ABSTRACT

HUAIYU, WU . Design, Fabrication and Characterization of Ultrasound Transducers and Arrays
for Biomedical Imaging and Therapfdnder the directionf Dr. Xiaoning Jiang.

Ultrasound has been widely used with the benefits of its unique characteristics, including
safety, reatime, high resolution, portability and low cost. Although current existing ultrasound
devices are able to satisfy many requirements for the biomedi@gépne limitation is the lack
of the suitable custom ultrasound transducers for specific imaging or therapeutiatagpli
The main theme of this dissertatifotused on two areas including timtravasculamultrasonic
imaging and therapy and the iesdtion of the tissue mechanically anisotropic and degree of
anisotropy (DoA) in mechanical propertiéur different types of ultrasound transducers were
developed for both diagnostic and therapeutic applications: 1)-fiaplency, circular -B
composie piezoelectric array for intravascular angiograpBy;1.5 D array for the DoA
assessment with an electrical beam profile rotati®n.Forwardlooking, duaifrequency,
intravascular composite transducer for microbubshéaliated thrombolysig}) Fiberbase laser
ultrasound intravascular transducer for thrombolysis with photoacoustic imaging; Prototyped
transducers were designed, fabricated, characterized and tested for the applicatiomsiirex
Vivo.

The intravascular imaging circular array includedualfrequency design for contrast agents
imaging with a center frequency of 5 MHz and 36 MHz for transmitting and receiving,
respectively. With 8 elements for the ldmequency and 32 elements for the higdguency part,
the array was fabricated withiecnomachined 43 PMN-PT composites. the iwitro test was
conducted with a customed phantom with 200 p
resolution (217pm) and contrast r at-freqgueficd 8 dB)

transducers anarrays, which indicated the potential of the circular array for contrast imaging.



For the assessment of tissue DoA, a 1.5 D-column ultrasound array is designed, fabricated,
characterized and tested with a customized phantom. With a center frequehByMifiz, the
1.5 D array can generate a similar beam profile in the orthogonal directions without mechanical
rotation of the array. The same padikplacements were reached in the isotropic phantom in two
orthogonal directions electrically, which showée ttapability of the array for tissue anisotropy
estimation

Dual frequency stacked piezoelectric transducers were developéatriivascular mediated
sonothrombolysisWith piezoelectric materials (PZ3A), a 1.7x1.7 mm stacked transducer and
a 1.9x1.9 mm composited transduees designed, fabricated and charaterizaéter that, the
in-vitro sonothrombolysis was carried owmith a flow modelwasconductedvith duatrequency
excitation methodWith an averged 60% increase for the unretacted and retracted clot lysis rate,
the advantage of the dufequency treatment method over the siAgéguency methodvas
proved.

Fiberbased laser ultrasound transducer was also developed for the sonothrombolysis with a
capability of clot detection by photoacoustic imagingl.8 mm laser ultrasourtdansducer was
mounted on an optical fiber with a diameter of 1.1 mm and the 4 MPangegalkive pressure
outputwasachieved with a center frequency of 7 MHz aBddB bandwdth of 101%.The in-
vitro test results indicated the capability of the transducer on generating cavitation and
thrombolysis. The clot detection under deep tissue with the photoacoustic imaging was also

conducted to assemble the diagnostic and therageartieducers into one device.
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CHAPTER 1 INTRODUCTION

Ultrasound refers to sound waves with frequencies significantly higherttigamange of
human hearing (>20,000 Hz) and has been widely used in both medical diagnosis and therapy.
For diagnostic applications, ultrasound imaging shows the advantages of safdimeghigh
resolution, portability and low cost compared with otimaging methods including computer
tomography (CT) and magnetic resonance imaging (NVR4)4]. In general, ultrasound imaging
has been adopted inumerousdiagnosisand treatment assessmeiricluding obstetrics,
cardiology, dermatology, and ophthalmolofB}. For therapeutic applications, the therapeutic
ultrasound is usually based on thermaim@chanical effect§4]-[7] Thermal ultasound therapy
is used to treat stretch pain, soft tissue pain, and other musculoskeleta[8¢sliesan also be
adapted to treat advanced issues like uterine fibf@idprostde cancef10], and skin problems
[11]. Meanwhile, in mechanical ultrasound, also known as cavitation ultrasound therapy, the
waves created by the ultrasound create pressure differences in tissue fluids, which lead to the
forming of bubbleg[12]. As these bubbles interact with solid objects, they burst and create
shockwaves. These shockwaves can be used in many im@yging tissue ablation, drug
delivery, thrombolysis, effd3]-[17] To realize different applications of the ultrasound, various
ultrasound trarducers have been demonstrated. Most ultrasound examination is done using a
transducer on the surface of the body, but improved visualization is often possible if a transducer
can be placed inside the bodypecialuse transducers therefore were developdir-body
clinical applications includingendovaginal, endorectal, and transesophageal transducer, etc.
[18]-[20]

Especially, miniaturized transducers can be mounted on catheters with small diameters and

placed in blood vessels for diagnostic or therapeutic purposes, which was also known as
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intravascular transducdial][22]. In all above applications, the ultrasound imaging or therapy is
highly dependenton the performance of the transducer, which requires more advanced
transducer design and fabrication techemjuThis chapter first gives a brief introduction to
ultrasound transducers, then specific design and fabrication techniques are included and at last
the structure of the doctoral dissertation is outlined.

1.1 Ultrasound imaging principles
The developmenand use of Anode for diagnosisn medical applicationgan beoriented

from invention and development of pulseho techniquesor detecting flaws irstructure[23]

(Figure 1.1). The main part of a transducer is a piezoelectric plate that can vibrate at a given
frequency. When the transducer is excited with a short voltage pulse, it creates a short,
broadband acoustc wave into the target medium. The wa

be expressed as follow,

/ =

\
- (1.1)

wherev is the speed of sound in the tissue &nsl the pulse frequency. The ultrasound
energy arrives back to the transducer mainly by the specular reflections from the tissue
interfaces[3]. The reflection of the ultrasound occurs at the change in acoustic impedance,
which is the basis of ultrasound imaging. The acoustic impedance of a matésidhe
product of the density and the speed of sound tile material, as given by the following
expression,

Z=rv (1.2)

with the acoustic impedance unit as MRayl. The ultrasound echo is detected by the

piezoelectric transducer and converted into electrical signals. The time that echo arrives back

to the transducer is determined by the distance to the reflecting surfaitee apeted of sound



in the tissue, which is around 1500 m/s for most cases. The brigltoresspondingthe

amplitude of the echo depends on the mismatch of the acoustic impedance at the boundary. In

this way, timeto-distance and amplituel®-boundary caelations were built up to express in

the imaging information, whiicéh” .an i mage | in
Then, if the echo information from a sequence of scan lines is displayediniam&ge in

which the amplitude is related to the gigale brightess, it is referred to as ad8ope image,

where B stands for brightne$3]. With the 2D intensitymodulated display in which the

image is formegberpendicular to the plane of arBode scan, it is referred to as &€an or a

constant depth mode imadgegure 1.2 showed a schematic for Bnd G scan which showed

the information provided from the different scan methods.

O Ultrasound wave

o

Reflection signal
from interfaces

Piezoelectric plate Tissue target

Figure 1.1. Schematic for the transmitting wavedareceiving echo. (Top) Pulse transmitted from a
piezoelectric plat¢Bottom) Detection of the reflection signals from the tissue target

Another major ultrasound imaging applicativas the Mmode imagingwhich is defined

as time motion display of tha@ltrasound wave along a chosen ultrasound [24¢. M-mode



echocardiography has been widely used to provide a fdionensional view of the heaiBy
transmitting ultrasound pulses in quick succession along the same path to various cardiac
structures and recording the received waveform, the spatial variation of a given scattering
region was mapped as a function of tiniéne highrepetition frequencyf the technique

allows excellent temporal resolution of moving structures and precise measurements of mural

thickness and cavitary siZ@5][26]

A-scan

Lt

////////
////////
////////
////////

////////
z

/

B-scan
y
z

Figure 1.2. Schematic for the Acan B-scan C-scan and illustration for transducer scanning path and
imaging pane

Target tissue

In 1842, Christian Dopplef27] proposedthe frequency of sound, light or other waves
changes by an amount proportional to the relative velocity and transmitted frequency when the
source is moving with respect to the obserizater, the Doppler effect was widely applied in
ultrasound imaging. (Dopplairltrasonography[28]-[30]. Doppler ultrasonography employs
the Doppler effect to assess whether structures (usually bdwednoving towards or away

from the probe, and their relative velocifigure 1.3 takes the blood flow measurement with
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Doppler imaging as an examplehe Doppler formula for the frequency change produced by

the blood flav (moving scatter) can be written as,

f,=fy -f; :EYchosq (1.3)

0
where fr and fr represent the frequencies of the transmitted and received signals
respectively.v represents theelocity of the blood (moving scatter) armd represents the
velocity of sound in bloodfp represents the differendeetween the frequencies of the
transmitted and received signalhe negative sign indicates that the received frequency is

less than the transmitted frequency when the blood flow is away from the source.

c: velocity of sound in blood @ Doppler probe
/

7
’
Received signal (f) / 7 Transmitted signal (f;)

/ Giincident angle

Target vessel v: velocity of blood

Figure 1.3. Measurenent of the blood velocity in vessel with the Doppler ultrasound

1.2 Transducer Structures
In the medical application, the ultrasound imaging and theamgylts arénighly dependent on

the performance of the ultrasound transducer. Although the design of the transducer may vary
due to different applications, the basic design of a single element transducer is similar. As shown

in Figure 1.4, the main structure of a single element transducer includes the active layer, backing
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lay and the matching layer. A housing or passivation layer is also required in many applications

for protectionand electrical isolation.

Matching material

) ) Electrodes
Active material

Passivation layer Backing material

Signal wire

Ground wire

)
Coaxial cable

Figure 1.4. Structure of a typical single element transducer

1.2.1 Active layer

The active layer is the most important part of an ultrasound transducer. Usually, the active
layer was prepared with a piezoelectric element, which converts electrical signals into
mechanical vibrations (transmit mode) and mechanical vibrations intoieésignals (receive
mode). Many factors, including material, mechanical and electrical construction, and the external
mechanical and electrical load conditions, influence the behavior of a transducer. The most
common piezoelectric material currently useanedical ultrasound transducers are ceramics, in
particular, lead zirconate titanate, known as PZT. In recent years, with the development of
relaxorPT single crystal, PMNPT and its piezoelectric composites obtain much attention in the
research areand rapidly became popular in the highd transducer proka1l].

When a voltage pulse is applied between electrodes on the front and the bamssoirhe
piezoelectric plate, the electric pulse is converted into a mechanical expeostoaction

resonance in its thickness dimension which can creates the acoustic wave that travels into the
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tissue. When the echo wave propagates back to the mewraelplate, the pressure from the
acoustic pulse produces a voltage signal that can be measured. For the transducer design, the

thickness of the plate is the half wavelength in the material as,

h== (1.4)

Poling Axis

Figure 1.5. lllustration for the coordination with the poling direction

The elastic, piezoelectric and electric properties of the active layer determined the most on the
imaging quality and sensitivity from the transduf®2]-[34]. Piezoelectric materials combined
the mechanical constitutive equation with the electrical constative equation, which give,
N "R "HA (1.5)
A CH A (1.6)
where,S, T, E, D, represent the matrix of strain, stress, electric field and electric displacement,
respectively.d, s and ¢ represent thematrix of the strain constant, elastic compliance and

dielectric constant. Under the coordination showrFigure 1.5, the equations could be-re

written as,
S=¢T +E (1.7)

D=§T 'EflT E (1.8)
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wherei, k=1, 2, 3, 4,5 and 6 andl = 1, 2 and 3 corresponding Eogure 1.5. E stands for
the compliance measured with closed circuit dnepresents constant stress on the material
without external force.
Another important property for the piezoelectric mateisathe electromechanical coupling
coefficient, which is a numerical measure of the conversion efficiency between electrical and

acoustic energy in piezoelectric materials and can be descrip&s| ,as

(1.9)

K = stored mechanical ener
. input electrical energy

The first subscript to k denotes the direction along which the electrodes are applied; the
secondj denotes the direction along which the mechanical energppsied ordevelopedk
values quoted in piezoelectric suppliers' specifications typically are theoretical maximum values.
At low input frequencies, a typical piezoelectric ceramic can conveit530 (up to 84% for
PMN-PT single crystal materials) of the energy delivered to @rie form into the other form,
depending on the formulation of the ceramic and the directions of the forces involved. A high
usually is desirable for efficient energy conversion,kdibes not account for dielectric losses or
mechanical losses, nor fogcovery of unconverted energy. Besides effect of the mateatdp
varies with the shape of the piezoelectric material. For a piezoelectric rod or long bar with an
aspect ratio over 3, thes represents the factor for electric field in direction 3chhs parallel to
direction for the polarization. For a disc element which has smaller thickness compared with the
diameter, the coupling coefficient was considerelt.dsor a piezoelectric rodg: represents the
factor for electric field in directio® (parallel to direction in which the piezoelectric element is
polarized) and longitudinal vibrations in direction 1 (perpendicular to direction in which

piezoelectric element is polarized). Dielectric loss is the dissipation of energy through the
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movementof charges in an alternating electromagnetic field as polarization switches direction.
With an oscillating electric field applied on the piezoelectric material, the response from the
material always has a delay compared to the excitation, which resaltdi@lectric loss. The
dielectric reflects the energy that goes into heating. Therefore, to avoid the overheating effect on
the performance of the piezoelectric materials, a low dielectric loss is preferred for the transducer

application.

1.2.2 Matching layer

Besides the piezoelectricity properties, the acoustic property of the piezoelectric material
should also be considered. The acoustic impedance of the most piezoelectric materials is over 30
MRayls while that of the target tissue is around NIFSayl. The mismatch between the acoustic
source and the target prevents the wave from transferring effectively. Therefore, a matching
layer is required to provide a smooth path for the penetration of the acoustic energy into the body
tissue and for the rieiction acoustic waves for the detection with the transd@¢eAs shown in
Figure 1.6, based on the wave propagation theory, the transmission intensity from medium 1 to

the medium 3 can be described as,

Z, Z, Z,
Incident
—\/V\NW Transmission
mVAVAVAVAVAT =
D AVAVAVAVAVAS
Reflection

Figure 1.6. Wave propagation in three media
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In which, T represents the transmission coefficient &depresents the reflection coefficient
between two media. When the matching layer thickness is quarter the wavesigtith the

acoustic impedance of therdéle mediaZi, Z», Zzrespectively, the transmission between media 1

and 3 can be written as,

42,272

=_ 17372 1.11
Z+2.2) A

Especially, whenZ, =,/Z,Z,, T =1, which indicated a perfect energgnsmission between two

media with different impedance. Further improvement in bandwidth can be achieved by using
multiple matching layers. Yet, different from the theory derivation, it is usually difficult to find

the material with the exact theoretidgaipedance value. Therefore, epoxy with powders (e.x.
Alumina, powders) are commonly used as the matching material, in which the acoustic
impedance can be adjusted by changing the weight ratio between the powders and epoxy during

the fabrication.

1.2.3 Backing layer

While the purpose of the matching layer is to have more energy propagated in the forward
direction with low loss, the backing layer is designed to adjust the signal from the back surface
of the piezoelectric layer. The design criteria vary wigpl&ation purposes of ultrasound
transducers.

For imaging transducers, the backing layer is to minimize the signal from the back surface

and thus reduce the ring down signal. Therefore, to reduce the wave propagate backwards, an
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acoustic lossy materias ialways required to be mounted on the back of the piezoelectric layer
for damping the enerdg]. With a sufficient attenuation, the reflections from the back surface of
the backing layer can be negligible and the noise from it can be avoided. Theoretically, the
acoustic impedance of the backing layer can be matched to the piezoelectric matenahipem
the ring down signal. Yet, the wave propagating backwards will be fully damped out, which
gives a better bandwidth but a low amplitude for the transducer. Therefore, it is a tradeoff
between the sensitivity and bandwidth for the choice of the bgd&yer. Usually, the material
with a relatively large acoustic impedance and attenuation coefficients are picked as the backing
layer such as the tungsten/epoxy or silver/epoxy. The acoustic impedance can vary from 5
MRayl to 14 MRayl according to diffent applications.

For most of the therapeutic transdigceespecially the high intensity focused ultrasound
transducer (HIFU) the designof the backing layer is different. HIFU is a niovasive
therapeutic technique that uses fionizing ultrasonic wa®s togenerate thermal or mechanical
effect at the focal regiofi36], which has been widely applied tissue ablatiof37], drug
delivery [14], control of bleeding38], tumor or cancer treatmef89][40] and so onlLots of
therapeutic transducers require more power transmitted to the front surface and therefore usually
backing layers with low acoustic impedance are seldctéhve more wave reflection from the
back surface of the piezoelectric material. One example obdbkking layers for therapeutic
transducer is the hard air backing, which mixes lossy microbubbles with epoxy to have an

acoustic impedance of 0.5 MRay!.
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1.3 Transducer design
1.3.1 Transducer performance
1.3.1.1 Imaging transducer

The quality of an ultrasound image is dependent on the axial resolution, lateral resolution and
contrast that can be achieved with the transducer. The imaging performance is also affected by
the electrical impedance of the transducer. These specificatienietermined by the transducer
design and geomet($].

The axial resolution represents the distance between two objects that can be recognized and
detected separately. The axial resolution is usually determined by the time duration of the pulse
echo response of the transducer, which is related to the frequencyandwidth of the
transducer. By transmitting a pulse from a signal and receiving the echo from the target, the
envelope of the detected signal can be estimated. At the half of the maximum envelope value, the
temporal width can be calculated§ dB) & T. Then two targets can be recognized in the time
domain as individual reflectors if the temporal width is larger than T. Considering the acoustic
velocity, the spatial axial resolution in the image can be estimateg-agT/2. To have a better
axial resolution, a shorter pulse is required which can be improved by increasing the frequency
and the bandwidth. Under the same frequency, a proper matching and backing layer will produce
a shorter pulse while keeping enough sensitivity for imaging.

Lateral reslution in ultrasound refers to the ability to discern two separate objects that are
adjacent to each other on the plane parallel to the transducer surface. It is determined by the
beamwidth of the ultrasound at certain depth, which is defined as full aidhe half maximum
(- 6 dB). For a planar transducer with a diameteD ofhe natural focal depth, also known as the

near zone length, was determined as,
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r=— (1.12)
And the lateral resolution was defined as,

R=/— =F (1.13)

r
D
Where theF is f-number that reflects the ratio between the focal depth over the diameter of the
transducer. When compared to axi al resol uti ol
affected by depth of imaging and the widthtohe ul trasound’s beam. L
improved through the use of higtequency transducers and by enhancing the focal zone with
ultrasound lens. However, the increasing the frequency may decrease the penetration capability
of the ultrasound due &ironger attenuation in the tissue.
Variation of the targets can provide different reflection intensities due to the acoustic mismatch
and size for the acoustic boundaries. With less reflection signals, the amplitude of the echo from
the target can be werweak, which gives less contrast in the image. The capability of the
transducer on showing the contrast is highly replied on the sensitivity of the transducer. The
choice of the piezoelectric and the design of the matching/backing layer highly affeeted th
sensitivity of the transducer and thus affect the dynamic range.
For the electrical impedance, it is usually used to identify the mechanical resonance modes of
the transducer. The transducer should have an electrical impedance magnitude compagable to th
receive circuitry to efficiently drive the receive electronics through the transmission cables.
Usually, the characteristic electrical impedance of the transmission cables is limited 2100
Ohms, the electrical impedance of the transducer shoufdthe same range to avoid reflections

of the signal in the cable.
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1.3.1.2 Therapeutic transducers

For therapeutic transducetbe key specifications include the transmitting sensitivity, output
power,beam pattermith the depth and size of the focalne[41]. The transmitting sensitivity
reflectsthea r ansducer’s capability iIin generating th
can be defined as,

transmitting sensitivity—O _utput pressure(P (1.14)

input voltage(V)

The tansmitting sensitivity is usually measured with the hydrophand is estimated by the
maximum pressure output at the focal point over the inputfmep&ak voltage ().

The prementioned focal zone and focal ddpththe imaging transduceese also critical for
the therapeutic transduceEspecially, tdhave a smaller focal zone and higher pressure output, a
focal lens can be used for therapeutic transdyddis The focal zone can be measured with a
2D, or 3D scarwith hydrophone.

Once the pressure output is determined, it is important to estimataehsity and power for
the therapeutic transducésr safety consideratiorjg2]-[45] The intensity at a point can be

estimated by,
| =— (1.15)

In which Z is the acoustic impedance of the medium. Clinically, spatial or temporal average
are required for the intensity estimatiovith commonly used thespatial average temporal
average intensitylda), spatial average temporal peak intensity,d, spatial peak temporal
average intensityld{yy, spatial peak pulse average intensityp§. Then the power of the
transducer reflects the overall input within certain area, which can be calculated by,

W=l A (1.16)

stat
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The power output can be calculated based on the pressure output measurement results or
measured directly by a power meter. For many clinical applications, the therapeutic transducer
performance can also be quickly estimated byMlehanical Index (MI)which is an indication

of an ultrasound beam's ability to cause cavitateated bioeffects

Ml = (1.17)

in which P is the peak rarefaction pressipeaknegative pressure, PN®) the unit of MPa

andfc is the center frequency of the ultrasound wave in the unit of MEIE47].

1.3.2 Simulation for the transducer design

Multiple models have been investigated for the transducer design. In 1964, Mason derived the
models for piezoelectric resonator corresponding tmua 1D vibration modeg$48], which is
named as Mason model. In 1970, Kirmholtz, Leedom and Matthaei made a step forward by using
the transmission linggl9][50]. The KLM method was named after the initial of the authors and
showed advant agemodeb Vhe rsectiorhvéll giveaasbadenh intreduction on the
KLM 1-D model and the finite analysis model which is applied for the design of the transducer

in later sections.

A d/2 > di2 .
Port 1 :v1 b Ze rA Vz: Port 2
O ya O
1IX, ,r/ 7 Acoustic transmission line
C /'/./1) I; /
o | 3
|3//'/|I// 1:®
5
Vv +
*="Port3

Figure 1.7. The circuit KLM model of a disk transducer operating in the thickness mode
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Figure 1.7 showed the schematic for the KLM modélhe equations goverminthe terminal

properties are same with the thygat 1-D model[51],

ek, o Zgcot(bl) Z,cosec(h) h /[ w vig
&F, & - Zgosechl ) Z cottb) h [ w v, (1.18)
& 0 ghiw w1 g I

In which, F,and F, are the forces acting on the transducer surface,Vaml the voltage

phaser.Z, = AZ, =A/Cr,is the acoustic impedance with units of Ryl b= w,/c®°/

is the wave numbeh =d,,/ s.e... v,and v, are the velocity phasor arids the current phasor.
In the KLM model, the clampechpacitance is given by,
C,=Ae’ | (1.19)

The unloaded antiesonant frequency is,

D
w, =2 /C_ (1.20)
L\ r,
The turns ratio is defined as,

feit |P__Sinb w2 g (1.21)
M/OCOZa p WZ OW

The capacitance @ &an be derived as,

C'= _CO 1Y w (VV
(k)2 sin(p w g

(1.22)

An artificial acoustic center is created by splitting the piezoelectric resonator into halves in the
thickness direction; each part with a thicknessl/@fis represented by an acoustic transmission
line. This portion allows the analysis of the two acoustic ports separately to improve transducer

design as one of the main advantages of KLM model. Irfridpere 1.7, V3, I3 representso the
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input voltage and currentespectivelyV1& Vo2 andl1 & |2 are the forces and velocity at acoustic
outputs. Port 1 for acoustic back surface will be used to memrésrward transmission into fluid
or body, while Port 2 for the acoustic front surface is for acoustic backing. The model can be
used to determine the pressure radiated by a piezoelectric crystal excited by a transient voltage
pulse by decomposing the Ipa into the respective frequency components, determining the
pressure radiated for each component in the Fourier domain, and then using the inverse Fourier
transform to assemble the resulting pressure pulse. With given properties of the material,
transmision line and the input signals, the center frequency, electrical impedanceeguise
response, and transmit/receiving sensitivity can be derived from the rraglee 1.8 showed
an example of the KLM model, which showed the effect of the matching and backing layer on

the waveform from a single element transducer.

w/ backing w/o backing
Frequency [MHz] Frequency [MHz]
2 4 6 8 2 4 6 8
10 0 2 0
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Figure 1.8. An example of the KLM simulation for the transducer design with/without matching and
backing layer

Due to its convenience and accuracy, the KLM model is widely used for the transducer design.
Yet , it s |1 i mit at-D oodel design,othkM madsl canndfi reéfléct the 1

spatial ultrasound distribution. Therefore, the finite element analysis was applied in the later
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study as a supplementary for the design of the transducers. As shdvigure 1.10, the
COMSOL software was used for the finite element design in which three modules were applied
including the piezoelectric effect, the acoustic analysis, the solid mechanics aamcbtistie
structure boundary for the coupling. The details and results of the FEA model will be included in
the later chapters.

(a) (b)

Source (+> - Vout
voltage \: -T- §

Electrodes

[ Piezoceramic

Figure 1.9. (a) stacked transducer with the arrows indicating the poling directions (b) Simplified
equivalent circuit of a transducer operating at series resonance, transmitting into low acoustic loads [52]
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Figure 1.10. Schematic for th acoustic simulation model in COMSOL
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1.3.3 Stacked transducer design

Besides the traditional signal element transducers, stacked transducer has been investigated to
obtain lowelectrical impedance for electrical impedance matching and higher aitpint of
the piezoelectric resonat{f2]. Figure 1.9(a) showed the mechanical structure for the stacked
transducer anérigure 1.9(b) showed the simplified equivalent circuit of a transducer operating
at series resonance without losses and transmitting into low impedance acoustic loads. The
transmitter source impedaniseRy and the clam@d capacitance 8o. The mechanical resistagc

Rm represents the acoustic load as seen from the electrical termihals,gives,

__ P B*Z
w7 429

In whichksz is the electromechanical coupling coefficient, ZC is the acoustic impedance of the
piezoelectric materialZ; is the acoustic impedance of the transducer backingZand the
acoustic impedance of the target medium. The powerpdiesl throughRyw correponds to the
acoustic output power from the transducer. The maximum power is satisfied when the magnitude
of the transducer i mpedance is 50 Q which m:
impedance for ail layer stack reduced by a factor Mf compaed to a single layer element,
which make it easier to match the electric impedance with small size transducers.

After stackingthe total displacement can be derived as

Qoack =N @l (1.24)

S|

C

S|

tack = N2 Cbulk (1 ) 25)

In which U represents the displacement @&depresents the capacitance. Therefore, under the

same input voltage, the total displacement of the stacked resonator can enhance the stroke by a
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factor of N. N-layer stack with the electrically parallel connection has adgms for electric
power transfer. A parallel connection of the dielectric plates can increase the capacitance in
comparison with the singllayer bulk plate and the capacitance of the transducer increased by a
factor of N> compared with the long bulk material, resulting electrical impedance can be
decreased, which means input electrical admittance can be increased at the operating frequency.
Since it has been shown that the electromechanical properties of styokepiezelectric
resonator can be accurately analyzed using the finite element nig®ji&d], then the design of
the stacked transducer in the later chapter was conducted with the COMSOL software

(COMSOL, Inc Burlington, USA)

1.3.4 Laser ultrasound transducers

Light absorption
T t
ransparen and thermal

lens \
expansion layer

Pulse-laser ( ( (

Thermal expansion

Figure 1.11. Structure of a laser ultrasound transducer.

