that of the place having the
same stiffness. Figures 5.15.b.1-7 show the shear wave velocity along the line z' = 0
mm, in each of which the widths of the velocity troughs coincide with the diameters
of the inclusions. The averages and variations of the shear wave velocity of the
inclusion and of the background in each region of the agar phantom are calculated for
each velocity map, as shown in Figures 5.15.c.1-7, which shows that, for each of the
four regions in the agar phantom: (1) the average velocity in the background part is
larger than that in the corresponding inclusion; (2) the variation of the velocity in the
background part is also larger than that in the corresponding inclusion.
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Figure 5.13. (a.1-7) The velocity maps computed from the shear wave displacement fields generated by

the corresponding arrangement of aluminum patches or the mechanical actuator (see the bottom line of
the figure). (b.1-7) The velocities along the line z' = 0 mm in each figure of (a.1-7). (c.1-7) The
averages and variations of the velocity of the inclusion (the green bars) and of the background (the blue

bars) in each region of the agar phantom sample in figures (a.1-7). (Sun et al. to be submitted)
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Figure 5.14. (a.1-7) The velocity maps computed from the shear wave displacement fields generated by

the corresponding arrangement of aluminum patches or the mechanical actuator (see the bottom line of
the figure). (b.1-7) The velocities along the line z' = 0 mm in each figure of (a.1-7). (c.1-7) The
averages and variations of the velocity of the inclusion (the green bars) and of the background (the blue

bars) in each region of the agar phantom sample in figures (a.1-7). (Sun et al. to be submitted)
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In the fourth experiment, the ultrasound array transducer is placed on the side
surface close to the largest inclusion and the aluminum patches stick on the opposite
surface of the agar phantom (Figure 5.7.d). Figures 5.16.a.1-7 show the seven velocity
maps of the agar phantom, which are computed using the shear wave displacement
fields generated by the corresponding arrangement of aluminum patches or the
mechanical actuator. The inclusion boundaries can be recognized from each of the
velocity maps, although they are completely hidden in the ultrasound image (Figure
5.7.f). But at the same time, there are lots of artifacts where the velocity computed is
much larger than that of the places having the same stiffness. Figures 5.16.b.1-7 show
the shear wave velocity along the line z' = 0 mm, in each of which the widths of the
velocity troughs coincide with the diameters of the inclusions. The averages and
variations of the shear wave velocity of the inclusion and of the background in each
region of the agar phantom are calculated for each velocity map, as shown in Figures
5.16.c.1-7, which shows that, for each of the four regions in the agar phantom: (1) the
average velocity in the background part is larger than that in the corresponding
inclusion; (2) the variation of the velocity in the background part is also larger than

that in the corresponding inclusion.

5.2.3 Qualitative rather than quantitative reconstruction of shear

wave velocity

The first and the second experiments use the fourth agar phantom sample with a
soft background part and nine stiff inclusions.

In the first experiment, the softest inclusions locate in the left column (Figure
5.8.b). The ultrasound array transducer is placed on the back surface and the
aluminum patches stick on the front surface of the agar phantom sample (Figure 5.8.a).
Figures 5.17.a.1-7 show the seven velocity maps, which are computed using the shear
wave displacement fields generated by the corresponding arrangement of aluminum
patches and the mechanical actuator in the bottom row of Figure 5.17. The inclusion
boundaries can be clearly recognized from each of the velocity maps, although they
are completely hidden in the ultrasound image (Figure 5.8.c). Figures 5.17.b.1-7 show
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Figure 5.15. (a.1-7) The velocity maps computed from the shear wave displacement fields generated by

the corresponding arrangement of aluminum patches or the mechanical actuator (see the bottom line of
the figure). (b.1-7) The velocities along the line z' = 0 mm in each figure of (a.1-7). (c.1-7) The
averages and variations of the velocity of the inclusion (the blue bars) and of the background (the green

bars) in each region of the agar phantom sample in figures (a.1-7). (Sun et al. to be submitted)
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Figure 5.16. (a.1-7) The velocity maps computed from the shear wave displacement fields generated by

