
 

 

                            



 

 

AMERICAN UNIVERSITY OF BEIRUT 

 

 

 

 

OPTICAL DIAGNOSTICS OF A HIGH INTENSITY 

FOCUSED ULTRASOUND (HIFU) FIELD: TEMPERATURE 

AND ACOUSTIC STREAMING MEASUREMENTS 
 

 

 

by 

HUSSEIN SAôID DAOUD 

 

 

 

A dissertation 

submitted in partial fulfillment of the requirements 

for the degree of Doctor of Philosophy 

to the Department of Mechanical Engineering 

of the Maroun Semaan Faculty of Engineering and Architecture 

at the American University of Beirut 

 

 

 

 

Beirut, Lebanon 

April  2021 

  



 

 

AMERICAN UNIVERSITY OF BEIRUT 

 

 

 
 

OPTICAL DIAGNOSTICS OF A HIGH INTENSITY 

FOCUSED ULTRASOUND (HIFU) FIELD: TEMPERATURE 

AND ACOUSTIC STREAMING MEASURMENTS 

 
by 

HUSSEIN SAôID DAOUD 

Approved by: 

 

       

____________________________________________________________________ 

Dr. Ghanem Oweis, Associate Professor              Advisor 

Department of Mechanical Engineering, AUB     

  

____________________________________________________________________ 

Dr. Marwan Darwish, Professor         Chair of Committee 

Department of Mechanical Engineering, AUB 

      

___________________________________________________________________   

Dr. Ghassan Antar, Professor                   Member of Committee  

Department of Physics, AUB       

     

____________________________________________________________________ 

Dr. Massoud Khraiche, Assistant Professor      Member of Committee  

Biomedical Engineering Program, AUB 

 

____________________________________________________________________ 

Dr. Robin Cleveland, Professor      Member of Committee  

Department of Engineering Science, University of Oxford 

 

____________________________________________________________________ 

Dr. Ian Rivens, Staff Scientist                 Member of Committee  

Therapeutic Ultransound Team, the Institute of Cancer Research- UK 

 

 

Date of dissertation defense: April 27, 2021 

 

 



 

 

AMERICAN UNIVERSITY OF BEIRUT 

 

THESIS RELEASE FORM 

 

 

Student Name: __________________________________________________________ 

   Last   First   Middle 

 

 

       

I authorize the American University of Beirut, to: (a) reproduce hard or electronic 

copies of my thesis; (b) include such copies in the archives and digital repositories of 

the University; and (c) make freely available such copies to third parties for research or 

educational purposes:   

 

 As of the date of submission 

 One year from the date of submission of my thesis. 

 Two years from the date of submission of my thesis. 

 Three years from the date of submission of my thesis.  

 

 

 

 

__________________________________________________ 

 

Signature     Date



1 

 

ACKNOWLEDGEMENTS 
 

 

I would like to deeply thank my advisor, Dr. Ghanem Oweis, for his continual guidance 

throughout this research journey. I had the chance to benefit from his research experience 

and critical thinking. I would like also to thank the members of my dissertation committee 

Prof. Robin Cleveland, Dr. Ian Rivens, Prof. Marwan Darwish, Prof. Ghassan Antar, and 

Dr. Massoud Khraiche for their valuable comments and recommendations. 

 

I would like also to thank my colleagues and friends: Joseph Aaraj who helped with 

generating the experimental CAD figures, Rasha Seblany the coauthor of two conference 

papers related to this work, and my lab-mates Wadih Khoury, Mohammed Mehmesani, and 

Hovsep Touloujian who never hesitated to provide any needed help in the lab. The efforts of 

the staff of the machine shops of the faculty of engineering at the American University of 

Beirut are much appreciated in achieving this work. 

 

Special thanks from the deep of heart to my special friends Mhamad Mahdi Alloush and 

Manar Younis with whom I have shared the Masterôs and PhD journey from the very 

beginning. As a student who came from another country, your continuous support has a 

great impact to make the journey and what was a new city to be much easier for me. As 

an Arabic expression says: the friend in the foreignness is a homeland. 