Figure 1.11 showed the structure of a laser ultrasound transdiiter.thermoelastic effect
generates photoacoustic ultrasound via relatively low intensity light source, which is a
nondestructive method. Photoacoustic effect includes three coupled physical fields, which are
light, thermal, and acoustics (mechanical vilmr@t The light pulses are shined on the transducer,

and the light turns into heat on the transducer surface. The local and short light pulses can heat
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up small area and generate thermal expansion of part of the transducer. Owing to the periodic
thermal epansion, the mechanical sound wave can be obtajabfl Under the stress
confinement condition, higthermoselastic pressure in the sample carldoup rapidly [56].

The optical thermal convert equation can be derived as following equEgigns
DV =A DF 9% (1.26)
r

In which theA is the light absorptiorSis the areaF is the laser fluence arfulis the thermal
coefficient of volume expansiop,is mass density and is the heat capacity at constant pressure.
[56]-[58]. One important issue in the laser ultrasound transducer design is the choice of the
absorption layerDetails related to the photoacoustic etfend laser ultrasound transducer
design will be included in Chapter 5.

1.4 Outlines for the dissertation
In the following chapters, this dissertation is organized on the basis of the transducer design

and fabrication criteria mentioned above and the iegipdn of ultrasound transduceesnd
includesthe following topic, duakrequency circular array for IVUS imaging (Chapter 2), 1.5 D
array for tissue anisotropy estimation (Chapter 3), a stacked transducer fdrequahcy
thrombolysis (Chapter 4), les ultrasound transducer for thrombolysis with photoacoustic
imaging detection (Chapter ®nda combined therapy and detection intravascular transducer for
clot detection and characterization (Chapter 6). The detaifedtureof the dissertations as
follows,

In Chapter 2, an introduction to of the intravascular imaging transducers is given, followed by
the design, fabrication, characterization, and application of a 5/35 MH#Ardgakncy circular
array. With 8 elements for the lefrequency and 32lements for the higfrequency part, the

array was fabricated with micromachined3 1IPMN-PT composites. Next, the array was
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characterized from the electrical impedance, pressure output and loop sensitivity. Finally, the in
vitro test was conducted with@au st omed phantom with 200 pm wi
i mproved axi al resolution (217pm) and contras
duakrequency transducers and arrays, which indicates the potential of the circular array for
contrast imaging.

In Chapter 3, a 1.5D rowolumn ultrasound array is introduced for tissue anisotropy detection.
The traditional methods and devices for evaluating the tissue anisotropy are briefly summarized.
Then, the design, fabrication and characterizatiom®flt5 D rowcolumn array is illustrated. In
the invitro test, the array shows the capability of rotating the beam profile electrically and the
displacements are measured in orthogonal direction with a customed phantom.

Chapter 4 and 5 cover the intravalsec sonothrombolysis with different methods. Chapter 4
focuses on the dual frequency sonothrombolysis with intravascular piezoelectric transducers. A
literature survey on the dual frequency sonothrombolysis is first introduced. Then, the design,
fabricaton, characterization of a 1.7x1.7 mm stacked transducer and a 1.9x1.9 mm composited
transducer is illustrated. After that, thevirtro test with a flow model is conducted. With an
averaged 60% increase for the unretacted and retracted clot lysis ratgydhéage of the dual
frequency treatment method over the siFfgbgiuency method is proved.

Chapter 5 mainly focused on the laser ultrasound transducer for the intravascular
sonothrombolysis. First, the mechanism of the laser ultrasound transducestiatéd. Then, the
technique of designing and fabricating optical based laser ultrasound transducer is introduced. A
1.3 mm laser ultrasound is mounted on an optical fiber with a diameter of 1.1 mm and the 4 MPa
peaknegative pressure output is achievedhwa center frequency of 7 MHz ané dB

bandwidth of 101%. Finally, the laser ultrasound transducer is applied for -th&oirtest.
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Especially, the combination of the piezoelectric stack transducer with the laser ultrasound
transducer is also demongad to improve the sonothrombolysis rate. The clot detection under
deep tissue with the photoacoustic imaging will be also included in this chapter.
Chapter 6 will focus on the design and fabrication of a-thadel intravascular transducer,
which can detet the surface changes of the clot during the treatment. The mechanical properties
of the clot will be also included in this chapter.

Finally, Chapter 7 summarizes the research findings and future research perspectives
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CHAPTER 2 DUAL-FREQUENCY 1-3 COMPOSITE ARRAY FOR
INTRAVASCULAR ULTRASOUND IMAGING

2.1 Background
Cardiovascular disease (CVD) refers to a collection of diseases and conditions that affect the

heart and blood vessels in the heart and other vital organs, includimigapo artery disease
(CAD), heart failure, stroke, and hypertensidh. According to the data provided by World
Health Organization (WHO), CVDs eithe No.1 cause of death globally. In 2016, 17.9 million
people died from CVDs, which accounts for 31% of all global death; of these deaths, 85% are
due to CAD and stroke. It is expected that this number will rise to 23.6 million by[@0B0t
hasalsobeen recognized that atherosclerosis is the dominant common cause of61YyBsd

the rupture of atherosclerotic plaques is the major sourceuié aoronary syndromgs2].
Therefore, diagnosis of the atherosclerosis is critical and reliable imaging methods are required
for the vulnerable lpques]63]

Although several other invasive intravascular imaging modalities are now available,
intravascular ultrasound (IVUS) imaging is one loé tmost favorable imaging modalities for
coronary artery assessment. Compared with other intravascular imaging modalities, IVUS
imaging provides sufficient spatial resolutier2O0p mn axial and 208100y mn lateral)and
penetration depti(~4 mm) for precisely visualization coronary artery anomaliég][65].
Moreover, the IVUS images provide ramhe crosssectional view of the artexd wall, including
morphological and pathological characteristics. IVUS imaging has long been validated in clinical
without any known shoiterm and longerm side effects.

During the past three decades, IVUS imaging has been developed from an experimental
technique to a clinical standaj@6]. However, the atherosclerotic vulnerable plaques which are

responsible for adverse cardiac events still remehallenging for detectio [67]. Recent
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research has indicated that contershanced ultrasound (CEUS) may potentially provide more
accurate plaque deposition assessment through-veasaum imaging[68]. Compared to
conventional ultrasound, a contr&sthanced approach can provide an estimation of
microvascular perfusion. The mechanism relies onstiyger harmoniechoes produced by
contrast agent , al s o k n[®3nThe amsaginy atseld nequites @ an g i
bandwidth gap between transmit domaim@amental resonant frequency) and receiving domain
(>3 harmonic frequency), thus the ddegquency ultrasound becomes necessary. Studies on
contrastenhanced dudrequency ultrasound imaging indicate that microbubbles can be excited
in the 27 MHz rarge and thesuper harmoniechoes from microbubbles can be detected at
frequencies above 15 MHz, producing images having a high coetdrtissue ratio (CTR) and
high-resolution[70][71]. These images reveal unique information on secondary vessels structure
[69], which enhance the assessment of the plaque level.

The primary challege to implementing this imaging technique is presented by transducer
design and fabrication. Isuper harmoniédmaging, separation of transmission and receiving
bandwidths is required to ensure high conttadissue ratio, and thus the conventional
trarsducer arrays with single center frequencies are not suitable. Previous work proposed to use
stacktype multifrequency transducer to achieve broad bandwidth for the microbubbles contrast
enhancedsuper harmoniégmaging[71][72]. On the other hand, compared with the mechanical
scanning techniquesed with previous singlelement systems fauper harmoniamaging[69],
duaklfrequency imaging with an array provides increased frame rate, increased depth of field,
more precise control over the acoustic pressure field, and also provides opportunities for

different imaging modalitie§73]-[75]. Previously reported duflequency array also indicated
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the capabitiy for IVUS imaging. However, the bandwidth, sigit@noise (SNR) and contrast
to-noise (CNR) ratio is limited due to the complicated structure and material properties.

In order to enhance the bandwidth of receiving elements,PWINE3 composite was adtgd
as the active layer due to its low acoustic impedance, relatively high electromechanical coupling
coefficients k) [76][77]. The fabrication of 13 composite material for transducers above 20
MHz is difficult by using the traditional dieandfill method. The limitaion arises from the
minimal thickness of dicing blade (~ 10 um) which prohibits a sufficiently narrow kerf width for
high frequency 43 composites. To overcome this challenge, micromachining technique has been
successfully developed for fabricating PMAN 1-3 composite with a frequency range of 25
MHz - 75 MHz [74][78][79].

To take the advantage of3lcomposite material on the IVUS imaging array, in this chapter, a
duakrequency (7 MHz/8 MHz) IVUS array for acoustic angiography was designed, fabricated
and characterized. The transmit array (TX, 7 MHz) consists of eight3PZI-3 composite
elements, and the receiving array (RX, 35 MHz) includes 32 elements of micromachined PMN
PT singlecrystal 23 compositessA ®=1. 2 mm needl e was applied
receiving array assembling. The performance of the transducer was characterized by the
impedance measurement, pulse/echo test and thetatodsst. Then, a customed phantomsw
applied for the contrast imaging with microbubbles. With an improved CNR of 18.2 dB and axial

resolution of 167 ppm, the array showed good p
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Dice and Fill
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Figure 2.1. Dice and fill method for the PZ5H 1-3 composite fabrication

2.2 Materials and methods
2.2.1 Material design and fabrication
2.2.1.1 Material design

In designing the piezoelectrie-3 composite, we followed the procedure presentddaii82]
and used all the assumptions proposed there to derive the effective properties (denoted with an

overbar) of a 43 composite:
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r=v Ff «~ ¥ (2.5)

For the equations above, the upper bar represents the compgpsiie j Bre the elastic

stiffness, piezoelectric constant, dielectric constant, respectively; The superScaipdsS are
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referred to the constant electric field and strain, respectivebnd V &epresentghe volume
ratio of the ceramic and epoxy, in whigh& 1-V. Jc and}p are the densities of the ceramic and
the epoxy, respectively.

The relevant effective quantities for the thickness mode can be derived as,

— - —p—g 1

kas = ess/( 02398:;3)2 (2.6)
1
Z =(Csar)? (2.7)
o, 1
Vi =(Caz/ r)? (2.8)
f =vi/2H (2.9)

Here,vi andH representhe longitudinal wave speed and the thickness of the composite in the
poling direction, respectively, aridrepresentshe resonance frequency.

Besides the property estimation for th& Tomposite, it is critical to make the piezoelectric
composite worlat the longitudinal vibrational mode and therefore, the lateral resonant frequency
needs to be at least twice of the lateral resonant frequency of the epoxylfiler.the lowest
lateral frequency of the-2 composite was determined by the diagonahefcross kerf, which
gives,

=Y (2.10)

f
113 2\/§d1_3

where vs is the shear wave velocity of the filling material athck is kerf width of the 13
composite. For the frequency over 30 MHz, the kerfsize | ess t han 10 pm, wh

limit of the dice and fill method.
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The property of the-B composite can be adjusted with the volume ré&tigure 2.2 showed
the example of the PZ%H 1-3 composite with a volume ratio of 64%. Detailed properties were

included in the next section with the material fabrication process.
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Figure 2.2. Effect of the volume ratio on the properties the 3 composite material (a) kt (b)
Impedance

2.2.1.2 Material fabrication

In dual frequency IVUS array design, the RPZH 1-3 composite was used for the transmitting
array (TX) with higher output and the PMAT 1-3 composite was used for the recegiarray
(RX) for better bandwidthThe PZF5H 1-3 composite was fabricated using the eaceHill
method. One bulk PZB5H material(3203HD, CTS Corporations, Bolingbrook, IL, Up¥as
first parallelly cut in one direction. Then the material is rotated by 90° and the second series of
parallel cuts were made. After dicing, the epoxy resin (HE® 301, Epoxy Technology Inc.
Billerica, MA) was filled in the kerf and the materialwasp ped to 215 ppm after
fully cured. Then both sides were deposited with Ti/Au (100 A Ti, 1000 A Au)-bgaen
deposition as electrodes. The pitchofthk@ 1 composi te was 200 pm with

160 pm aFigweRd@n i n
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Figure 2.3. Fabrication process of the3lcomposite with deep reactive ion etching (DRIE)

As shown in thd=igure 2.3, A deep reactive ion etching (DRIE) method was applied for the 1
3 PMN-PT composite fabricatiof8][83]. A polished PMNPT wafer was prepared first. The
pattern was formed by coating with the photoresist. After that, the etching mask with Ni was
formed by an electrplating process. The photoresist was then removed with solvent and the
deep reactive ion dting was applied on the wafer with the Ni mask. After filling the kerfs with
epoxy, the base was | apped and t he3cbmposdek nes s
were deposited with Ti/Au (100 A Ti, 1000 A Au) bybeam deposition as electrodes.sh®wn

in Figure 24(b), the diameter of PMNP T post was 18 pum, and kerf i

2.2.2 Transducer design, fabrication and characterization
2.2.2.1 Transducer design

This dualfrequency flat array consists of 8 ldvequency transmission elements (TX) and 32
high-frequency receiving elements (RX). The central frequency of the transmitting elements was
designed as 7 MHz, which can activate microbubbles effectivelynencentral frequency of the
high element was selected to be 35 MHz for high resolution. An isolation layer with the
thickness of a quarter wavelength was placed between theragency elements and lew

frequency elements to reduce the ring down of the-frequency elements and minimize the
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acoustic interference between the TX and RX layé&[84]. The dualfrequency transducer
array was wrapped onto a ®1.2 mm needle whicl
typically used for coronary interventions (Eagle Eye @ Platinum, Volcanmo,D&sgo, CA).
The design parameters of individual element were analyzed using the KLM (Krimholtz, Leedom

and Mattaei) model to estimate the center frequency, loop sensitivity, aitddBebandwidth.

- G -
: & 1Y

ure of fabricated-2 composite (a)PZbH (b) PMNPT

For the array design, there is a traddebetween the workload of the element connection and
the degrees of the beam forming performance. For thdreguency, theelement number was
limited by the needle size with a diameter of 1.3 mm. Since thdreyuency elements were for
excitation only relatively large aperture size was used with the electrical impedance closer to 50
Ohm. The pitch sizte (Wlas8 des iwgntend ea sgffedueriey) e me n t
the el ement number wer e sel e[8l&]canddhe re&@nablei t h a
images can be obtained with this system by using a customized synthetic aperture pf@iiples.

The detailed parameter design was liste@idhle 2.1

2.2.2.2 Transducer fabrication

The fabrication process was showrFigure 2.5. For the TX array, a piece of a forementioned

PZT-5H 1-3 composite material (3.2 mm x 3 mm x 0.215)nwvas prepared first. It was diced
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into 8 elements with a pitch size of 400 pm.

mm needl e and bondeaddendd2 (vondoll3sbla, inan NewrHiaverk CTE
as the backing layer. A piece BMN-PT 1-3 composite material (5 mm x 1.3 mm x 0.036 mm)
was applied as the active layer of RX elements. Tsel&er 3022 (Von Roll Isola, Inc., New

Haven, CT) was centrifuged and poured on the PIRNI-3 composite as the isolation layer for

the highfrequency elements.

(a) Sample with (d) Sample with electrodes
electrodes ‘ ‘

(e) Diced into
(b) sub-diced into 32
elements

4
= O
(c) Filled epoxy and ‘ l N\

bonded with flex circuit
(f) Wrapped on ¢$1.2 mm
needle

8 elements

PDMS Layer

Flex circuit
High
frequency

elements Isolation layer

High-pressure region

(g) TX and RX wrapping and bonding with E-solder
Figure 2.5. Fabrication process of the ddatquency IVUS array
Af ter curing process, the isol ati-raquencyay er
materi al was diced into 32 elements with a
commercial flex circuit was bonded to the RX elements with-tega301 (EpoxyTechnology
Inc, Billerica, MA) as a matching layer. The flex circuit was-sited to make the structure
more flexible in the wrapping process. After that, the RX array was wrapped over the TX array.

The two layers were bonded withdblder 3022 and curddr 24-hours with a labmade fixture

W

p
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to keep the pressure required. Finally, the second matching layer of Parylene C with a thickness
of 8 Ypm was coated by wusing the SCS Labcoter
Specialty Coating Systems, Inc., ladapolis, IN). The schematic structure of the transducer and

the prototype photograph picture were showRigure 2.6.

Table 2.1. Design parameters of single element with KLM model

Parameter Transmission layer Receiving layer
Center Frequency 7 MHz 35 MHz
Material PZT-5H 1-3 composite PMN-PT 1-3
composite
Impedance(MRayl) 24.1 17.1
Pitch (pm) 400 160
Length (mm) 3 1.2
Thickness (} 215 36
Isolation material - E-solder 3022
Impedance (NRayl) - 5.9
|l solation | aye] - 25

2.2.2.3 Transducer Characterization

For the lowfrequency elements, the array was characterized by measuring complex
impedance, dielectric loss and capacitance and pressure output. For tfredugincy elements,
the array was characterized by measuring complex impedance, dielectric dosapasitance,
impulse response and crosstalk. The impedance, dielectric loss and capacitance were measured
using an impedance analyzer (Agilent 4294A, Agilent Technologies Inc, Santa Clara, CA). A
pulser/receiver (5900 PR, a pulser/receiver (5900 PR, fignCorp, Waltham, MA) was used
for the pulseecho test of higlirequency elements in a water tank and an oscilloscope (Agilent
DS07014B, Agilent Technologies Inc, Santa Clara, CA) was used for recording the reflected
signal . The appl Oeasteeldar €30 mrg x I0ansn x B mm)JIwvasauged as a
reflection surface with a distance of 3 mm from the transducer surface. Based on the result,
central frequency and bandwidth of RX elements were also calculated. For crosstalk

measurements, a function gester (AFG3101, Tektronix Inc., Beaverton, OR) was applied to
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excite each element with ac¥cle sinusoidal burst at 35 MHz. The amplitude of excitation was
10 Vpp and the response of adjacent elements were collected and compared. The acoustic
pressure meairement of the low frequency transmitter was conducted with a hydrophone
(HNA-0400, ONDA Co, Sunnyvale, CA) with 5 mm distance from the transducercyxlg
sinusoidal burst at 7 MHz was generated by an arbitrary function generator (AFG3101,
Tektronix Irc., Beaverton, OR) with 10 gy and the pressure output at was recorded with an

oscilloscope (Agilent DSO7014B, Agilent Technologies Inc, Santa Clara, CA)

Common grou

LF TX element

HF RX element

Flex circuit o—l

Figure 2.6. Structure for the fabricated IVUS array

2.2.3 Phantom imaging

To validate the imaging capability of the array, dirafjuency supeharmonic contrast
imaging were tested with the transducer in tissumicking phantoms immersed in water.
Typical phantoms had a speed of sound similar to tissue, edjabiigh attenuationand had fully
developed speckle. A hole was drilled through the phantom using a thin walled steel tube (3.8
mm OD) to simulate a vessel. After drilling, the dfralguency probe was placed in the center of
the lumen and were controlldy a Verasonics system. An acoustically transparent tube with
200-um-diameter was placed through the phantom, tilted to the main vessel channel. Then the

diluted microbubbles with the averaged diameter of .86was injected through the tube with
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concentation of 16/mL. B-mode contrast imaging were acquired with an excitation of 30 V
with a 2cycle burst and the noise was acquired with an excitation of 1.5 V, which is the
minimum value from the Verasonics system. The sampling frequency was set to ihHE2.5

and to realize a high frequency (>30 MHz) receiving, the interleaved acquisitions sampling

method was applief86].
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Figure 2.7. Simulated pulse/echo test for (a) TX and (b) RX element
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Figure 2.8. Dielectric loss and capacitance of RX elements

2.3 Results and discussion

2.3.1 TX/RX simulation
The design parameters aifdividual element were analyzed using the KLM (Krimholtz,
Leedom and Mattaei) modehentioned in the previous Chapter Design parameters for the

circular array were listed in Tablel2 As shown inFigure 2.7, the center frequency of the high
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frequency elements is 37.2 MHz and #tedB bandwidth is 76.3 %. For the ldwequency

elements, the center frequency is 7.1MHz with-8hdB bandwidth o£1.3%.
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Figure 2.9. Measured pulse/echo test results for a typical element (a) TX and (b) RX element

2.3.2 Impedance measurement

The typical impedance and phase spectra of low frequency and high frequency array elements
are siown in 4, where it can be found that the resonant frequency of the RX element and TX
element was elements was 34.8 MHz and 7.6 MHz, respectively. The dielectric loss and
capacitance of the higinequency elements are shownRigure 2.9. The averaged capacitance
of high-frequency elements was 97 pF and the dielectric loss was 0.203. One possible reason for
the relative high dielectric loss wé#sat the connection between the loand high frequency
element was not perfect during the wrapping process. This can be improved with a better fixture
in the future work. From the result, it was suggested that the elem&n&’ Zind 20" are
nonfunctbnal, since the capacitance of thevias much larger and the®@as much lower than
the average value while the dielectric loss was high foelément, which indicated a bad
connection on that element. Thigy bedue to the shift of flex circuit ithe wrapping process,

which may cause a disconnection between the flex circuit and the element. Even though there are
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3 nonfunctional elements, it is still possible to use the array for the contrast imaging with the rest

28 functional elements.
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Figure 2.10. In-vitro imaging with improved IVUS array (a) Schematic for experiment setup (b) Imaging
results with the circular array (c) Imaging results with filter arfdaghe average (d) 4ine for the axis
resolution analysis

2.3.2 Pulse-echo test

The pulseecho test results for the TX and RX elements are showkigare 2.10. The
averaged6 dB fractional bandwidth of the high frequency element is 67.8+13% with a central
frequency of 37.5+0.6 MHz. The measured crosstalk for thefrégjuency array was measured
to be-23 dB for the first adjacent element. For the TX elements, the center frequency was 7.8
MHz with a-6 dB bandwidth of 28.2%. For the lefrequency elements, the measured Vpp in
pulseecho test is lower than the simulation result. This may due sterton of the flex circuit
during the wrapping process. Since the flex circuit also worked as matching layer, the distortion
may decrease the signal reflected from the target. For thefreigiiency elements, the pulse

echo test result had more ringdowian the simulation result. Thisay be due to the
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imperfection in the lapping and wrapping process, which made the thickness of the isolation

layer nonuniform.

2.3.3 Phantom imaging

Figure 2.10. In-vitro imaging with improved IVUS array (a) Schematic for experiment setup
(b) Imaging results with the circular array (c) Imaging results with filter aftdrBe average (d)
A-line for the axis resolution analystowed the contrast imaging results with the IVUS array.
Figure 2.10. In-vitro imaging with improved IVUS array (a) Schematic for experiment setup (b)
Imaging results with the circular array (c) Imaging results with filter afrdr@e average (d) A
line for the axis resolution analydy showed the redime imaging of the micrdube in one
frame andFigure 2.10. In-vitro imaging with improved IVUS array (a) Schematic for
experiment setup (b) Imaging results with the circular array (c) Imaging results with filter and 8
frame average (d) Aine for the axis resolution analy&$ showed the -8rame averaged results
of the micretube, which clearly showed the mieiabe with microbubble injection. Compared
with previous reported, the CNR has beerreased from 16.6 dB to 18.2 dB. Considering the
larger attenuation of the phantom compared with water, the improvement is signFigang. 2.

10. In-vitro imaging with improved IVUS array (a) Schematic for experiment setup (b) Imaging
results with the circular array (c) Imaging results with filter arfdaghe average (d) Ane for

the axis resolution analy$ty showed one Aine from the position othe micretube and the
estimated axis resolution is 167 diameteroithei ch s h
microtube.Table 2.2 showed the comparison for the recently reported-fieguency super

harmonic IVUS transducers. The work reported in this chapter showed the improvement in both

the resolution and the contrastnoise ratio
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Table 2.2. Comparign for the IVUS imaging performance of the reported dual frequency transducers.

Frequency CNR Medium Resolution
Single element
transducer (2014) 6.5 MHz/30 MHz 12 dB Gel phantom 200
[68]
Linear fg(r)‘i‘y (2017)| 5 25MH2/30 MHz 17 dB Water 269
Clrcular[grlr]ay(2018) 2.25 MHz/30 MHz 16.6 dB Water 162
1-3 composite 7 MH2/35 MHz 18.2 dB Gel phantom 167
Circular array

2.4 Conclusion and future works
In this chapter,a 13 composite dudlrequency circular array (7 MHz / 35 MHz) was

designed fabricaed, and characterized The pulse echo test of receiving element showed a

central frequency of 37.5 MHz with an averaged bandwidth of 67.8% and amplitude of,38 mV
underl pJ excitation. At 5mm axially from the t
frequency transmitter undercle 10 V excitation at 7 MHz was 215.4 kiFar the contrast

imaging with the phantom, compared with previous results, the cotdrastse (CNR) ratio has

been increased from 16.6 dB to 18.2 dB with |
same level compared with previous test results. For the future work, the array can be improved

with flexible catheter and longer flex circwhich can be applied for inivo tests.
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CHAPTER 3 A 1.5D ARRAY FOR TISSUE ANISOTROPY ESTIMATION WITH
ROW-COLUMN EXCITATION METHOD

This chapter is adapted in part from a paper published by Huaiyu Wu et al. [0R0)

Wu, Huaiyu, et al. "A 1. Array for Acoustic Radiation Force (ARM)duced Peak
DisplacemenBased Tissue Anisotropy Assessment with a Rmsumn ExcitationMethod."”
IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control 68.4 (2020): 1278
1287.

3.1 Background
Mechanical properties of many biological tissues including mu@8¢ tendon[89], and

kidney [90] are directionally dependent. These directional differences or degree of anisotropy
(DoA) has shown to be diagnostically relevant. For example, muscle fiber fragmentation and
disordered fatty/fibrous deposition with dystrophic degeneration degrade thanDaffected
muscles [91][92]. In kidney, the DoA of renal parenchyma changed with perfusion and
inflammation [93]-[95]. For breast cancer diagnosis, malignant cancer has shown higher
anisotropy compared with benign cancgd].

Conventionally, the DoA of mechanical properties has been assessed as the ratio of shear wave
velocities (SWV) measured longitudinal over transverse orient§i6}i98]. The longitudinal
and transverse direction is relative to theection of muscle fibers or nephron direction in the
kidney. More recently, Hossain et al. developed a novel method to assess DoA of mechanical
properties as the ratio of PDs achieved when the long axis of an asymmetric ARFI excitation
point spread furtci on ( PSF) i s aligned along versus acr
in transverse isotropic (Tl) material89]. The advantage of this ned is that the DoA is
assessed in the ARFI region of excitation (ROE) without observing shear wave propagation, so

measurements are less susceptible to error due to tissue inhomogeneities and impaired shear
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wave propagation. Similarly, this DoA assessmeart be extended for Viscoelastic response
(VisR) derived relative elasticity and relative viscogit@0]-[102]. VisR is a novel ARFI based
method to interrogate tissue viscoelastic propedfdsssue. Previously, VisR derived DoA has

been used to detect renal inflammati®4][95] and dystrophic muscle degeneratj@3].