the corresponding arrangement of aluminum patches or the mechanical actuator (see the bottom line of
the figure). (b.1-7) The velocities along the line z' = 0 mm in each figure of (a.1-7). (c.1-7) The
averages and variations of the velocity of the inclusion (the blue bars) and of the background (the green

bars) in each region of the agar phantom sample in figures (a.1-7). (Sun et al. to be submitted)
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the shear wave velocity along the lines crossing the centers of each row of inclusions -
x' = -24.36 mm, -45.88 mm, and -67.39 mm, in each of which the widths of the
velocity peaks coincide with the diameter of the inclusions. The averages and
variations of the shear wave velocity of the background and of the three inclusions in
each region of the agar phantom are calculated for each velocity map, as shown in
Figures 5.17.c.1-7. Each sub-figure (except the ones in the bottom row of Figure
5.17.c.2, the middle row of Figure 5.17.c.5 and the middle row of Figure 5.17.c.7)
shows that: (1) for each of the three regions in the agar phantom, the average velocity
of the background part is smallest, that of the left column is next smallest, that of the
middle column is the third smallest, and that of the right column is largest; (2) for the
three inclusions in the same column, the averages and deviations of the velocities
differ, especially the right column of inclusions.

In the second experiment, the stiffest inclusions locate in the left column (Figure
5.8.e). The ultrasound array transducer is placed on the back surface and the
aluminum patches stick on the front surface of the agar phantom (Figure 5.8.d).
Figure 5.18.a.1-7 show the seven velocity maps, which are computed using the shear
wave displacement fields generated by the corresponding arrangement of aluminum
patches and the mechanical actuator in the bottom row of Figure 5.18. The inclusion
boundaries can be clearly recognized from each of the velocity maps, although they
are completely hidden in the ultrasound image (Figure 5.8.f). Figures 5.18.b.1-7 show
the shear wave velocity along the lines crossing the centers of each row of inclusions -
x' = -24.36 mm, -45.88 mm, and -67.39 mm, in each of which the widths of the
velocity peaks coincide with the diameters of the inclusions. The averages and
variations of the shear wave velocity of the background and of the three inclusions in
each region of the agar phantom are calculated for each velocity map, as shown in
Figure 5.18.c.1-7. Each sub-figure (except the ones in the middle and bottom rows of
Figure 5.18.c.2, the middle and bottom rows of Figure 5.18.c.3, the bottom row of
Figure 5.18.c.4, the middle and bottom rows of Figure 5.18.c.5, the bottom row of
Figure 5.18.c.6 and the middle and bottom rows of Figure 5.18.c.7) shows that: (1) for
each of the three regions in the agar phantom, the average velocity of the left column
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is largest, that of the middle column is next largest, that of the right column is the
third largest, and that of the background part is smallest; (2) for the three inclusions in
the same column, the averages and deviations of the velocities differ, especially the
left column of inclusions.

Comparison of the velocities of the same inclusion in Figure 5.17.a.1-7 and
Figures 5.18.a.1-7 show that, for the same inclusion, there are differences in averages
and variations of the velocity. For instance, for the inclusion in the first row and the
right column in Figure 5.17.a.1, it has an average velocity of 7.49 m/s with a standard
deviation of 7.77 m/s in Figure 5.17.a.1 but an average velocity of 5.33 m/s with a
standard deviation of 2.62 m/s in Figure 5.18.a.1.

The third and the fourth experiment use the fifth agar phantom sample with one
piece of bovine liver and one piece of bovine muscle.