 

I would also like to express my cordial gratitude to my colleagues and friends in AUB 

who provided me with a stimulating environment to achieve my goals: Moaz Al-Quraini, 

Amer Qeblawi, Abed Alkader Alsaidi, Mohammad Cheikh, Mohammad Allouche, 

Carine Habchi, Nagham Ismail, Mariam Itani, Mohammad Ali Fakih, Walid Abou Hweij, 

Mohamad Al Nasser, Ali Al Abed, Mohamad Hout, Jinane Charara, and Safaa Khalil. 

 

Finally, special thanks to my family; Mom, Dad, brothers, and sisters. Mom and Dad, 

words cannot express the appreciation and the acknowledgment that I have for all your 

sacrifices that you have made for me and my siblings. Suzan, Haitham, Nedaa, and Omar, 

your presence has always been a source of joy and inspiration in my life. 
 

This work is dedicated to the memory of my beloved family members whom I lost during 

my PhD years: my uncles Mohammed, Ahmad, Abdulkarim, and Omar, my aunt Sameha, 

and my auntôs husband whom I consider my role model Prof. Jumah abbad.  

 

 

 

 

 

  



2 

 

ABSTRACT  

OF THE DISSERTATION OF 
 

 

 

Hussein Saôid Daoud     for Doctor of Philosophy 

  Major: Mechanical Engineering 

 

 

 

 

Title: Optical Diagnostics of a High Intensity Focused Ultrasound (HIFU) Field: 

Temperature and Acoustic Streaming Measurements 

 

 

High Intensity Focused Ultrasound (HIFU) is an active topic of research for the non-

invasive treatment of cancerous tumors by thermal ablation. The ability to estimate the 

HIFU field is essential for the safety and the accurate quantification of the experiments. 

The available lab measurement techniques such as thermocouples and pressure 

probes are invasive which limits the accuracy and the spatial resolution of the 

measurements, and most techniques measure the field variable at one point. Optical 

measurement techniques, on the other hand, provide non-invasive, fast, and spatially 

resolved measurement. In this work, optical methods will be used to provide 

measurements for two quantities of interest in the HIFU field: temperature and acoustic 

streaming velocity. 

 

In the thermometry part of this work, two novel optical methods of measuring 

temperature are proposed. The first method provides a 1-D temperature profile in the 

radial direction without the need for any calibration, while the second one provides a 

radial and axial scan of the temperature field but requires calibration of the imaging 

system.  

 

In the acoustic streaming part, Particle Image Velocimetry (PIV) was used to measure 

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, and the presence 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 

that 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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CHAPTER 1 

1. INTRODUCTION 
 

High Intensity Focused Ultrasound (HIFU) is a therapeutic technique that 

depends on focusing a high acoustic intensity at a precise focal spot leading to an 

increase in the temperature at this spot to a degree that is sufficient to ablate the 

cancerous biological tissues. Figure 1 represents the current state of the Focused 

Ultrasound field as issued by the Focused Ultrasound Foundation in their yearly report 

for the past year (2020). The technique has already got the FDA approval for some 

applications like Bone Metastases, Prostate cancer, and Uterine fibroid. For other 

applications, it has got the approval and adopted as a therapeutic technique outside the 

USA, especially in China and Europe. But for most of its possible applications, it is still 

in the clinical and preclinical studies stages. Before using a HIFU transducer in a 

clinical study, the in-lab characterization of the field generated by this transducer is an 

essential step. Due to a large number of medical applications and because HIFU is 

considered relatively new in each of them, many studies are issued yearly on the 

medical applications of the HIFU. These are some recent review articles that summarize 

the experimental works on the efficiency and the safety of using HIFU in some of the 

applications shown in Figure 1 [Cheung, 2018; Lin et al., 2021; Marques et al., 2020; 

Sehmbi et al., 2020; Ziglioli et al., 2020]. 



