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ABSTRACT
OF THE DISSERTATION OF

Hussein Saféri d DRootar df Philosophy
Major: Mechanical Engineering

Title: Optical Diagnostics o High IntensityFocusedJltrasound(HIFU) Feld:
TemperaturendAcousticStreamingM easurements

High Intensity Focused Ultrasound (HIFU)aeactive topic of researdor thenon
invasive treatment of can@rstumorsby thermal ablationThe ability toestimatethe

HIFU field is essential for the safety atiek accurate quantificatioaf the experiments.
Theavailablelab measurement techniqussgch as thermocouples and pressure
probesare invasive which limits the accuracy and spatialresolution of the
measirementsand most techniques measure the field variable at one Qptital
measurement techniques, on the other hand, provideasive, fast, and spatially
resolvedmeasurementn this work, optical methodsill be used to provide
measurements fawo quantities of interest in the HIFU field: temperature and acoustic
streamingvelocity.

In the thermometry part of this work, two novel optical methods of measuring
temperature are proposed. The first method provideB éeinperature profile in the
radial direction without the need for any calibration, while the second one pravides
radial and axial scan of the temperature field but requires calibration of the imaging
system

In the acoustic streaming part, Particle Image Velocimetry (PIV) wastosedasure

the streaming velocity from pulses of HIFU in a confined liquid space, which is
designed to mimic the effect of HIFU in small cavities in the human body. The effects
of HIFU power,frequency, sonication time, cavity size, andphesence of a close
boundary downstream to the focal point are presented.

While most of the experimental effort in the focused ultrasound field is concentrated on
the clinical studies of their possible medical applications, many publications indicated
tha our understanding of the physical behavior of the HIFU field is not complete yet

and needs more works. the methods developed by this work can enhance this side. Also,
the proposed thermometry methods can be used to measure the temperature of any
localized heating source whose temperature profile can be described by a Gaussian
profile.
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a refractive shadow to the right (not shown). The HIFU heating device (also not
shown) is located to the right; the acoustic axis and the optical axis are collinear and
horizonta in this arrangement. (b) A ray from the incident laser sheet will develop a
net change in slope as it crosses from one end of the heated spot to théotiér:

O D O ME (c) As it crosses a local isotherm (refractive interface) at any point
inside he heated spot, the locally incident laser ray with unit veataking an angle

1| Ewith the normal to the interface refracts with an anglgOand assumes a new
refracted travel dir€CHOB. ............uuueiiiiiii e 33

. (@) The local sloped w ¢ pf multiple rays of zero incidence but different initial
height y above the center of heating. The center of the Gaussian fthsttiitgition

is marked by the circle x=600 px|, with the FWHM temperature bount¥édiyg
delineated by the two vertical dashed lines. (b) Net ray defledtiod &€ | 6 & ~ i
0 & ,"a&a function of the incident ray heighfThe distance be®en the two peaks
¢Qis proportional to the heated spot si2e, ¢Q The thermeoptic properties of
water and YA P TUIT WEIE USEA.......uueiiieeiiiiiiiiiee et e e ceeee s 37

. (a) Three hypothetical input temperature profiles; Gaussian (dashed), parabolic (solid
black), and linear (solid gray), of identical peak temperatifé p 13t and Q,

were used to test the optieermal conversion model of equatior8R (b) The netay
deflection Y0 & |0 G& " d &) a¥a function of incident ray height
corresponding to the three distributions iN (&)..........ccccvvviiiiiimemiiiiiiiiiieeeee, 39

. Comparison of the fAmeasur ddtbneusingithesRBat ur e
conversion model of equation-) , wi th the Atruedladknput |
solid line, for the three hypothetical models: (a) linear; (b) parabolic; (c) Gaussian.

The RB measurement underestimates the true values for the linear and parabolic
cases, while it identically reports the true values for the Gaussian.case.......40

. Schematic of the RB thermometry experimental setup. The HIFU heats a spot inside
the transparent PDMS tissue phantom positioned iR focus. The HIFU axis

is in the z direction. A laser sheet oriented along the x direction, shines from the right
and its intensity is spatially modulated to produce a bundle of individual rays that are
then focused to probe the thermal spot. The thbymnefracted rays were imaged
using either: configuration #1, (a): in which a fluorescent dye solution cuvette placed
~15 cm from the heated spot down the RB travel path made the ray paths visible for
imaging. The high speed Phant®rideo camera imageal side view of the rays; or
configuration #2, (b): which did not include a dye cuvette and the rays proceeded to
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project onto a 50 by 50 éwvhite cardboard screen tilted at®4&nd placed ~95 cm
from the hot spot. The camera axis was perpendicular tprdjection screen. The
coordinatesofohd refer to the heating location, while X,Y refer to the imaging
[oT0%= 140 ] o TS PP PP PP PP PR PPPPPPPPPPP 41

Reproduction of the thermaptic lensing effect reported by [Araini et al., 2013]:

(a) in polyacrylamide (PAM) hydrogel dyed with red fluorescent rhodanone t
visualize the laser sheet intensity distribution and refraction patterrp Thédlaser

pulse (NdYAG laser, shining from the left) was triggered at the endwfid HIFU
exposureq 0 "Ogpropagating from the right), and a Nikon D60 CCD cametlarig
exposure mode and fitted with a lepgss red Schott glass filter captured the snapshot

in a dark room. The red (fluorescence) component of thé &GB image is
displayed. The heated spot is ~ 0.3 mm in size, its location is delineated, and the
thermal shadow behind it is clear; (b) using numerical ray tracing based on equation
(2-1) with a 2.5:1 elongated Gaussian temperature distribtitdx  "Yt "Ya Q

icYic &'Yq of 'Ya p ¢chHYi 1 yThe thermeoptic properties of water
were usd (T P& Ol p p 1 TFIO, with Y& @0, and simulation
domain size 700x2100 pxl; (c) using the analytical solution of the ray equation and
the same parameters in (b); (d) selected ray traces from the synthetic image in (b); (e)
selected ray tracesdm the synthetic image in (c). (f) A synthetic image from the
axisymmetric analytical ray solution but using & @) to produce a focusing thermal
lens. The focal point is marked with the circled cross, defined by the maximal
centerline intensity. (gyhe intensity profile along the centerline for (f)........... 48

A single HIFU pulse (i ®p pg7 ) targeted the phantom, and the RB method
measured the temperature. (a) A sample RB image acquired with configuration #1, in
which the refracted rays are shining from the right after they had probed the heated
spot. (b) The corresponding ray deflection vector map from cross correlating a RB
image pair (before/after HIFU irradiation). (c) Scatter plot of the angular ray
deflectionprofile, YO A TU, using the vectors in (b), with the line representing the
mean profile. (d) The angular ray deflection profit& A TU , taken at multiple time
points after HIFU exposure; and (e) the corresponding temperature measurements
(symbols) acording to equation ¢8). Gaussian fitting (lines) yielded the following
distribution size and peak temperature rise: 2

™ g ® trd trg f [ hand4 1 19 & fp® o v @ at time

O mixlu® thg o8 vhP® Y@, reSpectivly. ......cceeveeveeieeeeeeeeen 50

Pressure contour about focus as provided by the transducer manufacturer, the unit is
Vrms from (Y-104, Sonic Concepts, WA, USAat: (a) fundamental frequency of

L TTROAb) third harmonic frequency @@ "Od Zero reference is 51.712 mm
beyond exit plane, positive direction is away from exit plane........................ 51

The time trace of the peak temperature 1@ 0 of the HIFU heated spot measured
by the RB method and by the embedded TC. The HIFU generated acsingleulse
at increasing input electric power from left to right:

L @K P QP T & P B 00 cveieeeeeeeeeee e 53
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18.
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The time trace of the peaémperature risé | O of the HIFU heated spot measured
by the RB method with and without the presence of the TC. The HIFU generated a
single ¢ i Olong pulse at increasing input electric power from left to right:

U @K BP0 @D T T BEOBK 7 oo eeeer e 53

Thetemporal evolution of the heated spot szajpon exposure to@l  Qong single
HIFU pulse as measured with the RB method, with and without the presence of TC,
at input electric powers: (@ 7 , (L) &7 ,(C)p W, (d)p p&T7 ............ 54

Radial temperature profile of the HIHueated spot at multiple time points after
exposure to g | (HIFU pulse as measured by the RB method, with and without the
TC being present. Input electric power: Xa® 7 ; (D) o &7 ; (c)p p&K7 . ...... 54

Time trace of the peak temperature figa 0 in the heated spot upon HIFU exposure
(single pulseg & ilp p&w) from five independent repetitions. (b) The temporal
peak temperature 6%¥a 0 from the repetitions in (&).......ccceecveeeerieereecenneenn. 55

Sample raw images using |mag|ng conflguratlon # 2 in which the ray bundle is
projected onto a white screem f 6@ @ 1@ §. The bright grid pattern represents

the RB pattern falling on the screen which resulted from the incoming laser sheet
intensitybeing modulated using a transparent laminate with black grid lines printed
on it: (a) Reference image recorded prior to HIFU exposure (isothermal), (b) Image
taken upon HIFU heating. The grid pattern helped with the fidelity of the cross
correlation, andhe discernment of the 4plane and oubf-plane deflections. The
spatial scale refers to the imaging plane (projection screen) and is ngqirbgeatted

at this stage to the measurement plane in the tissue that was heated by HIFU. The
dashed circle markéie position of the TC tip. The HIFU beam propagates from the

A sample vector map of the ray deflections produced by im@gs correlation and
acquired with imaging Configuration #2. The spatial scale shown is reported at the
HIFU heating location (HIFU focal plane) after back projection from the imaging
plane. The relative orientation of the setup is consistent with raneimdgjgure 16.