Figure 5.9.c shows the arrangement of ultrasound array transducer, the phantom
sample, and the aluminum patches in the third experiment. Figure 5.19.a.1-7 show the
seven velocity maps, which are computed using the shear wave displacement fields
generated by the corresponding arrangement of aluminum patches and the mechanical
actuator in the bottom row of Figure 5.19. The bovine muscle boundary can be clearly
recognized from each velocity map while the bovine liver boundary can not be
recognized, although both of them are clearly recognized in the ultrasound image
(Figure 5.9.d). Figures 5.19.b.1-7 show the shear wave velocity along the line z' = 0
mm, in which the widths of the velocity peaks coincide with the thickness of the
bovine muscle. The average and deviation of the shear wave velocity in the three
regions (Figure 5.9.c) are calculated for each velocity map, as shown in Figures
5.19.c.1-7, which shows that: (1) the average velocity in the bovine muscle is much
larger than those in the bovine liver and the agar phantom. In Figures 5.19.c.1-3 and 5,
the average velocity in the bovine liver is close to that in the agar phantom. In Figure
5.19.c.4, 6 and 7, average velocity in the bovine liver is much larger than that in the
agar phantom; (2) the deviations of the shear wave velocities in the bovine muscle are
much larger than those in the bovine liver and the agar phantom, but it’s not possible
to judge whether the large deviations come from the bovine muscle itself or from the
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Figure 5.17. The velocity maps computed from the shear wave displacement fields generated by the

corresponding arrangement of aluminum patches or the mechanical actuator (see the bottom row of the
figure). (b.1-7) The velocities along the lines crossing the centers of each row of inclusions - x' =-24.36
mm, -45.88 mm, and -67.39 mm - in each figure of (a.1-7). (c.1-7) The averages and variations of the
shear wave velocity of the inclusions and of the background in each region of the agar phantom sample

in figures (a.1-7). (Sun ef al. to be submitted)
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corresponding arrangement of aluminum patches or the mechanical actuator (see the bottom row of the
figure). (b.1-7) The velocities along the lines crossing the centers of each row of inclusions - x' =-24.36
mm, -45.88 mm, and -67.39 mm - in each figure of (a.1-7). (c.1-7) The averages and variations of the
shear wave velocity of the inclusions and of the background in each region of the agar phantom sample

in figures (a.1-7). (Sun ef al. to be submitted)
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reconstruction algorithm.

Figure 5.9.g shows the arrangement of ultrasound array transducer, the phantom
sample, and the aluminum patches in the fourth experiment. Figures 5.20.a.1-7 show
the seven velocity maps, which are computed using the shear wave displacement
fields generated by the corresponding arrangement of aluminum patches and the
mechanical actuator in the bottom row of Figure 5.20. The bovine muscle boundary
can be clearly recognized from each velocity map while the bovine liver boundary can
not be recognized, although both of them are clearly recognized in the ultrasound
image (Figure 5.9.h). Figures 5.20.b.1-7 show the shear wave velocity along the line z'
= 0 mm, in which the widths of the velocity peaks coincide with the thickness of the
bovine muscle. The average and deviation of the shear wave velocity in the three
regions (Figure 5.9.g) are calculated for each velocity map, as shown in Figure
5.20.c.1-7, which shows that: (1) the average velocity in the bovine muscle is much
larger than those in the bovine liver and the agar phantom. The average velocity in the
bovine liver is close to that in the agar phantom; (2) the deviations of the shear wave
velocities in the bovine muscle are much larger than those in the bovine liver and the
agar phantom, but as in the third experiment it’s not possible to judge whether the
large deviations come from the bovine muscle itself or from the reconstruction
algorithm.

Comparison of the sub-figures in Figure 5.19.a.1-7 and Figure 5.20.a.1-7 shows
that: the difference in the average velocity in the regions of bovine liver, the agar
phantom and the bovine muscle are respectively 9.8%, 15.63% and 26.3%. The larger
average velocity differences in the regions of the agar phantom and the bovine muscle
between two experiments come from the change of positions relative to the aluminum
patches, which changes the set of frames having shear wave displacements in these
two regions and finally results in large differences in the average velocity computed
through (5.8).