 

17 

 



 

18 

 

Figure 1. State of the Focused Ultrasound Field from the yearly report of  [Focused 

Ultrasound Foundation, 2020]. 
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1.1. HIFU Thermometry 

In extracorporeal HIFU, a piezoelectric crystal is placed outside the patientôs 

skin to transmit spherically focused ultrasound waves into the unwanted, diseased mass 

deep inside the body and heat it gently (~ 1 min., low power intensity in the order of 

ρππ ὡȾὧά) to necrosis or cell death. The localized hot spot is typically elongated 

(cigar-shaped) in the acoustic beam direction, and it measures one or two millimeters 

across. In some works, HIFU has been used at elevated acoustic power intensities 

(σͯ ρπ ὯὡȾὧά) in short bursts (‘ίάί) for precision lesion formation [Liu, D. et 

al., 2018] and tissue boiling and pulverization [Canney 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 of (ρπ ᴈȾίὩὧ)[Al -Qraini et al., 2013]. A fast, resolved, and 

non-invasive thermometry tool that can elucidate the thermal behavior in such scenario 

is of interest.  

 

1.1.1. Current HIFU Thermometry Techniques 

In the clinic, HIFU temperature measurements are based on magnetic resonance 

(MR) or ultrasound (US) imaging [Casper et al., 2011; Ebbini & Ter Haar, 2015]. They 

are non-invasive but are often limited in resolution and by in vivo target motion such as 

from breathing. In preclinical laboratory studies, thermometry methods are based on 

complex procedures involving a combination of hydrophone acoustic field 

measurements with numerical simulations to obtain the 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 irradiation [Maruvada et al., 2011; Morris et al., 2008; Nell 
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& Myers, 2010; Waterman & Leeper, 1990]. Such invasive artifacts are not limited to 

acoustic fields, but have also been reported with other modes such as laser heat 

deposition activities [Reid et al., 2001; Saccomandi et al., 2013]. Thin film and fine 

wire thermocouples [Haller et al., 2012; Morris et al., 2006] can have improved 

performance over standard thermocouples but still need to be invasively inserted in the 

measurement area. In our experience, fine wire thermocouples are sensitive to 

environmental vibrations and motion artifacts when the temperature rise of interest is 

only a few degrees. To measure fast HIFU heating non-invasively, Al-Qraini et al. [Al -

Qraini et al., 2013] implemented laser-induced fluorescence (LIF) in a water medium by 

dissolving a temperature sensitive fluorescent dye. Temperature was measured with 

excellent spatial 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 challenges in HIFU thermometry and it was worthy of a further investigation. 

 

1.1.2. Optical Thermometry Techniques  

Optical thermometry methods offer a viable laboratory alternative to the 

invasive thermometry tools, meeting many of the challenges of resolution and 

invasiveness. A number of thermo-optic, refraction-based systems exist in the literature 

for thermal engineering applications [James & Tatam, 2003; Oweis et al., 2015; 

Schwarz, 1996; Tieng et al., 1992; Tokgoz et al., 2012; Vetrano et al., 2005; Zhang & 

Ruff, 1994; Zhu, T. et al., 2005]. In principle, these are line of sight methods that 

measure the spatial distribution of the refractive index, ὲ, or its spatial gradient in the 

heated medium (also known as phase object), or some derived quantity. Temperature, Ὕ, 
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conversion is achieved from knowledge of the thermo-refractive coefficient, Ὧ  . 

When a light ray travels through the phase object it follows a curvilinear path as it 

continually refracts, integrating information about the mediumôs temperature 

distribution. A number of opto-thermal inversion methods have been reported. For 

instance, in the thermal boundary layer study by Verdaasdonck et al. [Verdaasdonck et 

al., 1999], color Schlieren patterns were converted into temperature using an initial 

calibration procedure that minimized errors against computed ray-tracing images, and 

thermocouple (TC) inputs.  In laser interferometric holography of a methane-air flame 

[Xiao et al., 2000], a reference acquisition without the flame (isothermal), and an 

acquisition with the flame were used to produce a fringe pattern. Computational ray 

tracing was used to correlate the fringes to the mediumôs refractive index distribution, 

and subsequently, the flame temperature. In the experiment of Hossain et al. [Hossain et 

al., 2013] , three-dimensional flame temperature fields were reconstructed from 2-color 

tomographic images. They used a back projection algorithm and a simultaneous 

iterative  and algebraic reconstruction technique. TC input data were used for system 

calibration. A notable method is laser speckle photography [Kihm, 1997; Kumar, M. & 

Shakher, 2015; Shakher & Nirala, 1999; Trivedi et al., 2014]. It uses 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 of interest). 