(a) = Tracking beam (C) Z Azimuth (|atera|)l Y

", & /‘ ' 4 'y
Y2 array
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150 um (0.25) Matching layer Al,05/epoxy
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Figure 3.1. (a) Schematic of the rowolumn array. 64 elements and 3 elements were designediira)X

and Y-array respectively. Two different transmit modes (XG and Y2) was designed for the orthogonal
ARF excitation to measure PD. The2-drray is also used for generating ARF tracking PSF. (b)
Schematic for the design of single element. (c) Structure of the array with the pitch size in elevational (x)

and lateral directions (y)

Whether using SWV or ARFI PD or VisR derived relative el#tgtiand viscosity as a basis,
DoA expressed as the ratio of values measured along versus across the fiber re§uires 90
transducer rotation when a linear array is employed. This large rotation angle is prone to
misalignment error and could lead to intead interoperator variability. Such error could be
minimized by electronically rotating the PSFPQ&ing a fully sampled matrix array transducer
[104]. However, a fully sampled matrix array is costly and difficult to manufacture.

To avoid the complicated fabrication process for the fully sampled matrix array, one solution is
to use the rowcolumn array which has less complex wire connections. Prewviauk has
reported the use of reaolumn array for 3D imaging or Doppler imaging, which however may

suffer from the insufficient energy for the ARF excitation and different beam shape in azimuth
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and elevation directions due to the element-noiformity [105][106]. On the other hand, the
previously reported 1.5 D reeolumn array{107] has been applied in imaging and surgery and
can provide the uniform element impedance and sensitivity with the sameaeggabws design
[108]. In an insilico study, Hossain et al. used a roalumn array to electronically rotate the
PSF for assessing DojA09][110]. However, the transducer design was unable to providé€ a 90
rotation electronically, which reduced the sensitivity of assessing the change in DoA. More
recently, our group has reported a 1.5D array worked incaumn excitation mode with
various elevational element dimension for the DoA assessment. Althougigamdi beam
profiles were achieved, the dimension difference caused an electrical impedance mismatch,
which made it hard to provide enough pressure output for excitation in orthogonal directions
[111]. Therefore, in this paper, we proposed a custom 1.5D array that contains different number
of elements in elevational and lateral directions. The array provides %e&e80onic rotation of
the ARF exciation PSF with simple connection compared wHb Array. In this manuscript, we
present the fabrication, in silico and experimental results of the proposed 1.5D array with a row

column excitation method

Table 3.1. Element degjn for the 1.5 D array

Y1 Y2 Y3
Aperture 15 mm by 4.98 mm 15 mm by 4.98 mm 15 mm by 4.98 mm
Pitch size 200 pPm 200 puPm 200 pum
Kerf size 30 um 30 um 30 um

Element number 64 64 64
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3.2 Materials and methods
3.2.1 Transducer design

A 64x3 elementarray was designed to fulfill the need of two identical ARF excitation PSF in
orthogonal directionsHigure3.1( a) ) . 64 r ows (i .calumps (iX.1Y1l, YX2 ..X6 4)
Y 3) were deployed along the x and y axes, respectitgyre 3.1(b) showed a specific view of
each element. The thicknesstbé active layer was half of the wavelength so as that the center
frequency was to be 4 MHz. Also, the thickness of the matching layer was designed to become
the quarter of the wavelengthRigure 3.1(c) showed the array structure of the transducer. The
pitch size, along the lateral directioy) (, was 230 pupm with a kerf of
element, along the elevational directio), was4 . 98 mm wi th the same ke
aperture size of the total array was 15x152rifine material for the active layer is chosen as
PZT-5H. Using the KLM model simulatiof112], the AbOs/epoxy was chosen as the matching
layer for its good impedance match and easy fabricating process. The air bubble/epoxy mixture

was chosen as the backing layer to produce a relatively large pressure output.

(d)

Backing and matching
bonding

Backing layer

Figure 3.2. Schematic for fabrication process of the ro@lumn array (a) Printed the flex circuit. (b)
Diced PZTF5H material with bonding to the flex circuit. (c) Assembled the array with epoxy (d) Added
the backing layer, mataing layer and connected common ground wire

The design of the array was listedTiable 3.1 and the material properties are listedlable
3. 2. The center frequency (4 MHz), et in this array, was enough to achieve the image depth

over 20 mm. To potentiate the acoustic pressure output induced by the array, the matching layer
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was designed to have the quarter wavelength and the backing layer thickness was to be around 6
times ofthe wavelength. 64 x 3 array design was adopted to provide relatively similar beam
profiles in orthogonal directions with an easier fabrication process compared with traditional

fully sampled matrix array.

Table 3.2. Material poperties for the designed array

Material Thickness Properties
Impedance 33.7 MRayl
Active layer PZT-5H 350 m Velocity 4350 m/s
Density 7750 kg/ni
Impedance 5.4 MRayl
Matching layer Al,Os/epoxy 150y m Velocity 2700 m/s
Density 2000kg/m?®
Impedance 0.5 MRayl
Backing layer Air-bubble/epoxy 500p m Velocity 600 m/s
Density 840 kg/n?

3.2.2 In Silico: ARF excitation and tracking beam

To predict the performance of the array, Fieldil12][113] acoustic simulation software was
used to simulate the ARF excitation beam. OriRFAexcitation PSF was generated using Y2
array fFigure 3.1) with the focal depth of 20 mm, which covers 1/3 of the array aperture with 64
elements. Tdave identical and orthogonal to the first ARF excitation PSF using Y2 array, every
21 adjacent elements (X21 to X41) in Y1, Y2 and Y3 array were used for the second ARF
excitation as shown iRigure 3.1(a), which totally covers 63 (i.e., 21x3) elements. For the ARF
excitation, one burst excitation of 100 cycles was applied for pushing the tissue and creating the
displacement.

For the ARFtracking PSF, the array works as a conventional 1D array (Y2 array). The
operating frequency was 4 MHz with a focal distance of 20 mm. For the tracking process, 21

elements (X21 to X41) on Y2 array were activated with therhber of 4.32
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Connected to the array Connected to the PCB board

Figure 3.3. Design of the flex circuit with electrodes for array connection

3.2.3 Transducer fabrication

The fabrication process was shownFigure 3.2. A PZT-5H plate (TRS Technologies, Inc.,
State College, PA, USAyas f i r st | apped to 350 pym (i . e.,
5/100 nm Ti/Au layer was deposited as the electrodes on both sides. The sample was diced into 3
columns (Y1, Y2, and Y3) with a width of 5 mm. Then, each column was diced into 64 tdemen
with a pitch size of 230 pm and ker f-TECS 30
AMERICA, INC.). For each kerf, it was fully diced and filled with epoxy to make sure that the
crosstalk between adjacent elements was minimized. The flex cirayiré 3.3) was designed
and fabricated with a pitch size of 230 uyuym ar
electrode in the flex circuit wasmsa | | er t han that in the transd
minimize the potential of misconnection with the adjacent elemeXftsr dicing, the array was
connected with the flex circuit shown kigure 3.2. The Y1 and Y3 array was first aligned and
bonded to the two flex circuits respectively using the epoxy resin {HHO 301, Epoxy
Technology Inc. Billerica, MA). A customed jig was applied to mteain the alignment under a
microscope and provide the pressure required for the bonding process. In the room temperature,
the epoxy was fully cured for 24 hours. Then, the Y2 array was bonded to another flex circuit

with the same method. The EP@K 301 was applied to fill the kerfs between every two
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el ements and to assemble the 3 columns with
150 pm mat c hiOgegpoxyl watly deposited feleckddes was bonded to the top of the
array with the Esolder 302 as a common ground. At the backside of the arraypaaiking was
fabricated by making a composite of air microbubbles (Blatek Inc., State College, PA) and epoxy
(Epotek® 301, Epoxy Tech. Inc., San Jose, CA) with a volume ratio of 3:1. (0.5 MRayl) to
provide a stronger signal for the ARF excitation beam. The array was attachedliqpanged
fixture and the flex circuit was connected to the PCB board for elements numbering. In the last
step, each channel on the PCB board was labeled and welded tosanesa/antage system

(Verasonic Inc., Kirkland, WA) connector according to the pin fdap]

3.2.4 Transducer characterization

The impedance, dielectric loss, and capacitance of each element were measured using an
impedance analyzer (Agilent 4294A, Agilent Technologies Inc, Santa Clara, CA). A
pulser/receiver (5900 PR, Olympus Corp, Waltham, MA) was used for the-gquiisetest of
ead element in a water tank and an oscilloscope (Agilent DSO7014B, Agilent Technologies Inc,
Santa Clara, CA) was used for monitoring and recording the signals. The electrical impedance of
the pulser/receiver was set to be 50 Ohm with the bandpass filtedfidHz to 10 MHz and no

attenuation and gain were applied for the test. The received signal was used to calculate the

center frequency and bandwidth. The applied

x 8 mm) was used as a reflective surface withstance of 3 mm from the transducer surface. To
test the pressure output from a single element, the transducers were drivecybie Kinusoidal
inputs at 4 MHz using a function generator (AFG3101, Tektronix Inc., Beaverton, OR, USA)

connected with@ RF amplifier (75A250A RF Amplifier, Amplifier Research Corp., WA, USA).

1
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Figure 3.4. Experiment setup for the beam profile characterization. Left: Schematic of the experiment
setup. Right: The photo for the experiment peflhe pressure output was tested in an axial range of 5
mm to 25 mm. The pressure output beam profile was plotted at 20 mm in the orthogonal directions.

A hydrophone (HNA0400, Onda Corp., Sunnyvale, CA, USA) was applied to measure the
pressure output at distance of 20 mm. Then, a 28i6annel Verasonic Vantage system was used

to drive the transducer to assess the beam profile of the d&figyre 3.4 showed the
experimental set up for beam profile characterizatiecycle excitation signal was applied with

50 Vpp and the PRF of 200 Hz. For the Y2 array operation, the 64 elements (X1 to X64, Y2
array) with equivalent elevation and azimuth width1l& mm and 5 mm, respectively were
excited simultaneously. Similarly, the 63 elements (X21 to X41, Y1 to Y3) with equivalent
elevation and azimuth width of 5 mm and 15 mm, respectively were excited simultaneously for
XG array operation. The beam profiles 2 and XG transmit were measured by translating the

hydrophone in axial, azimuth, and elevational dimensions.

3.2.5 Experiment: ARFI imaging of a custom phantom
A custom gelatirgraphite phantom was created at a physiologigalgvant acoustic
attenuabn and speed of sound using a modified version of the recipe descrifieldJj115].

Gelatin from porcine skin, gel strength 300, Type A (Sightdrich G2500), Synthetic graphite
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nanopowder (SigmaAldrich 282863), and -propanol (Sigm&ldrich W292818) with the

concentration of 3.43 wt%, 9.1t%, and 2 wt% was used.
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Figure 3.5. Pulseecho response from a single element (a) Simulated result using the KLM model (b)
Measured resul't under the 1 pJ excitation at 3 mn
the experiment.

ARF excitation capability was tested on thetous phantom. ARFI imaging was performed by
connecting the transducer with the Verasonics Vantage system. The transducer was controlled by
the customized Matlab code (The MathWorks, Inc, MA, USA). For the Y2 and XG excitation,

64 (63) elements were applital push the tissue at the target depth of 20 mm. Acyo® burst
excitation was applied and the tissue was then pushed by tHeea¥® and X@eam
respectively. Two twarycle imaging pulses were collected before the excitation pulse. These
two-cycle imagng pulse was served as a reference tracking pulse and displacement was
estimated respect to the reference pulse. Then, the excitation pulse was applied to the array to
push the tissue. After that, tvaycle imaging pulse was transmitted to estimate théagmn

pulse induced deformation at the focal depth of 20 mm.

The acquired raw channel data were beamformed using a delay and sum beamformer. ARFI
excitation pulsenduced motion was measured using -diteensional axial normalized cress

correlation (NCC)102][118] with parameters: 4xsplidgasedupsampling of RF data (natively



sampled at 40 MHz), 77@ m
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wher e

pulse assuming a speed of sound of 1540 m/s), and-pm&®@arch regiom linear filter [118]

was applied to displacement profiles.

3.3 Results

3.3.1 Array performance in simulation
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Figure 3.6. Simulated results for the excitation beam (a) The schematic for the array orientation (b)
Excitation beam profile in orthogonal directions.

The single element pulsseho simulation result has shown a sensitivity of 32 mV/V with a

target at a distance of Bm (Figure 3.5). The-6 dB bandwidth was 51 %. The comparison

between the XGand Y2ARF excitation PSF was shown kigure 3.6. The Y2 and XGARF

excitation PSF haeb dB beamwidth of 4 mm in thez/ plane and s plane, respectively. In the

y-z plane and % plane, Y2 and XGARF excitation PSF had6 dB beamwidth of 15 mm

respectively. The simulation results showed the apprately same (< 5% difference) but 90°

rotated-6 dB beamwidths at 20 mrigure 3.7 showed the simulation result of the beam spread

function at the dpth of 20 mm for both XG excitation mode and Y2 excitation mode. Both

modes showed relatively uniform distributions in the pressure output wéhdiB, covering an

A
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area of about 14x4 minThus, the simulation results show the capability of electronimbea

rotation by using the designed 3x64 1.5D array transducer.

3.3.2 Transducer characterization

The impedance, dielectric loss, and capacitance of each element were measured using an
impedance analyzer (Agilent 4294A, Agilent Technologies Inc, Santa Clara,Fi2Aye 3.8
indicates a typical electric response obtained by experiment. The average impedance level was

291+43 Ohm at 3.9 MHz in air.

(a) 0 Transmit beam pressure field (b) - Transmit beam pressure field dB
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Figure 3.7. Beam spread function at the depth of 20 mm (a)exGtation (b) Y2 excitation

Forthepulsecho test, the applied energy was 1 plJd
was used as a reflective surface with a distance of 3 mm from the transducer surface. As shown
in Figure 3.5(b), the central frequency was 3.39+0.3 MHz with #edB bandwidth of
52.4+10.9%. The peato-peak voltage can reach up to 203+25 mV. Compared with the
simulation results, # waveform has some distortion which may be caused by the variance of
backing layer uniformity. The pressure output at 20 mm was measured with tpeshiig
mode and X@ushing mode respectively. Th& dB area was estimated for the beam

distribution andcompared with the simulated results Figure 3.7, which showed ARF



excitation PSF had higher asymmetry.
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Figure 3.8. (a) Measured impedance and phase of one representative single element (b) Measured
capacitance and loss of all the 192 elements.

The DoA assessed as the PD ratio depends on the asymmetry of the ARF excitation PSF. The
sensitivity of detecting anisotropieatures using ARFI PD based DoA increases with the higher
asymmetry of the ARF excitation P$¥O][110]. The measured beam profile has been shown in
Figure 3.10. The beam profile from the Y@ushing and X@&ushing has shown a similar
distribution of 14 x 4 mrhwith a 9@ rotation.Figure 3.9(a) and (b) showed the pressure output
from one element and the X&kcitation mode, respectively. The pressure output from the Y2
group pushing was slightly larger than that from -g@hing uder the same excitation
condition (Peakegative pressure: 0.62 MPa vs. 0.59 MPa). This could be predicted in the
numerical simulation; the beam profile with the Y2 excitation mode showed a relatively high
pressure output along the centerline. Positioardrnr the motion stage, manually driven, could

affect the accuracy in the beam profile.
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Figure 3.9. Measured pressure output from the (a) single element under 50 V excitation with 5 cycles at
7.5 mm (b) XGexcitation mode uret 50 V excitation with 1 cycle at 20 mm.

3.3.3 Phantom Imaging Experiment
The experimental setup and corresponding@le of the phantom are shownFigure 3.11.
The Bmode scanning was first acquired with the Y2 array. The imaging from the hydrophone
tip has been shown iRigure 3.11 clearly as a bright spot due to the strong reflectiogure 3.
11 was transformed into binary imaging wighthreshold of6 dB. Then the dimension of the
spot was measured as 1.76 mm by 3.61 mm, which is close to the actual lateral size of the

transducer head (3.5 mm).

Figure 3.10. (a) Measured beam profile with X&xcitation beam (b) Measured beam profile with- Y2
excitation beam at distance of 20 mm.
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Figure 3.12 showed the masured displacement profiles in the phantom at a focal depth of 20
mm. By adjusting the input voltage to 75 Volt for the Y2 pushing and 80 Volt for the XG
pushing, the same pressure output (0.62 MPa) was acquired in the orthogonal direction and peak

displca. ement s of 1.4 pm have been reached in both
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Figure 3.11 (a) Experimental set up andBode imaging of the phantom. The reflection from the
bottom of the container can be shown as the white line in #mode imagg. (b) Bmode imaging of
the hydrophone head and the dimension estimation in the binary imaging with a thres6a .of

3.4 Discussion

This work presented a 1.5D array with the ro@lumn excitation mode for the measurement
of tissueanisotropy which can generate a similar beam profile in the orthogonal directions
without rotating the transducer. The phantom test has shown the capability of the array in
reaching the same PD with an electricdl B€am rotation.

The pressure output fmo the Y2group pushing is slightly larger than that from XGshing
under the same excitation condition and this has been predicted in the simulation. However,
since the beam profiles were similar in the orthogonal directions, the same peak displacement
could be achieved by adjusting the excitation signal in orthogonal directions.

However, this array still has a problem of insufficient energy output for reaching a large PD in

stiffer tissues. To compare the performance of the array with the commercialutrarss the
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peak negative pressure output (PNP), mechanical index (MI), and the-ppatiatemporal
average intensity {lt9 have been measured and calculated. For the commercial linear array
(Siemens VF{3 linear array transducer, Siemens Medical $ahst USA, Inc., Ultrasound
Division) working at the ARF excitation, the pushing PNP could reach 1.35 MPa at 4.0 MHz,
which corresponding to an Ml of 0.55. For the ro@lumn array, the pushing PNP is 0.61 MPa

at 3.39 MHz, which corresponding to an Ml 088. As for the Ispta, the commercial array could
reach 2.24 W/cfwhile the rowcolumn array was 0.57 W/¢nunder 75 Volt input with 100
cycles excitation and PRF of 0.2 kHz. The relatively lower pressure output gives more error

when the rowcolumn array wes applied in the tissue or phantom with a larger attenuation

coefficient.
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Figure 3.12 Measured displacement profile with (a) -é2citation (b) XGexcitation mode. For each
test, 8 elements were applied for tracking thekglisplacement and shown in different colors.

The relatively lower pressure output of the roelumn arraymay bedue to the following
reasons. Compared with the traditional linear array, the 1.5D array has a relatively smaller
element size (15 mmx0.4 mns.v5 mm x 0.23 mm), which corresponding to a larger electrical
impedance. Besides, the packaging of the array has induced more noise as the passivation layer

was not perfect due to the experiment limitation. Furthermore, the commercial linear array
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usuallyhas more elements (128 elements compared with 64 elements), which can have a better
tracking beam profile and smaller jitters. However, since the current linear array rotation has
been mostly carried out manually with thentbde guidance, the potential salignment may
strongly affect the results. If the transducer was not properly aligned along or across the tissue,
the measured results will reflect the mixture of the transverse and longitudinal moduli and
artificially reduced the degree of anisotropy.efdfore, the 1.5D array with electronic PSF
rotation may improve the tissue anisotropy estimation compared to the manual rotation of a
linear array transducer. Considering its good uniformity of the beam profile in the orthogonal
directions, the next stap to meet the requirement of in vivo use.

Orthogonal rotation of the PSF was achieved using our proposed 1.5D Figane (3.7 and
Figure 3.10). Though we used only three elevational elements,r@ation of the PSF was
achieved using the rowolumn excitation method. These atjonally oriented ARF excitation
pulse will generate different displacements at two orientations in the anisotropic materials. As
demonstrated in the previous sty@®p], PD is different at two orthogonal orientations because
when the long axis of the ARF excitation PSF was oriented along versus across the AoS, it
predominantly interrogated transverse versus longitudinal shear modulus, respectie)/y{th&h
degree of anisotropy (DoA) was assessed as the ratios of peak displacement (PD) achieved when
an asymmetrical ARF excitation PSF was oriented along verses across the axis of symmetry
(AoS) of the transversely isotropic matefi29].

One limitation of the study was the use of the same imaging or tracking pulse PSF for both
orthogonal excitation pulse. Note, the imaging pulse was used to track the ARF excitation pulse
induced displacement. The imaging PSFs are impactful to DoA assésbemause they

determine the degree to which PD is underestimated due to shearing artifacts under the tracking
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PSF[119]. The use of the same imagiR&F for the orthogonal ARF excitation PSF may induce
different amounts of jitter and displacement underestimation at two orientations. Future works
will explore the feasibility of using orthogonal PSF for the imaging pulse.

To improve the pushing and tkaeg performance, a harder piezoelectric material may be
applied for sustaining higher electrical input. The prototyped transducer utilized an air/epoxy
backing, having a relatively low acoustic impedance, to intensify the acoustic pressure output
inducedby the array. This may compromise the image resolution with a relatively long ring
down, yet we could achieve a relatively high sigimahoise ratio using such a lesmpedance
backing. Yet the6 dB bandwidth of singlelement puls@&cho test reached 51%hich was
within the ranges of previously used commercial transducers for ARFI imf@s#hg53% and
55% for Siemens VF3 and 9L4 transducers, pectively). In future work, different aperture
sizes with various backing materials will be also considered to improve the pressure output
meanwhile keep the high tracking performance. Moreover, the degree of distortion in the
measured waveforms was distirat each element in the array, which may be due to the uneven
distribution of the acoustic impedance in the backing layer. This could be improved in the future
with a more uniform backing layer by adjusting the centrifuge method during the mixing
process The center frequency of the fabricated array shifted to the lower frequency by 11%
compared to that of the design, which may be due to the inaccurate matching layer thickness in
the fabrication process. During fabrication, the matching layer was fas¢deand then attached
with epoxy to the array. The thickness control could be improved by bonding and lapping the
matching layer before attaching the flex circuit. It should be noticed that the aperture size of this
array is much smaller compared withditeonal commercial arrays. The pressure output of the

newly reported array can be further improved to reach a commercial standard by increasing the
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element number in each-afray and the elevational width. Compared with a fully sampled
matrix which contaied nxn elements, the current nx3 array can still be assembled with-three 1
D flex circuit, which is much easier for the wiring process and pin map design. To make the
array a more compact structure, the customed PCB board with asspaag flex circuitwill be
considered in the future. A relatively hidgh would be helpful for the array to widen the
frequency bandwidth. A higher tracking frequency will have a smaller PSF size which will
reduce the jitter and displacement underestimdtld®][120]. Other ways to reduce the jitter
and displacement underestimation in the tracking of displacement was to use more elements for
tracking. One ofgoing solution is using the composite matexdlich can also improve the
acoustic impedance match from the array to the tissue. Future works will investigdivetke

waysto reduce the tracking error.
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CHAPTER 4 DUAL-FREQUENCY INTRAVASCULAR SONOTHROMBOLYSIS

This chapter is adapted in p&iom a paper published by Huaiyu Wu et al (20221 ].
Wu, Huaiyu, et al. "DuaFrequency Intravascular Sonothrombolysisiramitro Study." IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control (2021).

4.1 Background

Venous hromboembolism (VTE) is one of the leading causes of death worldwide. Deep vein
thrombosis (DVT) may cause pulmonary embolism (PE) when the clot debris freely enters the
arteries of the lungs, which often results in sudden dd2@). VTE affected 300,00600,000
patients every year and ottard of the DVT turned into PE with more morbidity and mortality
[123]. One of the most common treatments for blood clots is systemic thrombolysis using tissue
plasminogen activator (tPAL24]-[127]. However, the treatment usuathkes over 24 hours to
be effective, which results in a high risk of intracranial bleedi&g][129]. Other traditional
treatment methods including mechanical thrombectomy suffer from the risks of blood vessel
damage and pulmonary embolism with large clot ddb86]-[132].

Recent studies have reported ultraseantlanced thrombolysis, or sonothrombolysis, as the
alternatives of the traditional treatment methods with improved thrombolysis rate and safety
[133]-[135]. With contrast agents such as microbubbles (MB), sonothrombolysis has been
reported to be effectiveof nonretracted clotd136]-[139]. The primary mechanism is that
microbubbles can generate stable and inertial cavitation under ultrasound excitation, which
induces microstreaming and microjets for breaking the structure of the blood[Xi@is
Histotripsy or highintensity focused ultrasound (HIFU) may effectively dissolve retracted clots
having a stiff and dense biostructure owing to the high acoustic pressure ¢uU{dHE 43].

Most sonication methods still perform in noninvasive manners or transcutaneously due to the
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geometric limitation of the transducers. However, those methods were significantly affected by
the overlying tissue path, which may induce significant attenuation or aberration of ultrasound
propagatiorj144]. Moreover, other concerns may includéendburns or vessel damage either due
to poor acoustic coupling at the skimansducer interface or the respiratory movement from
organs with the high electric powgt45]. More recently, our group developed the forward
looking intravascular transducer for sonothromboljE86][155]-[158]. Compared with external
transducers, the forwaldoking intravascular transducer can deliver the agents directly to the
clot surface. Lower excitation pealegative pressure (PNP) for MBedated sonothrombolysis
was achieved for intravascular sonothrombolysis compared with external transducers, and the
initial ex-vivo tests showed no vessel wall damfgs].

Notably, recent studies showed the potential of -fhe@uency ultrasound in enhancing
ablation efficacy, thrombolysis efficiency, and cavitat[@d7]-[149]. When the same power is
applied, the dualrequency ultrasound treatment has been reported to be more efficient due to its
relatively higher paknegative pressure compared with siAjéguency treatmerjtt50][151].
Moreover, the dualrequency sonothrombolysis treatment with contrast agents (microbubbles)
was reported to be more efficient in trigging the acoustic cavitation by decreasing the cavitation
threshold, which leads to a higher lysis rate than sifigtpency treatmenf152]-[154].
However, most bthe works had a limited testing frequency range with a frequency difference
less than 100 kHEL53][154]. Some other works reported relatively large frequency differences
between two frequency components, but the combination groups were limited and the effects
from various frequency combinatiomgere not discussefl49]-[151]. Moreover, most of the

previous works used two ultrasound devices to realize thefiduplency treatment with a
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complex setup. There has been rarely reported dual frequency sonothrombolysis with a single
intravascular transducer

In this chapter, the g¢éctive is to design, fabricate and characterize a miniaturized sub
megahertz intravascular transducer with the stacked design. A broad bandwidth single element
transducer and a composite déralquency transducer were introduced. Then, the-lequiency
excitation method was applied, which facilitates significant cavitation improvement with
relatively lowpressure (<1.5 MPa). Various frequency combinations were tested in terms of
cavitation dose and thrombolytic efficiency using both unretracted andteetfaovine clot.

4.2 Materials and methods
4.2.1 Transducer design and fabrication

4.2.1.1. Single element stack transducer

(a)

Stacking and bonding for PZT layers ing and ing the ing layer ici i i
g g ¢ e Dicing for n:::::lgn'::!n ’a,perture size AL,0,/epoxy isolation layer

(€ (9
Matching layer
Bonding layer
Isolation layer

Side electrodes

Passivation
layer

Silver/epoxy side electrodes Wire connection and parylene coating

Figure 4.1. Fabrication process of the stacked transduceff@nd the fabricated transducer before and
after the wire connection (g)

Considering the small aperture size of the transducer, single layer design cannot provide
enough pressure output with a relatiwidrge electrical impedance. Therefore,-layer stacked

design was adopted to increase the capacitance and lower electrical impedance for better
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electrical impedance matching with the driving electronics, which consequently increased the
pressure outpuinder the same excitation conditions. The piezoelectric stacked transducers were
designed and fabricated with a similar method as reportg86j]. PZT-5A (Type 11l 301, TRS
Technologies, Inc., State College, PA, US) was chosen as the active layers due to its relatively
high piezoelectric coefficients.