To sum up, we can only get qualitative rather than quantitative velocity maps of
the sample using the shear wave displacement fields generated through the method in
Chapter 4 and the cross-correlation-based velocity reconstruction approach.
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Figure 5.19. (a.1-7) The shear wave velocity maps computed from the shear wave displacement fields

generated by the corresponding arrangement of aluminum patches or the mechanical actuator (see the
bottom row of the figure). (b.1-7) The shear wave velocities along the line z' = 0 mm in each figure of
(a.1-7). (c.1-7) The averages and variations of the shear wave velocity of the three regions of the agar

phantom sample in figures (a.1-7). (Sun et al. to be submitted)
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Figure 5.20. The shear wave velocity maps computed from the shear wave displacement fields

generated by the corresponding arrangement of aluminum patches or the mechanical actuator in the
bottom row of the figure. (b.1-7) The shear wave velocities along the line z' = 0 mm in each figure of
(a.1-7). (c.1-7) The averages and variations of the shear wave velocity of the three regions of the agar

phantom sample in figures (a.1-7). (Sun ef al. to be submitted)
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5.3 Chapter summary

In this chapter, we presented ultrasound elastrography experiments using the five
multi-shaped agar phantoms samples, through which we studied the performance of
the cross-correlation-based ultrasound elastography using the shear wave
displacements generated by the method in chapter 4. In each experiment, the shear
wave velocity map was reconstructed from 100 frames of shear wave displacement
fields, which were calculated from 100 frames of ultrasound images sampled at a rate
of 1000 frames per second. From the reconstructed shear wave velocity maps, (1)
interfaces or boundaries of layered or cylindered regions of different stiffness were
clearly recognized, which were completely concealed in the ultrasound images; (2)
cylinder inclusions of diameter as small as 5 mm can be differentiated from the
background, but at the same time, there are artifacts which undermine the quality of
velocity map; and (3) only qualitative rather than quantitative shear wave velocity

maps were reconstructed using the cross-correlation-based approach.
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Chapter 6 Conclusions and future work

6.1 Overall conclusions

In the first part of the thesis, we studied the applications of the wide linearly
frequency-modulated (LFM) ultrasound pulse stimulation and the wide sinusoidal
step-frequency ultrasound pulse stimulation in SECG-UILF with the goal of reducing
the peak instantaneous ultrasound stimulation power to the sample while keeping the
signal-to-noise ratio (SNR) and the longitudinal resolution. In the second part of the
thesis, we studied generation of shear wave displacement fields for elastography
through stimulating aluminum patches with a transient magnetic field.

In the scanning electric conductivity gradients with linearly frequency modulated
ultrasound induced Lorentz force (SECG-LFM-UILF), first, two independent signal
processing techniques - the coherent demodulation technique and the pulse
compression technique - were applied independently for the calculation of the
longitudinal distance of the electrical conductivity variations; and then, experiments
using four multi-shaped saline agar phantoms samples confirmed the feasibility and
the performance of the method, by comparisons with the traditional SECG-UILF
using the high acoustic pressure wide-band ultrasound pulse. The experiment results
showed that, for the SECG-LFM-UILF using electrical pulse of peak instantaneous
power to the ultrasound transducer of 39.54 dBm and the traditional SECG-UILF
using negative spike pulse of peak instantaneous power of 65.05 dBm: (1) the
SECG-LFM-UILF using either the coherent demodulation method or the pulse
compression method can detect the electrical conductivity variations precisely, with a
reduction of peak instantaneous power of 25.5 dB to the ultrasound transducer and a
comparable SNR; (2) the reconstructed B-scan images of the electrical conductivity
discontinuity by the SECG-LFM-UILF using either the coherent demodulation
method or the pulse compression method are comparable to that obtained through
traditional SECG-UILF; and (3) using modulation frequency bandwidth of 2MHz and
modulation duration of 500 us, the SECG-LFM-UILF using either the coherent
demodulation method or the pulse compression method achieved a longitudinal
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resolution of 1 mm.

In the scanning electric conductivity gradients with step-frequency ultrasound
Induced Lorentz force (SECG-SF-UILF), the theory of application of the step-
frequency technique was formulated in terms of the in-phase demodulation method
and the in-phase/quadrature-phase (IQ) demodulation method. Compared with the 1Q
demodulation method, the in-phase demodulation method was simple in realization
but could only detect half of the range. Experiments on a sample of two-layer copper
foil as proof of concept demonstrated that, using 2 MHz frequency bandwidth and 64
discrete frequencies, the range of the sample could be detected precisely.