[Crespy et al., 2010] elaborate 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 measuring higher 

temperature gradients. The ray equation is iteratively solved for ray trajectories, 

deflection angles, and temperature. In summary, a combination of thermal calibration 
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and error-minimizing calculations is the common thermometry practice in complex 3D 

fields. For 2D axisymmetric fields with a back-projection setup, the Abel transform can 

be employed [Kakuta et al., 2014; Khramtsov et al., 2015; Lewis et al., 1987; Schwarz, 

1996].   

It is particularly interesting to revisit the LIF setup of Al-Qraini et al. [Al -Qraini 

et al., 2013] in which they noticed a secondary ñthermal lensingò effect behind the 

thermal spot (figures 3 and 4 in their paper) which manifested as a dark shadow 

surrounded by a halo band (replicated later in this work 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 the refractive line-of-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 current work explores this 

lensing behavior and aims to develop a practical thermometry tool for HIFU through a 

viable thermo-optic conversion methodology. 

 

1.2. Acoustic Streaming 

Acoustic streaming is one of the physical phenomena that are associated with 

using High Intensity Focused Ultrasound (HIFU) in a fluid 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 using the HIFU.  

The phenomenon of acoustic streaming was first reported by [Faraday, 1831] 

who observed during his study on elastic surfaces a current established in an air medium 

adjacent to a vibrating surface. Later,  [DvoŚ§k, 1876] observed a mean flow of gas at 
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high amplitude oscillations during his work on Kundtôs tube, which is a transparent 

horizontal tube that was used as a measurement tool for the speed of sound. Many 

works came later studying the streaming near vibrating cylinders   [Holtsmark et al., 

1954; Raney et al., 1954]and vibrating membranes  [Jackson & Nyborg, 1958; Jackson, 

1960; Nyborg, 1958]. 

[Rayleigh, 1884] was the first one who established the theory of the acoustic 

streaming phenomenon. His analysis included the cases of acoustic streaming above a 

vibrating plate, inside Kundtôs tube, and the problem of the standing waves between 

parallel walls. The first solution of the acoustic streaming near an oscillating cylinder 

was provided by [Schlichting & Kestin, 1961] .  [Eckart, 1948] provided his solution for 

the streaming away from the boundary when the driving force is the attenuation of the 

acoustic waves in a bulk fluid.    

The origin of this streaming, as discussed by [Azhari, 2010] is the pressure 

gradient that resulted from the attenuation of the acoustic energy throughout the 

propagation medium. Figure 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 intensity (Ὅ) resulted from the attenuation, the intensity at a point 

(ὼ Ўὼ) is given by [Azhari, 2010]: 

 Ὅὼ Ўὼ ὍὼὩ Ў  (1-1) 

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

(ῲ) is given by: 

 ῲὼ
Ὅὼ

ὅ
 (1-2) 

Where ὅ is the speed of sound in the medium, substituting in equation (1-1): 
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ῲὼ Ўὼ ῲὼ

Ўὼ
 
Ὅὼ Ўὼ Ὅὼ

ὅȢЎὼ
 
Ὅὼ Ὡ Ў ρ

Ўὼ
 (1-3) 

When Ўὼ approaches zero the equation becomes: 

 
‬ῲὼ

‬ὼ
 
ς‌ȢὍὼ

ὅ
 (1-4) 

This formula is for the planner wave. In a general situation, the gradient is a 

function of the acoustic intensity distribution, the medium attenuation coefficient 

distribution, and the speed of sound in the medium. 