The HIFU transducer produced a train of 6 pulges) i long each, withv Tt dri
inter-pulse delay. The electric power input was w . The vector field shows the
time pointd V& w d drom the initiation of the HIFU sequence. The eaenframe

rate was 600 fps (b) Profiles of the axial ray deflectdi ¢ & —¥4Yo at multiple

radial posmonsm (c) Scatter plot and mean trendline of the radial ray deflection
Yo & ¢ | YoYocovering the region marked by the dashed rectangle in.(a)..57

Temporal evaltion of the ray deflection mapis ( & plane) during expsure to a train

of six HIFU pulsep 1 i long each withu Tt dri inter pulse delay, angl & w input
electric power. The numbered vertical arrows mark the introduction of each of the six
pulses in the train. The recording rate Wal . L.....eeeeeeeeiiiiiiiiiiiiiiee. 59

Temporal evolution of the peak temperature 1@ 0 measured by the RB method
and by an embedded TC. The HIFU produced a burstpofl€esp 1 i long each
and the intepulse delay was from left to rightp 11 i hp @y Tthid ¢ Qv T .
The input electric POWEr Was @ () ........cccvveieeeiieiiiiie e eees 60



20. Theradius of the heated spot corresponding to the temperature traces in Figure 19.
The HIFU interpulse delay was: (g T mari (b) x v dti (¢) @ @8pa i (d)v Trdri
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21. Time trace of the peak temperature fi¥é& 0 from a HIFU burst consisting of six
p T i long pulses with intepulse delay ob Tt dri at input power op & w . Five
independent repeats of HIFU heating are shown: (a) from the RB method, (b) from
the embedded TC output. (c) The average reading from the five repeats....62

22. Samples of row images in configuration # 2 (a) just before the first HIFU pulse (
p& YA i). (b) within the first HIFU pulsed v & i). (c) just after the first HIFU

PUISE O P D MO 1) et 67

23.Sampl es of row i mages that di dnot produ
temperature gradient which leads to losing the distinguish between the intividua
rays: (a) reference (isothermal) recording, configuration # 1 ,(b) recording just after
A HIFU single pulse withx @ w, p T i , configuration # 1, (c) reference
(isothermal) recording, configuration # 2 ,(d) recording just after the sixth pulse of A
train of 6 HIFU pulses witp @ & fp T { each ang 1t dr i inter-pulse timing (duty
cycle of 10 %) ,configuration # 2. (e) synthetic reference (isothermal) ray tracers with
laser coming from the right. (f) synthetic ray tracers with adding heatedo§pot
Y'Ya p m3thY pa & which makes the temperature gradign& 3 7a 4.
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24. The setup of the experiments. The heated spot of a HIFU transducer immersed in a
water path was focused on a target tissue phantom cube, with a focal point exactly at
the interface between the PDMS and the embedded interfacial object. The laser sheet
orierted from the right along the-axis, modulated to form a bundle of individual
rays, which was then focused to concentrate the rays at the heated spot, just glazing
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projection ofthe rays was imaged using a higfpeed camera. (b) The target cube in
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image recorded before HIFU exposure (isothermal),Irfigge taken upon HIFU
heating.The spatial scale refers to the imaging plane (projection screen) and is not
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26. (a) A sample of the ray displacement vectors map from-caselating an RB image
pair (before/after HIFU irradiation) at the Imaging plane. (b) The angular ray
deflection vectors map at the heated spot of the same time step in (a). (c) kuatter p
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profile, YO A 1U, taken at multiple time points after HIFU exposure; and (e) the
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CHAPTER1

INTRODUCTION

High Intensity Focusetltrasound (HIFU)is a therapeutitechnique that
depends offocusng a high acoustic intensity at a preciseal spot leading tan
increasan thetemperature at this spot to a degree that is sufficient to ablate the
cancerous biological tissudsgure 1 represents the current statetod Focused
Ultrasound field as issued by the Focused Ultrasound Foundation in their yearly report
for the pasyear (2@0). The technigudasalreadygotthe FDAapprovalfor some
applications like Bone Metastases, Prostate cancer, and Uterine fiavomther
applications, ihasgottheapproval and adopted asheragutictechnique outside the
USA, especiallyin China and Europe. But for most of its possible appboat it is still
in the clinical and preclinical studies staggefore using a HIFU transduciera
clinical study the n-lab characterization of the fielgeneratedby this transducer is an
essential step. Due &darge number of medical applicatioasdbecauseéHIFU is
considered relatively neim each of the, manystudiesareissued yearlyn the
medical applicationsf the HIFU These are@ne recent review articlébat summarize
the experimental works on the efficiency and the safety of using HiBome of the
applications shown iRigure 1 [Cheung, 2018; Lin et al., 2021; Marques et al., 2020;

Sehmbi et al., 2020; Ziglioli et al., 2020]
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State of Research and Regulatory Approvals by Body System

Development stage

Cardiovascular
Hypertension

Varicose veins

Atrial fibrillation

Heart valve calcifications

Peripheral artery disease

Arteriovenous malformations

Atherosclerosis

Cardiac hypertrophy

Cardiac pacing

Coarctation of the aorta

Congestive heart failure

Deep vein thrombosis

Fetal heart anomalies

Hematoma

Hemophilia

Hypoplastic left heart syndrome

Mitral regurgitation

Septal perforation

Twin-twin transfusion syndrome

Ventricular tachycardia

Endocrine disorders
Thyroid nodules

Graves' disease

Hyperparathyroidism

Thyroid cancer

Diabetes

Gastrointestinal
Liver metastases.

Liver tumors

Pancreatic tumors

Biliary tract cancer

Colorectal tumors

Esophageal tumors

Gasfric tumorst

Malignant obstructive jaundice

Root canal endodontia

Liver fibrosis

Conceptual

Preclinical

Pivotal trials

Miscellaneous
Dercum's disease

Head & neck tumors

Hypersplenism

Lipoma

Melanoma

Multiple tumors'

Obesity

Wound healing

Musculoskeletal
Bone metastases

Arthritis, facetogenic

Bone cancer

Bone tumors, benign

Epicondylitis

Multiple myeloma?

Osteoid osteoma

Plantar fasciitis

Soft tissue cancer

Soft tissue injury

Soft tissue tumors, benign

Arthritis

Arthritis, ankle

Arthritis, hand

Arthritis, hip

Arthritis, knee

Arthritis, sacroiliac

Desmoid tumors

Disc degeneration

Sacral chordoma

Muscle atrophy

Osteomyelitis

Rotator cuff injuryt

Tendon contracturet

Qutside US approvals FDA approvals

>

US reimbursement

b3

There are 136 distinct indications for 2019,

1 Protocols inclusive of more than one indication
2 Multiple myeloma approval is based on bone metastases.

t New in 2019
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State of Research and Regulatory Approvals by Body System continued

Conceptual Preclinical Pilot trials Pivotal trials Qutside US approvals FDA approvals US reimbursement

Deveiopmentsoge  NEEEDC D0 a0 SR

Neurological Pulmonary
Essential tremor I I Rhinitis p > > > > 4
Parkinson's disease, tremor p > 3 By > 3 Lung cancer b > 3
Depresion DI 5 I I Lung metasases »»
Neuropathic pain p > S0 > 2 Tuberculosist p > 3
Obsessive-compulsive disorder S > > 3
Parkinson's disease, dyskinesia S > > 2 Urological
Alzhimer' disease = Berin prostatic hperpes’ DD D DD
Amyotrophic lateral sclerosis p > 3 Prostate cancer p > 3 > > > 2
srocytoma » Kidney tumors DI I I
Canicer pain b > 5 Bladder tumors p > 5
Dementia p > 2 Chyluria p > 2
Dystonia p > 3 Kidney stones b > 3
Dystonia, hand® D Acute kidney injury p > =
Epilepsy p > 3 Acute tubular necrosis > > 2
Glioblastoma p > 3 Fetal bladder obstruction b > 3
Holmes tremor p > 3 Ureterocele b > 3
Huntington’s disease p > 3 Urinary tract infectiont b > =
Migraine b > 3 Vasectomyt b > 2
Multiple sclerosis p > 3
Neuroblastoma p > 3 Women's health
Opioid and other addictions ~ _JRPF0> Uterine fibroids p > 3 > > > 3
Painful amputation neuromas P > Breast cancer p > > » 2
Pontine glioma p > > Breast fibroadenoma p > 3 > > 2
Traumatic brain injury b > 3 Cervicitis p > 3 > > 3
Cavemomas p > 2 Uterine adenomyosis p > 3 > > 2
Hydrocephalus b > 3 Brain metastases, breast cancer P>
Neuromyelitis opticat > > 2 Cervical tumors p > 3
Parkinson’s disease, other*t p > = Ectopic pregnancy p > 3
Rett syndromet b > 3 Endometrial tumors p > 5
Spinal cord injury p > = Endometriosis p > 3
Stroke, intracerebral hemorthage P> Endometriosis, colorectal p > 3
Stroke, thromboembolic b > 3 Ovarian tumors b > 3
Trigeminal neuralgia p > 2 Retained placenta b > 3
Anorexia » Vaginal tumors p > 3
Vulvar dystrophy p > 3
Ophthalmological Polycystic ovary syndrome p > =
Glaucoma I
Keratoplasty »»
Macular degeneration p > 3

There are 136 distinct indications for 2019.
3 In 2019 subcategories for dystonia were established.
4 Treatment of the underlying cause of the disease
5 FDA approval is for prostate tissue ablation.
t Newin 2019

Figure 1. State of the Focused Ultrasound Fi&loim the yearly reportof [Focused
Ultrasound Foundation, 2020]
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1.1. HIFU Thermometry

Il n extracorporeal HI FU, a piezoelectri

skin to transmit spherically focused ultrasound waves into the unwanted, diseased mass
deep nside the body and heat it gently (~ 1 min., low power intemnsittye order of

p TLG1 T& &) to necrosis or cell death. The localized hot spot is typically elongated
(cigarshaped) in the acoustic beam direction, and it measures one or two millimeters
across.In some worksHIFU has been used at elevated acoustic power intensities
(& p TIQGH® &) in short bursts'({ & i) for precision lesion formatiofiiu, D. et
al., 2018]Jand tissue boiling and pulverizatif@anney et al., 2010; Wang et al., 2013]

In such cases, the energy deposition region can be smaller than 1 mm across with
heating rates on the order @f tt3 7i ‘Q[dl -Qraini et al., 2013]A fast, resolved, and
norrinvasive thermometry tool that can elucidate the thermal behavior in such scenario

is of interest.

1.1.1. Current HIFU ThermometryTechniques
In the clinic, HIFU temperature measurements are based on magnetic resonance
(MR) or ultrasound (US) imaggiCasper et al., 2011; Ebbini & Ter Haar, 201Bhey
are noninvasive but are often limited in resolution andityivotarget motion such as
from breathing. In preclinical laboratory studies, thermometry meth@tsmsed on
complex procedures invahg a combination of hydrophone acoustic field
measurements with numerical simulations to obfa@best temperature estimates
[Canney et al., 2008; Curra et al., 2000; Liu, Y. et al., 2014; Nell & Myers, 2010]
Invasive tools like thermocouples are known to produce biased measurements and

viscous artifacts under US irradiatifviaruvada et al., 2011; Morris et al., 2008; Nell
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& Myers, 2010; Waterman & Leeper, 1998uch invasive artifacts are not limited to
acoustidields, but have also been reported with other modes such as laser heat
deposition activitiegReid et al., 2001; Saccomandi et al., 2013jin film and fine

wire thermocouplefHaller et al., 2012; Morris et al., 20064n have improved
performancever standard thermocouples but still need to be invasively inserted in the
measurement area. In our experience, fine wire thermocoangssnsitive to
environmental vibrations and motion artifacts when the temperature rise of interest is
only a few degees. To measure fast HIFU heating movasively, AFQraini et al [Al -

Qraini et al., 2013jmplemented laseinduced fluorescence (LIF) in a water medium by
dissolving a temperature sensitive fluorescent dye. Temperature was measured with
excellent spaal and temporal resolution. The setup had two primary drawbacks: need
for temperature calibration and limitation to liquid media. In spite of the drawbacks, the
study suggested that an optical methodology possessed the potential to answer

important challages in HIFU thermometry and it wasrthy of afurther investigation.

1.1.2. Optical Thermometry Techniques

Optical thermometry methods offer a viable laboratory alternatitiee
invasive thermometry toglsneeting many of the challenges of resoluaod
invasivenessA number of thermptic, refractiorbased systems exist in the literature
for thermal engineering applicatioflames & Tatam, 2003; Oweis et al., 2015;
Schwarz, 1996; Tieng et al., 1992; Tokgoz et al., 2012; Vetrano et al., 2005;&hang
Ruff, 1994; Zhu, T. et al., 2005 principle, these are line of sight methods that
measure the spatial distribution of the refractive indexy its spatial gradient in the

heated medium (also known as phase object), or some derived quamtiperaaure,Y
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conversion is achieved from knowledge of the therafoactive coefficientQ —.