In the method of generation of multiple shear wave sources on the soft medium
surface through stimulating aluminum patches actuators with a transient magnetic
field, the origins and the characteristics of the Lorentz force acting on the actuator
were confirmed by the displacement measurement using an interferometric laser
probe: (1) the eddy current induced in the ring or patch actuator due to the transient
magnetic field and orthogonal magnetic field constitutes the two basic elements of the
Lorentz force; (2) its carrier frequency equals the sum of the carrier frequencies of the
stimulating transient magnetic field and its time derivative; and (3) its amplitude
increases quadratically with the stimulating current to the coil. Under a transient
magnetic field of changing rate of 10.44 kTs™!, the actuator generates a shear wave
field source of amplitude of 100 um on the surface of the polyvinyl alcohol (PVA)
phantom sample. The shear wave fields created in the PVA phantom by experiments
agrees qualitatively well with that by theory.

Finally, the cross-correlation-approach-based elastography experiments were
done on five multi-shaped agar phantoms samples, to evaluate the potential of the
generated shear wave displacement fields for shear wave velocity computation. The
shear wave velocity maps reconstructed using 100 ultrasound images sampled at a
rate of 1000 frames/s showed that: (1) the interfaces or boundaries between regions of
different stiffness can be clearly recognized, which were completely concealed in the
ultrasound images; (2) inclusions of diameter as small as 5 mm can be differentiated
from the background, but at the same time, there were artifacts which undermined the
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quality of the velocity maps; and (3) qualitative rather than quantitative computation

of the shear wave velocity is achieved.

6.2 Challenges and possible solutions

The first and foremost challenge with the SECG-LFM-UILF is the weak
electrical current generated. Using the high acoustic pressure wide-band ultrasound
pulse based SECG-UILF (Section 2.5.6, Figure 2.7), 1 successfully detected the
current signal generated by the target when using the pork muscle as the sample. But,
using the SECG-LFM-UILF (Figure 2.5 or Figure 2.6), I didn't detect the intermediate
frequency (IF) signal generated by the pork muscle. The decreases of SNR might
come from the uneven amplitude of the ultrasound pulse and/or the demodulation in
SECG-LFM- UILF. The uneven amplitude-frequency response of the ultrasound
transducer undermining the SNR can be compensated by increasing the amplitude of
the stimulating electrical signal to the transducer at frequencies where the transducer
amplitude frequency response is low. The mixer used in the coherent demodulation
method also added conversion loss (around 4.9 dB) to the IF signal, but it is difficult
to reduce the conversion loss as the mixer used (ZAD-8+, Mini-Circuits, USA) is
almost the best in performance among the similar mixers. For all modalities of
SECG-UILF, the current signal (2.5) is directly proportional to the magnetic field,
therefore the SNR can be increased by using a stronger magnetic field. Using the
main magnetic field of MRI scanner, the intensity and homogeneity of the magnetic
field can be increased with the expense of loss in lightness and cost. The magnetic
field strength can be increased without known biological risk until at least 2 T
(Schenck, 2000).

Another challenge with the SECG-LFM-UILF is retrieving the polarity
information of the electrical conductivity variations. The SECG-LFM-UILF using the
IQ demodulation method is not well-developed while that using the in-phase
demodulation method is entirely incapable of retrieving the polarity information. The
phase of the frequency spectrum of the IF signals calculated by FFT needs to be
studied. And methods capable of finding out the phase variations produced by the FFT
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can also get rid of the phase variations. For the SECG-LFM-UILF using the pulse
compression technique, although the compressed pulse keeps the polarity information,
it has one negative main-lobe and one positive main-lobe for both the positive and the
negative conductivity gradient, which makes it difficult to differentiate between the
positive and the negative conductivity gradients. A better matched compression filter
based on the waveform of the raw SECG-LFM-UILF current signal can compress the
generated interaction current signal into a single main-lobe, which improves the SNR
and renders it easier to get the polarity information.