 

Figure 2. Control volume of the field of an acoustic plane wave showing the driving pressure. 

(adapted from [Azhari, 2010] ). 
 

 

1.2.1. HIFU Acoustic Streaming 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] in a technique called Ultrasound thrombolysis which was 

reported in many studies; a few examples are: [Bader et al., 2015; Hong et al., 1990; 

Siegel & Luo, 2008; Suo et al., 2015; Zhu, Q. et al., 2019]. Similarly, acoustic 
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streaming share another ultrasound phenomena in the contribution for dealing with 

kidney stones [Holmer et al., 1991] in Extracorporeal Shock Wave Lithotripsy (ESWL) 

which is also a well-established technique studied in many publications  [Aboumarzouk 

et al., 2011; El Nahas et al., 2012; Srisubat et al., 2014] . 

 On the other hand, many papers indicated that the acoustic streaming highly 

affects the temperature distribution in the 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., 2012a]. [Solovchuk et al., 2013] used computational simulations to 

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

HIFU ablation in the existence of a σ άά blood vessel πȢυ άά 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 υτϷ.  

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

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

HIFU intensity of φȢρz ρπ ὡȾά  at the center of a blood vessel of φȢυ άά in 

diameter can result in overprediction of the temperature by about σπϷ (figure 5 in their 

paper). For in-lab thermometry of a HIFU in a water medium, [Al -Qraini et al., 2013] 

found that the convective cooling resulted from 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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1.2.2. Previous Trials of Using PIV to Measure Acoustic Streaming  

Particle image velocimetry (PIV) is one of the most well-established techniques 

to provide field velocity measurement of the fluids flow, its use to measure the acoustic 

streaming, in general, is not new and has been performed in many works; examples are  

[Arroyo & Greated, 1991; Green et al., 2016; Kumar, A. et al., 2007; Lei et al., 2013; 

Nabavi et al., 2007; Nabavi et al., 2008]. On the other hand, there are only a few works 

that concentrated on experimentally or computationally examine the acoustic streaming 

of focused ultrasound specifically (we will mention those that used PIV in the following 

paragraphs), and there is still a lot of work needed in this area according to [Ben Haj 

Slama, R. et al., 2019]. 

[Ben Haj Slama et al., 2019; Ben Haj Slama, Rafika et al., 2017] used PIV to 

test the acoustic streaming resulted from a υυπ ὯὌᾀȟρπ ὧά diameter, and ρπ ὧά focal 

length HIFU transducer in a φπ ὒ tank (πȢυψzπȢσψzπȢςχ ά ) filled with water seeded 

with polyamide particles. They used a continuous PIV mode, and their field of view was 

ω ὧάzυȢφ ὧά. The dimensions of the resulting streaming field are much smaller than 

the dimensions of the tank, which means that the flow can be considered a free stream 

with almost no effect of the tank boundary. In the first paper [Ben Haj Slama et al., 

2017], they studied the effect of seeding particlesô size on the reliability of the PIV 

measurements when it is used in HIFU acoustic streaming applications. They did that by 

applying acoustic pressure of υȢςȟρπȢυ, and ρυȢχ bar at the focus, started taking 

continuous mode PIV φπ ί after ultrasound starts with ψσȢσ άί time step between 

consecutive images. This resulted in a spatial peak streaming velocity of 

ςȢςȟφȢσ Ǫ ρρ άάȾί depending on the applied pressure. They used three different 

seeding particle sizes: υȟςπȟǪ υπ ‘ά. They captured and averaged υπ image-pairs in 
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each case and compared the results with numerical simulations performed in Fluent. 