When a light ray travels through the phase object it follows a curvilinear path as it
continually refracts, Il ntegrating informat
distribution. A number of optthermal inversion methods have been reported. For
instancejn the thermal boundary layer study by Verdaasdonck pfa@ldaasdonck et

al., 1999] color Schlieren patterns were converted into temperature using an initial
calibration procedure that minimized errors against computettaeiyng images, and
thermaouple(TC) inputs. In laser interferometric holography of a methainédame

[Xiao et al., 2000Q]a reference acquisition without the flame (isothermal), and an
acquisition with the flame were used to produce a fringe pattern. Computational ray
tracng was used to correlate the fringes to
and subsequently, the flame temperature. In the experiment of Hossaitetsain et

al., 2013], threedimensional flame temperature fields were reconstructed froaia2
tomographic images. They usaflack projection algorithranda simultaneous

iterative and algebraic reconstruction technigu@input data were used for system
calibration. Anotablemethod is laser speckle photograpkinm, 1997; Kumar, M. &
Sh&her, 2015; Shakher & Nirala, 1999; Trivedi et al., 201t4jiIses computerized

digital image correlation to calculate the deformation field in a speckle pattern from an
image pair with and without the phase object present (liquid or gas medium ddtintere
[Crespy et al., 201(laborate on A and B temperature conversion methods, where the
former assumes a constant refractive index gradient of the medium, and the latter
assumes linear variation along a ray path. The latter is suited for measuriag high
temperature gradients. The ray equation is iteratively solved for ray trajectories,

deflection angles, and temperaturesummay, a combination of thermal calibration
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and errorminimizing calculations is the common thermometry practice in complex 3D
fields.For 2D axisymmetric fields with a bagikojection setup, the Abel transform can
be employedKakuta et al., 2014; Khramtsov et al., 2015; Lewis et al., 1987; Schwarz,
1996]

It is particularly interesting to revisit the LIF setup of@taini etal. [Al-Qraini
etal.,2013] n which they noticed a secondary datt
thermal spot (figures 3 andid their paper) which manifested as a dark shadow
surrounded by a halo band (replicated later iniligk in Figure 8). The lensing effect
grew stronger with increased heating, contrary to the LIF signal which had a calibration
curve of negative slope. If thefractive lineof-sight thermal conversion ideas can be
conveniently adapted and simplified for the HIFU thermal lensing effect, then a simple
and useful HIFU thermometry method is possible. The cuwerk explores tis
lensing behavior and aims to demgla practical thermometry tool for HIFU through a

viable thermeoptic conversion methodology.

1.2. AcousticStreaming

Acoustic streaming is one of the physical phenomena that are associated with
using High Intensity Focused Ultrasound (HIFU) ifiudd medium To fully
understand the HIFU effect on the soft tissue, acoustic streaming is one of the
parameters that are needed to be considered whether it is the desired effect or one of the
side effects of usinthe HIFU.

The phenomenon @afcoustic streaming was first reported[Bgraday, 1831]
who observed during his study on elastic surfaces a current established in an air medium

adjacent to a vibrating surfadeater, [ Dv 0 S § kobsenle8 & réehn flow of gas at
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highamplitudeosdi | at i ons during his work on Kundt €

horizontal tube that was usedameasurement tool for the speed of solMdny

works came later studying the streaming near vibrating cylindleidtsmark et al.,
1954; Raney et al., 195#)d vibrating membrase[Jackson & Nyborg, 1958; Jackson,
1960; Nyborg, 1958]

[Rayleigh, 1884}wvas the first one who establishee thheory of the acoustic
streaming phenomenon. His analysis includecttfs®s ofcoustic streaming above a
vibratingpat e, 1 nsi de tHeywpmdemddfthe standirg wavesatween
parallel walls.The first solution of the acoustic streamin@nan oscillating cylinder
was provided bySchlichting & Kestin, 1961] [Eckart, 1948Jprovided his solution for
thestreamingaway from the boundary when the driving force is the attenuation of the
acoustiovavesin abulk fluid.

The origin of his streaming, as discussed[Bghari, 2010]is the pressure
gradient that resulted from the attenuation of the acoustic energy throughout the
propagation mediuntigure 2 shows a control volume of a medium that has an
attenuation coefficient of (). When a planar wave propagates through it, due to the
decay of the acoustic intensifPresulted from the atteiation, the intensity at a point
(0 Yoy is given byAzhari, 2010]

O Yo owQ Y (1-1)

And by knowing that the relation between the intensity and radiation pressure

() is given by:

WO — (1-2)

Whereo is the speed of sound in the medium, substituting in equitidn
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OO Yo oo On Yo 0w 0w Q Y p

o o , (1-3)
Yw o8dw Yw
WhenYoapproaches zero the equation becomes:
T » ¢ %Ow (1-4)
T w o]

This formula is for the planner wave. In a general situation, the gradient is a
function of the acoustic intensityistribution, the medium attenuation coefficient

distribution, and the speed of sound in the medium.

Plane wave

r'(x) I'(x + Ax)|

A

X x + Ax

Figure 2. Control volume of the field of an acoustic plane wave showing the driving pressure.
(adapted fronjAzhari, 2010]).

1.2.1. HIFU AcousticStreamirg Applications

One of the desired applications of the HIFU acoustic streaming is that it
contributes, among other HIFU phenomena, to dissolve the clots inside the blood
vessels[Hamm et al., 1997 a technique called Ultrasoutittombolysiswhich was
reported in may studies; a few examples afBader et al., 2015; Hong et al., 1990;

Siegel & Luo, 2008; Suo et al., 2015; Zhu, Q. et al., 208@pilarly, acoustic
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streaming share another ultrasound phenomena in the contribution for dealing with

kidney stonegHolmer et al., 1991]n Extracorporeal Shock Wave Lithotripsy (ESWL)

which is also a weléstablished technique studied in many publicatipkisoumarzouk

et al ., 2011; El Nahas .et al ., 2012; Sri st
On the other hand, many papers indiddteat the acoustic streaming highly

affectsthetemperature distribution ithe HIFU ablation procedures spatially with the

organs that have a large blood vessel like the liver or when the HIFU is using to control

bleeding [Huang et al., 2004; Solovchuk et al., 2012b; Solovchuk et al., 2013;

Solovchuk et al., 20123]Solovchuk et al., 2013)sed computational simulations to

study the effect of acoustic streaming on the temperature distribution on liver tumor

HIFU ablatbn in the existence of@d & blood vesset@® a & away from the HIFU

focus (vessel wall to HIFU focus distance), and they found that neglecting the acoustic

streaming results in an overestimation of the temperature at the vessel wall by

[Huang efal., 2004]showed by comparing experimental data on a tissue phantom and

numerical simulations that neglecting the effect of acoustic streaming resulted from a

HIFU intensityof @ z p tw & at thecenter of a blood vessel & & & in

diameter can result in overprediction of the temperature by aboufigure 5 in their

paper). For idab thermometry of a HIFU in a water mediuwl -Qraini et al., 2013]

found that the convective cooling regdtfrom the acoustic streaming places an upper

limit on the temperature rise in such medium; the temperature rise until the streaming

starts then stops due to cooling effect.
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1.22. Previous Trials of Using PIV to Measure Acoustic Streaming

Particle imge velocimetry RIV) is one of the most welstablished techniques
to provide field velocity measurement of the fluids flow, its useéasureghe acoustic
streaming, in general, is not new and has been performed in many works|esaep
[Arroyo & Greated, 1991; Green et al., 2016; Kumar, A. et al., 2007; Lei et al., 2013;
Nabavi et al., 2007; Nabavi et al., 2008 the other hand, there are only a few works
that concentrated on experimentally or computationally examine the acoresdinisiy
of focused ultrasound specificallwe will mention those that used PIV in the following
paragraphs), and there is still a lot of work needed in this area accorfiBentbiaj
Slama, R. et al., 2019]

[Ben Haj Slama et al., 2019; Ben Haj Slamafika et al., 2017)ised PIV o
test the acoustic streaming resulbenn av v ®"Clp ™o adiameter andp T dfocal
length HIFU transducer in@ 10 tank (® @ 1@ @ ] Y ) filled with water seeded
with polyamide particles. They used a continuous Re,and their field of view was
w & L& G & The dimensions of the resulting streaming field are much smaller than
the dimensions of the tank, which means that the flanvize considered a free stream
with almost no effect of the tank boundary. In the first pfipen Haj Slama et al.,
2017]t hey studied the effect of seeding part
measurements when it is used in HIFU acousteasting applications. They did that by
applying acoustic pressure e&hp ®, andp & bar at the focus, started taking
continuous mode PI¢ Tt after ultrasound starts with @& & i time step between
consecutive image3his resulted in a spatial peakteaming velocity of
c&hpd Qp i aTi depending on the applied pressure. They used three different

seeding particle sizeshg fQu 1@ @& They captured and averagedimagepairs in
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each case and compared the results with numerical simulations performed in Fluent.
The results showed that only thé dparticles are reliable under the mentioned
experimental conditions:or example, gp & bar, the axial velocity at the focus
droppedfrom p g afi when using) Ad particles toy a afi Qo da aTi when
usingq TA&Q Qu TAG particlesrespectively The deviation of the results of the larger
particles was due to the radiation force effect. In the segapédi{Ben Haj Slama et al.
2019] they dependedn this conclusion and used thé daparticles and powers that
provided acoustic pressure amplitude at the focal poig@of p @ @ Owith time
steps and delay after the HIFU startjo& & i{ andg 1t respectively. Here they took
and averaged Tt imagepairs per casd.hey performed scaling analysis and made
assumptions for the dominant force in different regions of the flow to come up with the
relation between the applied acoustic pressure and theityeht the acoustic axis, then
they compared the resulted formula with the experimental results. This procedure
showed that there is a linear relationship between the axis velocity and the applied
acoustic pressure in the giecal region ( v _ and befoe), while the peak axis velocity
(close to the focal point) is proportional to the powdhfa) of the applied acoustic
pressure. Also, by comparing the acoustic streaming results with the characteristics of
the jet flow, some similarities were observedi®sen the acoustic streaming
downstream to the peak velocity® _ and beyond) and a region called the-self
similarity region in the jet flow.

[Hariharan, Prasanna et al., 2008kdthe PIV measurement of the acoustic
streaming, alongvith a compugd streaming velocity, to come up with an optimizing
algorithmto characterize The HIFteld. It can be used to determine the acoustic

intensity field, the medium absorption, the transducer focal length, or the beam tilt
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angle. Their experimental setup consisted Qfx, X 1o & tank of fluid seeded with
p ™A hollow glass spheres, and dual pulsed Nd:YAG laser with a rgtei6fa The
field of view wasc 6x & & . The time between images was varied betweéri to
p T4 i depending on the streaming velocity. They turned on the HIFU, waitegRfor
so that the flow reached the steadgte, and then toak rpairs inv i . Three different
HIFU transducers were used (radiu® ¢ operating frequency® 0 "Odfocal distance
o} G radiusv @ § operating frequency® Tt i "Odfocal distance @b g & radius
0% ¢ operating frequency® 0 "Odfocal distancep® ¢ ® §. As they only used the
acoustic streaming to measure other parameters, the@okity results they provided
are the axial and the radial velocity profiles in comparison to the computed ones. In
their following relatecpaper[Myers et al., 2008]theyproposed two direct alternatives
to calculate the acoustic intensity fieldrn the experimentally measured streaming
velocity by inserting the PIV measurements into the governing equalidins
streaming motion.