The leading challenge with the generation of shear wave displacement is the
weak displacement generated when applying the technique in vitro, on the chicken
breast, or in vivo, on the gastrocnemius muscle or the triceps brachii of the human
body, as we got with the experiment setup in section 5.1 (Figures 5.1.a-c). One
possible solution of increasing the intensity of the Lorentz force induced on the
patches actuators is to use a transient magnetic field that is stronger and changes faster,
like the transcranial magnetic stimulation (TMS) system (MagPro X100, MagVenture,
Farum, Denmark) connected with a butterfly coil (C-B60, MagVenture, Farum,
Denmark). The MagPro X100 together with the C-B60 can generate a transient
magnetic field of peak amplitude of 2 T and of peak changing rate of 35 kT/s.
Therefore, the amplitude of the Lorentz force will be increased by over 10 times. And
the amplitude of the shear wave displacement generated in the sample will
consequently be increased multiple times. Another way to increase the intensity of the
Lorentz force is to use a strong static magnetic field, like in the TMS interleaved with
functional magnetic resonance imaging system (fMRI) (Siebner, 2009), the eddy
current induced by the transient magnetic field couples with the main magnetic field
of the MRI scanner and generates the strong Lorentz force.

Failing to quantitatively calculate the shear wave velocity represents one
important challenge in using the shear wave displacement fields for the cross-
correlation-approach-based elastography. Adaptation of the cross-correlation approach
to the shear wave displacement fields generated through stimulating the aluminum
patches with the transient magnetic field is needed.
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Appendix 1 Derivation of (2.8)

Here we list the detailed derivation of (2.8) in section 2.3. First, (2.6.1) and (2.7)
are rewritten as (Al.1) and (A1.2):

T, = Aocos {2m [fo + 5L (¢ — kT (¢ — kT1) + o,

KTi<t<kTi+ T, k=0, 1,42, . (ALI)

R, = Acos {2 [fo + 2 (e~ 7y — &) (¢ — k7, — ) + 9},
kT'+R/c<t<klh+R/lc+T, k=0,%£1,+2,---. (Al.2)
Using the trigonometric identity cos(a) - cos(f) = 0.5 - [cos(a + p) + cos(a - )],
T« - Ry is transformed into the sum of (D and @), where (D is the first part of (A1.3)
and @) is the second part of (A1.3).
R = L adcos 2m [fo +2L(t = k1) | (£ = kTy) + ¢
2 +2r|fy+ L(t— k1 = )| (e kT =Z) + ¢
2m [fo + 2L (= kT (t — KTy) + g
anlf (- =B - -5
=0+ @ kT'+Ric<t<kT\+R/c+T,k=0,+1,£2,---. (Al.3)

1
EAOACOS

And @ is further transformed as:

2 [fo + L= )| (6 = KT + o +

@ = 0Acos R
2 [fo +5 (t—kT1 | (e— k=) + ¢

2 |fo + 37 (6= KT)| (¢ = KT1) + o +

= %AOACOS 27 [fo + (t — kT, — 5)] (t —kTy) —

Ll (e -D)zve )

2 |fo + 37 (6 = KT | (¢ = KTy + o +
= %AoAcos 2m [fo H(t - kT1)] (t —kTy) —
2r[fo + L (2t — 2k = 5)| 2+ ¢
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= -AyAcos
2 Zn[fo 2t—2kT1——)];+¢>o+¢
4m [fo + 51 (6 = KT (6 = kT2) =

1
= EAOACOS
am L ( t—le——)——anO + o+ B

An [fo t — kT, — —)] (t — kT,) —
Af R

2 ( fo‘g;) + o + ¢
kTh+ Rlc<t<kTh+R/c+T,k=0,+£l,£2, . (A1.4)

1
= -AyAcos
2

1 {‘W [fo +2@- le)] (t— le) —an L (t—kT) T+
= -AyAcos

And @) is further transformed as:
A
21 [fo + 5L (¢ = KT (¢ = KT2) + o —

1
@ = =AyAcos Zn[fo_l_%(t_le_g)](t—le—g)—‘l-”

2

2 |fo + 2 (t— KT (¢ = KTy + o )
= —AOAcos 21 [fo t — kT, — —)] (t—kT,) +

Zn[fo Af(t—le——)]——(;b

2 [fo + 5L (¢ — le)] (¢t = kTy) + 2w L2 (e — k) +

2 [fo + (t—le——)];—gb )