The results showed that only the υ ‘ά particles are reliable under the mentioned 

experimental conditions. For example, at ρυȢχ bar, the axial velocity at the focus 

dropped from ρρ άάȾί when using υ Аά particles to ψȢφ άάȾί Ǫ σ άάȾί when 

using ςπ Аά Ǫ υπ Аά particles, respectively. The deviation of the results of the larger 

particles was due to the radiation force effect. In the second paper [Ben Haj Slama et al., 

2019], they depended on this conclusion and used the υ ‘ά particles and powers that 

provided acoustic pressure amplitude at the focal point of ςȢφ ρψȢτ ὦὥὶ with time 

steps and delay after the HIFU start of ψσȢσ άί and φπ ί respectively. Here they took 

and averaged ςππ image-pairs per case. They 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 the velocity at 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 pre-focal region ( υ ‗ and before), while the peak axis velocity 

(close to the focal point) is proportional to the power (τȾσ) of the applied acoustic 

pressure. Also, by comparing the acoustic streaming results with the characteristics of 

the jet flow, some similarities were observed between the acoustic streaming 

downstream to the peak velocity (ςȢυ ‗ and beyond) and a region called the self-

similarity region in the jet flow.  

  [Hariharan, Prasanna et al., 2008] used the PIV measurement of the acoustic 

streaming, along with a computed streaming velocity, to come up with an optimizing 

algorithm to characterize The HIFU field. 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 of a ςπὼςπὼςπ ὧά tank of fluid seeded with 

ρπ Аά hollow glass spheres, and dual pulsed Nd:YAG laser with a rate of ρυ Ὄᾀ. The 

field of view was ς ὼς ὧά. The time between images was varied between ρ άί to 

ρπ άί depending on the streaming velocity. They turned on the HIFU, waited for φȢφ ί 

so that the flow reached the steady-state, and then took υπ pairs in υ ί. Three different 

HIFU transducers were used (radius υ ὧά, operating frequency ρȢυ ὓὌᾀ, focal distance 

σȢψ ὧά; radius υ ὧά, operating frequency ρȢρπχ ὓὌᾀ, focal distance ρρ ὧά; & radius 

σȢς ὧά, operating frequency ρȢρ ὓὌᾀ, focal distance φȢςφτ ὧά). As they only used the 

acoustic streaming to measure other parameters, the only velocity results they provided 

are the axial and the radial velocity profiles in comparison to the computed ones. In 

their following related paper, [Myers et al., 2008], they proposed two direct alternatives 

to calculate the acoustic intensity field from the experimentally measured streaming 

velocity by inserting the PIV measurements into the governing equations of the 

streaming motion. 

[Choi et al., 2006] used PIV to visualize the acoustic streaming in the lithotripsy 

field, but they used a lab-made shock wave generator placed inside the bottom of a 

cylindrical water tank which has dimensions of χπ ὧά diameter and ωπ ὧά in height. 

These dimensions are too large to reflect the cavities inside the kidney, which means 

that they are neglecting the effects of the boundaries and the size of the cavity. The 

shock wave in this context is a high-power acoustic pulse focused on the target. They 

used a continuous PIV mode with a frame rate of σπ Ὢὴί (in processing they made it 

φπ Ὢὴί) with a field of view of ρππὼρππ άά . They started recording ρ ί before the 

shock wave generation and recorded for υ ί. 
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[Nowicki et al., 1998] provided a PIV measurement for the acoustic streaming 

generated by flat and focused ultrasound transducers in 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 a φτὼφτὼωπ άά  water bath seeded with a fine pine pollen 

powder. The first transducer was flat σς ὓὌᾀ, and the other was focused σς ὓὌᾀ, 

ρς άά focal length.  They used continuous PIV mode with a time interval of about 

ςππ άί.  

   [Hallez et al., 2016] performed a PIV on the acoustic streaming of HIFU 

transducer for sonochemistry application, compared its results with electrochemical 

mass transfer measurements and a theoretical model, 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 of ως άά and a total volume of χυπ άὰ.  [Tan & Hover, Sep 2009] used a 

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 

containers 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 

studied the streaming to reach another parameter, so they didnôt systematically describe 

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 acoustic streaming from a single, short HIFU 

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 of a close boundary on the resulting acoustic 

streaming.  
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CHAPTER 2 

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 of a ray through 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 resulting 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 sensitivity of the solution 

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 proposed as a 

thermometry tool is presented with its results.  