[Choi et al., 2006lised PI1V to visualize the acoustic streaming in the lithotripsy
field, but they used a lalmade shock wave generator placed inside the bottom of a
cylindrical water tank which has dimensionsgofto ddiameter ando T din height.
These dimensions are too large to reflect the cavities inside the kidney, which means
thatthey are neglecting the effects of the boundaries and the size of the cavity. The
shock wave in this context is a higlower acoustic pulse focusedthe target. They
used a continuous PIV mode with a frame rate @iQr) (in processing they made it
@ 1IQn)iwith a field of view ofp Ttap T dt & . They started recordingi before the

shock wave generation and recordedufor
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[Nowicki et al., 1998provideda PIV measurement for the acoustic streaming
generatedby flat and focusedltrasound transducens addition to theoretical model
and Doppler measurements, but without direct comparison between the PIV
measurement and the other two means. In the PIV experiments, the transducers were
immersed at the top of@ tip taw ™ & wate bath seeded with a fine pine pollen
powder. The first transducer was ftatQ) "Ogand the other was focusedd "Od¢
p q@ & focal length. They used continuous PIV mode with a time interval of about
C TUGWI.

[Hallez et al., 2016performeda PIV on the acoustic streaming of HIFU
transducer for sonochemistry application, compared its results with electrochemical
mass transfer measurements amiceoreticaimode| and studied the effect of the
presence of an obstacle in the field, and the effect of the mode of the cavitation, if
exists, on the resulting streaming. The reactor of the experiment was cylindrical with a
diameter ofw @@ & and a total volume gf v dta [Tan & Hover, Sep 2009)seda
PIV measurement to calculate the thrust force resulted from an ultrasound transducer
(Ultrasonic Thruster) for small scale marine applications.

One can see from these papers, that they performed the experiments in
cortainers much larger than the dimensions of the cavities inside the human body, so
they neglected the effect of the size of the cavity and the existence of close boundaries
Some of them oriented into the industrial applications of the streaming, and some
ss udied the streaming to reach another par
the streaming, and some provided a PIV with another experimental or computational

means and give very few results of the PIV.
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The study aims to investigate the acaustreaming from a singlshortHIFU
exposure in millimetric confined cavity in emulation of exposure of confined bodily
fluids, and to study the effect of the input transducer power, the transducer frequency,
the confinement size, and the existence dbae boundargn the resulting acoustic

streaming.

30



CHAPTER?2

RAY BUNDLE (RB) METHOD- 1D THERMOMETRY

In this chapter, the first thermometry technique, Ray Bundle (RB) method, is
presented. It starts by discussing the physics of the passing afheaagh a
nonhomogeneous temperature medium, the governing equation that describes its
behavior, and the numerical ray tracing algorithm that was developed based on this
equation. This is followed by presenting a closed form solution that was developed to
calculate the ray deflections resuf from passing a bundle of rays on a medium of a
given temperature field, and the opposite, calculating the temperature profile from the
ray deflection profile. Extreme cases are used then to test the sensitivitysofution
to the Gaussian temperature profile assumption. Then, both the ray tracing algorithm
and the closed form solution are used to build a thermal lens image and compare their
results with an experimental image. Finally, the experimental setup pobpes

thermometry tool is presented with its results.

2.1. Numerical Ray Tracing of Thermal L ensing
The light sheet intersecting the HIFU heated spot &gure 3(a) (e.g [Al -
Qraini et al., 2013]is considered to consist of many individual rays. An individual ray
with an angle of incidences- follows a curvilinear patfiSaleh & Teich, 2019] ard
leaves the hot spot at a different refracted angle, accruing a net change in slope
YOAT OAd O Ad , as depicted iffigure 3(b). We consider a ray within the
heated spot as it goes through an interface of infinitesimal change in temperature

QY "Y Y and refractive indexQe & € , as depicted ifrigure 3(c). The
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vectors@'Y, and(®P are unit vectors along the incident ray, the refracted ray, and the
normal to the interface, respectively. The local angle of refractiand the angle of

incidence are taken withrespectta®. Snel | 6s | aw predicts t he

ray [Glassner, 1989%s:

5 g
Y 0 —ATI0 p ® (2-1)

mlm
p>]
©
pe]

The thermal cross section of the HIFU hot spot is approximated as 2D
axisymmetric, Gaussian temperature distribution of peaiperatureise”Y and width
'Y, which is typicalAl -Qraini et al., 2013; Filonenko & Khokhlova, 2001; Jaunich et

al., 2008; dneson & Myers, 2007; Vogel & Venugopalan, 2003]

Yi Y YQ T (2-2a)

Where"Y is thebackground isothermal temperature in the far fitld,radial

distance i @  is measured from the center of heatinog w 1T, and the

HIFU acoustic axis is along thé coordinate. The radial position Y marks the

=Y T @l isotherm. For tissue or water, the therrafractive coefficientQ

— is considered awstant in the HIFU temperature range (body temperature to water

boiling). The index of refraction is then:

difY & ove— (2.2b)

Here,¢ is the undisturbed refractive index far away from the heated spot where

the homogenous background tesrgture is'Y.
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Figure3. (@) A planar laser sheet propagates from the left and illuminates the hot spot,
leaving a refractive shadow to the right (not shown). The HIFU heating device (also not
shown) is located to the right; the acoustic axis and the optical axis are collinear and
horizontal in this arrangement. (b) A ray from the incident laser sheet will develop a net
change in slope as it crosses from one end of the heated spot to the other:
YOAI OAs OAd .(c)Asitcrosses alocal isotherm (refractive interface) at any
point inside the heated spot, the locally incident laser ray withvaeitor®, making an
angle] with the normal to the interfac@ refracts withan angle; and assumes a new

refracted travetlirection®.
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The incident rays in the laser sheet are numerically propagated according to
equation (2.1) on a rectangular grid of 1 11¢ p Tt @tements to produce a synthetic
digital imageakin to the LIF intensity image Al -Qraini et al., 2013]Each grid
element pixel) accrues an incremental intensity value every time any of the rays goes
through it. In the absence of any temperature inhomogeneity (isothermal medium) the
gray scale image would have uniform intensity throughout.

The longitudinal section of the @gshaped HIE hot spot in the acoustic beam

x
direction & is modeled as an ellips&ifs Y "YQ ,with @ p . This

shape becomes manifest when the illuminating light sheet is set to be colinear with the
HIFU acoustic axisd . This collinear setup was used in just one test case for
gualitative comparison with the lensing observation#\bfQraini et al., 2013]

(discussed later iRigure 8), while in therest of the analysis in thehaptey the rays cut

the heating axis perpendicularly (facing an axisymméggted area in their path)

2.2. Analytical Solution of Thermal Lensing
Here, thdensing problem is approached analytically. The 2D geometric ray
equation (or eikonal equati¢@respy et al., 2010describes the curvilinear ray

trajectoryi i «fw [Saleh & Teich, 2019]

Q Q6 0t Q Q6 Ot s
Qi f0i 0 it Q6 (2-3)

The ray deflection angles are considered small for the heating application of

interest and the paraxial approximation is used:
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[ o (2-4)

Hence
e Qo Q¢ .06 Q& . Qop B . e
Qo 0n Q6! “fon Qo' awnt Qo ¢ (2-5)

Substituting— ¢— ¢ ¢& fromequation (2-2b)into equation (2-5)

yields a closed form solution for tihacal ray slope

0hT i 20 iy B - 26)
Qw eY Y

- w is the Gauss error function. The slope is plottefigure 4(a) for a number
of incident rays of different initial offset from the center of heatitbg The maximum
localray deflection icalculatedo be very small ¢ vhich justifies the paraxial
assumptionA ray Q¢ O QQ&E 0 oo HE & traveling from oe end of
the Gaussian thermal distributiow H> and crossing the entiheated spot leaves
at the otherend®  Hb with a new slopei ‘Q"Qi MiOEER Qo fo  HIE
¢ , accruing a&umulative (overall) ray deflectiomO AT OAd OAd

obtained by direct substitution inémguation 2-6):

A —
YOAT & Y é—,YmQ (2-7)

This is plotted irfigure 4(b) as a function of the offseto of the horizontally

incident ray. The position of the peak deflectiomat Q YAVC readily gives tk

width of the Gaussian distribution (heated spot size). By virtue of the Gaussian function

properties, rearrangingguation 2-7) gives the temperature gradient—"Y'Q ~
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M_—YOAI w

— 1 , and also the temperatuf&:'Q ~

“Yi . The sought after optihhermal conversion is thus:

o

Y'Yi “Yi

nQyY

YOAT QW

D«
(@}
_>\
€

(2-8)

A proposed thermometry setup requires the measurement of the ray deflection

distribution YO AT & . This readily gives the heated spot $¥z& he constants

andQare properties of the medium. A similar conversion result can be obtained for the

nonaxisymmetric, Gaussian heated spot with elliptical profile.

tana = dy/dx

00 50 0 50 100
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Figure4. (a) The locatlope 0 & &€ of multiple rays of zero incidence but different initial height

y above the center of heating. The center of the Gaussian heating distribution is marked by the
circle x=600 pxl, with the FWHM temperature bound&#i¢ delineated by the two vertical
dasted lines. (b) Net ray deflectiod,0 ¢3¢ O & 0O ¢ , as a function of the incident ray

heighta The distance between the two peaRss proportional to the heated spot siXe, ¢Q
The thermeoptic properties of water aritd  p 13T were used.

2.3. Thermometric Sensitivity to GaussianM odel Assumption
Three axisymmetric temperature distributions known a priori: linear, parabolic,
and Gaussian were used as input into the ray enutticomputeéheray trajectories.
The corresponding net ray deflectiodsO AT ¢ were fed as input into the thermal
conversion model ofquation 2-8)t o fimeasureo the underl ying
then compared to t he &«tuetemperdiuteprofies, giterbyp er at

equations @-2a), 2-9), and @-10) are plotted irFigure 5(a).

Y —dd)Eds Y
“Yi 3‘ INe (linear) (2-9)
nnas 'Y
And
YUY —nds Y
nnds 'y

“Yi (parabolic) (2-10)

They were selected to have identical peak temperatvresnd identicagpatial
integral d thetemperatureadialprofile0 _  ¢* i YQt0 -Y Y
0 -Y 'Y 0 YUY, or'Y =Y =Y. And the ray

deflection profiles are plotted Figure5(b). The fAmeasuredo temper s
equation 2-8)and t he qtemperatde pfofiles pre shgwnHigure 6.