Table 4.1. Design parameters on each layer of the transducer

Material Thickness Velocity Density Iﬁgce)gsatri]%e

Active layer PZT-5A 250 pym 4350 m/s 7750 kg/ni 33.7 MRayl
Matching layer Al203/epoxy 700 pPm 2770 m/s 1300 kg/ni 3.6 MRay!l
Insulation layer Al203/epoxy 50 um 2770 m/s 1300 kg/ni 3.6 MRay!l
Passivation layer Parylene C 13 um 2200 m/s 1290 kg/ni 2.8 MRay!l
Bonding layer E(feori?rﬁﬁggﬁ)z 25 um 1850 mis 3200 kg/nt 5.9 MRayl

Compared with the previously reported design, the mixefDsfd¢poxy was applied as the
isolation layer, which provided a higher breakdown voltage (31 kV/mm vs. 10 kV[t&8)
and improves the reliability ohe transducer. As shown Figure 4.1, six layers of PZT5A
were stacked and each layerof PZIA i s about 250 pm thick. The
the stack transducer is 750 kHz. Between every two layers, the condubtereepoxy (E
Solder 3022, VoiRoll Inc., Cleveland, OH) was used for the bonding. By maintaining the
pressing pressure with a customized jig, the thickness of the bonding layer was controlled to 25
Mpm Then, t Jeparticles werenmixed with thepexy (EPOTEK 301, Epoxy tech.
Inc., Billerica, MA) with a volume ratio of 25% to obtain a relatively high acoustic impedance

for matching. The matching layer of &/ epoxy was | apped to 700
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frequency of 750 kHz. Then the staskserediced into a dimension of 1.4 mm x 1.4 mm, which
was small enough for intravascular use (9 French catheters). Then;@gfepbxy layer was
attached to the side of the transducer as an insulation layer, which is moldable before curing
process with a restly large electrical resistance. After that, the side electrodes were connected
with silver epoxy with an electric resistance
parylene layer was coated on the whole transducer as the passivatiofdayer.1 shows the

main design parameters for each layer in the stacked transducer

4.2.1.2 Composite dual-frequency stack transducer

HF

Matching
layer

Figure 4.2. Schematic for the composite difedquency transducer

The transducer was designed with a 2 by 2 composite structure. With the composite structure,
the transducer is expected to have a relatively deeper focal deppgaed with single element
stacks. PZI5A was chosen to provide enough acoustic pressure output. As shbigarie 4.2,
the 4layer highfrequency ad 6layer low frequency stacks were distributed in the diagonal
direction with a thickness of 250 pm for each
and 980 kHz, respectivel y. With the correspon

position of the high/low frequency components were adjusted to have overlapped focal zones.
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With the simulation results (COMSOL Multiphysics, COMSOL Inc, Burlington, MA), the
aperture size of the transducer was designed as 1.9 mm x 1.9 mm with a kerf widih ofu3th,
corresponding to an aperture of 0.8 x 0.8 mm for each stack component. Then, the pressure
output and the focal distance was estimated with the simulation under dogesdk input
voltage of 80 V. Design parameters for the duadjuency stack tradsicer were listed iTable

4.2.

Table 4.2. Design parameters for the ddeéquency stack transducer

Property Value
Frequency component LF (980 kHz) HF (1.28 MHz)
Aperture size 0.8x0.8 mm 0.8x0.8 mmM
Number of layers 6 4
Active layer PZT5A (250 pm) PZT5A (250 purmr
Matching layer AlOsf epoxy (680 A0zl epoxy (53¢

The fabrication process was shownFigure 4.3. A piece of PZT5A was first lapped to the
t hi c knes sandAu/Cr2Z@10 pm) was deposited as the electrodes. Then;layer 4
stack and one-Byer was prepared for the hiffequency element and lefkequency element,
respectively. The alternating poling direction was applied for each adjacent layer. iBetvobe
two layers, the conductive silver epoxy-86lder 3022, VorRoll Inc., Cleveland, OH) was used
for the bonding process with a thi-lEKB8Hss of
Epoxy tech. Inc., Billerica, MA) layer was attached on top of thesttacer as a matching layer
with a thicknessfoégb8mbcymcdmpondmet-fremueacy 410 p
component, respectively. Then, théa§er and 4ayer stacks were diced into a dimension of 0.8
mm x 0.8 mm and assembled with a kerf 300 pm. Adepoxy layen wds , an

attached on the side of the transducer as an insulation layer. The side electrodes were then
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connected with silver epoxy. At | ast, a 13
transducer as the pasaiion layer.
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Figure 4.3. Fabrication process of the composite eftatjuency transducer

4.2.2 Transducer characterization

To characterize the bandwidth of the transducer and determine the combinations of each
component, the pulsecho test was first carried out with the transduEgure 4.4(a) showed
the setup for the pulsecho test. A pulser/receiver (5077 PR, Olympus, WA, USA) was used to
excite the transducer with a PRF of 200 Hz an
reflector at a distance of 18 mithe RF signal was collected with the oscilloscope (DSO7104B,
Agilent Technologies, Santa Clara, CA, USA). The measured -palse signal was used to
obtain the bandwidth of the prototyped transducers.

To measure the pressure output induced by the tramsdacfunction generator (33250A,
Agilent Tech. Inc., Santa Clara, CA) was first connected to the power amplifier with a power
gain of 28 dB (75A250A, AR, Souderton, PA). Then the transducer was excited with a
sinusoidal pulse of 10 cycles per 10 ms inaewrtank. A 20 dB preamplifier (AM020, ONDA

Crop. Sunnyvale, CA) and a hydrophone (H®85, ONDA Crop. Sunnyvale, CA) was used to



65
collect the output signal. The pressure outputs under different frequencies were measured.
For the composite transducéhne electrical impedance was first measured by an impedance
analyzer (4294A, Agilent Tech. Inc., Santa Clara, CA) under both siregleency and dual
frequency modes. Then the similar method was applied for the pressure output under different

frequency egitations.

(a)

RF signal

Sync. signal

Stack Pulser/receiver Oscilloscope

Steelbar 4 ansducer (5900PR, Olympus) (DSO7104B, Agilent)

(b) Function generator Oscilloscope

Stack Hydrophone
transducer (HGL-0085,ONDA)

Figure 4.4. Schematic for the experiment setup (a) the patse test and (b) the pressure output test

Power Amplifier

4.2.3 Blood Clot Preparation

Blood clot samples were prepared following the method in our previous YW@&Ks The acid
citrate dextrose (ACD) bovine blood (Densco Marketing,, Idéoodstock, IL, USA) was added
with the 2.75% W/V calcium chloride solution (Fisher Scientific Fair Lawn NJ) with a volume
ratio of 10:1. For retracted clots, the mixture was drained into borosilicate glass pipettes and
sealed. For the neretracted clat, the mixture was transferred to plastic microcentrifuge tubes

and sealed. The containers were immersed in the 37 °C water bath for 3 hours. After that, all the
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samples were stored under 4 °C for 3 days for full incubation. In each test, both retrdcted an

unretracted samples were cut into a length of 15 mm with an average weight of 200 + 20 mg.

3-D motion stage

Bubble injection

Water Pressure gauge
tank

Height Transducer <

controller
Stopper <«

Water bath | J
Collector ‘ ‘

Figure 4.5. Experiment setup for the-vitro MBs mediated intravascular sonothrombolysis tests.

4.2.4 In-vitro sonothrombolysis tests

A flow model was constructed to mimic the blood vessel with plastic tubes (ID =5 mm). As
shown inFigure 4.5, the clot sample was placed in the tube with a rsésipe fabric to partially
block the clot from flowing away and retain the required hydraulic pressure level (0.3BkPa).
controlling the height of the water tank, the pressure was kept the same during the experiment.
During the duafrequency tests, the driving signal consisted of the center frequency of the
transducer (750 kHz) and the second frequency component, whihawged from 450 to 650
kHz with the 50 kHz interval (750 +450 kHz, 750 +500 kHz, 750+550 kHz, 750+600 kHz,
750+650 kHz). For each combination, the microbubbles reported in the previough86ik
were injected as the agents with a concentration fl0at a flow rate of 0.1 mL/min. For each
input condition, 3 samples were used to get the averaged clot lysis rate. For each clot sample, a
30-min treatment was tested. A function generator (AFG 3000, Tektronix, Beaverton, OR) was

first connected to theaguver amplifier (75A250A, AR, Souderton, PA). Then with the same
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power input, a pulse signal was generated with a duty cycle of 5% and a PRF of 200 Hz. Before
and after the test, the mass of the clot was measured for the lysis rate estimation.

Since the stcked transducer had various pressure outputs under the same driving voltage at the
frequency range of 450 kHz750 kHz, weighting coefficients were applied to ensure that each
frequency component generated the same power based on the pressure owpigdricaion
results. The dudrequency waveform was generated with ArbExpress signal generator software
(ArbExpress Tektronix Inc., Beaverton OR) and then transferred into the function generator with
a USB connection as the input. To make the input povegrsistent for each frequency
combination, the power was measured with the ultrasound power meter (MODEEDIPM
1AV, Ohmic Instruments, MO, US) and the power was kept for 43.8 mW for fair comparison.

The effectiveness of the ultrasound treatment was ekkfiny the difference in the ratio
between the ultrasound treatment and the control groupfRwit{My-Mc)/Mc. In which, theMc
represents the mass reduction in the control groupMancepresents the mass reduction with
ultrasound. Then, the ratio diffarce between the dufiequency treatment cases and the single
frequency treatment cases was defined as thefdagplency improvement (ImprovementRe¢
Re9/Rey. TheResrepresents the effectiveness ratio with single frequency treatment whiejthe
represents the effectiveness ratio with dinajuency treatment.

Similarly, for the composite transducer, the transducer was excited under the voltage of 90 V
with the frequency of 980 kHz, 1280 kHz and 980+1280 kHz {fieguency), respectively. The
sameflow rate (0.1 mL/min) and concentration @L) for the injection agents was applied.
Moreover, the nanodroplets were applied as the agents for the composite transducer test. The

mass reduction after 30 min treatment was measured and recorded fotirgtingalysis rate.
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4.2 5 Passive Cavitation Detection

Passive cavitation detection (PCD) tests were conducted in order to examine the cavitation
activities in sonothrombolysis tests. The inertial and stable cavitation dose were measured under
the choserfirequency combinations as described in previous sections. The MB concentration was
settobe ¥ mL with an injection rate of 100 pL/ mi
combinations were applied (750 kHz, 750+450 kHz, 750+500 kHz, 750+550 kHA{OBRHZ,
and 750+650 kHz) with PRF of 200 Hz (5 ms/pulse). In each pulse signal, a 5% duty cycle was
applied to keep the same excitation time per pulse. The same power output for each case was
applied during each test. The acoustic signals were receitadawhydrophone (HGID085,

ONDA Corp., Sunnyvale, CA, USA) and recorded with an oscilloscope (DSO7104B, Agilent
Technologies, Santa Clara, CA, USA). For each case, 3 groups of signals were collected and
analyzed with each signal resulted from the 16 sd@lemveraged by the oscilloscope.The
inertial and stable cavitation doses were then calculated using the averaged amplitude of the
spectrum with a MATLAB script (MATLAB R2018b, Mathworks, Natick, MA, USA).The
stable cavitation dose was based on the 2mnohdwics for each frequency componénandfs.

The 5th order Butterworth filter was applied around the 2nd harmonic of each component
(2f1£0.5h, 2f>+0.5f) [137]. After filtering, the signals were transformed into the frequency
domain. The area under the curve (AUC) of the 2nd harmonic in the frequency spectrum was
calculated and the averaged resultsrf the 3 data sets were considered as the stable cavitation
dose. To calculate the inertial cavitation doses, a similar method was applied with a bandpass
filter around the 3rd of th& component to the 6th harmonics of fheeomponent (8-0.5f to
6f>+0.52). The broadband noise was calculated from the converted frequency spectrum. The

AUC values from the 3rd, 4th, 5th, and 6th harmonics for both components were subtracted from
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the results to avoid the effect of the stable cavitation. The resultsmienaveraged for the

estimation of the inertial cavitation dose.
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Figure 4.6. Simulated pressure output with COMOSOL simulation (a) Structure of the transducer with
symmetric simulation methods (b) Sound pressure 80 V input.

4.3 Results
4.3.1 Transducer characterization.

For the single element transduckigure 4.6 showed the simulated sound pressure level with
the COMSOL Multiphysics (COMSOL, Burlington, MA). Thetneal focal depth was estimated
to be around 0.8 mm. As shown kigure 4.6(b), the averaged pedk-peak pressure near the
focal zone was around 5.3 MPa. Even taking the fabrication deviation into consideration, the
simulation results still indicate the capability of the transducer to reach gtagbure output.
Figure 4.7(a) shows the designed and measured electrical impedance spectra. The results
showed a consistent trend in the impedance level and the center fredtignoy.4.7(b) shows
the measured pulsscho result for the prototyped transducer. From the spectrum, the transducer
was most effective around 750 kHehich was the design frequency of the transducer.-6tB
fractional bandwidth was estimated to be about 66% in the range from 420 to 835 kHz, where the
lower frequency (i.e., 420 kHz) was chosen at the inflection point of the curve since the

frequency esponse did not drop bele@dB in the lower frequency region.
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Figure 4.7. (a) Impedance and phase angle for the transducer (Solid line: Measured results; Dash line:
Simulated results) (b) Measured putseho results from single element stacked transducer

We selected 450, 500, 550, 600, and 650kHz with relatively high setisitias the secondary
frequency components combined with the center frequency (i.e., 750kigaje 4.8a showed
the measured pedk-peak pressure {[HP) and peakegative pressure (PNP) from the chosen
single frequency under the input voltage of 80Vpp. The PTP can reach up to 3.04 MPa at 750
kHz with a corresponding PNP of 1.51 MPa. The results also indicate the drop of the pressure
output for the fregencies lower than 750 kHz. The 600 kHz and 650 kHz results showed a
pressure level above 2.5 MPa for the PTP and 1.3 MPa for the PNP. The 500 kHz and 550 kHz
showed similar efficiency with a PTP over 2.2 MPa and PNP over 1.1 MPa. However, the 450
kHz wasless effective with a PTP of 1.6 MPa and a PNP of 0.8 MPa. The pressure output yet
was comparable to the maximum pressure output reported in our previoud 8&Jrkl herefore,
450 kHz was chosen as the lower limit for the frequency combinatams.e 4.8b showed the
measured pressure level fraime chosen frequency combinations with a ratio of 1:1 to each
frequency component. The 650 + 750 kHz and 600 + 750 kHz showed comparable pressure
levels with the 750 kHz single frequency cases. The pressure level with tHestmency
combinations (450,@), 550 kHz) increased adding the 750 kHz components with all PNP larger

than 1.1 MPa, which was believed to be effective for generating cavitation with microbubbles.
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Based on the pressure characterization results, input voltage was weighted to ensure each
frequency component contributes the same acoustic power during the treatment. With-the dual
frequency methods, the PNP pressure was 1.4 times larger than thefremggscy methods

under the same power input
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Figure 4.8. Measured PTP and PNP with different frequency combinations under 80 V input (a} Single
frequency (b) Duafrequency with component ratio of 1:1. (* and ** represented the maximum PTP and
PNP from previously reported work

(b) 980 kHz 1.28 MHz
| 4
-2 2 4 ‘ 3
| 2
1 18 1 g
= o =
S " = : = ol : 2 -1
=1= i =—— ’ 2
IN=I=EE === s
: } : .4
0 1 2 3 0 1 2 3
mm mm

Figure 4.9. Simulated pressure output under different frequency
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For the duafrequency composite transduc€igure 4.9 shows the simulation results of the
pressure output. The simulation results indicate that both frequency components can provide a
pressure output of 3.9 MPa with a focal depth of 1.8 mm.

The measured impedance is showrFigure 4.10. The measured capacitance under 980 kHz,

1.28 MHz and the dudtequency mode was 461 pF, 285 pF and pB0respectively. Then, the
measured pressure output of the transducer under different frequencies was compared and shown
in Figure 4.11. Under a pak-to-peak voltage of 90 V, the 980 kHz and the 1.28 MHz elements
reached a pealegative pressure output of 2.2 MPa and 1.9 MPa, respectively, indicating a

similar pressure output of each frequency components.
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Figure 4.10. Measured impedance of the composite transducer (a) 980 kHz (b) 1.28 MHz (c) dual
frequency

4.3.2 In-vitro Thrombolysis

For the single element transducer, the mass of the clots before and after the treatment was
compared and thpercentage of mass reduction in 30 min was defined as the thrombolysis rate.
Figure 4.12a showed the mass reduction for theretmacted and retracted under the chosen
frequency combinations. For the -tgtracted clots, the single frequency method showed an
averaged mass reduction of 43%, while the dimluency method showed an averagedsmas
reduction of 53%. Considering the mass reduction from the control group, the advantage of the

duakfrequency treatment method was estimated by the method mentioned in Section Il and
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Figure 4.12(b) showed an averaged 46% improvement over the siregiaency treatment. For
the retracted clots, similarly, the single frequency treatment method showed an averaged mass
reduction of 19% and the dufitquency method showed an averaged mass reduction of 31%.
The corresponding lysis rate improvement was estimated iRigioee 4.12(b) with the yellow
bar and the averaged improvement of 85% was obtained with thefrdgakency methods.
Compared with wmetracted clots, the duflequency methods showed more improvement on

retracted clots sonothrombolysis.
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Figure 4.11. Measured pressure output of the transducer with each frequency component (980 kHz and
1.28 MHz)
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For the composite dufitequency transducer, the-witro thrombolysis results are shown in
Figure 4 13. For both retracted anthretracted clots, the dutikquency treatment improved the
lysis rate compared with the singlequency treatment. For the dual frequency treatment, there
was no statistically significant difference in the lysis rate between the nanodroplet and the
microbubble treatments of unretracted clots. However, -fteglency treatment greatly
improved the lysis rate with nanodroplets compared with microbubbles on the retracted clot

(Mass reduction 35% vs 27%), which showed a lysis rate increase of 34%.
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4.3.3 Passive Cavitation Detection
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Figure 4.14. Tested passive cavitation dose under various frequency combinations

The cavitation was monitored by PCD and compared between the-Bagency and dual
frequency excitation methods. Then, the increase of the cavitation dose was defined as (Cd
Cs)/Cs. h which Cs represents the cavitation dose from the sfngdgiency test at 750 kHz and
the Cd represents the cavitation dose from the-flegliency test with the chosen frequency
combinations. Both stable and inertial cavitation doses were calculasbdwas inFigure 4.14.

Figure 4.14(a) showedhe cavitation doses from single frequency and-flegjuency treatment

cases and-igure 4.14(b) showed the cavitation increase from thgalfrequency method
compared with the singligequency method. Compared with the siAgegjuency method, the
duakrequency method showed an average 24.9% increase for stable cavitation and a 40.1%
increase for inertial cavitation. The results indicas@dilar cavitation doses for the 750+550

kHz, 750+600 kHz, and 760+650 kHz groups while a lower cavitation dose for 750+450 kHz

and a relatively higher cavitation dose for the 750+500 kHz group.

4.4 Discussion
The dualfrequency technique achieved effeetitreatment for both utteatment and retracted

clots with a lysis mass reduction up to 58% and 32%,, respectively, after a 30 min treatment,
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corresponding to 46% and 85% lysis rate increase, respectively, compared with the single
frequency treatment meitl. Moreover, the stable cavitation and inertial cavitation doses from
the dualfrequency showed a 31% and 51% increase, respectively, for the most effective case
(750+500 kHz) compared to the sindtequency method. The test results exhibited the
effectiveness of the dudifequency sonication in intravascular sonothrombolysis. We also
demonstrated and compared the effect of unretracted and retracted clots in sonothrombolysis
with the dualfrequency method. Thrombolysis rate with the efoaduency excitabn was more
effective for retracted clots (85% improvement) than unretracted ones (46% improvement),
which indicated that the dufilequency treatment methods were more effective for retracted
clots treatment. The improvement in the thrombolysis rateetoacted clots could be attributed
to the increased cavitation dodeigure 4.14) For the stable cavitation, the ddegquency
treatment had an arage increase of the cavitation dose of 24.9%; while for the inertial
cavitation, the dualrequency treatment had an average increase of 40.3%. Therefore, the dual
frequency method showed more enhanced inertial cavitation compared with stable cavitation.
Since it was reported that the inertial cavitation played a more important role in the retracted clot
thrombolysis[147], the result from thén-vitro test proved the hypothesis with the reasonable
improved lysis rate for the retracted clots.

In this chapter, we also tried to investigate the effect of different frequency combinations with
larger frequency gaps in a range from 450 kHz to 750 k&tmong various frequency
combinations, the 750+500 kHz showed the most significant increase (50.6% for retracted clots)
in the thrombolysis rate. The result also supports the hypothesis that a large frequency difference
potentiates the cavitation effeld51]. For the combination of 750 + 550 kHz, 750 + 600 kHz,

and 750 + 650 kHz, the thrombolysis rate and the cavitation dose showed similar resiits whic
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indicated that the frequency effect was not significant in this frequency range with a smaller
frequency difference. Nonetheless, the 750+450 kHz condition did not show a high thrombolysis
rate due to a relatively high electric impedance level of thesdiwcer at 450 kHz. Although
during the treatment, the waveform adjustment was added to make an equivalent comparison, the
component voltage under 450 kHz excitation could not be larger than 90 V considering the
possibility of damaging the transducer, ahdrefore, the power output dropped with the 450
kHz frequency involved during the 30 min treatment. Compdfiggre 4.12 andFigure 4.14,
the lysis rate showed a consistent trend with the cavitation doses, which showed the highest lysis
rate and highest cavitation doses under the 750+500 kHz combination. The cavitationtileowed
maximum value with the 750+500 kHz group, which also corresponds to the highest lysis rate in
Figure 4.12. With similar cavitation doses for 758%0, 750+600, 750+650 kHz, the lysis rates
were also at the same level for these three groups. With higher inertial cavitation doses and
higher lysis improvement for the retracted clots, the results indicated a high potential of the dual
frequency treatménmethod for the deep vein sonothrombolysis applications where retracted
clots are more common/Nith nonfully blocked clots (average 2.5 mm in diameter), the
direction of the transducer may not target the clot region during the treatment, which inguced th
error for the lysis rate estimation. This problem may be studied in the future work by forming the
clots directly in the tube and applying a stiffer catheter to guide the transducer movement.
[159][160]

Then, for the duarequency composite transducer, the device improved in providing similar
pressure output for each frequency components. Compared with the single element transducer,
the conposite transducer provided larger focal depth (3 mm vs 1 mm) with similar aperture size,

which showed potential in creating cavitation underneath the surface. Comparing the lysis rate



78
from the microbubbles and nanodroplets, the compositefargaiency trasducer also showed
great improvement in the lysis rate for the retracted clot (34% with nanodroplets). Therefore, this
gave a clue on more effective treatment of the retracted clot with nanodroplets by the dual
frequency excitation methods. Future work ymiaclude the cavitation detection for the

nanodroplets on validating the mechanism on the increased lysis rate.
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CHAPTER 5 INTRAVASCULAR THROMBOLYSIS WITH LASER
ULTRASOUND TRANSDUCER AND PHOTOACOUSTIC IMAGING GUIDANCE

This chapter is adapted jpart from papers published by Huaiyu Wu et al (2022).

Tang, Yugi*, Wu Huaiyu*, et al. "Deep thrombosis characterization using photoacoustic
imaging with intravascular light delivery.” Biomedical Engineering Letters (2022).. XEqual
contribution)

5.1 Background
The photoacousti¢PA) effect or optoacoustic effect is the formation of sound waves in a

material sampléhrough absorption of light with varied intensity (modulated or pulsed light)
[161]. The effect was first reported in 188062] andthe acoustic signal can be generated by
moving the reflected sunlight through mirror to the light receiVéith the improvement of
acoustic sensor and light soas, the photoacoustic effect has received more attention since 1971
[163]-[167]. The high frequency and broadband ultrasound can be generated by the short pulse
laser excitation, and it has been applied in the imaging field requiring high spatial resolution in
biologicaltissueq168][169].

Photoacoustic eff# has been widely applied in generating ultrasound as the laser ultrasounds
or the optoacoustic transducers. Due to its high power density, high frequency and broad
bandwidth laser generated ultrasound offers an easy and efficient way to transforeniaspr
into acoustic pulses without direct interaction between laser and the sybdt.A laser
ultrasound transducer usually consisting of a laser light absorption layer and a thermal
expansion layef169][171]. To obtain high performance laser ultrasound transducers, active
research has been focused on the ahsgriiaterials such as carbon black, carbon nanotubes
(CNT)[172], graphite, metallicfilms [173], gold nano structurgs/1][174] and gold nano

particles [175]. Owing to their nanometer spatial configuration, thermal energy can be



80
transferred into the expanding layer or matrix with high efficiency. Moreogeently reported
carbon candksoot nanparticles showed highefl76][177] light absorption coefficient
Meanwhile, thermal expanding material with high thermal expansion coefficient is greatly
demanded to achieve lagh-pressureacoustic pulse. Polydimethylsiloxane (PDMS) has been
widely used as a thermal expanding layer becaisés high thermal coefficient of volume
expansion (a= 0.92x 10 3 K 1), which is mu ¢
metal$178][179]. Recent works reported large size laser ultrasound transducers which can
provide high enough pressure for microbubble cavitation anddiingery[180][181]

For the imaging apjgation, the PA imaging rapidly expand to the field of biomedical
applications with the motivation to combine ultrasonic resolution with high contrast due to light
absorption169]. Photoacoustic computed tomography (PACT), a hybrid imaging modality that
combines the rich contrast of optical absorption and deep penetration of ultrasound detection, can
be readily used fothrombus factor estimatidi82] When the photons from a pulsed laser are
absorbed by tissue and partially converted to heat, transient temeeraar leads to
thermoelastic expansion and pressure rise. The pressure propagates in the tissue as ultrasound
waves, which can be detected outside the tissue by an ultrasound transducer array to form a
tomographic image of the optical absorptidhe spatl resolution of PA imaging, as well as the
maximum imaging depth, is scaleable with the detected ultrasonic bandd&}i183]. In
PACT, a target with a smaller dimension or a higher stiffniess ljigher speed of sound) has a
shorter PA signal duration, corresponding to higher frequasmyiponents[184]. Due to
PACT’ s i nherent sensitivity toward endogenc
multispectral PACT can provide composition information and oxygenation level in blood clots,

which can potentially be used feaaoustr frequeacgt er i z
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spectrum of the PA signal is related to the object size or stiffness, the structural or mechanical
information of clots can be extracted from the frequency spectrum of the PA[4i82[184].