= —AOAcos

{
J 2 [fo + 5 (& = kT)| (£ = KT) + §o —
\

= %AOACOS {(;bo + 27T£5 (t —kT)) +2m [fo (t — kT, — —)] % - (;b}
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= Lagcos {2 L8 (e — kmy) + 2 [fy — 25|24 9o - )

2T ¢

kTh+R/c<t<khh+R/lc+T,k=0,£1,£2,---. (Al.5)

Uniting (A1.4) and (A1.5), Tx - R« therefore is transformed into (A1.6), which is
(2.8).
AOA 4‘T[ [fo (t - kT1 - _)] (t - le)

Tx-szTcos 2n(f0—%-§)z r o+ +
—cos[Zn(t—le)g Byon (fo gig) + ¢o — ¢]

KTi+ Ric <t<kTi+Rlc+ T, k=0,+1,42, . (AL.6)
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Appendix 2: Derivation of (3.4)

Here we list the detailed derivation of (3.4) in section 3.1.1. First, (3.2) is
rewritten as (A2.1), and the coherent local oscillator signal is denoted as Ly, (t)
(A2.2):

Rp, (t) = XNZ3 An(®sin [2m (foy + Lk) (£ = 2) + ¢

Zn =29+ nby, 2<t <+ Tandk =0,1,-~N—1. (A21)

Lys, () = 2sin [27‘[ (fo + %k) t+ ¢O],
0<t<T,k=01,-,N—1. (A2.2)

Therefore, the output signal of the mixer is:
. . Ap(t)sin [211 (fo + AWfk) (t — Z—n) + (,bo] :
Rfk(t) bir (©)=Zn= 2sin [271 (fo + %k) t +Cq.’>0]

cos |2m A—fk In) _
i [2m (0 +57k)
= Zaied A0 cos [47‘[ (fo + %k) t—2m (fo +C?V—f k)%" + 2¢0]

Zn =2z +nh, <t <Tandk=01,N—1 (A23)
Filtering the double carrier frequency signal, the intermediate frequency signal,

which is denoted as If, (t), is obtained:

Iy, (6) = 2423 An(O)cos [2m (fo + 3L k) 2],
zZg+nlz

IR —

Zn=2p+nb, 2<t<Tandk=01--N-1 (A24)

Z0

- 1\ 7e
Multiplying e12n<f°+’\’ k)c to both sides of (A2.4) so as to get rid of the

—j n<f0+ fk>Z°

constant phase item e ¢ of the first part in the bracket in (A2.4), we can

get:
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A_f zg [ fk niy fk 2zg+nly
Ifk(t)ejzn(fo-'-lvk) ¢ = Zg;(} An(t) e 12”(f ) ]Zn(f0+ ) l

c + c
r AzA
—jem o , —janty =t
=N A, © e
n=0 “'n - 220+T"AZ i kZZOAf+nAZAf
| g2ho el2m N

Zn =2z +nb, < t<Tandk=01-N—1 (A25)

T 3N +1 to (A2.5) and multiplying
e I8k to the second part in the bracket, (A2.5) is transformed into (A2.8), where
; Af. )20
, 21 fo+-Li |22
Ifk(t) =Ifk(t)e] n(fo N )C-

. . A
Applying constraints Tf =1 and 22

AAr _ 1, Bl A=— (A2.6)
Ar
TSIV AL W 2=, (A2.7)
‘ N-1 —j2nfoR2  _ janlk
If, () = XnZo An(t)e “ce N +
S An(D)e 2T ()
Zp = Zo + N, Z?"S t<Tandk=01,--N—1. (A2.8)

Replacing N — 1 —n in the second part of the right side of (A2.8) with n
(A2.8) is transformed into (A2.9).