Expectedly, the true and memssd peak temperatut¥ and0 were identical for the
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Gaussian input. For the parabolic and linear inputs, the measurement underpredicted the
true peak temperature by () Rnd¢ v R and the tru® by (¢ v Rndp Y R

respectively. The linear and parabgiiofiles have a heated spot radius larger than the

Gaussian case by a factoritd andlic, respectively, which explains tiemperature
underestimation. The linear and parabolic profiles represent extreme situations because
they abruptlyterminateat zero, and @not have the sloping tadff behavior that would

be more natural. This highlights the importance of measuring the tail of the distribution

in an experiment.

T,°C
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Figureb. (a) Three hypothetical input temperature profiles; Gaussian (dashed), parabolic
(solid black), and linear (solid gray), of identical peak temperat¥re p 1131 andQ,

were used to test the optisermal conversion model of equatidfig). (b) The netay
deflection ¥ &3¢ o % 0O &) as a function of incident ray heighto
corresponding to the three distributions in (a).
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Figure6. Compari son of the A me adashdatlthé ustng mper a
the RB conversion model of equatic§ ) , wi th the HAtrueo inpu

black solid line, for the three hypothetical models: (a) linear; (b) parabolic; (c) Gaussian.
The RB measurement underestimates the true valuesedinear and parabolic cases,
while it identically reports the true values for the Gaussian case.

2 4. Experimental Thermal LensingM ethod

In the experimental setup shownRigure 7, a HIFU transducer focuses an
ultrasonic beam to heat a spot inside an optically transparent tissue mimicking phantom.
A planar bundle of individual laser rays is shone at the heated spot. The deflection

pattern of the rayss recorded by a camera and converted to temperature using the opto

thermal model oéquation (2-8).
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Figure7. Schematic of the RB thermometry experimental setup. The HIFU heats a spot inside the
transparent PDMSissue phantom positioned at the HIFU focus. The HIFU axis is in the z
direction. A laser sheet oriented along the x direction, shines from the right and its intensity is
spatially modulated to produce a bundle of individual rays that are then focusexbéotipe
thermal spot. The thermalhefracted rays were imaged using either: configuration #1, (a): in
which a fluorescent dye solution cuvette placed ~15 cm from the heated spot down the RB travel
path made the ray paths visible for imaging. The higledpgthantorh video camera imaged a

side view of the rays; or configuration #2, (b): which did not include a dye cuvette and the rays
proceeded to project onto a 50 by 5F evhite cardboard screen tilted at’4énd placed ~95 cm

from the hot spot. The camera axis was perpendicular to the projection screen. The coordinates
oMo referto the heating location, while X,Y refer to the imaging location.

41



LOCALIZED HIFU HEATING A HIFU transducer¢@ ai & geometic focus,

"0 p, Model H107, Sonic Concepts, WA, USA) was mounted in an opening in the
sidewall of a plexiglass water bath ¢t T ub &). The bath provided acoustic

coupling between the transducer and the tissumicking target. The acoustic HIFU

focus wasy @ & & from the face of the transducer. The transducer operated at its third
harmonicp® 0 "Ocwith nominal conversion efficiency af x blt was driven by a
waveform generator (Model 33220A, Agilent, USA) connected to an RF amplifier
(Model 75A250A, Amplifier Research, USA) via an impedasoatching circuit. The

input was monitored via an RF power meter (Model 21A, Sonic Concepts). The width
of the HIFU beam at the focal point given as the FWHM of the ultrasonic pressure field
wasp® & a (in water). The water bath was placed on a translation stage on the optical
table for precise positioning of the HIFU beam relative to laser illumination and imager.
A o Olinear translation stagexed to the water bath controlled the position of the
tissuetarget relative to the HIFU focal point withicrometer precisianThe optically

clear tissue mimickinghantom was rectangular in shapet ¢ ™ ¢ ™ & . It was

formed by molding of liquid PDMS (polydimethylsiloxane, RTV 615, Momentive,

USA). PDMS was used as tissue mimicking phantom because it has acoustic properties,

shown below inTable 1, that are close to the soft tissue propertieg fdhhaso
pT U TUT0d,0 pdYEp O NG d ,theliverhasd p v o
" e8P0 G, p®H W p MO NG g , andthe kidney hag:  p v X

" p8TUFOE 0 pPpuzp L Na d [Azhari, 2010). In addtion, it is easy
to mold.A T ax & thin thermocouple (model 5FGG-K-36-72, Omega, USA) was
integrated within the phantom during casting, and its output was recorded via an A/D

converter@ud & & N @IGDAQ-9171, National Instruments, USA). Foc & i
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HIFU singleexposure, ta thermal spot size in the phantom as definedduation (2
2a) measured@® & & across (TC present) o & & (TC absent). The TC was used to
pinpoint the hot spot by scanning for the spatial location that maximized the
temperature reading. This wagedious process since small shift8{ ux &) resulted
in tangible changes in the temperature reading. Dibaji pilanad Reza Dibaji et al.,
2013]reporteda similar experience

Two different US exposure schemes were used in the experimentg(a) sin
pulse ofg & i length and power rating ranging framx pp @ [p W T T
o X wI¥® a]; and (b) a train of sip T & i-long pulses, with intepulse timing of
¢ v Ttp Tt TOT (pulse repetition frequency (PRE): T 'O¢duty cyclep b 1 Eh
p & whu T 670 &). This mimicked recent HIFU treatment protocfBerlinda Law
& Zhou, 2019; Eranki et al., 2017; Eranki et al., 2018; Khokhlova et al., 2017; Wang et
al., 2013; Wang et al., 2018; Zhou et al., 2056 it was a more challenging
irradiation protool to test the RB method higher PRF protocatan reduce the total
treatment time.

PLANAR LASER RAY BUNDLEhe bluegreen, argoifion laser beam from a

Reliant 1000m (Laser Physics, UK) or from a Lexel 95 (Lexel Laser INC, CA, USA)
was expanded using a pair of cylindrical lensesf{ & ¢h @ 1@ &) to form ac @ &

high collimated planar sheet. To generathidual rays, a commercial transparency
laminate with printed black lines® ax & line width andm@ qx & inter-spacing)

spatially modulate the laser power by partially blocking he height of the ray bundle

was reduced from 30 mm t® & & nearthe heated spot after it was passed through a
+75 mm cylindrical lens. This ensured that a sufficient number of rays went through the

small heated spot® 1@ & & radius) to probe its temperature distribution. The
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deflection of the rays within the bumdivas recorded at a location past the heated spot
When set on maximal laser power for the equivalent time duration of a typical
experiment, the laser beam did not produce any measurable change in the TC output.

IMAGING OF THE RAY DEFLECTION®Measuring tle deflection pattern

required one baseline recording of the ray pattern (no heating), and a subsequent
recording in the presence of heating. Fast Fourier transform {f&SEd cross

correlation of the two RB images (no heating & with heating) producedtarvaap

that quantified the ray displacements, and this was converted into angular ray
deflections. Crossorrelation was performed using a Matlab based software,
PIVLAB2000[Han & Mungal, 2003]Jusingoc o Qpixel computational kernels. A

CCD camera sirted registering shortly before the HIFU was triggered to obtain the
reference (isothermal) ray pattern and continued throughout the HIFU heating phase and
the cooling down phase. We experimented using two alternative imaging

configurations:

(A) Inimaging configuratiol p the ray paths were made visible by passing
through a fluorescent dye solution in an external transparent cuvette @ip o @ & )
placed approximatelp ub &from the thermal spot. The camera (Phantom V9, Vision
Research, BA) registered the ray paths in an orthogonal view as shown in the
schematic ofFigure 7(a). Deflection in the plane of the bundle only could be discerned.
The frame rate and field of view weger 1) (U & i resolution), and ™ @ W & ,
respectively.

(B) The second configuratidi ¢did not involve the dye cuvette, and the
rays were projeed onto & 1@ @ T & screen placed arouna wo Gfrom the heated

spot as shown ikigure 7(b). The plane of the projection screen was not orthagjto
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the plane of the ray bundle, but rather inclined af2 Q "Qi &uXbif the plane of the
bundle. This allowethe recording othe outof-plane ray deflectionand then-plane
defl ections. The camerads imaging plane we
wasp @ G W & , and the frame rate ranged between andg 1 %@r) depending

on the case.

25. The Results
25.1. Validatethe Ray Tracing Simulation and the Analytical Solution

Figure 8(a) experimentally reproduces the HIFU lensing effect reported by Al
Qraini et al[Al-Qraini et al., 2013{ising a similar transducer anghalyacrylamide
(PAM) hydrogel heating targePAM, x PU0 F0) [Canney et al., 2010hixed with
fluorescent dye to visualize the light intensity distribution. Similar to the schematic
depiction inFigure 3(a), the beam from a pulsed NGAG laser  ® i) was formed
into a collimated lighsheeto intersect the heated spot. Lensing is manifest in the
figure as a shadow bounded by two brightemdsdue torefractive light stratification.
Lensing is reproduced using numerical ray tracing in the synthetic image shown in
Figure 8(b), and by solubn of the ray equation iRigure 8(c), using arelongated
Gaussian temperature distribution (rextisymmetric). The numerical and analytical
images are identical and reproduce the features of the experimental light sti@ificati
behavior. The experimental image shows a reduction in the average light sheet intensity
in the propagation direction due to absorption in the medium. Individual ray paths are
plotted inFigure 8(d) and (e)corresponding to the imageskifjure 8(b) and (c)
respectively. The same therroptic propertes were utilized foFigure 8(b) through

(e), and they closely represented the experimental conditidrgume 8(a). PAM gel
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and water have similar therruptic properties € p® ofoQ —

p p1m N [Kimetal., 2004; Verdaasdonck et al., 1999]
The ray pattern indicates that the thermal lens is divergent witl@cal length

"Owhen the medium hasza) (XXe.g., water, PAM, PDMS). A medium withd (D
yields a convergent lens. The (virtual) focal length of a divergent thermal lens with
axisymmetric Gaussian distribution is identical to a convergent lens of, otherwise, the
same thermaptic parametersOis defined here as the distance along the optical axis
from the center of the Gaussian heated spot to the point of maximum light intensity. An
example is shown iRigure 8(f). Simulationsyielded the following parametric

dependence:

"0 nzaré A 2-11
QY (21D

The factor (@) was found empirically. The lens did not behave as a simple thin
lens as suggested @guation (211), where all incident rays should pass through the
focal point. A rayheightdependent focal lengtfwas introduced as the intersection of
anindividual ray of incident heighti with the centerline optical axis:

£y =
Qi ™We—— p W¢ —

Y v (2-12
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Figure 8. Reproduction of the thermaptic lensing effect reported ppl -Qraini et al.,

2013} (a) in polyacrylamide (PAM) hydrogel dyed with red fluorescent rhodamine to
visualize the laser sheet intensity distribution and refraction patterp. Thelaser plse
(Nd-YAG laser, shining from the left) was triggered at the endwfia HIFU exposure

(¢ U "Oqpropagating from the right), and a Nikon D60 CCD camera in long exposure
mode and fitted with a longass red Schott glass filter captured the snapshetark

room. The red (fluorescence) component of it RGB image is displayed. The heated
spot is ~ 0.3 mm in size, its location is delineated, and the thermal shadow behind it is
clear; (b) using numerical ray tracing basedeguation(2-1) with a 2.5:1 elongated

Gaussian temperature distributiofYifd Y “YQ  of 'Y p chY
T YThe thermeoptic properties of water were useéd p®& ol p p 1 71,
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with Y @ 10, and simulation domain size 700x2100 pxl; (c) using the analytical
solution of the ray equation and the same parameters in (b); (d) selected ray traces from
the synthetic image in (b); (e) selected ray traces from the synthetic imé&ge (f) A
synthetic image from the axisymmetric analytical ray solution but using &0 to
produce a focusing thermal lens. The focal point is marked with the circled cross, defined
by the maximal centerline intensity. (g) The intensity profienglthe centerline for (f).