As prementioned in Chapter 4, most of the ultrasound devices, however, acatéabith
nontbiocompatible materials and have limited intravascular application due to size and
fabrication complexity. Besides, it is even more challenging to detect blood clot and monitor
treatment progress with a traditional ultrasound device. Compaith traditional ultrasound
transducer devices, the laser generated ultrasound (LGU) devices generate acoustic waves base
on photoacoustic effect and can be made from biocompatible material, with simple fabrication
process and controllable size. Besidé®re has been no clot characterization and detection
using PA imaging in deep tissulnited by the external light illumination in conventional
PACT. Thereare only a few reported works on U§lided intravenous sonothrombolysis
[186][187].

Therefore, in this chapter, an optid@ber-based laser ultrasound transducer will be first
designed and fabricated for the thrombolysis use with a center frequency of 7 MHz6adB a
bandwidth of 107%. Then, the sonothrombolysis with the fiizesed laser ultrasound transducer
was estimatedin-vitro with unretracted clot. After that, the duabde transducer was
investigated by combining the stacked piezoelectric transducer6(BDX&Hz) and the laser
ultrasound transducer for improving the lysis rate. Then, the photoacoustic imaging Wes app
for detecting the clot status during the treatment. At last, a deep tissue (tissue thickness > 10 cm)
experiment was demonstrated to show the capability of PA imaging on a deep tissue

thrombolysis detection.
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5.2 Materials and methods
5.2.1 Laser-ultrasound transducer design with candle soot nanoparticles (CSNP)
Laser generated ultrasound offers an efficient way to transform laser energy into short acoustic

pulses. Usually, a laser ultrasound transducer consists of a laser light absorption layer and a

thermal expansion layjd88] as shown irFigure 5.1.

Polydimethylsiloxane

Thermal expansion (PDMS)

material - High thermal expansion ratio
- Simple fabrication process
Light absorption Candle-soot nano-particles
material e
Polydimethylsiloxane
Concave lens (PDMS)

- High light transparency
- Cost-effective

Figure 5.1. Structure of the optical fibdvased laser ultrasound transducer

Since the performance of the laser ultrasound transducer are strongly related to the light
absorption ratio of the absorption layer, research has been conducted on carbon black, carbon
nanotubes (CNT), graphite, metallic films, goldnostructureand goldnancparticles[189].
Meanwhile, for the thermal expansion material, a high thermal expansion coefficient is required
to achieve a highegoressure otput. Compared with ceramics or metals, Polydimethylsiloxane
(PDMS) was the most widely used material as the thermal expanding layer with high thermal
coefficient of v 0 | u mé/K). dtxajsa reeni reparted( tiat= the Ocario  x
black/PDMS ismore effective than the metal/PDMS mixtuE0]. However, the existing
methods for fabricating light absorption and thermal expansion layer arplicated and

expensive. The uniformity and the thickness of the light absorption layer strongly affected press
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output and bandwidth for the laser ultrasotwrahsducer. Our group recently reported candle

soot nanoparticles (CSNP) as the thermal absorpaiger in LGU transducer due to its high

costeffectiveness and energy conversion efficiency. As shoviaigre 5.2 the thickness of the

CSNP layer can be controlled by the variation of the coating time. Large size LGU transducer

with CSNP were reported [d176] with high pressure output and wide bandwidth.

For thefiber-basedaser ultrasound transducer, @©1COMSOL model was used for the design

of the transducer with a width of 1 mm, which was $same with the corresponding fiber

di ameter.
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Carbon soot nanoparticles
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Figure 5.3. The schematifor the 2D COMSOL simulation with the carbon soot nanoparticles.

5.2.2 Laser-ultrasound transducer fabrication

As mentioned in previous section, candle soot nanoparticles (CSNP) were used for the thermal
absorption layer in LGU transducer due to itghhcosteffectiveness and energy conversion
efficiency. To prepare the lens, the PDMS (Sylgard 184, Dow Corning Corporation, Midland, MI)
was first used to fill a plastic tube with 2.5 mm diameter. Then, the capillary rise effect pulled
the PDMS into theube, forming a curved boundary for the lens. With different adhesive
material, the curvature of the lens can be controlled and consequently the focal depth was
determined. Here, a plastic tube was applied for the easy fabrication process.

Then the plastic tube was placed in a heating chamber @@ 4@ 5 hours for fully curing.

After that, the CSNP were coated on the PDMS lens for 20 s with candle fire corresponding to a
thickness of 5 pm. Then anot henrwaslceaeea ontothé P D M:
CSNP layer with spinning coating to work as the thermal expansion layer for ultrasound
generation. At last, a fiber with a diameter of 1.3 mm was connected to the lens with PDMS.
After that, another higipower fiber with the same diaater was bonded aside the treatment fiber

for the PA imaging. Compared with traditional pidzased transducers, the fabrication of the
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optical fiber laserultrasound transducer and the catheter integration process were less

complicated by taking the advaige of the optical fiber.

5.2.3 In-vitro sonothrombolysis with laser ultrasound transducer

In-vitro tests were carried out to validate the capability of the laser ultrasound transducer for
sonothrombolysis. To prepare the blood clot, the bovine blwasl mixed with 2.75% W/V
calcium chloride solution with a volume ratio of 10:1. Then the mixture was drained into plastic
tubes in the 3C water bath for 3 hours. After that, the tubes were then stored at 40C for 3 days

to retract. For each treatment, ffin long sample was used with a corresponding mass of

200+10 mg.
( a) Coupler
Pulse laser H
Optical fiber \
" Catheter Vessel
Syringe pump Bubble-injection tubg .
(Microbubbles) Laser-ultrasound transducer

Optical fiber Laser ultrasound

transducer Blood clot

The laser ultrasound transducer was first applied for the thrombolysis. The in vitro test system
was schematically shown Figure 5.4(a). A Tygon tule with an inner diameter of 5 mm was
used to mimic the blood vessel. The polydisperse-bpielled microbubbles were formulated

with a diameter of 0.9 = 0.45 puym. Each vi al



86
ratio of 1:100 to make a finabacentration of 1x108/mL for all tests. As showrrigure 5.4(b)
the microbubbles were injected into the tube by the micropump with a flow rat@ of 101 / mi n .
Q-switched Nd: YAG pulsed laser (SL-10, Continuum, San Jose, CA) was used to provide
excitation at 10 Hz to the optical fibbased laser ultrasound transducer at 532nm with a pulse
width of 6 ns and a pulse energy of 2 mJ. After 30 tméatment, the mass of the clot was
measured, and the mass reduction was considered as the lysis rate.

Then, the duafrequency excitation method was used for higher lysis rate. A similar test
system waspplied,and the laser ultrasound transducer wastea with the same laser system.

For the stacked transducer, the 28@le 750 kHz excitation burst was generated with 200 Hz
PRF by a function generator, which corresponding to 5% duty. The function generator was
connected to a power amplifier, which pided a voltage of 80 V on the transducer after
amplification. After 30 mins treatment, the mass reduction of the clot was also measured for the
thrombolysis rate estimation.

Four cases were tested and compared, including (1) clots with saline watec@stitblegroup
(Control), (2) clots treated with piezoelectric stacked transducer ultrasound under microbubble
injection (PUS+MB), (3) clot treated with laser ultrasound transducer under microbubble
injection (LUS+MB), (4) clots treated with piezoelectsitacked transducer and the optifiaer
based ultrasound. (PUS + LUS + MB). For each case, three tests were applied, and the lysis rate

was estimated based the averaged mass reduction after the treatment.
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5.2.4 Clot characterization with PA imaging
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Figure 5.5. ACT of blood clot with intravascular light illumination. (a) Deep tissue clot characterization
with photoacoustic computed tomography. A Tygon tube containing clot and catheter was immersed in
water. A layer of tertentimeteithick chicken tissue was placed between the Tygon tube and the
transducer. (b) Interior design of the catheter. The distance between catheter and clot L was 5 mm. The
length of cavity d was designed based on simulation results. (c) Pictur trohed in borosilicate and

flint Pasteur pipets. Only CaCl2 was added for coagulation. Serum appears in borosilicate pipets,
indicating the clot retraction. (d) Absorption spectra of oxygenated (HbO2) and deoxygenated (HbR)
hemoglobin.

The PACT systemsi based on a commercial ultrasound scanner (Vantage 256, Verasonics,
Kirkland, Washington) with a linear array transducer-4,7Philips ATL, Atlanta, Georgia)
(Figure 5.5a). The linear array transducer has 128 elements, a central frequency of 5 MHz, and a
60% bandwidth. Laser pulses at 700 nm and 800 nm with a pulse energy of 13 mJ were delivered
through a multimode fiber (FT1500UMTThorlabs, Newton, New Jersey) with a numerical
aperture of 0.39 and core diameter of 1.5 mm. The distal end of the fiber was fused with a lab
made catheter, which consisted of anfiéled cavity and a plan@oncave lens (Edmund,

Barrington, New Jersey}-{gure 5.5b). The lens had an aperture size of 3 mm and a back focal
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length of-6.56 mm. The optical beam profile with and without the catheter wadatied using
Zemax, and the cavity dimension was optimized based on the simulation results. The catheter has
two functions: (1) With water as the surrounding medium, it provides a larger refractive index
mismatch at the distal end of the fiber, and theisvdrs beams with high divergence to cover a
large area of the clot; (2) It separates the blood or clot debris from the fiber surface to avoid any
contamination and generation of “hot spots” t

For the clot charactemtion, different blood clots with various properties were prepgdregl.
Bovine blood (Lampire, Pipesville, Pennsylvania) was mixed with 2.75% VWARIZ solution
(Fisher Scientific, Hampton, New Hampshire) with a volume ratio of 10:1 for coagulation. To
change the oxygen saturation of hemoglobin (sO2), additional NaHCO3 (37 mg/ml of blood) or
Na2S204 (2.5 mg/ml of blood) was added to the biGa€l2 ®lution, followed by 5min
oxygen or carbon dioxide perfusift91][192]. After mixing, the blood was transferred to either
borosilicate or flint Pasur pipets (Fisher Scientific, Hampton, New Hampshire) and immersed
in a 37°C water bath for 3 hours. After <cl ot
to induce clot retractiorfigure 5.5c shows a comparison between borosilicate (retracted) and
flint (unretracted) clof193].

For PA imaging, the clot was extracted from the Pasteur pipets, rinsed with PBS, and placed
around 5 mm away from the catheter inside a H#B%l Tygon tube (4.76 mm ID). To
demonstrate the deep tissue clot characterizationth&RACT system, arountén-centimeter
thick chicken tissue was placed between the transducer and the Tygokigwe 6.5a). For
each clot, 300 frames of twdimensional R data were acquired at each optical wavelength, and
the images were reconstructed with both delagisum (DAS) and delayultiply-andsum

(DMAS) algorithms[194][195]. During the data processinBAS and DMASwas combined and
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DMAS imageworkedas a binary mask to reduce theifacts in the DAS image. The masked
DAS images after 30@bfameaveraging were then used for s@stimation using the linear

spectral unmixing methodFigure 5.5d) [196][197]. Then, the spectrum was also analyzed.
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Figure 5.6. Tensile test setup. Two rakes with five tungsten tines each were used at the ends of the
cylindrical clot in the longitudinal directions.
tensile test.

Stiffness of the blood clots was testetth BioTester 5000 (CellScale, Waterloo, Ontario,
Canada). Two rakes with five tungsten tines each were used at the two ends of the cylindrical
clot in the longitudinal directions. Each group of the five tines were equally distributed along a
sample dimesion of 4.5 mm during the test. For each group of clots, three samples were tested
with an average initial length of 6 mm. The samples were then subject to loading under 10%,
25% and 40% strain conditions for three loops, corresponding to a displacéme@® 0 pm, 15|
pm and 2400 ppm, r -displaceroenti cunee lwgs. recofdece Cufve fittimgewas

applied based on the linear phase of the fdrées pl ac e ment and the You

estimated as follows,

e



90
in which Uis the strain in the sample afids the stressl was acquired from the applied force
F and the crossection ared of the sampleli s t he initi al lethgt h of

displacement under the applied force.

5.2.5 Clot detection with photoacoustic imaging

(a) (b)
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Figure 5.7. Schematic for the hvitro sonothrombolysis with stacked transducer. (a) Deep tissue clot
detection with photoacoustic computed tomography. A Polydimethylsiloxane (PDMS) channel containing
clot, catheter and optical fiber was immersed in water. A lay@mredentimeteithick chicken tissue was

placed between the PDMS and the imaging ultrasound transducer. (b) Interior design ofltireemo
catheter for the sonothrombolysis. The miniaturized stacked transducer was mounted in the main lumen
with a side lunen for the microbubble (MB) delivery.

Besides the clot characterizatiothe clot detection wasalso conducted during the
thrombolysis test based on prementioned PA imaging metRodshe treatment, a burst at 500
kHz was generated by the function generator with a pelgetation frequency of 200 Hz. Each
burst contains 120 cycles correspondingatduty of 5%. The microbubbles prementioned in
Chapter 4 were injected as the agents with a concentration®hl1@t a flow rate of 0.1
mL/min. After every 10 min treatment, the transducer feeds in 1 mm to keep the distance
between the transducer anck tblot. During the treatment, the photoacoustic imaging with an
opticakiber was used for the detection of the clot samples. The imaging system is based on a

commercial ultrasound scanner (Vantage 256, Verasonics, Kirkland, Washington) with a linear
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arraytransducer (L7, Philips ATL, Atlanta, Georgia}Hgure 5.5a). The linear array transducer
has 128 elements, a central frequency of 5 MHz, and a 60% bandwidth. Laser pulses at 700 nm
and 800 nm with a pulse energy of 13 mJ and 11 mJ were deliveoagjitha multimode fiber
(FT1500UMT, Thorlabs, Newton, New Jersey) with a numerical aperture of 0.39 and core
diameter of 1.5 mm. For every 10 min, 300 frames ofdimoensional PA data were acquired at
each optical wavelength, and the images were recotetrugth both delayandsum (DAS) and
delaymultiply-andsum (DMAS) algorithms. The shape variation during the treatment were
estimated based the PA imaging results.

5.3 Results

5.3.1 Laser ultrasound transducer simulation
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Figure 5.8. Fabricated laser ultrasound transducer (b) The focal zone simulation of the laser ultrasound
transducer with Field Il (c) The estimated pressure output from the laser ultrasound transducer with the 1
D COMSOL model

Figure58( ¢c) showed the simulated results from th
candle soot nanopatrticle layer, the estimated pressure output the laser ultriaansddcer
showed a peato-peak (PTP) pressure output of 4.2 MPa under 2 mJ input. The center frequency
was estimated to be 7.4 MHz and t6eB bandwidth was 108%, which showed advantages of
the lasetultrasound transducer in generating short pulse Eghhe pealhegative pressure was
1 MPa, which was considered to be high enough for trigger enough cavitation from

microbubbles.
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According to the simulation results, the focal zone of the laser ultrasound transducer is 0.4x0.8
mm as shown irFigure 5.8b). The relatively small focal region could increase the treatment
accuracy and reduce the possibility of the vessel wall damage. Based on the Hesiifpert

laserultrasound transducer has been fabricated as shokigure 5.8(a).

5.3.2 Transducer characterization
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Figure 5.9. Measured pressure output for the transducer (a) Laser ultrasound (LUS) transducer and (b)
Piezoelectric ultrasound (PUS) tansducer

Figure 5.9(a) showed the measured pressure output from the laser ultrasound transducer. The
peakto-peak (PTP) pressure was 4.8 MPa with a center frequency of 6.8 MHz, which showed a
difference less thm10% compared the simulation results. ThelB bandwidth was measured to
be 103% and the peategative pressure (PNP) was 1.6 MPa, which showed better results than
the simulation results. For the stacked transducer, the resonant frequency was at YV8ihkalz.
capacitance and dielectric loss at 1 kHz of 632 pF and 8.3 mU, respectivefiyguhe 5.9(b)
showed the measured PTP and PNP for the siacaasducer with the input voltage from 10 V

to 90 V. Under 80 V excitation, the PTP and the PNP reached 2.7 MPa and 1.4 MPa

respectively.
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5.3.3 Thrombolysis rate with the laser ultrasound transducer

(@) 70% (b)

Before treatment

15 min

-

30 min

&,

60%

50%

40%

30%

20%

10%

&\\\\\\\\\\w

_

Control LUS PUS LUS+PUS

Figure 5.10. (a) Measured mass reduction ratio after the 30 min treatment for different treatment methods
(b) Size changes of the clot samples after treatment

0%

The results are shown igure 5.10(a). Comparing the LUS group and the PUS group, the
LUS treatment showed a mass reduction of 32% while the PUS group showed a mass reduction
of 46%. Although the LUS transducer showed highesikqmegative pressure, the PRF of the
laser system (10 Hz) was much lower than that from the PUS excitation system (200 Hz).
Comparing with the burst from the PUS excitation, the pulse generated from the LUS transducer
was less effective in generating nabubble cavitation, which resulted in a lower lysis rate.

By comparing the PUS and PUS+LUS group, the averaged mass reduction has increased from
46% to 58%, which indicated the improved thrombolysis efficiency. This results also supported
the hypothesidiat the duafrequency excitation method can be more effective in generating MB
cavitation and thus increase the lysis rate. The PUS+LUS also showed a larger deviation
compared with the PUS group. This may be due to the position control for the two kinds o
transducers. With a small focal zone of the miniaturized transducers, it is important to align the

position of the two transducers during the feeding process of the devigese 5.10(b) showed
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the clot samples before and after the treatment, which showed clear mass reduction during the

treatment.

5.3.4 Clot characterization with PA imaging
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Figure 5.11. Histology and frequency spectrum analysis of blood clots with CaCl2 onty.Héstology

results of blood with CaCl2 in borosilicate Pasteur pipets. Retracted clot was exped}adis{diogy

results of blood with CaCl2 ifint Pasteur pipets. Unretracted clot was expected. (g) Frequency spectrum

of PA channel data acquired at 800 nm. (h) Red blood cell occupation percentage as an indicator for clot
retraction. Structural features that potentially associate with the freguspectrum were identified,
relevant regions were extracted from a, d, and the percentage of red blood cell pixels was calculated. The
occupation percentage by red blood cells was associated with low (<2 MHz), medduMH2), and

high (>4 MHz) frequencyands.

The internal structure of the clots is related to the acoustic frequency spectrum of PA channel
data. Smaller or stiffer targets generate PA signals with higher frequency components, and vice
versa. The previous studies have shown that the contaiaierial affects the retraction of the
blood clot[184]. It wasfound that clots prepared with flint and borosilicate glass had relatively

homogenous internal structurgidure 5.11). While borosilicate glass leid retracted clots, flint
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glass favored the formation of less retracted or unretracted clots. The clot retraction was reflected
by the packing density of RBCs in histology. The densely packed RBCs formed relatively large
internal structuresHigure 5.11b-c) and manifested as low frequency components in the PA
frequency spectrun{gure 5.11g). The loosely packed RBCs formed relatively small internal
structures and produced high frequency components in the PA frequency spectrum. Moreover,
we estimated the occupation percentage of the clot signals in the histology ifftagessults
indicatedthat an occupation percentage of >90% corresponded to low frequency components of
<2 MHz, 8090% to medium frequency components ef R1Hz, and <80% to high frequency

components of >4 MHZHjgure 5.11h).
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Figure 5.12. Histology and frequency spectrum analysis of blood clots with CaCl2 and NaHGO3. (a
Histology results of clots in borosilicate Pasteur pipets) (distology results of clots in flint Pasteur
pipets. (g) Frequency spectrum of PA channel data acquirgéd0anm. (h) Red blood cell occupation
percentage as an indicator for clot retraction.

Impact of NaHC®@or N&S,04 on the internal structures of the cletsre also investigateds
the blood pH affects the fibrin conversion from fibrinogens, low pHrenment favors the

formation of retracted clot and high pH environment favors less retracted @83t In addition,
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borosilicate glass has negatisurface charges and can initiate fast fibrin formation adjacent to

the surfacd198][199]. NaHCQ has been shown to improve the hydrophilicity of the surface

and subsequently improve the adsorption of prdtid]. Both pH and surface
on clot retractiveness have been studied separately, but no study has done on the combined effect.
It was observedhatinhomogeneous structures formed inside the clots witber NaHCQ or

NaxS04 was mixed with bloodHKigure 5.12). All three types of RBC packing density were
observed in clots from bothorosilicate and flint Pasteur pipets: hidghigure 5.12a, d,Figure 5.

13a, and d), mediumFgure 5.12b, e, Figure 5.13b, and e), and lowF{gure 5.12c, f, and

Figure 5.13c).
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Figure 5.13. Histology and frequency spectrum analysis of blood clots with CaCl2 and Na2S2€)4. (a
Histology results of clots in borosilicate Pasteur pipetd) (distology results of clots in flint Pasteur

pipets. (g) Frequency spectrum of PA channel data acqair8@0 nm. (h) Red blood cell occupation
percentage as an indicator for clot retraction.

Figure 556 shows t he measur ed Yo unofthesclotnsampled. The f or
Young’'s modulus for the c¢clot ranged from 5 t

reported works[201]. Forthe bt s f or med in the borosilicate
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showed a 129% (NaHGD 76% (no chemical) and 51% (p8a0Os) increase compared with that
in the flint glass. Therefore, the clots from the borosilicate glass were clearly more retracted and
stiffer compared with those in the flint glass. With the flint glass, the clots from blood with
NaHCGs howed a 36% drop in Young’s modulus com
clots from blood with Ng504 showed a 23% increase. Similarly, with thedsaiicate glass, the
NaHCQ samples presented a 17% decrease and tif2@lssamples presented a 6% increase in
Young’s modulus compared with nor mal sampl es.
process with Ne&s;Osmay i ncr ease t haurinytbainnvigyd cioot prepachtioh, u s

while our oxygenation process with NaHE@ay decrease the Young’ s mo

5.3.4 Clot detection with photoacoustic imaging
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Figure 5.14. (a) Photoacoustic imaging and clot position changes during the 30 min treatment (b) B
mode imaging of the clot during the treatment.

For the detection of the clot, both theni®de ultrasound imaging and the photoacoustic
imaging were conductedigure 5.14(b) showed the Bnode imaging with the linear array.

Although the edge of the tube can be detected, it is difficult to tell the shape of thedctbean
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variation of the clot size during the treatment. Meanwligure 5.14(a) showed the PA
imaging results which indicated the reduction of thet end the surface retreated for 5 mm,
which was around half of the clot size. This also indicated the similar results with the mass
reduction measurement and showed the potential for the PA imaging as the clot detection method
during the sonothrombolysiseatment.

5.4 Discussion
In this chapter, a fibebased laser ultrasound transducer was demonstrated and the

combination of the laser ultrasound transducer with the traditional stacked transducer was
applied for thehighersonothrombolysigfficiency. Then, based on the PACT medlsp different

clots were characterized. The results were also validated with the tension tegtEahdstology.

At last, the PA imaging was applied for thevitro sonothrombolysis to detect the clot changes.

With the laser ultrasound transducer, theviino sonothrombolysis tests were carried out by
LUS excitation method and were compared with the PUS+LUS method. After 30 mins treatment,
the mass reduction of the clot reached 32% and 58% for the LUS treatment and PUS+LUS
treatment, respectively. Thesesults indicated the potential of the fiber LUS transducer on the
intravascular sonothrombolysis applications.

For the clot characterization, PA imaging is capable of structural and functional
characterization of blood clots in deep tissue. The results egmmpared with histology analysis
and the Young’'s modulus measurements. The sC
modified by adding chemicals and altering the material for clotting surfaces. Retracted clots
with RBC-rich structure were associdtavith low-frequency PA signals and was likely due to
the relatively homogeneous bulk structures formed by densely packed RBCs. Similarly,
unretracted clots with low RBC density had stronger {iigquency components due to the

presence of relatively smalBC clutters.



99

The blood clots in this work were prepared with the whole blood, and no centrifuge was
applied to separate different blood componej@82]. Therefore, the effect of the RBC
concentration on clot structure and stiffness was not discussed quantitatively. Limited by the
resolution of the optical microscopy, it is challenging to distinguish fibrin matrix and RBCs
[202]. As a result, in the H&E histology analysis, only the RBCs regions were measured without
considering the fibrin content, and it is hard to identify the clot samples asoesgdsrich or
fibrin-rich. Yet, the results showed high consistency in the stiffness measurement, the H&E
histology analysis, and the PA imaging results, demonstrating the potential of using PA imaging
for clot characterization.

Besides, the PA imagingas carried out with the optical fiber close to the clot. Compared with
the traditional Bmode imaging, the PA imaging method showed clear changes in the clot size
during the treatment, which may be an alternative method for clot detection in sonothrasnbolys
To further validate the application of the transducer in the sonothrombolysis, the transducer will
be applied on the retracted clots and a flow system will be used for the mimicking the human

body environment.
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CHAPTER 6 ULTRASOUND-GUIDED INTRAVASCULAR
SONOTHROMBOLYSIS WITH A DUAL MODE ULTRASOUND CATHETER

This chapter is adapted in part from papers published by Huaiyu Wu et al (2022).

Wu, Huaiyu, et al. "Ultrasounduided Intravascular Sonothrombolysis with a Dual Mode
Ultrasound Catheter: Invitro study.” IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control (2022).

6.1 Background
As prementioned in chapter 4pnothrombolysis was reported to be an alternative of the

traditional treatment methods for improving ethtreatment efficacy and safetjl33]
[203][204][205]. With the contrast agents of microbubbles (MBs) and nanodroplets (NDs),
sonothrombolysis has shown advantage in treating bothretacted and retracted clots
[136][207]-[211]. By generating stable and inertial cavitations from either MBs and NDs, the
agents can induce microstreaming and microjets and break the structure of the bldd@]ots
Meanwhile, the histotripsy or hightensity focused ultrasound (HIFU) with high pressure
output, was also reported to be efficient in dissolving clots with stiff and dense biagtructu
[140]-[145]. Besides, the duditequency ultrasound treatment was proved to be effective in
generating higher cavitation and consequently improving the sonothrombolysis rate
[218][219][220]. Most of the ultrasound treatment methods are performed with external
transducer or arrays, which may be affected by the significant attenuation and aberration during
the ultrasound propagation and are suitable for the applications with ultrasound blockage and
the acoustic window does not ex{@21][222]. Moreover, skin burn and vessel damage are
concerns due to poor acoustic coupling at the-skimsducer interface of the respiratory
movement for external HIFU applicatiorf223]. Meanwhile, aminiaturized intravascular

transducercan provide a high efficiency in thrombolysis-vitro [136][154][157][210][219].
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Compared with external transducer, the intravascular sonothrombolysis can deliver the agents
locally next to the clot. With lower excitation peakgative pressure (PNP) for MB/ND
mediated soothrombolysis, the exivo tests showed no vessel wall dam@El]. However, it
is important to adjust the distance between the treatment transzhotehe clot for maximal
lysis efficiency, which raised a new requirement for the imaging guided intravascular
sonothrombolysis without usirfyioroscopy

Both noninvasive and invasive ultrasound approaches have been used for blood clot
detections in #ro and in vivo from several previous studies. For instance, quantitative
ultrasound parameters were used to detect the clot formation in vitro under static and dynamic
conditions through backscattering, attenuation, and sound velocity measufegt{229].
Ultrasound elastic imaging was also kg for clot detection in vitro and in vivo. For instance,
Huang et al. used shear wave approach for clot characterization if2@®jeand strain imaging
was used for DVT detection in vi@31]. All above literatures demonstrated that ultrasound
exhibits a good ability for clot dettion norinvasively. Furthermore, using of needle transducer
for clot and other tissues detection was performed invasively in several previous studies. For
example, a high frequency needle transducer was made for cataract detection, which the needle
trarsducer was inserted into lens directly for animal experimg@®8]. For clot and plague
detection, Shih et al. designed a dakments needle transcer for intravascular applications
through shear wave imagig33]. Although Chapter 5 showed the potential of laser ultrasound
and PA imaging fothe treatment and detection of the clot spontaneously, it is still required a
less complicated system without laser source thatcoembine the imaging transducer and
treatment transducer on a new dual model ultrasound catheter for imaging guided nfaavasc

sonothrombolysis.
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Therefore, this chapter aimed on a novel design of combining imaging transducer and
treatment transducer on an intravascular catheter was proposed for sonothrombolysis. The
piezoelectric stacked transducer was designed and fabricateg PZT5A as the material for
active layers, with an operational frequency of 220 kHz for sonothrombolysis treatment. A 16
MHz imaging transducer was developed and assembled with the treatment transducer for
imaging the sonothrombolysis process inldtéae. Experiments were carried out usingl&y
bovine blood clot. The ultrasound image was obtained for identifying the position of treatment

transducer during sonothombolysis to demonstrate the concept of imaging and therapy with one

intravascular devi.
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Figure 6.1. (a) Structure for the stacked transducer; (b) Schematic for the top view of the catheter; (c)
Schematic for the side view of transducers and microbubble tube integrated within the catheter; (d)
Photos of the fabricated catheter, including treatment aading transducers.
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Figure 6.2. Schematics of the experiment setup for transducer characterizations: (a) Pulse/echo test for
the 16 MHz imaging transducer; (b) Pressure output test for the 220 kHz treatment transducer.