. nA . nk
If’k(t) = Zg;& A, () [e_JZ"fOTZe—JZEW] N
2z +(N 1-n )AZ . n_/
—oAy_1- n’(t)l jamfo=tm e 12nk(N)l

Zn =2z +nb, 2<t<Tandk=01N—1 (A29)

And replacing n' in the second part in (A2.9) with n, (A2.9) is transformed into
(A2.10), which also is (3.4).

iampmdz
A, (t)e o eIk 4

. 2zg+(N-1-n)A .2 4
Ay g ()T g
-1-n

N GED

Z, = zy + nl\,, Z?" <t<Tandk=01--N—-1. (A2.10)
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Appendix 3: Derivation of (3.7)

Here we list the detailed derivation of (3.7) in section 3.1.2. First, (3.2) is

rewritten as (A3.1), and the coherent local oscillator signals of the in-phase channel

and the quadrature-phase channel are denoted respectively as L;z, (t) (A3.2) and
Los, (1) (A3.3):
_ , A n
Ry, (6) = ZN23 An(O)sin|2m (foy + L) (6= 22) + o,
Zn =29+ nby, 2<t <P+ Tandk =0,1,-~N—1. (A3
. Af
Lip, (0) = 2sin[2m (fo + Lh) t + o] 0 <t < Tk =01, ,N = 1. (A32)

Log (6) = 2cos |27 (fo + L k) t + o] 0 <t < T,k = 0,1, N = 1.
(A3.3)
Therefore, the output of the mixer of the in-phase channel is:
| oy [An@sin (27 (fo + L) (£ = 22) + bo| -
B8 Lip, (6 = Zn=d 2sin [Zn (fo + %k) t +Cq,’>0]
cos [Zn (fo + %k) Z?"] -
cos [47‘[ (fo + AN—fk) t—2m (fo + %k)%n + 2¢o]

Zn =7z +nh, 2<t<Tandk=01,N—1 (A34)

= Ynzo An(t)

And the output of the mixer of the quadrature-phase channel is:

| s [An@sin 27 (o + 3 k) (= 22) + 6o

Rfk(t) Lka(t) = Zﬁz(} 9c0s [271' (fo N %k) ; +C¢0]
—sin [Zn (fo + ?V—fk) Z?"] +

sin [47r (fo + %k) t—2m (fo + %k)zjn + 2‘150]

Zn =29+ nb,, 2 <t<Tandk=01,N—1 (A35)

= 211\1];& Ay (t)

Filtering the double carrier frequency signals, the intermediate frequency signals

of the in-phase channel and the quadrature channel, which are denoted as I, (t) and

151



Application of Lorentz force in ultrasound-electromagnetic-field-coupled electrical impedance tomography and
elastography

Iyf, (t), are obtained:

ILis () = XNZ5 Ap(t)cos [271 (fo + ?V—fk) Z?”],

Zn =2z +nb, 2<t<Tandk=01-N—1 (A3.6)
lo7, (8) = ZNZS —An@)sin 2 (fo + k) 2],
Zn =2 +nh, 2<t<Tandk=01-N—1 (A37)
From Iz, (t) and Iyf, (t), the complex form of the intermediate frequency
signal I, (t) is obtained as (A3.8):

; Af \zn
: - —j2r( fo+—-LK )22
I (©) = 17, () + g, (8) = TNZ5 Ap (e (o)

Zn =2+ nb, 2<t<Tandk=01,~N-1 (A38)

j2n(fo +Aﬁfk)z—0

Multiplying e ¢ to both sides of (A3.8), the constant phase

A
. f1,\Zo
—]27T(f +—k)— )
e O"N")c s removed:

A A
i —fk Z0 _i —fk niz
Ifk(t)eﬂ”(f“” ) = YNZ5 An(De jen{ o)

. niz . nkAZAf
— —i2mfy ez _jp Itk
= Zivlz(}An(t)e JErfomc e TIATN

Zn=Zg+nb, 2<t<Tandk=01,-N—-1 (A39)

A1 )20
(o+ 3.2 ana applying % =1 to (A3.9), (A3.9)

Denoting Iy, (t) = Ifk(t)ejzn
is transformed into (A3.11), which also is (3.7).

i R TR (A3.10)
c Af

. nA ., nk
I}, (8) = N3 A, (e T2 e /2Ty

Z, = zy + nl\,, 27" <t<Tandk=0,1,--N—1. (A3.11)
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