2.5.2. Results ofConfiguration I

The experimental thermometry results from imaging configuration #1 are
presented. Single & i HIFU pulses were used for heating the PDMS target. A
representative RB snapshot taken at the imaging location (dye cuvette) is presented in
Figure 9(a) with the corresponding ray displacement vector mdggure 9(b). The
rays deflect radially outward, opposite to the direction of the temperatuiiergrakhe
linear displacement map wesnverted tangular ray deflection profilef O AT ®)
backprojected to the heated spot locatidrisample deflection profile is given in
Figure 9(c). The scatter represents the individual columns of the maigure 9(b),
andtheaverage lings superposed. MuHiime-point deflection profiles after the HIFU

pulse are shown iRigure 9(d). The distance between the positive angatiee peaks

=¢'Q (seefigure 4(b)) gives the radius of the heated spot M¢Q which is used in
equation (28) to produce the corresponding temperature measurements (symbols)
shown inFigure 9(e). Gaussian distribution (lines) is used to fit the temperature
measirements with very good agreemente pressure map®r the same transducer
areshown inFigure 10. This data was provided by the transducer manufacturer and the

testing medium was water.
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Figure9. A single HIFU pulseq & ifp p&w ) targeted thgphantom, and the RB method
measured the temperature. (a) A sample RB image acquired with configuration #1, in
which the refracted rays are shining from the right after they had probed the heated spot
(b) The corresponding ray deflection vector map froossrcorrelating a RB image pair
(before/after HIFU irradiation) (c) Scatter plot of the angular ray deflection profile,

Y0 &3¢ w, using the vectors in (b), with the line representing the mean profile. (d) The
angular ray deflection profiley o ¢ &, taken at multiple time points after HIFU
exposure; and (e) the corresponding temperature measurements (symbols) according to
equation 2-8). Gaussian fitting (lines) yielded the following distribution size and peak
temperature riselY T dTg @ @ tr@ X & handY 1®& && fpd b

™o fi® @  attimed 1@ X o 1&g @& vhp® Y im, respectively.
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(a) (b)

Figure10. Pressure contour about focus as provided by the transducer manufacturer, the
unit is Vrms from (¥104, Sonic Concepts, WA, USA): 48 fundamental frequency of

v 1T ROYb) third harmonic frequency @@ 0 "OdZero reference is 51.712 mm beyond

exit plane, positive direction is away from exit plane

The peak temperature riS€ at the center of the hot spot is plotted with time in
Figure 11 alongside the TC signal, for five different input powers. The laser bundle was
positioned very close to graze the TC tip. The TC signal peaked higher than the RB
signal at the end of sonication, and it remained generally higher duririggcdoln. It
took aroundt i ‘Qfdr the two signals tenatch This is consistent with the time reported

for the viscous heating effect to diminig¥orris et al., 2008]and is in agreement with
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previous measuremerweis et al., 2015]The metallic TC in the tis&® medium
experiences dissimilar acoustic absorption, while its foreign acoustic properties can
affect the propagating HIFU beam nearby. To investigate the TC invasiveness, the RB
method was used to measure heating in two duplicate tissue phantoms witthaod
TC, and the peak temperature ri¥eis presented ifrigure 12. Care was taken to
replicate the geometric and acoustic paths in the two phmnincluding molding both
of them from the same PDMS batch. When the TC was préSentse higher at the
end of HIFU exposure than in the Fi@e phantom. It also dropped faster pagbosure
than in the free phantom. The size of the heated4patbyproduct of the RB
techniqué was smaller in the presence of the TC, as shovagure 13. The passive
presence of the TC was associated withaveer heated spot but more elevated
temperature rise. Corresponding spatial temperature distributions are sheguren

14 at different time points.
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Figure11l The time trace of the peak temperature T¥%e0 of the HIFU heated spot
measured by the RB method and by the embedded6CHTFU generated a singtex i

pulse at increasing input electric power from left to right:
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Figure 12. The time trace of the peak temperature dseO of the HIFU heated spot
measured by the RB method with and without the presence of the TC. The HIFU
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generated a singlel'wc'lpng pulse at increasing input electric power from left to right:
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Figure 13. The temporal evolution of the heated spot szeupon exposure to@al O
long single HIFU pulse as measured with the RB method, with and without the presence
of TC, at input electric powers: (@ 7 , (b)w @7 ,(C)p W, (d)p p&7 .
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Figure 14. Radial temperature profile of the HIFHwated spot at multiple time points
after exposure to @l CHIFU pulse as measured by the RB method, with and without
the TC being present. Input electric powerXa® 7 ; (b)) w @7 ; (c)p p&7 .
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Measurement repducibility is demonstrated iRigure 15(a) with the temporal
temperature profiles from five independent repeats of HIFU heating using the same
input HIFU parameters (singled i pulse,p p&w , without TQ. The peak
temperature se is consistent in the five repeats to withii» (one standard deviatipn

as presented iRigure 15(b).

8- ° ° )
° o
6" mean= 7.4
00 std=0.4
'_E 4t std/mean= 0.05
2 |8
. 0 . .
0 5 10 15 20 0 1 2 3 4 5
t, sec trial no.
(a) (b)

Figure15. Time trace of the peak temperature figeo in the heated spot upon HIFU
exposure (single pulse; & ilp p&w) from five independent repetitions. (b) The
temporal peak temperature™f 0 from the repetitions in ja

2.5.3. Resultsof Configuration I

The results from imagg configurationl ¢ which projecs the RB on a tilted
screen, are presented next. The radial and axial ray defleatimmqsantified.Figure 16
shows two sample raw images (before/ after heating) of the RB, which were cross
correlated to produce a vector map of the ray deflections. The RB (the band of the
bright grid points) was made thicker than in configuration #1 to improve the image

analysisby having more data. The dakhe circle marks the position of the TC. The
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HIFU beam propagated from the right. The TC stem wire pointed into the page parallel
to the laser illumination direction. The laser bundle intersected the heated spot
perpendiculato the HIFU axisFigure 17 presenta sample vector map and it shows

the axial and radial ray deflections. The vector data outside thdidaskctamgular

region were not consistently reliable over the course of the HIFU burst likely due to
diffractionatthe TC tip, and only the data within the rectangle were feghalyses.

The axial radial deflections are showrFigure 17(b) for different offses from the

HIFU axis, and they show that the maximal axial deflection to be on the HIFU axis with
a magnitude less than half of the radial deflection shoviaigiare 17(c). The plotted

radial component of the angular ray deflections is spatially averaged over the
rectangular region delineated in the vector map. It is consistent with the classical
Gaussian gradiemirofile. The radial gradient was used t@kiate the temperature rise

following equation(2-8).
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X, mm (Imaging plane) X, mm (Imaging plane)
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Figure16. Sampleraw images using |mag|ng configuration # 2 in which the ray bundle
is projected onto a white screan 1t o d T §. The bright grid pattern represents the
RB pattern falling on the screen which resulted from the incoming laser sheet intensity
being modulated using a transparent laminate with black grid lines printed on it: (a)
Reference image recorded prior to HIFkpesure (isothermal), (b) Image taken upon
HIFU heating. The grid pattern helped with the fidelity of the cross correlation, and the
discernment of the #plane and oubf-plane deflections. The spatial scale refers to the
imaging plane (projection screemnd is not baclprojected at this stage to the
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measurement plane in the tissue that was heated by HIFU. The dashed circle marks the
position of the TC tip. The HIFU beam propagates from the right.
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Figure 17. A sample vector mapf the ray deflections produced by image cross
correlation and acquired with imaging Configuration #2. The spatial scale shown is
reported at the HIFU heating location (HIFU focal plane) after back projection from the
imaging plane. The relative orientatiof the setup is consistent with raw imagEigure

16. The HIFU transducer produced a train of 6 pulpesy i long each, withv T dri
inter-pulse delay. The electric power input wask w . The vector field shows the time
pointd L& w d drom the initiation of the HIFU sequencEhe camera frame rateas

600 fps(b) Profiles of the axial ray deflectiofd & ;/— at multiple radial positions,

@ (c) Scatter plot and mean trendline of the radial ray deflecfioncy & ;/— covering
the region marked by the dashed rectangle in (a).

Figure 18 presents selected vector maps measured at different time points

relative to the HIFU exposure. The deflections within the plane of the RB image (the

vertical deflections, along) were caused by the radial temperature gradient normal to
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the HIFU acousti@axis. The deflections out of the plane of the RB (the horizontal
deflections, alongi) were due to the axi&@mperaturgradient along the HIFU acoustic
axis. The HIFU transducer generated a single burst composed of a tpamdofidual
pulsesp T i long each with oftime between pulses ranging between Tw wdti,
representing a duty cycle pf t F8As in the raw image ifigure 16, the HIFU beam
traveled from the right. In all 15 frames, the vectors farther from the TC (in the right
half of theframe, proximal to the HIFU) were predominantly in thdirection, i.e. the
temperaturgradient in the tissue was purely radial. Close to the TC tip at the left,
however, there was an axial vector component and xgleraturgradient along the
HIFU axis. Immediately after each one of the six consecutive HIFU exposure pulses,
the vectorsvere mostly radial, and themperaturgradient in the tissue was also
radial. Shortly after, during cool down, however, thimperaturgradient in the axial
direction became more perceptible, starting near the TC tip due to conduction heat
transfer, angbropagating farther from it with time. The absolotagnitude of the
displacement vectors dropped with time until the next pulse in the burst aklsed.

the radial extent of the heated region increased (this will be elucidated further below).
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Figure 18. Temporal evolution of the ray deflection maps (& plane) during exposure

to a train of six HIFU pulsgs 10 i long each withy Tt drti inter pulse delay, arpl & w

input electric power. The numbered vertical arrows mark the introduction of each of the
six pulses in the train. The recording rate was @n. i

The temporal evolution of the spatial peak in temperattris plotted versus
time for five different dity cycles inFigure 19. The HIFU ortime was the same but the
off-time was varied. For all five duty cycles, the overall form of the RB temperature
signal is consistent with the TC but has a lower temporal peak. This is due to the TC
position being offset from the RB measurement locatiop Wyp ¢ & as noted in
Figure 17(a). Also, the TC reading is affected by the viscous and absorptive artifacts.
The TC and RB readings agree towards the end of tiexadfafter the first pulse. This
agreement however, diminishes with each additional pulse due to the residual heat

accumulabn from the previous pulse. This residual effees numerically simulated
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and indeed showed that the RB measurement was biased higher than the TC with each

additional pulse in the burst.