6.2 Materials and methods
6.2.1 Transducer design and fabrication

Similar to prementioned stacked transducer, in this wanlkbdViHz transducer was prepared.
To reduce the blockage effect from the imaging transducer in front of the treatment transducer, a
relatively low frequency was picked for the treatment transducer design. To fabricate the 220
kHz transducerZT-5A (Type lll 301, TRS Technologies, Inc., State College, PA, US) was
chosen as the active material due to its relatively high piezoelectric coaffidi¢ith a thickness
of 250 um f or e ac h-5A weyeestacked, Z@respoading to she debignddl Z T
frequency of 220 kHZByY maintaining the pressing pressure with a customized jig, each adjacent
layer was bonded with 26 mthick conductive siler epoxy ((ESolder 3022, VofRoll Inc.,
Cleveland, OH). At the same time, 50 nm@d particles were mixed with the epoxy (EFAEBK
301, Epoxy tech. Inc., Billerica, MA) with a volume ratio of 25% to obtain a relatively high
acoustic impedance for matching. Then the stack was diced into a dimension of 1.2 mm x 1.2
mm with a dicing saw (DAD&2, Disco. Inc, Boston, MA), which was small enough for fitting

into the 10Fr catheter. An AlOs/epoxy layer was then attached to the side of the transducer as
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an insulation layer, which is moldable before curing process. After that, the side electeoeles w

connected with silver epoxy with an electric

pm thick parylene | ayer was coated on the who

Table 6.1. Design parameters for the&itment transducer

Material Thickness Velocity Density Irﬁgzlcjj?;i:e

Active layer PZT-5A 250 pm 4350 m/s 7750 kg/ni 33.7 MRayl
Matching layer Al,Os/epoxy 2.1 mm 2770 m/s 1300 kg/md 3.6 MRayl
Insulation layer Al,Os/epoxy 50 um 2770 m/s 1300kg/m? 3.6 MRayl
Passvition layer Parylene C 13 pm 2200 m/s 1290 kg/nd 2.8 MRayl
Bonding layer %;?ﬁﬁ;ggg)z 25 pm 1850 m/s 3200 kg/ni 5.9 MRayl

Table 6.2. Design parameters for the imaging transducer

. . . . Acoustic
Material Thickness Velocity Density Impedance
Active layer PMN-PT 120 pm 4600 m/s 8100 kg/m 37.3 MRay!
Matching layer Al,Os/epoxy 700 pm 2770 m/s 1300 kg/mi 3.6 MRayl
Passvition layer Parylene C 10 Pm 2200 m/s 1290 kg/nd 2.8 MRayl
. E-solder 3022
Backing layer (centrifuged) 300 pm 1850 m/s 3200 kg/ni 5.9 MRayl
(a) (b) ——»
Micropump J
V4 Pulser- Oscilloscope
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Figure 6.3. (a) Experimental setups for the (a) clot detection in water and (b) the sonothrombolysis with
clot detection.

To detect the clot, a 16 MHz imaging transducer was designed and fabricated. ##PMN

single crystal sampl e was ppirggpnachide (RMb LapgeQ py m
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Logitech. Ltd, San Francisco, CA). Then a layer of 200/10 nm Au/Ti was sputtered on the
sample as the electrode. Al umi nwas lbondedhas the t e  wi
matching layer. The backing layer was then attachedd | apped to 300 pm wi
silver epoxy (ESolder 3022, VotRoll Inc., Cleveland, OH). The sample was then diced into the
size of 1.2 x 1.2 mmby a dicing saw (DAD323, Disco Inc., Boston, MA). After the wire
connecti on, a me l8yerpvas caated on khe whale tyahs@ucer as the passivation
layer. The main design parameters were shown in Taélllend Table6.2 for the treatment
transducer and imaging transducer, respectively. After fabricating the two transducers, the
treatment tansducer was assembled into the main lumen of the catheter and fixed with epoxy
(EPOTEK 301, Epoxy tech. Inc., Billerica, MA). Then, the imaging transducer was attached in

front of the stacked transducer as showRigure 6.1(c).

6.2.2 Transducer characterizations

To characterize the bandwidth of the imaging transducer, the-gctgetest was first carried
out with the 16 MHz transduceFigure 6.2 shows the setup for the pulseho test. A
pulser/receiver (5900 PR, Olympus, WA, USA) was used to excite the transducer with a PRF of
200Hz and pulse energy of 2 pJ with a gain of
distance of 4 mm. The RF signal was collected with the oscilloscope (DSO7104B, Agilent
Technologies, Santa Clara, CA, USA). The measured 4eglse signal was usdd obtain the
bandwidth of the prototyped transducers.

To measure the pressure output induced by the treatment transducer, a function generator
(33250A, Agilent Tech. Inc., Santa Clara, CA) was first connected to the power amplifier with a
power gain of 8 dB (75A250A, AR, Souderton, PA). Then the transducer was excited with a

sinusoidal pulse of 10 cycles per 10 ms in a water tank. A 20 dB preamplifie2@A6] ONDA
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Crop. Sunnyvale, CA) and a hydrophone (H@285, ONDA Crop. Sunnyvale, CA) was located
with a distance of 1mm from the treatment transducer surface to collect the output signal. The
peakto-peak pressure and peak negative pressure outputs were measured under the driving
voltage range of 10 ) - 180 Vpp. An in plane (XY) scanning was carrieout in an area of 2 x 2
mn? to estimate the pressure output distribution, which the scanning poisiton starts at 1 mm
away from the transducer suface. The focal depth and focal Zomlee aransducer were

estimated in a range from 1 to 5 mm with -&Ylanescanning.
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Figure 6.4. (a) Measured impedance of the imaging transducer and (b) Measuregghosesponse for
the imaging transducer.

6.2.3 Blood Clot Preparation

Blood clot samples were prepared following the method in our previous Ji@&}§210]. The
acid citrate dextrose (ACD) bovine blood (Densco Marketing, Inc., Woodstock, IL, USA) was
added with the 2.75% WI/V calcium chloride soluati@Fisher Scientific Fair Lawn NJ) with a
volume ratio of 10:1. To better control the size of the clot, a PDMS channel was prepared with a
3D-printed mold. The mixture was drained into the channel and sealed. The channels were then

immersed in the 37 °C wex bath for 3 hours. After that, all the samples were stored under 4 °C
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for 3 days for retraction and the clot was formed with a length of 22 cm and diameter of 7.5 mm

[234].
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Figure 6.5. (a) Measured electrical impedance curve of the treatment transducer; (b) Measured pressure
output of the treatment transducer at 1 mm; Measured pressure oistpibutions of the treatment
transducer: (c) from the-X plane at 1mm from the transducer surface and (d) from {AepMne.

6.2.4 Sonothrombolysis with m-mode imaging

For the invitro thrombolysis test, the microbubbles reported in the previous [486 were

injected as the agents with a concentration &fmbD at a flow rate of 0.1 mL/mirA function

generator (AFG 3000, Tektronix, Beaverton, OR) was first connected to a power amplifier

(75A250A, AR, Souderton, PA). A pulse signal was generated with a duty cycle of 5% with a

PRF of 200 Hz (an input voltage of 80 V) on the treatment transdcme@esponding to a peak

negative pressure (PNP) of 2.8 MPa, which was considered to be high enough for the

thrombolysis  without

obvious

temperature

increase

for

possible

thermal damage
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[136][210][211]. In every minute, the transducer was moved forward by 0.25 mm with a 3D
positioner (Anet A8, Anet Inc, Shenzhen, China), which corresponds to a treatment of 7.5 mm in
30 min. For the detection of the clot, the response from the clot was @estuned in the water
tank with a setup shown figure 6.3(a). Then, the clot was detected in the PDMS tube for the
tracking of the clot during the treatment. The imaging transducer was set to be stable during the
treatment and after every minute treatment, a saline flushing was conducted and then the clot

position was detected with the 16 MHz imaging transducer.
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Figure 6.6. Measured clot signals with the imaging transducer in (a) the water tank and (b) the PDMS
channel.

The Mmode imaging was conducted for guiding the user to move the transducer close to the
clot for a better treatment durinfpet sonothrombolysis. The envelops of the backscattering

signals were obtained via Hilbert transform, then thenbtle image was obtained in a dynamic
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range of 40 dB. The-axis in Mmode image represents the treatment time and-thasyshows
the distancdetween transducer and the surface of clot. The setup was shBignria 6.3(b).

6.3 Results
6.3.1 Transducer characterization

Figure 6.4 shows the measured impedance of the transducer and theeplseesult for the
i maging transducer. Un d e reacled aupkaloipeak anplitudetoh e t r a
1.3 V with a distance of 4 mm from the target. FGadB bandwidth was 54.3% with a center
frequency of 16.2 MHz. The thin backing layer of the imaging transducer was applied to prevent
its blockage on the treatment tsalucer.

Figure 6.4(b) showed the ringdown signal due to the thin backing which decreased the center
frequency and the bandwidth of the imaging transduéagure 6.5(a) showed the measured
electrical impedance curve for the treatment transducer. The working frequency was 239 kHz
with an i mpedance of 71 Q. The capacitance a
respectively.Figure 6.5(b) shows the pressure output of the transducer measured using an
hydrophone under the input voltage from 10V to 130V. The pe@eak pressure reached 5.6
MPa with 80 V inputcorresponding to a peak negative pressure of 2.8 MPa, which is considered
to be high enough for generating cavitation with microbublBliggire 6.5(c) and 5(d) shows the
pressure output distribution of the transducer at the focal point and in the axial direction. A
convex passivation layer was added on the surface of the transducer to reach a relative deeper
focal depth for the stacked transducer. Hesve the fabrication process also leaded an
unevenness on the surface of the transducer, which may cause the grating patterns in the beam
profile, as shown ifrigure 6.5(c). However, since the transducer covered the treatment region

required in the test, the variation in the pressure output distribution did not influence the
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performance of sonothrombolysis in the present stindgin area of 2x2 mtthe peaknegative
pressure output was over 0.9 MPa on the surface of the clot, which was considered to be high
enough for generating cavitation of microbubbl8sice the transducer still had a small focal
depth, the distance between the clot surface laadransducer was precisely controlled during

the treatment.

(o)) -
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Distance between the clot and the
imaging transducer (mm)

S

Before After 5 10 15 20 25 30
Time(min)

Figure 6.7. (a) Photo of sonothrombolysis experiments before and after the treatment and (b) its
corresponding Mmaging during 30 min treatment. The detected frlmtt surface was labelled with the
yellow dotted line.

6.3.2 Clot detection in water

Figure 6.6 show the backscattering signals from the blood clot in a water tank (a) and PDMS
tube (b), respectively, which were obtained from the imaging transducer. With different
orientation of the clp the signal in the water tank showed stronger reflection from both sides of
the clot boundaries while the singal from the PDMS channel showed a long backscattering signal
with more attenuation. With less effect from the surrounding environment, theigiai in the
water tank showed a signa@hnoise ratio (SNR) of 18.3 dB, while the clot signal in the PDMS
channel showed a SNR of 10.6 dB. Although more naigginduced in the PDMS channel,

enough SNR has been acquired for distinguishing the blooff@tthe surroundings.
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6.3.3 Sonothrombolysis with m-mode imaging

Figure 6.7(a) shows the changes of clot size before and after treatments fom3énthia
saline flushing. The mass reduction of the clot after the treatment was aboUkiglfé.6.7(b)
shows the Mmode imaging that obtained fratime clot signals as function of time. The total data
acquisition time is also 30 min using imaging transducer. The yellow dotted line in the image
represents the surface of the blood clot while the rputels under the yellow line represents
the backscaering signal from the clotlt is obvious to observe that the clot mass was reduced
during the treatment, which showed the capability of clot detection during the treatment This is
a very useful to inform the operator that the treatment transducer stotddagrd to keep the
focal zone within the blood clot. Notabl vy,
showed a good axial resolution, which is able to estimate step interval during the treatment.

6.4 Discussion
In this work, a 2€layer treament transducer was developed and integrated with an imaging

transducer in a dual mode catheter. Compared with work mentioned in Chdfitet],4the
transducer provided high peakgative pressure (>2.5 MPa) with small aperture size (1.2 x 1.2
mm?), which is considered to be high enough for generating inertial and stable cavitations from
the microbubbles for effective sonothrombolysis. After thar80 treatment, the lysis rate was
31% by estimating the mass reduction. Although the lysis rate was lower than our previously
reported work[210][219], it does not reach the limit of the treatment transducer. The feeding
speed (0.3 mm/min) was intentionally slowed for estimating the accurackieofntaging
transducer and providing easier operation sequence for the flushing process during the treatment.
Meanwhile, the imaging transducer showed high sensitivity with a miniaturized aperture size,
yielding a SNR of 10.3 dB for recognizing the clot sample from the environment during the

treatment. Although affected by the ringdown signal, the imaging traesdhowed a6 dB
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bandwi dth of 54% at 16. 2 MHz with a pulse wi
around 0.3 mm, which was able to provide a high axial resolution for tracking the step interval
controlled by the 3D positioner. For theiMaging,Figure 6.7(b) demonstrated the variation of
the clot signal during the treatment which showed stronger response from 21 to 30 min while a
relatively weaker response from 11 to 20 min. The clot signal difference can be attributed to the
variation of the clot surface flatness after 10 min treatment. The increase of the clot signal at the
later time of the treatment period may be caused by accumulatitwe afot leftovers and the
hardening of the clot, which was also reported in recent {&8%]. This information provided
by the imagingransducer is important, which helps the determination of the clot stage and the
optimization of the VTE treatment for clinical applications.

For treatment transducer, the highest intensity of ultrasonic beam is near the focal zone (1
mm), which means théysis region should always be kept within this zone to improve the
treatment efficiency. Therefore, providing the real time information about clot mass reduction is
very important during sonothrombolysis since it can inform the operator to advancetineritea
transducer in the vessel. Using the fovasive imagingmodalities are difficult to reach this
goal. For instance, the image resolution of angiography may insufficient, and -dinheng
exposure of Xray is harmful to both patients and physicians.adidition, use of traditional
ultrasound scanner is also inconvenient since it is difficult to maintain the scanning cross section
in the same position for a lofigne operation to observe the mass reduction. Combination of the
imaging transducer and treatnt transducer on the same catheter overcomes this problem during
intravasculaisonothrombolysis operation. The masduction was observed clearly in réahe
using Mmode imaging. Since both transducers were fixed on the catheter, the treatment region

and imaging region is in alignment all the time. This design is much convenient thamasing
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invasive imagingmnodalities in the real clinical applications. It allows the operator to move the
catheter forward as the whode shows that the focal zone is aitthe treatment region.
However, the imaging transducer was disturbed as the treatment was excited during experiment.
Therefore, a switch operation may reduce the interference between two transducers.

In this work, the sonothrombolysis experiments wergied out as the clot was placed in the
saline, which provides eonvenient observation of mass reduction, as showigre 6.7(a).
Since the backsattering signal from blood clot is stronger than it from the whole bj226],
the M-mode imaging should still work even if the clot was in real vessel condition. However, the
motion correction may be needed in clinical applications because the human body trembling
changes the relative position between imaging transducer andidlog sonothrombolysis. The
M-mode imaging resolution can be provided when a higher frequency imaging transducer is
applied on thecatheter. However, the ultrasound attenuation will also be increased with the
higher operational frequency in the blo@29], which may reduce the SNR of backscattering
signal. Therefore, the design with a 16 MHz imaging transducer is reasonahbledsound
guided intr&ascular sonothrombolysis. In this wotke original design was to place the imaging
transducer in front of the treatment transducer. However, it was difficult to perform it manually
in perfect. Therefore, a slight offset between two transducers wasextcluring the fabrication
in the lab. To overcome this problem, the small imaging transducer may be designed and
assembled into the matching layer of the treatment transducer forming a more compact structure
for intravascular applicationdt also shouldbe noted that the channel was @mde blocked,
which required additional flushing process for getting rid of the clot debris after the treatment.
Therefore, a flow model will be added in the future work for better mimicking the human body

environment withconstant temperature.
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CHAPTER 7 CONCLUSIONS AND FUTURE WORKS

This chapter presents the conclusions of this thesis involving the ultrasound trasmisducer
developed for biomedical imaging and therapy. Finslsag@summarized on the duftequency
intravascular imaging, the tissue anisotropy detection, intravascular thrombolysis and clot
detection with photoacoustic imaging. Besides, future work related tabitnetopicsis also
discussed in this chapter.

7.1 Conclusions
7.1.1 Transducers for the biomedical imaging

For thedualfrequencyintravasculacircular array for the intravascular imaging, the design of
the 13 composite material was included due to its high coupling factor. The structure e3 the 1
composie was first designed with the theoretical model, and the-3ZT-3 composite was
selected for a better transmitting performance as the TX elements anedPPNHS composite
was selected as the RX elements due to high sensitivity in receiving signalswithehe KLM
model and Field Il simulation, 8 elements for the TX array and 32 elements for the RX array
were designed with the consideration of wrapping the array onto a needle with a diameter of 1.3
mm. With a custonzed jig, the wrapping pressure wagually distributed arowheach element,
providing consistent performances of each element. After characterization of the TX and RX
array, the duafrequency was demonstrated for timevitro contrast imaging in a customed
phantom. Compared with previouslported duafrequency single element transducer or arrays,
the newly reported array showed an improved resolutionf1g&and contrast ratio (18 dB)

For the 1.5D rowcolumn array, three columns of linear array were designed based the KLM
model andField Il simulation with an aperture size ofxBmn? andan element number of 64

for each linear arrayAfter fabrication and characterizatiohet array realized an electrical
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ultrasound beam rotation in 90and providd same beam profile and pressuretpot
orthogonally. The array avoided the traditional positioning error from the linear array during the

mechanical beam rotation and a pel#placement test was conducted in a customed phantom.

7.1.2 Transducers for the biomedical therapy

The designs ofte therapeutic transducers were focused on the intravascular sonothrombolysis.
For the traditional piezoelectric transducers, aMiitz dual frequencystacked transducer was
first demonstrated. The dultkquency thrombolysis tests were conducted by takimg
advantage of the relatively wide bandwidth of the transducer. Fagrintest in a flow model
showed an averaged 60% increasdysis ratecompared with single frequency methods. With
the promising results, a muftillar duatrequency transducevas developed for wider working
frequency range and larger focal zone, which showed more improved lysis rate with both un
retracted and retracted clots.

To have aminiaturized sizewith bio-compatible material, the laser ultrasound transducer was
then demastrated for the intravascular thromboly$®y. improving the fabrication process, the
fiber-based laser ultrasound transducer degelopedand the characterization of the transducer
showed high enough pressure output for MB cavitation. Considering a relatively low
thrombolysis rate with the laser ultrasound transducer due to the high frequency and low PRF,
the combination of the piezoelectritransducer and the laser ultrasound transducer was
conducted with an improved lysis rate under the-fhegjuency excitation method.

Besides treatment of the clot, the characterization and detection of the clot was also conducted
in this thesis. With ta photoacoustic imaging method, different clot spectrum was analyzed and
compared with corresponding H&E histology, tension test results. Then, with the

characterization information, the detection of clot during the treatment was realized. Yet,
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consideringthe complication of the photoacoustic imaging system, an imaging transducer was
combined with the treatment transducer to have a quiakdde detection on the clot front
surface during the treatmerifthese two clot imaging techniques showed the potefarathe
reattime clot imaging and further pathological analysis for the thrombolysis.

7.2 Future work
For the duafrequency array, although higher contrast ratio has been realized, the signal was

affected by the electrical noise. Therefore, the systalnreguired reliable housing and
packaging for electrical isolation. Besides, current flex circuit design was short with a length
around 10 cm while over 50 cm catheter was usually required-favo or clinical applications.
Therefore, the longable esign with less lossvill be profitable for filling the gap between
research and clinics.

For the 1.5D array, current design showed the capability of shear wave generation and
displacement detection in orthogonal directions. Yet, with fewer element nantesmaller
aperture size compared with commercial linear array, the proposed array generated less
displacement which make it hard to be detected in hard tissues. Thus, larger aperture size or
element numbers are preferred in the future work. It is alpoomising tojc on a multk
direction array based on this electrical beam rotagohnique

For the intravascular dufilequency thrombolysis with piezoelectric transducetsrentin-
vitro results already showed promising lysis rate on unretracted kioivever, higher
thrombolysis rate istill preferredfor the retracted clot. Besidesyrrent design focused on the
clot in front and solutions for the residual clot after treatment still worth the investigations.

For the laser ultrasound, it is critical to improve the lysis rate. Either a high PRF system or the

nanodroplets for the high frequency excitation will be beneficial for improving the lysis rate.
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Efficient thrombolysis with clot detection in one cathetan be expected with the development

of the opticalfiber based laser ultrasound transducers.
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Appendix A

The MATLAB code was used for the setup of customized 1.5 D array.

function Trans = computeTrans_HW(Trans)

% Compute specification of known transducer type.

% Copyright 2001 - 2012 Verasonics, Inc. All world - wide rights and remedies
under all intellectual property laws and industrial property laws are

reserved. Verasonics Registered U.S. Patent and Trademark Office.

% Use built - in defaults, but allow prior specification of some attributes.

% Last update: 07 -07-2011

%

% NOTE Trans.id values set below imply Verasonics scanhead personality

EEPROM

% Format Version 0. Trans.id is a double that holds the logical 32 - bit value
% "OxOOFFIIDD", where "FF" is the format version and "lIDD" is the scanhead

ID.

%
% For example, "Trans.id = hex2dec('00000250");" specifies format version 0
% and the L7 -4'sID. This is abreviated in the code below as
% "Trans.id = hex2dec('0250");" because all ATL/Philips probes are using
% Verasonics format version 0. See the "Scanhead E EPROM Format.htm" document
% for more information.
%
% Known transducers and their corresponding IDs.
KnownTransducers = { 'L7 -4','0250" , ...
'L10 -5','074C' , ...
'L11 -4v' ,'1ABB4' , ..
'L11 -5','0351" ...
'L12 -3v' ,'1BBC3' , ..
'L12 -538mm', '0755" |, ...
'L12 -550mm', '0B5B' , ...
'CL15 - 7', '035C' , ...

'C4-2','20D1" , ..
'C5-2','20D9' , ..
'C5-2v' | '1AC52' | ..
'C7 -4','224E' , ...
'C9-5",'228B' , ..
'BPT9 -5', '228B' , ...
'P3 -2','4428' , ..
‘P4 -1','483E' , ..
'P4 -2','4439' , ..

'P4 -2v' | '1IAA42" , ...
'P4 -2 _Old' ,'4439' , ...
'P6 -3', '4D3B' ...

'P7 -4' | '462A

‘custom' , '0000" };

if  ~isstruct(Trans) % if a structure is not provided as input, assume input
is ID to translate into string.
n = find(strcmpi(Trans, KnownTransducers));

if isempty(n), Trans = ‘Unknown' ;
else Trans = KnownTransducers{n(1) -1}
end

return



end

if ~isfield(Trans, 'name' ), error( ‘computeTrans: Trans.name must be provided
in input structure. \n); end

n = find(strcmpi(Trans.name, KnownTransducers));

if isempty(n), error( ‘computeTrans: Trans.name not recognized as known
transducer."' ); end

speedOfS ound = 1.540; % default speed of sound in mm/us

if
evalin( 'base' , 'exist("Resource","var")&&isfield(Resource,"Parameters")’
)
if evalin( ‘'base' |, 'isfield(Resource.Parameters,"speedOfSound")’ )
speedOfSound =
evalin( 'base' , 'Resource.Paramete  rs.speedOfSound’  )/1000; % speed of sound in
mm/usec
end
end

switch  KnownTransducers{n}
case 'L7 -4

if ~isfield(Trans, ‘frequency’ ), Trans.frequency = 5.0; end % nominal
frequency in MHz
Trans.type = 1, % Array geometry is linear (x values only).

Trans.id = hex2dec( '0250" );
Trans.numelements = 128;
Trans.elementWidth = .250 * Trans.frequency/speedOfSound;
Trans.spacing = .298 * Trans.frequency/speedOfSound,; % Spacing
between elements in wave lengths.
Trans.ElementPos = zeros(Trans.numelements,4);
Trans.ElementPos(;,1) = Trans.spacing*( - ((Trans.numelements -
1)/2):((Trans.numelements - 1)/2));
if ~isfield(Trans, '‘ElementSens’ )
% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).
Theta=( - pi/2:pi/100:pi/2);
Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.
Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));

end

Trans.lensC orrection = 3;

Trans.impedance = 45 - 60i;

if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end

case 'L10 -5

if ~isfield(Trans, ‘frequency’ ), Trans.frequency = 7.5; end % nominal
frequency in MHz

Trans.type = 0; % Array geometry is linear (x values only).

Trans.id = hex2dec( '074C' ),

Trans.numelements = 192;

Trans.elementWidth = .1729 * Trans.frequency/speedOfSound;

Trans.spacing = .1979 * Trans.frequency/speedOfSound; % Spacing
between elements in wavelengths.

Trans.ElementPos = zeros(Trans.numelements,4);

Trans.ElementPos(:,1) = Trans.spacing*( - ((Trans.numelements
1)/2):((Trans.numelements - 1)/2));

if ~isfield(Trans, '‘ElementSens’ )
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% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).