The radiugrofilesof the hot spot with timareplotted inFigure 20. They
correspond to the temperature profile§igure 19. During cooing down after a HIFU
pulse, the radius increased as heat diffused out, but when a subsequent HIFU pulse in
the train was initiatedhe radius dropped due to new heat localiratith each

subsequent HIFU pulse, the starting radius was higher than the one before.

TC
15 ——RAY BUNDLE | -

t, sec

Figure19. Temporal evolution of the peak temperature f%6e0 measured by the RB
method and by an embedded TC. The HIFU produced a burst of 6 puisddong each
and the intepulse delay was from left to righip 1t o b @y TThid &€ QU T i. The
input electric power wag & w .
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Figure20. Theradius of the heated spot corresponding to the temperature tr&ogsria

19. The HIFU intefpulse delay was: (g 1 mari (b)x v dti (c) @ @&a i (d)v Trdri
(e)q v dri.

Measurement repeatability of the RB method is evaluatédyure 21, as

scatter plotThe temporal average of the standard deviation (of the five trails) over the
mean (of the five trails) at every time ste€pQ 0 &—— Y& P The mean of the

scatter is plotted at the same figure with the mean measured by the=igtiia 21(c),
and the difference between the two measurements was coveredlisctission of

Figure 19 above.
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Figure2l. Time trace of the peak temperature fise0 from a HIFU burst consisting

of sixp 10 i long pulses with intepulse delay 0b 1 dr i atinput power op & w . Five
independent repeats of HIFU heating are shown: (a) from the RB method, (b) from the
embedded TC output. (¢c) The average reading franfive repeats.

2.6. Summary and Concluding Remarks

There is need for prelinical laboratory thermometry tools to assess the safety
and performance of focused ultrasound devices used in thermal therapy. This has

become of renewed interest with the introduction of novel HIFU modalities that use

intense powelevels 0 p =— for short exposure times i0 & i [Liu, D. et al.,

2017]andproduce fast heatingn order of(p 113 Fi 'Q {Al-Qraini et al., 2013]This
chapterdescribed a novel RB optical thermometry method. The method was inspired by

the observation Al -Qraini et al., 2013pf thermal lensing during HIFU heating.
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Numerical ray tracing and the paraxial ray equation were used to elucidate the observed
lenshg and to establish the theoretical foundation for the RB methodology. Two
alternativeRB setup were devised to measure heating from HIFU in a tissue
mimicking phantom: #1 side view imaging of the ray paths, and #2 oblique imaging of
the projected raysmniage analysis produced ray deflection vector maps. Deflections
were converted to temperature according to the devised methodology. Neither
calibration nor iterative computations were required. The size of the heated spot was a
byproduct of the measurementhe recorded ray deflections were small, justifying the
paraxial assumption as discussekiinm, 1997]

In the comparison between the two configuratidine,spatial average in the first
configuration includes more data points (columns) than thengemonfigurationgach
spatial average radial profile of the ray deflection in the first configuration shown in
Figure 9 (c) and (d)is aresult of 7&he dial cuts (columns) from the ray deflection
map inFigure 9(b) (which are all the cuts at the camera field of view used), while the
equivalent profile in the second configuration showRigure 17 (c) is a result of only
9 vertical cuts (columns) enclosed by the rectangkgare 17(a) (limited by the laser
raysoé thickness). The resulting mean profi
and froma statistical point of view, more data points are preferadtetheother hand,
the second configuration can capture the axial ray deflection (out of plane), while the
first configuration canot.

The temperature measurements were reproducible, and they were consistent with
the TC readings considering the known viscougdihgand acoustic absorption
mismatch artifactfMaruvada et al., 2011; Morris et al., 2008; Nell & Myers, 2010;

Waterman & Leeper, 1990The passive presence of the TC junction in the transparent

63



tissue mimicking phantom was investigated using themetiod. It was found to

cause more spatially localized heating (compared to an absent TC), higher peak
temperature rise, but also a faster drop in temperature duringgdoivn.
Temperaturgradients in the tissue phantom revealed that heat diffused away from the
TC tip (junction headjo the immediately surrounding tissue, indicatiniotter TC tip
temperaturelnterestingly, thel C stem wire acted as a conduction pathway to transfer
heat fom the TC tip to the tissue located off the HIFU acoustic &Xis observation
provided direct evidence to previous analyd#aruvada et al., 2011; Nell & Myers,

2010] Preliminary results from twdimensional thermal imaging (method under
developmet) provided a more panoramic view of this effeit be presented in

Chapter IV

2.6.1. Advantages

The method is calibratiefree and nofanvasive. For the current setup, the
spatial and temporal resolutions were better tigrmd & andg & i, respectively, with
good sensitivity to small variations in temperature of araugdi. The temporal
resoldion was set by the imaging frame rate, while the spatial resolution depended on
the spatialdensity of the rays in the bundle set by the laser beam optics and the
maximum laser poweHigher resolutions than those used in the current study are
possible. Emperatureensitivityis controllable by leveraging the geometric advantage
of the observation position. The method is more advantadeofast heat deposition
processes in spatially localized regions tf@rslow heating over a wider spatial
extent.lt is attractive as it can be used with gas, liquid, or solid media. It is also suitable

in gel phantoms widely used in HIFU applications suctoast+temperature
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vulcanizing (RTV) silicone, PAMgelatin, or agafAl -Qraini et al., 2013; Canney et

al., 2M8; Curiel & Hynynen, 2011; Divkovic et al., 2007; Gao et al., 2012; Takegami et
al., 2004] Some level of translucency, for example in some agar gels, would perhaps be
tolerated due to the robustness of the eomgselation analysis in detecting defieos.

The relatively simple setup makes the method fast to implement, and it was a matter of
minutes from the point of recording the images to producing a typical temperature time

trace (from ~ 4000 imagesjvith all the associated spatial profiles atleime point.

2.6.2. Limitations:

A TC was used to validate the RB temperature measurements. However, TC
suffer from viscous heatingbsorptive artifactsand wire conduction. This indeed
necessitates further method validation in a manner that overcomes these shortcomings.
The RB method assumed an axisymmetric Gaussian temperature distribution which is
known to be a good approximation for focused energpsiapns[Al -Qraini et al.,

2013; Filonenko & Khokhlova, 2001; Jaunich et al., 2008; Soneson & Myers, 2007;

Vogel & Venugopalan, 2003Linear and parabolic thermal inputs were used as
hypothetical test cases for the method, and it underestimated thtepgzerature rise

andQ by roughly¢ v PThis is not bad newsecausehese are two extreme temperature
distributions that may not be typical in reality tiat they lack the tail off behavior at

the outer edges of the heated spot and approach zero temperature abruptly at a fast slew
rate. The tails of the deflection map are thus necessary to acquire during data
acquisition. Noraxisymmetric heating, such agth the presence of HIFU side lobes, is
expected to lead to temperatesimation Furthermore, Optical clarity of the medium,

and knowledge of the thermrefractive properties are necessary. In this regard, possible
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growth of cavitation bubbles in tmedium may block and reflect the laser rays and

render the RB method ineffective. Furthermore, the current method assumes a constant

thermaorefractive coefficient—, and deviation from this assumption can incur errors in

measurement. For the PDMS dingm used here- is constant for the range of
temperatures applicable to HIFfMoreno-Hernandez et al., 2015; Nilsson & Sundel6f,
1963] PAM gel, which is widely used in HIFU studies, also has a constgtouada

et al., 2005] The setp, including the ray density in the bundle and the imaging field of
view, needs to be optimized for the expected range of temperature and heating rate to
avoid diminished or excessive ray deflections. During active HIFU emissioat tred
elevated powelevels used in this study, acoustptic image distortions due to the

HIFU pressure field, were too strong to produce sensibleadaghown irFigure 22,
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Figure22. Sampleof row images in configuration # 2 (a) just before the first HIFU pulse
(o P& X i). (b) within the first HIFU pulsed v & i). (c)just after the first HIFU

pulse 6 p @ @ ).

Another limitation is that if théemperaturg@radient is extremely large, it will
cause a huge deflection in the rayisich lead to losing the distinguish between the
individual rays as showrfigure 23. This makes the deflection of the individual rays
impossible to be captured by the cross correlation. This happened in our experiment
when weuse one of the used powexs v ) in the single pulse exposure of
configuration #1 but with a longer pulge t& i and more), and when we use the same
power and sonication time of the train of pulses in the configuration # 2
(p &whp iz @ 6 &)b@iwith shorter intepulse time § Tt dt i which means a

duty cycle ofp 1P ). This effect results from thentgerature gradiengo, in the cases
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of heated spots larger than the recorded in this work, the breakdown of the method due

to this effect will occur at higher peak temperature than the ones of this work.
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Figure23. Samplsof row images h at

high temperature gradient which lesad losing the distinguish between the individual
rays (a) reference (isothermal) recording, configuration # 1 ,(b) recording just after A
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CHAPTERS

AN APPLICATION OF RB METHOD

The HIFUtissue interaction usually includes some interfaces: using the HIFU

for the bone metastasgertrand et al., 2018; Huisman et al., 2014; Scipione et al.,
2018; Yeo et al., 201®r sonication at or through the skiDervishi et al., 2013,
Larrat et al., 2010; Pinton et al., 201Hs a tissu&one interface. Sometimes a part of
the muscleskeleton was replaced by an artificial part. Titanium is a commonly used
material in the artificial joints field, which makes tissliganium interface is a possible
scenario that HIFU sonicatianight face. The tissukquid interface is common when
using HIFU around body fluids like adjacent to large blood vefidelsng et al., 2004;
Solovchuk et al., 2012; Solovchuk et al., 2013; Solovchuk et al., 2012$ide the
kidney[Aboumarzouk et aJ 2011; Holmer et al., 1991; Oweis et al., 2015; Srisubat et
al., 2014] Some works suggesfereraing microbubbles and use them as targets to
enhance the HIFU heatingChung et al., 2012; Kajiyama et al., 2010; Peng et al.,
2012] this is a tissuair interface.

In Chapter2, the RB method was used to measure the temperature profile of the

HIFU field focused inside a homogeneous tissue phantom gel. The solution assumes a
Gaussian temperature profile and constant thesptiw coefficient—. The conversion

from the measwed angular ray deflection to the temperature profile is achieved using

equation (2-8).
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In this chapter, the RB method will be used to measure the temperature profile at
the interface of tissue phantom with other materials embedded within it intlode,

Titanium, water, and air.