Theta = ( - pi/2:pi/100:pi/2);

Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));
end
Trans.lensCorrection = 6;
if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end
Trans.HVMux = struct( 'highVoltageRails' , 90, .
'logicRail' , 10.5,
‘clock’ 5, ..
‘clockinvert' , 0,
‘polarity’ .0, .
‘latchinvert’ .0, ..
'‘Aperture’ , zeros(Trans.numelements,65),
'VDASAperture' , zeros(17,65, ‘uint8'  ));
for i=0:64, Trans.HVMux.Aperture(;,i+1) =
[zeros(1,i),mod((i:i+127),128)+1,zeros(1,64 -DI; end
fid = fopen( 'L10 - 5ApertureData.txt’ );
C = textscan(fid, '%*s %S %S %S %S %S %S %S %S %S %S %S %s %s %s %s
%s %s', 'CollectOutput' ,1);
for i=1:65
Trans.HVMux.VDASAperture(:,i) = uint8(hex2dec(C{1}(i,:)));
end
fclose(fid);
case 'L11 -4v'
if ~isfield(Trans, ‘frequency" ), Trans.frequency = 6.4286; end %
nominal frequency in MHz
Trans.type = 0; % Array geometry is linear (x values only).
Trans.id = hex2dec( '1ABB4" );

Trans.numelements = 128;

Trans.elementWidth = 0.270*Trans.frequency/speedOfSound;

Trans.spacing = 0.300*Trans.frequency/speedOfSound; % Spacing
betw een elements in wavelengths.

Trans.ElementPos = zeros(Trans.numelements,4);

Trans.ElementPos(:,1) = Trans.spacing*( - ((Trans.numelements -
1)/2):((Trans.numelements - 1)/2));
if ~isfield(Trans, '‘ElementSens' )
% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).
Theta=( - pi/2:pi/100:pi/2);
Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));
end
Trans.lensCorrection = 5;
if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end
case 'L11 -5
if ~isfield(Trans, ‘frequency’ ), Trans.frequency = 7.5; end % nominal

frequency in MHz
Trans.type = 0; % Array geometry is linear (x values only).



Trans.id = hex2dec( '0351" );

Trans.numelements = 128;

Tran s.elementWidth = 0.235*Trans.frequency/speedOfSound;

Trans.spacing = 0.260*Trans.frequency/speedOfSound,; % Spacing
between elements in wavelengths.

Trans.ElementPos = zeros(Trans.numelements,4);

Trans.ElementPos(;,1) = Trans.spaci ng*( - ((Trans.numelements -
1)/2):((Trans.numelements - 1)/2));
if ~isfield(Trans, 'ElementSens’ )
% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).
Theta=( - pi/2:pi/100:pi/2);
Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));
end
if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end
case 'L12 -3V
if ~isfield(Trans, ‘frequency’ ), Trans.frequency = 7.5; end % nominal
frequency in MHz
Trans.type = 0; % Array geometry is linear (x values only).
Trans.id = hex2dec( '1BBC3' );

Trans.numelements = 192;

Trans.elementWidth = .170 * Trans.frequency/speedOfSound;

Trans.spacing = .200 * Trans.frequency/speedOfSound; % Spacing
between elements in wavelengths.

Trans.ElementPos = zeros(Trans.numelements,4);

Trans.ElementPos(;,1) = Trans.spacing*( - ((Trans.numelements -
1)/2):((Trans.numelements - 1)/2));

if ~isfield(Trans, '‘ElementSens' )

% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).

Theta=( - pi/2:pi/100:pi/2);

Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.e lementWidth*p
i*sin(Theta))));

end
Trans.lensCorrection = 6;
if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end
Trans.HVMux = struct( 'highVoltageRails' , 90, "
'logicRail’ , 5.0,
‘clock’ 5,
‘clockinvert' , 0,
'polarity’ , 0,
'latchInvert' , 0,
‘Aperture’ , zeros(Trans.numelements,65),
‘VDASAperture' , zeros(33,65, ‘uint8'  ));
for i=0:64, Trans.HVMux.Aperture(:,i+1) =
[zeros(1,i),mod((i:i+127),128)+1,zeros(1,64 -5 end
fid = fope n('L12 - 3e_ApertureData.txt' );
C = textscan(fid, '%*s %s %S %s %s %S %S %s %s %s %s %s %s %s %s %s
%s %S %S %s %s %S %S %s %s %S %s %s %s %s %s %s %s %S’ , 'CollectOutput’ ,1);
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for 1=1:65
Trans.HVMux.VDASAperture(:,i) = uint8(hex 2dec(C{1}(i,:)));
end
fclose(fid);
case 'L12 -538mm'
if ~isfield(Trans, 'frequency’ ), Trans.frequency = 7.5; end % nominal
frequency in MHz
Trans.type = 0; % Array geometry is linear (x values only).

Trans.id = hex2dec( '0755" ),

Trans.numelements = 192;

Trans.elementWidth = .1729 * Trans.frequency/speedOfSound;

Trans.spacing = .1979 * Trans.frequency/speedOfSound; % Spacing
between elements in wavelengths.

Trans.ElementPos = zeros(Trans.numelements,4);

Trans.ElementPos(;,1) = Trans.spacing*( - ((Trans.numelements -
1)/2):((Trans.numelements - 1)/2));
if ~isfield(Trans, '‘ElementSens' )
% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).
Theta=( - pi/2:pi/100:pi/2);
Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p
i*sin(Theta))));

end
Trans.lensCorrection = 12;
if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end
Trans.HVMux = struct( 'highVoltageRails' , 100, .
'logicRail’ , 10.5,
‘clock’ 10,
‘clockinvert' , 0,
'polarity’ , 0,
'latchinvert' , 0,
‘Aperture’ , zeros(Trans.numelements,65),
'VDASAperture' , zeros(17,65, uintg8' ),
for i= 0:64, Trans.HVMux.Aperture(:,i+1) =
[zeros(1,i),mod((i:i+127),128)+1,zeros(1,64 -5 end
fid = fopen( 'L12 -5 38mmApertureData.txt' );
C = textscan(fid, '%*s %s %S %S %S %S %S %s %s %S %S %S %s %s %s %s
%s %s', 'CollectOutput’ 1);
for i=1:65
Trans.HVMux.VDASAperture(:,i) = uint8(hex2dec(C{1}(i,:)));
end
fclose(fid);
case 'L12 -550mm'
if ~isfield(Trans, ‘frequency’' ), Trans.frequency = 8.18; end % nominal
frequency in MHz
Trans.type = 0; % Array geometry is linear (x values only).

Trans.id = hex2dec( '0B5B' );

Trans.numelements = 256;

Trans.elementWidth = .1703 * Trans.frequency/speedOfSound;

Trans.spacing = .1953 * Trans.frequency/ speedOfSound; % Spacing
between elements in wavelengths.

Trans.ElementPos = zeros(Trans.numelements,4);

Trans.ElementPos(:,1) = Trans.spacing*( - ((Trans.numelements -



151

1)/2):((Trans.numelements - 1)/2));
if ~isfield(Trans, 'ElementSens' )
% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).
Theta=( - pi/2:pi/100:pi/2);
Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(The ta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));
end
Trans.lensCorrection = 12;
if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end
Trans.HVMux = struct( 'highVoltageRails' ,9 0,
'logicRail' , 10.5,
‘clock’ 10,
‘clockinvert' , 0,
'polarity' , 0,
'latchinvert' , 0,
‘Aperture’ , zeros(Trans.numelements,129),
VDASAperture' , zeros(17,129, uintg8' ),
for 1=0:128, Trans.HVMux.Aperture(;,i+1) =
[zeros(1 ,i),mod((i:i+127),128)+1,zeros(1,128 -5 end
fid = fopen( 'L12 -5_50mmApertureData.txt' );
C = textscan(fid, '%*s %s %S %S %S %S %S %s %s %s %S %S %s %s %s %s
%s %s', 'CollectOutput’ ,1);
for i=1:129
Trans.HVMux.VDASAperture(:,i) = uint8(hex2dec(C{1}(i,:)));
end
fclose(fid);
case 'CL15 -7
if ~isfield(Trans, ‘frequency" ), Trans.frequency = 9.0; end % nominal
frequency in MHz
Trans.type = 0; % Array geom etry is linear (x values only).

Trans.id = hex2dec( '035C" );

Trans.numelements = 128;

Trans.elementWidth = 0.16*Trans.frequency/speedOfSound;

Trans.spacing = 0.178*Trans.frequency/speedOfSound; % Spacing
between elements in wavelengths.

Trans.ElementPos = zeros(Trans.numelements,4);

Trans.ElementPos(;,1) = Trans.spacing*( - ((Trans.numelements -
1)/2):((Trans.numelements -1) /12));
if ~isfield(Trans, '‘ElementSens’ )
% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).
Theta=( - pi/2:pi/100:pi/2);
Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zer o.

Trans.ElementSens =

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p
i*sin(Theta))));

end

Trans.lensCorrection = 4;

if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end

case 'C4 -2
if ~isfield(Trans, ‘frequency’' ), Trans.frequency = 3.0; end % nominal



152

frequency in MHz
Trans.type = 1; % Array geometry is curved linear (x and z values
only).
Trans.id = hex2dec( '20D1" );
Trans.numelements = 12 8;
scanangle = 74.95 * (pi/180); % degrees converted to radians
radius = 41.219; % radius in mm.
spacing = radius * scanangle/(Trans.numelements -1); % spacing in mm.
kerf = .050; % guess (in mm)
Trans.radius = radius * Trans.frequency/speedOfSound; % convert to
wavelengths
Trans.spacing = spacing * Trans.frequency/speedOfSound; % Spacing in
wavelengths.
Trans.elementWidth = (spacing - kerf) * Trans.frequency/speedOfSound,;
firstangle = - (scanangle/2); % first element angle = - 0.65405
radians
deltatheta = scanangle/(Trans.numelements -1);
% Set default element positions (units in wavelengths).
Trans.ElementPos = zeros(Trans.numelements,4);
Angle = firstangle:deltatheta: - firstangle;
Trans.ElementPos(;,1) = Trans.radius*sin(Angle);
Trans.ElementPos(;,2) = 0;
Trans.ElementPos(:,3) = Trans.radius*cos(Angle);
Trans.ElementPos(:,4) = Angle; % Orientation of element with respect
to z axis.
if ~isfield(Trans, '‘ElementSens' )
% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).
Theta = ( - pi/2:pi/100:pi/2);
Theta(51) = 0.0000001; % set to almost z ero to avoid divide by
zero.
Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));

end

if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end

case 'C5-2

if ~isfield(Trans, ‘frequency’ ), Trans.frequency = 3.2143; end %
nominal frequency in MHz

Trans.type = 1; % Array geometry is curved linear (x and z values
only).

Trans.id = hex2dec( '20D9" );
Trans.numelements = 128;

scanangle = 74.95 * (pi/180); % degrees converted to radians

radius = 41.219; % radius in mm.

spacing = radius * scanangle/(Trans.numelements -1); % spacing in mm.

kerf = .050; % guess (in mm)

Trans.radius = radius * Trans.frequency/speedOfSound; % convert to
wavelengths

Trans.spacing = spacing * Trans.frequency/spe edOfSound; % Spacing in
wavelengths.

Trans.elementWidth = (spacing - kerf) * Trans.frequency/speedOfSound,;

firstangle = - (scanangle/2); % first element angle = - 0.65405
radians

deltatheta = scanangle/(Trans.numelements -1);

% Set default element positions (units in wavelengths).
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Trans.ElementPos = zeros(Trans.numelements,4);

Angle = firstangle:deltatheta: - firstangle;
Trans.ElementPos(:,1) = Trans.radius*sin(Angle);
Trans.ElementPos(:,2) = 0;
Trans.ElementPos(;,3) = Trans.radius*cos(Angle);
Trans.ElementPos(;,4) = Angle; % Orientation of element with respect
to z axis.
if ~isfield(Trans, ‘ElementSens’ )
% Set element sensitivity function (101 weighting value s from -
pi/2 to pi/2).
Theta=( - pi/2:pi/100:pi/2);
Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));

end

if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end

case 'C5-2v

if ~isfield(Trans , 'frequency’ ), Trans.frequency = 4.5; end % nominal
frequency in MHz

Trans.type = 1; % Array geometry is curved linear (x and z values
only).

Trans.id = hex2dec( '1AC52" );

Trans.numelements = 128;

radius = 49.57; % radiu s in mm.

spacing = .508; % spacing in mm.

kerf = .048; % in mm.

scanangle = 128*spacing/radius; % arc length/radius

Trans.radius = radius * Trans.frequency/speedOfSound; % convert to
wavelengths

Trans.spacing = spacing * Trans.frequency/speedOfSound; % Spacing in
wavelengths.

Trans.elementWidth = (spacing - kerf) * Trans.frequency/speedOfSound,;

deltatheta = spacing/radius;

firstangle = - (scanangle/2) + 0.5*deltatheta; % first element angle

% Set default element positions (units in wavelengths).
Trans.ElementPos = zeros(Trans.numelements,4);
Angle = firstangle:deltatheta: - firstangle;
Trans.ElementPos(;,1) = Trans.radius*sin(Angle);
Trans.ElementPos(;,2) = 0;

Trans.ElementPos(;,3) = Trans.radius*cos(Angle);

Trans.ElementPos(:,4) = Angle; % Orientation of element with respect
to z axis.
if ~isfield(Trans, '‘ElementSens’ )
% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).
Theta=( - pi/2:pi/100:pi/2);
Theta(51) = 0.0000001; % set to almost z ero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p
i*sin(Theta))));

end
Trans.lensCorrection = 3;
Trans.impedance = 45 - 60i;
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if ~isfield(T rans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end

case 'C7 -4

if ~isfield(Trans, 'frequency’ ), Trans.frequency = 5.0; end % nominal
frequency in MHz

Trans.type = 1, % Array geometry is linear (x values only).

Trans.id = hex2dec( '224E' ),

Trans.numelements = 128;

Trans.elementWidth = .250 * Trans.frequency/speedOfSound;

Trans.spacing = .298 * Trans.frequency/speedOfSound; % Spacing
between elements in wavelengths.

Trans.ElementPos = zeros(Trans.numelements,4);

Trans.ElementPos(;,1) = Trans.spacing*( - ((Trans.numelements -
1)/2):((Trans.numelements - 1)/2));

if ~isfield(Trans, '‘ElementSens' )

% Set element sensitivity function (101 weight ing values from -
pi/2 to pi/2).

Theta=( - pi/2:pi/100:pi/2);

Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.element Width*p
i*sin(Theta))));

end

Trans.lensCorrection = 3;

Trans.impedance = 45 - 60i;

if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end

case 'C9 -5

if ~isfield(Trans, ‘frequency’ ), Trans.frequ ency = 7.5; end % nominal
frequency in MHz

Trans.type = 1; % Array geometry is curved linear (x and z values
only).

Trans.id = hex2dec( 'FFFF' );

Trans.numelements = 128;

scanangle = 146.677 * (pi/180); % degrees conver ted to radians

radius = 8.511; % radius in mm.

spacing = radius * scanangle/(Trans.numelements -1); % spacing in mm.

kerf = .025; % guess (in mm)

Trans.radius = radius * Trans.frequency/speedOfSound; % convert to
wavelengths

Trans.spacing = spacing * Trans.frequency/speedOfSound; % Spacing in
wavelengths.

Trans.elementWidth = (spacing - kerf) * Trans.frequency/speedOfSound,;

firstangle = - (scanangle/2); % first element angle = - 0.65405
radians

deltatheta = scanangle/(Trans.numelements -1);

% Set default element positions (units in wavelengths).

Trans.ElementPos = zeros(Trans.numelements,4);

Angle = firstangle:deltatheta: - firstangle;

Trans.ElementPos(:,1) = Trans.radius*sin(Angle);

Trans.ElementPos(:,2) = 0;

Trans.ElementPos(;,3) = Trans.radius*cos(Angle);

Trans.ElementPos(:,4) = Angle; % Orientation of element with respect
to z axis.

if ~isfield(Trans, '‘ElementSens’ )
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% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).

Theta=( - pi/2:pi/100:pi/2 );

Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));

end

if ~isfield(Trans, 'maxHigh Voltage' ), Trans.maxHighVoltage = 50; end

case 'SC1-6'

if ~isfield(Trans, 'frequency’ ), Trans.frequency = 3.75; end % nominal
frequency in MHz

Trans.type = 1, % Array geometry is curved linear (x and z values
only).

Trans.id = hex2dec( '0000" );
Trans.numelements = 128;
scanangle = 58.74 * (pi/180); % degrees converted to radians
radius = 60; % radius in mm.
spacing = radius * scanangle/(Trans.numelements -1); % spacing in mm.
kerf = .050; % guess (in mm)
Trans.radius = radius * Trans.frequency/speedOfSound; % convert to
wavelengths
Trans.spacing = spacing * Trans.frequency/speedOfSound,; % Spacing in
wavelengths.
Trans.elementWidth = (spacing - kerf) * Trans.frequency/speedOfSound;
firstangle = - (scanangle/2); % first element angle = - 0.65405
radians
deltatheta = scanangle/(Trans.numelements -1);
% Set default element positions (units in wavelengths).
Trans.ElementPos = zeros(Trans.numelements,4);
Angle = firstangle:deltatheta: - firstangle;
Trans.ElementPos(:,1) = Trans.radius*sin(Angle);
Trans.ElementPos(:,2) = 0;
Trans.ElementPos(;,3) = Trans.radius*cos(Angle);
Trans.ElementPos(;,4) = Angle; % Orientation of element with respect
to z axis.
if ~isfield(Trans, 'ElementSens’ )
% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).
Theta=( - pi/2:pi/100:pi/2 );
Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.
Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));
end
Trans.lensCorrection = 3;
if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end
case 'P4 -1
% The P4 - 1is a 96 element array, so to use it with a 128 connector
I/0 system
% we have to define the connectivity in Trans.Connector.
if ~isfield(Trans, ‘frequency’ ), Trans.frequency = 2.5; end % nominal

frequency in MHz
Trans.type = 0; % Array geometry is linear (x values only).
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Trans.id = hex2dec( '483E' );
Trans.numelements = 96;
Trans.Connector = [023 022 021 041 024 042 046 043 045 044 047 018
017 048 013 020
019 014 015 016 049 050 054 051 053 052 009 055
056 011 012 005
006 007 008 010 004 003 002 001 040 039 038 037
033 034 035 036
093 094 095 096 092 091 090 089 128 127 126 125
119121122 123 ..
124 117 118 073 074 120 077 076 078 075 079 080
113 114 115 110
109 116 081 112 111 082 085 084 086 083 087 105
088 108 107 106];

kerf = .050; % guess (in mm)

Trans.spacing = 0.2950*Trans.frequency/speedOfSound; % Spacing
between elements in wavelengths.

Trans.elementWidth = (0.2950 - kerf)*Trans.frequency/speedOfSound;

Trans.ElementPos = zeros(Trans.numelements,4);
% Set default element x positions (units in wavelengths).

Trans.ElementPos(1:96,1) = Trans.spacing*( -((96 -21)/2 ):((96 - 1)/2));
if ~isfield(Trans, '‘ElementSens' )
% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).
Theta=( - pi/2:pi/100:pi/2);
Theta(51) = 0.0000001; % set to almost zero to avoid divi de by
zero.

Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));
end
Trans.lensCorrection = 4;
if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end

case 'P4 -2
% The P4 - 2 is a 64 element array, so to use it with a 128 connector
I/0 system
% we have to define the connectivity in Trans.Connector. Elements
32- 63 are
% wired to connector inputs 97 - 128.
if ~is field(Trans, ‘frequency" ), Trans.frequency = 2.5; end % nominal
frequency in MHz
Trans.type = 0; % Array geometry is linear (x values only).
Trans.id = hex2dec( '4439" ),
Trans.numelements = 64;
Trans.Connector = [1:32,97:128];
Trans.elementWidth = 0.2950*Trans.frequency/speedOfSound;
Trans.spacing = 0.3200*Trans.frequency/speedOfSound; % Spacing
between elements in wavelengths.
Trans.ElementPos = zeros(Trans.num elements,4);
% Set default element x positions (units in wavelengths).
Trans.ElementPos(1:64,1) = Trans.spacing*( -((64 -1)/2):((64 - 1)/2));
if ~isfield(Trans, '‘ElementSens’ )
% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).
Theta=( - pi/2:pi/100:pi/2);
Theta(51) = 0.0000001; % set to almost zero to avoid divide by
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Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.e lementWidth*p
i*sin(Theta))));

end
Trans.lensCorrection = 5;
if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end

case 'P4 -2V
% The P4 - 2 is a 64 element array, so to use it with a 128 connector
I/0 system
% we have to define the connectivity in Trans.Connector. Elements
32- 63 are

% wired to connector inputs 97 -128.

if ~isfield(Trans, ‘frequency’ ), Trans.frequency = 3.0; end % nominal
frequency in MHz

Trans.type = 0; % Array geometry is linear (x values only).

Trans.id = hex2dec( "1AA42" );

Trans.numelements = 64;

Trans.Connector = (33:96)";

Trans.elementWidth = 0.250*Trans.frequency/speedOfSound;

Trans. spacing = 0.300*Trans.frequency/speedOfSound; % Spacing
between elements in wavelengths.

Trans.ElementPos = zeros(Trans.numelements,4);

% Set default element x positions (units in wavelengths).

Trans.ElementPos(1:64,1) = Trans.s pacing*( - ((64 -1)/2):((64 - 1)/2));
if ~isfield(Trans, ‘ElementSens’ )
% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).
Theta = ( - pi/2:pi/100:pi/2);
Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));

end

Trans.lensCorrection = 5;

if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end

case 'P4 -2 Old'

% The old way to specify the P4 - 2 is as a 128 element array with only
64 elements

% active, since elements 32 - 63 are wired to connector inputs 97 -
128.

if ~isfi eld(Trans, ‘frequency’ ), Trans.frequency = 2.5; end % nominal
frequency in MHz

Trans.type = 0; % Array geometry is linear (x values only).

Trans.id = hex2dec( '4439" ),

Trans.numelements = 128;

Trans.elementWidth = 0.2950*Trans.frequency/speedOfSound;

Trans.spacing = 0.3200*Trans.frequency/speedOfSound; % Spacing
between elements in wavelengths.

Trans.ElementPos = zeros(Trans.numelements,4);

% Set default eleme nt x positions (units in wavelengths).
Trans.ElementPos(1:64,1) = Trans.spacing*( -((64 -1)/2):((64 - 1)/2));
Trans.ElementPos(65:128,1) = Trans.spacing*( -((64 -1)/2):((64 - 1)/2));

% repeat positions
if ~isfield(Trans, ‘ElementSens' )
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% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).

Theta = ( - pi/2:pi/100:pi/2);

Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(Theta).*( sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));

end

Trans.lensCorrection = 5;

if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end

case 'P6 -3

if ~isfield(Trans, ‘frequency’ ), T rans.frequency = 4.5; end % nominal
frequency in MHz

Trans.type = 0; % Array geometry is linear (x values only).

Trans.id = hex2dec( '4D3B' );

Trans.numelements = 128;

Trans.elementWidth = (.218 - .025)*Trans.frequency/speedOfSound;

Trans.spacing = 0.218*Trans.frequency/speedOfSound,; % Spacing
between elements in wavelengths

Trans.ElementPos = zeros(Trans.numelements,4);

% Set default el ement x positions (units in wavelengths).
Trans.ElementPos(1:128,1) = Trans.spacing*( - ((128 -1)/2):((128 - 1)/2));
if ~isfield(Trans, 'ElementSens’ )
% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).
Theta=( - pi/2:pi/100:pi/2);
Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));
end
Trans.lensCorrection = 4;
if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end
% case 'customl’
% if ~isfield(Trans,'frequency"), Trans.frequency = 12.5000; end
%2.0833; end % nominal frequency in MHz
% Trans.units = 'wavelengths';
% Trans.type = 0; % Array geometry is linear (x values only).

% Trans.id = hex2dec('0000";

%

% a=1:24,

% b=2*a - 1+128;

% c=1:48;

% d=2*c - 1;

% e=[d b]’;

% Trans.numelements = 72;

% Trans.Connector = e;

% Trans.elementWidth = 0.70*Trans.frequency/speedOfSound;
% Trans.spacing = 0.73*Trans.frequency/speedOfSound; % Spacing
between elements in wavelengths.

% Trans.ElementPos = zeros(Trans.numelements,4);
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%
% for m1 =49:72;

% Trans.ElementPos(m1,1) = 0.730*Trans.frequency/speedOfSound*( -((24 -
1)/2)+m1 - 49);

% end

% for m2 =1:48;

% Trans.Eleme ntPos(m2,1) = 0.36*Trans.frequency/speedOfSound*( -((48 -
1)/2)+m2 - 1);

% end

% % for m3 =65:96;

% % Trans.ElementPos(m3,1) = Trans.spacing*( -((32 -1)/12)+m3 -65);
% % end

% % for m4 =97:128;

% % Trans.ElementPos(m4 ,1) = Trans.spacing*( -((32 -1)/2)+m4 - 97);
% % end

% % Trans.ElementPos(;,1) = Trans.spacing*( - ((Trans.numelements -
1)/2):((Trans.numelements - 1)/2));%+48*0.2;

% if ~isfield(Trans,'ElementSens')

% % Set element sensitivity f unction (101 weighting values from -
pi/2 to pi/2).

% Theta = ( - pi/2:pi/100:pi/2);

% Theta(51) = 0.0000001; % set to almost zero to avoid divide by

zero.

% Trans.ElementSens =

abs(cos(Theta).*(sin(Trans.elementWidth*pi*si n(Theta))./(Trans.elementWidth*p
i*sin(Theta))));

% end

% Trans.lensCorrection = 1;

% if ~isfield(Trans,'maxHighVoltage'), Trans.maxHighVoltage = 50; end

% case 'custom’

% if ~isfield(Trans,frequency'), Trans.frequency = 3.75; end %

nominal frequency in MHz

% Trans.type = 3; % Array geometry is curved matrix (X, y and z

values).

% Trans.id = hex2dec('0000";

% Trans.numelements = 128;

% % Tra ns.Connector = (128: -1:1),%(1:128)"

% % scanangle = 58.74 * (pi/180); % degrees converted to radians

% radius = 25; % radius in mm.

% spacing = 2; % spacing in mm.

% kerf = .15; %microscope (in mm)

% Trans.radi us = radius * Trans.frequency/speedOfSound; % convert to
wavelengths

% Trans.spacing = spacing * Trans.frequency/speedOfSound; % Spacing

in wavelengths.

% Trans.elementWidth = (spacing - kerf) *
Trans.frequency/speedOfSound;

% deltatheta = asin(spacing/2/radius);

% firstangle = - 15*deltatheta; % first element angle = 8th elements

% % Set default element positions (units in wavelengths).

% Trans.ElementPos = zeros(Trans.numelements,3) ;

% Angle = firstangle:2*deltatheta: - firstangle;

% elevation = - 7*Trans.spacing/2:Trans.spacing:7*Trans.spacing/2;

% for m=1:8

% for n=1:16

% Trans.ElementPos((n - 1)*8+m,1) = Trans.radius*sin(Angle(n));
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% Trans.ElementPos((n - 1)*8+m,2) = elevation(m);

% Trans.ElementPos((n - 1)*8+m,3) = Trans.radius*(1 -
cos(Angle(n)));

% end

% end

% if ~isfield(Trans,' ElementSens')

% % Set element sensitivi ty function (101 weighting values from -
pi/2 to pi/2).

% Theta = ( - pi/2:pi/100:pi/2);

% Theta(51) = 0.0000001; % set to almost zero to avoid divide by

zero.

% Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p
i*sin(Theta))));

% end

% Trans.lensCorrection = 1;

% if ~isfield(Trans,'maxHighVoltage"), Trans.maxHighVoltage = 50; end

case ‘custom’

if ~isfield(Trans, 'frequency’ ), Trans.frequency = 4.5 ; end
%2.0833;20 12.50 13.8889 15.6250 end % nominal frequency in MHz
% Trans.units = 'wavelengths';

Trans.type = 0; % Array geometry is linear (x values only).

Trans.id = hex 2dec( '0000" );

% a=1:24;
% b=2*a - 1+128;
% b1=2*a+128;

% c=1:48;

% d=2*c - 1;

% d1=2*c;

% e=[d b bl d1];

% Trans.numelements = 64;
Trans.Connector = ([1:1:64])';

% Trans.elementWidth = 0.2*Trans.frequency/speedOfSound,
Trans.spacing = 0.23*Trans.frequency/speedOfSound; % Spacing

between elements in wavelengths.
% Trans.elementWidth = .200; % width in mm

% Trans.spacingMm = .230; % Spacing between eleme nts in mm.
% Trans.ElementPos = zeros(Trans.numelements,4);

%

% Trans.elevationApertureMm = 7.5; % active elevation aperture in mm

(estimate)

% Trans.elevationFocusMm = 25; % nominal elevation focus

depth from lens on face of transducer (estimate)

% Trans.ElementPos = zeros(Trans.numelements,5);

% Trans.ElementPos(:,1) = Trans.spacingMm®*( -
((Trans.numelements - 1)/2):((Trans.numelements - 1)/2));

% Trans.lensCorrec tion = 0.887; % in mm units; was 3

wavelengths;

% % Trans.frequency=1;

% % speedOfSound=1;

% forml =1:64

% Trans.ElementPos(m1,1) = 0.23*Trans.frequency/speedOfSound*( -

(64 -1)/2)+m1 -1);
% end
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if ~isfield(Trans, ‘frequency’ ), Trans.frequency = 3.9; end %
nominal frequency in MHz
% Vantage: 5.208 is closest supported frequency to 5 MHz
if ~isfield(Trans, '‘Bandwidth" ), Trans.Bandwidth = [4, 7]; end
Trans.type = 0; % Array geometry is linear (x values
only).
Trans.connType = 1; % HDI connector=1
Trans.numelements = 64;
Trans.elementWidth = .200; % widt hin mm
Trans.spacingMm = .230; % Spacing between elements in mm.
Trans.elevationApertureMm = 1.5; % active elevation
aperture in mm (estimate)
Trans.elevationFocusMm = 25; % nominal elevation focus
depth from lens on face of transducer (estimate)
Trans.ElementPos = zeros(Trans.numelements,5);
Trans.ElementPos(:,1) = Trans.spacingMm®*( -

((Trans.numelements - 1)/2):((Trans.numelements - 1)/2));
% Trans.lensCor rection = 0.887; % in mm units; was 3
wavelengths;
% Trans.impedance = [3 23.9 - 125i; 3.2525.4 - 116i; 3.526 -
106i; 3.7525.4 -98.9i; 4259 - 89.4i; 4.25 27 - 79.7i;...
% 4532.8 - 72.6i; 4.7539.2 - 66.2i; 546.1 - 69.6i; 5.25
46.5 - 72.4i; 5.541.9 - 71.6i; 5.7543.2 - 69.8i;...
% 642.3 - 69.8i; 6.2538.2 -71i; 6.533.5 - 66.2i; 6.75
32-59.8i; 734.4 -54.2i; 7.2537.4 - 50.3i;...
% 7.542.3 -48.2i; 7.7547.8 -47.9i; 853 -51.3i];
Trans.impe dance = 400;
% %
if ~isfield(Trans, ‘ElementSens' )

% Set element sensitivity function (101 weighting values from -
pi/2 to pi/2).

Theta=( - pi/2:pi/100:pi/2);

Theta(51) = 0.0000001; % set to almost zero to avoid divide by
zero.

Trans.ElementSens =
abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));

end

Trans.lensCorrection = 1;

if ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end

otherwise

error( 'computeTrans: Unsupported probe - Trans structure needs to be
provided in user script. \n');
end

The code was modified based on the Verasonics andeapplied for creating beam sequence

with the 1.5D array.

clear all
saveFileNameStr = 'ARFI_HW'" ;
push_focus = 50; %mm

push_Fnum=2; %



pushCycle = 200;

ne = 30;

nrefs = 5;

%% Define basic parameters

m =64; % Bmode Lines

bmode_focus = 20;

bmode Fnum =2; 9% f number

npush = 2; % number of pushing beam

% Resource.Parameters.connector = 1;
Resource.Parameters.numTransmit = 64;
Resource.Parameters.numRcvChannels = 64;
Resource.Parameters.speedOfSound = 1540;
% Resource.Parameters.verbose = 2;

% Resource.Parameters.initializeOnly = 0;
Resource.Parameters.simulateMode = 0;

% number of transmit channels.
% number of receive channels.
% speed of sound in m/s

% Resource.Parameters.simulateMode = 1 forces simulate mode, even if

hardware is present.

% Resource.Parameters.simulateMode = 2 stops sequence and processes RcvData

continuously.

%% Specify Trans structure array.
Trans.connType = 1;

% Specify Trans structure array.
Trans.name =  ‘custom' ;
Trans.units = 'wavelengths' ;
Trans .impedance = 600;
Trans.maxHighVoltage = 60;

Trans = computeTrans_HWZ1(Trans);

w = Resource.Parameters.speedOfSound/Trans.frequency/1000;

mm

%% Specify angles For C5 array only

% wavelength in

% scanangle = Trans.numelements*Trans.spacing/radius;

% ape rture_size = radius*scanangle; % mm
% Angle = (- scanangle/2):(scanangle/(m
% dtheta = scanangle/(m -1);

P.startDepth = 20;
P.endDepth = 200;

- 1)):(scanangle/2); % Bmode angle range

P.numTx = 64; % Number of active transmit elements in the aperture.
P.numRays = m; % Number of ray lines in frame.

P.txFocus = 100; % transmit focal pt in wavelengths

%% Specify PData structure array.

PData.PDelta =[1.0, 0, 0.5];

PData.Size(1) = ceil((P.endDepth - P.startDepth)/PData.PDelta(3)); %

startDept

h, endDepth and pdelta set PData.Size.

PData.Size(2) = ceil((Trans.numelements*Trans.spacing)/PData.PDelta(1));

PData.Size(3) = 1;
PData.Origin = [
X,y,z of upper Ift crnr.

% single image page
- Trans.spacing*(Trans.numelements

- 1)/2,0,P.startDepth];

% Define P.numRays rectangular regions centered on TX beam origins. Define

the width to be 3 times the
% spacing between rays.
PData(1).Region = repmat(struct(

'Shape'

,Struct( 'Name' , 'Rectangle’ ...

%
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'Position’ ,[0,0,P.startDepth],

'‘width"  ,3*(64*Trans.spacing)/P.numRays,
'height  ,P.endDepth -

P.startDepth)),1,P .numRays);
% -- Determine x coords. of TX aperture centers.
TXOrgX =( -

31.5*Trans.spacing):(63*Trans.spacing/P.numRays):(31.5*Trans.spacing);
for n=1:P.numRay
PData(1).Region(n).Shape.Position(1) = TxOrgX(n);
end
PData(1).Region = computeRegions(PDa ta(1));

% % Specify PData structure array.

PData(2) = PData(1);

PData(2).PDelta = [0.5,0,0.25];

% PData(2).PDelta = [Trans.spacing, Trans.spacing, Trans.spacing];
PData(2).Size(1) = ceil((P.endDepth - P.startDepth)/PData(2).PDelta(3));
startDepth, endDepth and pdelta set PData(1).Size.
PData(2).Size(2) =
ceil((Trans.numelements*Trans.spacing)/PData(2).PDelta(1));

% PData(2).Region.Shape = struct(...

% 'Name','Rectangle’,...

% 'Position’,[SWIFocusX,0,SWIFocusZ - SWIROI.height/2],...
% ‘'width', SWIROl.width,...

% ‘height', SWIROI.height);

PData(2).Region = computeRegions(PData(2));

% PData(2).PDelta = [0.5, 0, 0.25]; % X, y and z pdeltas

% sizeRows2 = 10 + ceil((P.endDepth + radius - (radius *
cos(scanangle/4)))/PData(2).PDelta(3));

% sizeCols2 = 9 + ceil(2*(P.endDepth +
radius)*sin(scanangle/4)/PData(2).PDelta(1));

% PData(2).Size = [sizeRows2,sizeCols2,1]; % size, origin and pdelta set
region of intere st.

% PData(2).0Origin(1,1) = - floor(sizeCols2/2)*0.5;

% PData(2).0rigin(1,2) = 0;

% PData(2).0rigin(1,3) = ceil(radius * cos( - scanangle/4)) - radius -
%

% PData(2).Region = struct(...

% 'Shape’,struct('Name','Sector','Position’,[0,0, -

radius],'r1’, radius+P.startDepth,'r2', radius+P.endDepth,'angle’,scanangle/2))

%% Specify Media object. 'ptl.m' script defines array of point targets.

% ptl;

% Media.attenuation = - 0.5;

% Media.function = 'movePoints’;

%% Specify Resource Buffers

Resource.RcvBuffer (1).datatype = 'intl6'
Resource.RcvBuffer(1).rowsPerFrame = m*4096; % this size allows for max range

Resource.RcvBuffer(1).colsPerFrame = Resource.Parameters.numRcvChannels;
Resource.RcvBuffer(1).numFrames = 4; % frames used for RF cineloop.

%
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Resource.RcvBuffer(2).datatype = intle’
Resource.RcvBuffer(2).rowsPerFrame = ne*2500;
Resource.RcvBuffer(2).colsPerFrame = Resource.Parameters.numRcvChannels;
Resource.RcvBuffer (2).numFrames = npush;

Resource.InterBuffer(1).datatype = 'double’
Resource.InterBuffer(1).numFrames = npush;
Resource.InterBuffer(1).rowsPerFrame = PData(2).Size(1);
Resource.InterBuffer(1).pagesPerFrame = ne;

% Image buffer saves reconstructed inten sity data for Bmode image
Resource.ImageBuffer(1).datatype = ‘double’
Resource.ImageBuffer(1).numFrames = 1;
Resource.ImageBuffer(1).rowsPerFrame = PData(1).Size(1);
Resource.ImageBuffer(1).colsPerFrame = PData(1).Size(2);
% Set up Bmode display window
Resource.DisplayWindow(1).Title = ‘Display’ ;
Resource.DisplayWindow(1).pdelta = 0.25;
ScrnSize = get(0, 'ScreenSize' );
DwWidth =
ceil(PData(1).Size(2)*PData(1).PDelta(1)/Resource.DisplayWindow(1).pdelta);
DwHeight =
ceil(PData(1).Size(1)*PData(1).PDe Ita(3)/Resource.DisplayWindow(1).pdelta);
Resource.DisplayWindow(1).Position = [250,(ScrnSize(4) - (DwHeight+150))/2,
% lower left corner position

DwWidth, DwHeight];
Resource.DisplayWindow(1l).ReferencePt =

[PData(1 ).Origin(1),0,PData(1).Origin(3)]; % 2D imaging is in the X,Z plane
Resource.DisplayWindow(1).numFrames = 20;
Resource.DisplayWindow(1).AxesUnits = 'wavelengths' ;

Resource.DisplayWindow(1).Colormap = gray(256);

%% Specify Transmit waveform structure.
TW(1).type = 'parametric’ ;
TW(1).Parameters = [Trans.frequency,0.67,2,1]; % ABCD

% Push waveform
TW(2).type = ‘parametric’ ;
TW(2).Parameters = [Trans.frequency,0.67,2*pushCycle,1];

%% Specify TX structure array.

apr = ones(1,64);

% % 00 =[11 13 1517 19 46 48 50 52 54];
% 00 =[102:2:112, 101:2:111];

% for ii = 1:length(oo)

% apr(oo(ii)) = 1;

% end
TX = repmat(struct( ‘waveform' ,1, ..
'Origin’ , [0.0,0.0,0.0],
‘Apod’ , [apr],
'focus' , P.txFocus,

'Steer’ , [0.0,0.0],
'Delay’ , zeros(1,Trans.numelements),
"TXPD' |, ],
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'peakCutOff' , 1.0 , ..
'peakBLMax' , 4.0), 1, P.numRays);
% % ‘Apod',apr,...
scaleToWvl = 1;
if  strcmp(Trans.units, 'mm’ )
scaleToWvl = Trans.frequency/(Resource.Parameters.speedOfSound/1000);
end

% Specify TGC Waveform structure.

TGC.CntrlPts = [0,138,260,287,385,593,674,810];
TGC.rangeMax = P.endDepth;

TGC.Waveform = computeTGCWaveform(TGC);

% Specify Receive structure arrays
% endDepth - add additional acquisition depth to account for some channels
maxAcqLength = ceil(sqrt(P.endDepth”2 + ((Trans.numelements -
1)*Trans.spacing)"2));
wisPer128 = 64/(2*2); % wavelengt hs in 128 samples for 2 samplesPerWave
Receive = repmat(struct( 'Apod' , [ones(1,64)],

'startDepth’ , P.startDepth,

‘endDepth' , P.startDepth +
wisPerl128*ceil(maxAcgLength/wlsPer128), "

TGC' , 1,

‘bufnum* , 1, ..

‘framenum’ 1,

‘acgNum' , 1, .

'sampleMode' , 'NS200BW',

'mode’ , 0, .

‘callMediaFunc' .
0),1,P.numRays*Resource.RcvBuffer(1).numFrames);

% 'InputFilter', [+0.00006 +0.00082 - 0.00360 +0.00604 -
0.00580 +0.00641 -0.01450 ...

% +0.02661 - 0.02872 +0.01913 - 0.01996 +0.04489 -0.06464 +0 .04114 ...

% +0.00043 +0.01489 - 0.09332 +0.11536 +0.03146 -0.27521 +0.39697],...

%

tXFNum = 1; % set to desired f - number value for transmit (range: 1.0 - 20)
tXNumEl=round((P.txFocus/txFNum)/Trans.spacing/2); % no. of elements in 1/2

aperture.

if  tXNumEl > (Trans.numelements/2 - 1), txNumEl = floor(Trans.numelements/2 -
1); end

% % - Set event specific TX attributes.

% for n = 1:P.numRays % 64 transmit e vents

% % Set transmit Origins to positions of elements.

%  TX(n).Origin(1) = TxOrgX(n);

% % Set transmit Apodization so (1 + 2*TXnumel) transmitters are active.
% Ift=n - tXNumeEl,

% iflft<1,Ift=1;end;

% rt=n+ txNumeEl,

% if rt > Trans.numelements, rt = Trans.numelements; end;

%  TX(n).Apod(lft:rt) = 1.0;



%  TX(n).Delay = computeTXDelays(TX(n));
% end

% - Set event specific Receive attributes for each f
for i=1:Resource.RcvBuffer(1).numFrames
k = P.numRays*(i -1);
Receive(k+1).callMediaFunc = 1;
for j=1:P.numRays
Receive(k+j).framenum = i;
Receive(k+j).acqNum = j;
end
end
% Specify Recon structure arrays.

rame.

% - We need one Recon structure which will be used for each frame.

Recon = struct( 'senscutoff’ , 0.5,
'‘pdatanum'  ,1, ..
'rcvBufFrame' , -1,
'IntBufDest’ J[1,1],
'ImgBufDest"  ,[1, -1], .
'RINums' ,1:P.numRays); %?

% Define Reconlinfo structures.
ReconlInfo = repmat(struct(
'Pre' ],
'Post’ [],
txnum' 1,
rcvnum' 1,
'scaleFactor’ , 0.3,
regionnum'  ,0, .
'threadSync'
% - Set specific Reconlinfo attributes.
Reconinfo(1).Pre = ‘clearInterBuf' ;
for j=1:P.numRays
Reconlnfo(j).num = j;
Reconlnfo(j).rcvnum = j;
Reconlnfo(j).regionnum = j;

'mode’ , 0,

end
Reconinfo(P.numRays).Post =

% Specify Process structure array.
pers = 20;
Process(1).classname =
Process(1).method =
Process(1).Parameters ={

'Image' ;
'imageDisplay' ;

‘framenum’

use
'pgain’ 1.0,
processing gain
reject’ 2, ...
'persistMethod'
'persistLevel’
'interpMethod'
‘grainRemoval’

'imgbufnum' |1, ..
-1,
‘pdatanum' 1, ...

, 1), 1, P.numRays);

'1Q2IntensitylmageBuf’ ;

% number of buffer to process.
% (- 1 => lastFrame)
% number of PData structure to

% pgain is image

% reject level
, 'simple’ ...
pers,
,dptt
, 'none' , ...

%method of interp. (1=4pt)
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‘processMethod’ , 'none’ , ...
‘averageMethod” , 'n one' , ...
‘compressMethod’ , 'power’ , ...
‘compressFactor’ 40, ...

'mappingMethod’ , 'full’ -

‘display’ A, .. % display image after

processing
‘displayWindow' 1}

% Specify SeqControl structure arrays.
% - Jump back to start.

SegControl(1).command = jlump'

SeqgControl(1).argument = 1;

SegControl(2).command = 'timeToNextAcq' ;% ti me between rayline acquisitions
SeqControl(2).argument = 1000; % 160 usec

SeqControl(3).command = ‘timeToNextAcq' ; % time between synthetic aperture
acquisitions

SeqControl(3).argument = 200000; % 1000 usec = 1 msec time between frames
SeqControl(4).command = returnToMatlab' ;

nsc =5; % nsc is count of SeqControl objects

% Specify Event structure arrays.

n=1;
for i=1:Resource.RcvBuffer(l).numFrames
for j=1:P.numRays % Acquire frame
Event(n).info = ‘acquire rayline' ;
Event(n).tx = j; % use next TX structure.
Event(n).rcv = P.numRays*(i - 1)+j;
Event(n).recon = 0; % no reconstruction.
Event(n).process = 0; % no processing
Event (n).seqControl = 2;
n=n+l,
end
Event(n - 1).seqControl = [3,nsc]; % modify last acquisition Event's
seqControl
SegControl(nsc).command = ‘transferToHost' ;% transfer frame to host
buffer
nsc = nsc+1;
Event(n).info = ‘recon and process'
Event(n).tx = 0; % no transmit
Event(n).rcv = 0; % no rcv
Event(n).recon = 1; % reconstruction
Event(n).process = 1; % process
Event(n).seqControl = 0;
if  (floor(i/5) == i/5)&&(i ~= Resource.Rc vBuffer(1).numFrames) % EXxit to
Matlab every 5th frame
Event(n).seqControl = 4; % return to Matlab
end
n=n+1,
end
Event(n).info = ‘Jump back' ;
Event(n).tx = 0; % no TX

Event(n).rcv = 0; % no Rcv
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Event(n).recon = 0; % no Recon
Event(n).process = 0;
Event(n).seqControl = 1;

% User specified Ul Control Elements
% - Sensitivity Cutoff

Ul(1).Control = { 'UserB7' , 'Style’ , 'VsSlider' , 'Label' , 'Sens. Cutoff' -
'SliderMinMaxVal' ,[0 ,1.0,Recon(1).senscutoff],
'SliderStep’ ,[0.025,0.1], 'ValueFormat' |, '%1.3f" };

Ul(1).Callback = text2cell( '%SensCutOffCallback' );

% - Range Change

MinMaxVal = [64,300,P.endDepth]; % default unit is wavelength

AxesUnit= ‘'wls' ;

if

isfield(Resource.DisplayWindow(1), '‘AxesUnits’  )&&~isempty(Resource.DisplayWind

ow(1).AxesUnits)

if strcmp(Resource.DisplayWindow(1).AxesUnits, 'mm');
AxesUnit = 'mm'’ ;
MinMaxVal = MinMaxVal *
(Resource.Parameters.speedOfSound/1000/Trans.fr equency);
end
end
Ul(2).Control = { 'UserAl' ,'Style’ ,'VsSlider' , 'Label' [ 'Range
(" ,AxesUnit, )" 1], ..
'SliderMinMaxVal' ,MinMaxVal, 'SliderStep' ,[0.1,0.2], ‘ValueFormat' , '%3.0f" };
Ul(2).Callback = text2cell( '%RangeChangeCallback’ );
% - Peak CutOff
UI(3).Control = { 'UserB2' , 'Style' , 'VsSlider' , 'Label' , 'Peak Cutoff' -
'SliderMinMaxVal' ,[0,20.0,TX(1).peakCutOff],
'SliderStep’ ,[0.005,0.020], ‘ValueFormat' |, '%1.3f" };
UI(3).Callback = text2cell( '%PeakCutOffCallback'’ );
% - Max. Burst Length
Ul(4).Control = { '‘UserB1' , 'Style’ , 'VsSlider' , 'Label' ,'Max.BL' , ...
'SliderMinMaxVal' ,[0,20.0,TX(1).peakBLMax],
'SliderStep’ ,[0.005,0.020], ‘Val ueFormat' , '%1.3f" };
Ul(4).Callback = text2cell( '%MaxBLCallback' );
chnlx = 170;
chnly = 180;
%UI to change text for filename save
UI(5).Control = { 'Style' , ‘text’ ..
'String' , 'Filename' , ...
'Position’ , [chnlx, chnly+60, 140, 20] %position
'FontName' , ‘'Arial’ , 'FontWeight' , 'bold" , 'FontSize' 12,
'‘BackgroundColor’ , [0.8, 0.8, 0.8]};
Ul(6).Control = { 'Style' , ‘'edit’ .. % control to edit input text
'String' , saveFileNameStr, %initial val
'Position’ , [chnlx -5, chnly+40,275,22],

'Tag' , 'centerFreq’ ) e
'BackgroundColor’ ,[0.9,0.9,0.9],
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'Callback’ J{@filenameCallback}};
Ul(6).Callback = { 'filenameCallback.m’ -
'function filenameCallback(hObject,eventdata)' -

‘tempjilename = get(hObject,"String");’ )

‘assignin("base","saveFileNameStr",temp_filename);' ) e
%write back to global

return’ h
UI(7).Control = { 'Style' , 'slider’ -
'Position’ ,[chnlx - 140, chnly+120,110,20], ... % position on Ul

'Max' ,10.0, 'Min" ,1, 'Value' 5.0,
'SliderStep’ ,[0.025 0.1],

'Tag" , 'mySlider’

'Callback’ ,{@mySliderCallback}};

UI(7).Callback = { 'mySliderCallback(hObject,eventdata)’ -

'pgn = get(hObject,"Value");' e

'Control = evalin("base","Control");' ) e
'Control.Command = "set&Run";' ) e

‘Control.Parameters = {"Process",1,"pgain”,pgn};’ -

‘assignin("base","Control", Control);' )
return’ h

% Specify factor for converting sequenceRate to frameRate.
frameRa teFactor = 5;

% Save all the structures to a .mat file.

save( 'HW_Bmode');

return

% **** Callback routines to be converted by text2cell function. ****

%SensCutOffCallback - Sensitivity cutoff change
ReconL = evalin( '‘base’ , 'Recon' );
for i=1:size(ReconL,?2)
ReconL(i).senscutoff = UlValue;
end
assignin(  'base’ , 'Recon’ ,ReconlL);
Control = evalin( '‘base' , 'Control' );
Control.Command = 'update&Run’
Control.Parameters = { 'Recon’ };
assignin(  'base' , 'Control' , Control);
return

%SensCutOffCallback

%RangeChangeCallback - Range change

simMode = evalin( '‘base' , 'Resource.Parameters.simulateMode' );
% No range change if in simulate mode 2.
if simMode ==
set(hObject, 'Value' ,evalin( 'base' ,'P.endDepth’ ));
return
end

Trans=eva lin( 'base' , 'Trans' );
Resource = evalin( 'base' , 'Resource' );
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scaleToWvl = Trans.frequency/(Resource.Parameters.speedOfSound/1000);
P = evalin( '‘base' ,'P' );

P.endDepth = UlValue;
if

isfield(Resource.DisplayWindow(1), '‘AxesUnits'  )&&~isempty(Resource.DisplayWind
ow(1).AxesUnits)
if strcmp(Resource.DisplayWindow(1).AxesUnits, 'mm');

P.endDepth = UlValue*scaleToWVvl;
end
end
assignin(  'base’ ,'P' ,P);

PData = evalin( '‘base’ , 'PData’ );
PData.Size(1) = ceil((P.endDepth - P. startDepth)/PData.PDelta(3));
PData.Region = repmat(struct( ‘Shape’ ,struct(

'Name' , 'Rectangle’ -

'Position’ ,[0,0,P.startDepth], .

‘width' ,3*(128*Trans.spacing)/P. numRays

'height’  ,P.endDepth - P.startDepth)),1,P. numRays);
% - set position of regions to correspond to beam spacing and aperture

centers.

TXOrgX = (-

63.5*Trans.spacing):(127*Trans.spacing/P.numRays):(63.5*Trans.spacing);

for n=1:P.numRays, PData(1).Region(n).Shape.Position(1) = TxOrgX(n); end
assignin(  'base' ,'PData’ ,PData);

evalin( 'base' ,'PData.Region = computeRegions(PData);' );

% Update TXPD data of TX structures.
TX = evalin( '‘base' , 'TX' );
for i=1:size(TX,2)
TX(i). TXPD = computeTXPD(TX(i),PData);
end
assignin(  'base’ |, 'TX' ,TX);
% Update Receive structures.

Receive = evalin( 'base' , 'Receive'’ );
maxAcgLength =  ceil(sgrt(P.endDepth”2 + ((Trans.numelements -
1)*Trans.spacing)"2));
for i=1:size(Receive,2)
Receive(i).endDepth = maxAcqgLength;
end
assignin(  'base' , 'Receive’ ,Receive);
evalin( ‘'base' 'TGC rangeMax = P.endDepth;' );
evalin( 'base' , 'TGC.Waveform = computeTGCWaveform(TGC);' );
evalin( 'base' ,'if VDAS==1, Result = loadTgcWaveform(1); end' );
evalin( 'base' , 'Resource.DisplayWindow(1).Position(4) =
ceil(PData.Size(1)*PData.PDelta(3)/Resource.DisplayWindow(1).pdelta);' );
Control = evalin( '‘bas e', 'Control' );
Control.Command = 'update&Run'
Control.Parameters =
{'PData’ , 'Receive’ ,'TX' ,'Recon' , 'DisplayWindow' , 'InterBuffer' , 'ImageBuffer’ h
assignin(  'base' , 'Control' , Control);
assignin(  'base' , ‘action’ , 'displayChange' );

return
%RangeChangeCallback

%PeakCutOffCallback



TX = evalin( '‘base' , 'TX' );

for i=1:size(TX,2)
TX(i).peakCutOff = UlValue;

end

assignin(  'base’ ,'TX' ,TX);

% Set Control.Command to set TX

Control = evalin( '‘base' , 'Control' );
Control.Command = 'update&Run' ;
Control.Parameters = { ™ %
assignin(  'base' , 'Control' , Control);
return

%PeakCutOffCallback

%MaxBLCallback

TX = evalin( ‘base’ , 'TX' );

for i=1l:size(TX,2)
TX(i).peakBLMax = UlValue;

end

assignin( ‘'base' ,'TX' ,TX);

% Set Co ntrol.Command to set TX

Control = evalin( '‘base' , 'Control’ );
Control.Command = 'update&Run'
Control.Parameters = { ™) }
assignin(  'base' , 'Control’ , Control);
return

%MaxBLCallback
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