3.1.Methodology
3.1.1. Setup

The samexperimental setup in configuration #d&scribed in the previous
chapterwas used as shownfigure 24(a). The optically clear tissumimicking
phantom measuresl T ¢ T ¢ T@ & was made of PDMS (polydimethylsiloxane,
RTV 615, Momentive, USA) that came as two liquid components that were molded an
kept for 24 hours to solidify before the experiment. During castingndredded
interfacial object withta diameter ob & & and a height of ™ & was integrated within
the phantom as shown kigure 24(b). The embedded materials were: Titanium, water,
air, and boneA control phantom target had no object embedded in it. For the water and
air, titanium rods were used during the casting to generate an empty volume exactly
resample thembedded interfacial objedthen these rods were removed in the next day
and for one cube this volume was kept empty, while the other was filled with water, and
the hole was closed by a clear laminate. Then a very thin layer of PDMS (~1 mm) was
added to the top. The bone was a part of a vertebra from a sheep backbone that was
obtained from a locdlutcher manufactured by the mechanical shops of our faculty,
and tlen embedded within the PDMS resin and left, like the other cubes, 24 hours that
needed for PDMS to solidify. The thermal and acoustic properties of the PDMS and the
embedded materials are showTable 1. All the phantom targets were prepared using

the same casting patch and all the experiments were performed on the same day.
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Figure24. The setup of the experiments. The heated spot of a HIFU transducer immersed
in a water path was focused on a target tissue phantom cube, with a focal point exactly at
the interface between the PDMS and the embedded interfacial object. The laser sheet
orierted from the right along the-axis, modulated to form a bundle of individual rays,
which was then focused to concentrate the rays at the heated spot, just glazing the
embedded object, and opened again to be projected on a tilted screen. The projection of
the rays was imaged using a higpeed camera. (b) The target cube in (a); it consists of
¢mcgmaortt | PDMS with a cylinder of an embedded object with a diameter of 5 mm
and a height of 20 mm. The embedded materials were: Titanium, water, air, bone, TC,
andone clear PDMS cube (without other material).
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Tablel. The thermal andcoustical popertiesof the PDMS and the embedded materials.
+ is the thermal conductivityh is the specific heat capacity,is the speed of sound,

is the acoustic impedanceis the density.

I T Y IR EETTT IRE:

0 ®T4 8Q 0.t ofl® 0.0 o0.28 2btt]
0.[32!?
@ 0 po "€Q 1.04%¢ 4. 11*8 1.6 1.2 o0.[52]
6 afi 150% 1485% 333! 40B°0 458%!
O ovNad zpnm 1.1 .pL 0. 0l0d 7.5 20013]
SO (AY 0.1 51 1 @gnl7 119 4 !53]

[1] [Mark, 2009} [2] [Ma et al., 2016][3] [Young et al.,1996} [4] [Cengel, 2008][5]
[Azhari, 2010] [6] [Dixon, 2008] [7] [Regtien & Dertien, 2018]8] [Sellani et al., 2016]
[9] [Maggi et al., 2008][10] [EI-Brawany et al., 2009]11] [Veiga et al., 2012];[12]
[ Magl i |  &001P H3] i[LiyakHovitskii2et al., 2013][13]* calculated from the

4

relation: @ 062” where t heOVwe e st aly@khovitskii etral.,
2013] These are representative values; the properties depend on many factors.

A o 1 & high collimated planar laser sheet was produced by agoken,
argonion source (Lexel 95, Lexel Laser INC, CA, USA) and a pair of cylindrical lenses
( «& @ ah @ ™ &). This laser sheet was orthogonally intercepted by a commercial
transparency laminate with printed black line®(ax & line width andr@ qx & inter-
spacing) to generate a bundle of individual rays. To ensure that a sufficient number of
rays covered the small heated spot® & & radius), The resulting ray bundieas then
focused with a w 1@ & cylindrical lens. After they cut the HIFU axis perpendicularly,
the rays continued to diverge until they were projected ontatad 1 & screen
placed ap Tt @ afrom the heated spot. The screen was tilted X2 "Qi ‘@/Kich
allowed obtaining the otdf-plane ray deflections, in addition to theglane
deflections. The tilting angle was selected so that it increased the horizontal area

covered by the rays (increase the number of columns in the resuleflestion
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maps) as possible which enhanced the measurement. Finally, the projection of the ray
bundle on the screen was recorded using a$pgled CCD camera (Phantom V9,
Vision Research, USA). The camera was perpendicular to the screen, the field of vie
was¢ Tad W & , and the frame rate wag 11121 ilt started registering shortly
before the HIFU was triggered to obtain the reference (isothermal) ray pattern and
continued throughout the HIFU heating phase and the cooling down phase.

The mainmeasurements were taken when the laser sheet was just grazing the
PDMS-embedded object interface (cut location Figure 24(b)). At thislocation
three different HIFU exposure settings were usedi§ hc & i); (0 avht d i ; &

(¢ cohpd i for each phantom targéthese power levels correspond t@h p®h
QT p— measuredn water.Table 2 showsthe input electrical power as measured

by the power meter in each caBeside main measurement cases, one reference case
for each target cube was takea & away from the PDM&%mbeddd object interface
proximal to the HIFU transducer, which is also at a depthdfx from the phantom
faceproximalto the HIFU(cut location 2 irFigure 24(b)). This was performed by
moving the tissue phantom using the micrometer stalgde both the ray butie and

the HIFU focalwere kept in their positions. This case was taken to neutralitesal

factors other than the effect of the interface for each embedded object.
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Table2. The input HIFU power inq{ ) as measured by tipwer meterThe electrical

power measurement is reproducible to better than 2%.
Cle Ti  bon¢ Air wateAver |

cai 64.| 64.| 64.| 60.| 65.| 64.:

Tai 34.| 33.| 33.| 30.| 34.| 33.1

04 | 22| 21.| 22.| 19.| 23.| 22.

TAI,

“‘]Z‘O‘fa34. 2 | ag | 2i | 2. az
r O N

i nt er

3.1.2. Processin&teps

Figure 25shows samples of cold (before heating) and hot (after heating) raw
images resulting from the RB method. the gray rectangle at the left represents the
projection of the embeddeaterfacial obgcton the white screen. The ray bundle cut
the heated spot perpendicularly before reaching the screen, the HIFU was applied from
the right. The cold image was taken as a referenceg Badt Fourier transform (FFT)
based crossorrelation was applied beeen it and every other image of the record
sequence (about 4000 images) which produced the same amount of ray displacement
vector maps. The cros®rrelation was performed using a Matladsed software,

PIVLAB2000[Han & Mungal, 2003]Jusingo oo qpixel computational kernels.
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Figure25. Sample raw images of the RB in which the ray bundle is projected onto a white
screen (50 cm by 50 cm). The HIFU beam propagates from the right. The rectangle in the
left is theprojection of the embedded interfacial object (5 mm radi{@)Reference
image recorded before HIFU exposure (isothermal)nflape taken upon HIFU heating.

The spatial scale refers to the imaging plane (projection screen) and is npttjacked

at this stage to the HIFU heated spot plane.

The process of converting a ray displacement vector map into a temperature
profile is shown irFigure 26. Figure 26(a) shows a samplef ray displacement vector
maps in the Imaging plane. The first step is to project it back using triangle projection to
produce an angular ray deflection map at the heated spot plané € afw ) as
shown inFigure 26(b). The individual vertical cuts in the area right to the embedded
object(proximal to the HIFU), which was marked by a rectangleigure 26(b), are
shown as scatter irigure 26(c), and they were averaged to produce the solid line in the
same figure. So, until this point, the radial deflection profile versus the radial distance at
the HIFU focal plane was produced at each time point of the recoFiqge 26(d)
shows some samples of profiles taken from the same case at different stages (time
points) of the cooling down. The radial profiles are then integrated according to

equation (2-8) to produce radial temperature profiles as showFiguare 26(e).
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Figure26. (a) A sample of the ray displacement vectors map from-carsslating an

RB image pair (before/after HIFU irradiation) at the Imaging plane. (b) The angular ray
deflection vectors map at the heated spot of the same timang@p (c) scatter plot of

the angular ray deflection profil&/ O A|T U, using the vectors in the marked area at (b),
with the line representing the mean profile. (d) The angular ray deflection profile,
YO Al U, taken at multiple time points after HIF&posure; and (e) the corresponding
temperature profiles measured by the RB method (the points), and the fitted curves using
Gaussian profile (solid lines).
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3.2.Results
3.2.1. SpatiaProfiles

Figure 27 shows the ray deflection vector maps for all the cases at different time
steps. For the show purpose, all the vector maps were multipliée Isate factor
(autoscaleoff), but thefactor that multiplied with the-zomponent is 7 times the factor
multiplied by the ycomponentln the RB method, the vectors point in the opposite
direction to the thermal gradient. In the radial direction, theledlection starts with a
large magnitude outward just after the pulse and starts decreasing in magnitude and
spreading in the area (radius of the heated spot) with time. This is an indication of the
heat conduction in the radical direction. With thisréase in the radial deflection, it
becomes less dominant and the axial deflection starts to appear. The radial deflection
decay behavior with the cooling down resembles for all the cases and the difference is
only on the magnitude which is presented heriné length and the density of the
arrows and it will also be shown below in the temporal profilgyre 29). On the other
hand, the axial deflection behavior during the cooling down differs from case to case.
Figure 27(b) & (e) show that during the cooling down in the cases of titanium and the
water, the arrows are directed toward the impeded object. The opposite happens in the
bone case in which the arrows are directed outward the bone tolthdiragtion
(proximal to the HIFU) as shown Figure 27(c). In the air case, the arrows are not
directed to or out of the interface, but rather to the outer PDMS area surrounding the air
in the radial direction (to the upper and lower left corn@ssghown irFigure 27(d).
Since the arow direction is opposite to the temperature gradient, it represents the
direction of the heat diffusion during tbeoldown phase. Thaterpretation of the

difference between the cases will be provided below with the discusstoguoé 29.
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Figure27. Temporal evolution of the ray deflection maps at the HIFU plane with-Auto
scale off with the factor that multiplied with thecamponent is 7 times the factor
multiplied by the ycomponent, resulted from applying a HIFU pulseso® ft | Gat

the interfaceof PDMS with the embedded material of (a) clear PDMS, (b) Titanium, (c)
Bone, (d) Air, (e) water.

3.22. TemporalProfiles

The casehatwas takerv & & away from the interface (cut location 2) is
presented first as shown kigure 28, whereFigure 28(a) represents the temporal
evolution of the peak temperature ri¥eandFigure 28(b) represents the temporal
evolution of the heated spot radiMsBoth show that the results are close for all
phantom cubes. Therefore, any difference in the results at the interface either in the
spatial profile inFigure 27 or temporal profile ifFigure 29 would be solely due to the

nature of the embedded object.
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Figure28. (a) Temporal evolution of the peak temperature 4iseD, and (b) temporal
evolution of the heated spot radiuspdt | far from the interface proximal to the HIFU
(cut location 2) using PDMS cubes with different embedded objects. The HIFU pulse
wast | Owith o &7 as inputpower.

The temporal evolution of the peak temperature Nsat the interface (cut
location 1) is shown ifrigure 29. The air case recorded the highest temperature due to
the high impedance mismatching between the air and the PDMS as Jadheid.
Also, due to its low thermal conductivity and thermal capacity, the thermal heat tends to
be conducted through the PDMS material surrounding it rather than passing through it
as represented by the direction of the arrowSguire 27(d). On contrary, the water
recorded the lowest temperature due to the almost matching of impedance with the
surrounding medium (PDMS), and the high heat capacity whichsnakerks as a
thermal sink (it needs much higher energy to raise its temperature at the same amount
comparing to the other materials). Its behavior as a thermal sink is also shown in the
direction of the arrows ifigure 27(e). Titanium recorded relatively high at the end of
the HIFU pulse but dropped much faster than any other material. The huge thermal
conductivity comparing to the other materials is the reason behind that. That makes it

also appear as a thermal sinkFigure 27(b), but here because it conducts the heat
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