 

2.1. Numerical Ray Tracing of Thermal Lensing 

The light sheet intersecting the HIFU heated spot as in Figure 3(a) (e.g. [Al -

Qraini et al., 2013]) is considered to consist of many individual rays. An individual ray 

with an angle of incidence ɚ   follows a curvilinear path [Saleh & Teich, 2019] , and 

leaves the hot spot at a different refracted angle ɚ , accruing a net change in slope 

ЎÔÁÎ‌ ÔÁÎɚ ÔÁÎɚ , as depicted in Figure 3(b). We consider a ray within the 

heated spot as it goes through an interface of infinitesimal change in temperature 

ὨὝ Ὕ Ὕ  and refractive index Ὠὲ ὲ ὲ , as depicted in Figure 3(c). The 



 

32 

vectors Ὅᴆ, Ὑᴆ, and ὔᴆ are unit vectors along the incident ray, the refracted ray, and the 

normal to the interface, respectively. The local angle of refraction ‌ and the angle of 

incidence ‌ are taken with respect to ὔᴆ. Snellôs law predicts the path of the refracted 

ray [Glassner, 1989] as: 

 Ὑᴆ
ὲ

ὲ
Ὅᴆ  

ὲ

ὲ
ÃÏÓ‌ ρ

ὲ

ὲ
ÃÏÓ‌ ρ ὔᴆ (2-1) 

 The thermal cross section of the HIFU hot spot is approximated as 2D 

axisymmetric, Gaussian temperature distribution of peak temperature rise Ὕ  and width 

Ὑ, which is typical [Al -Qraini et al., 2013; Filonenko & Khokhlova, 2001; Jaunich et 

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

 Ὕὶ Ὕ ὝὩ  (2-2a) 

Where Ὕ is the background isothermal temperature in the far field, the radial 

distance ὶ ὼ ώ  is measured from the center of heating ὼ ώ π, and the 

HIFU acoustic axis is along the ᾀ coordinate. The radial position ὶ Ὑ marks the 

 Ὕ  πȢσφψ Ὕ  isotherm. For tissue or water, the thermo-refractive coefficient Ὧ

 is considered constant in the HIFU temperature range (body temperature to water 

boiling). The index of refraction is then: 

 ὲὶȟὝ ὲ ὯὝὩ  (2.2b) 

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

the homogenous background temperature is Ὕ. 
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(a) 

 

(b) 

 

(c) 

Figure 3. (a) 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: 

ЎÔÁÎɻ ÔÁÎɚ ÔÁÎɚ . (c) As it crosses a local isotherm (refractive interface) at any 

point inside the heated spot, the locally incident laser ray with unit vector )ᴆ, making an 

angle ɻ with the normal to the interface .ᴆ  refracts with an angle ɻ and assumes a new 

refracted travel direction 2ᴆ. 
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The incident rays in the laser sheet are numerically propagated according to 

equation (2.1) on a rectangular grid of χππςρππ elements to produce a synthetic 

digital image akin to the LIF intensity image in [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 cigar-shaped HIFU hot spot in the acoustic beam 

direction ᾀ is modeled as an ellipse: Ὕὶȟᾀ Ὕ ὝὩ
Ⱦ

, with ὥ ρ. This 

shape becomes manifest when the illuminating light sheet is set to be colinear with the 

HIFU acoustic axis ᾀ. This collinear setup was used in just one test case for 

qualitative comparison with the lensing observations of [Al -Qraini et al., 2013] 

(discussed later in Figure 8), while in the rest of the analysis in this chapter, the rays cut 

the heating axis perpendicularly (facing an axisymmetric heated area in their path). 

 

2.2. Analytical Solution of Thermal Lensing 

Here, the lensing problem is approached analytically. The 2D geometric ray 

equation (or eikonal equation [Crespy et al., 2010]) describes the curvilinear ray 

trajectory ί ίὼȟώ [Saleh & Teich, 2019]: 

 
Ὠ

Ὠί
ὲ
Ὠὼ

Ὠί

Ὠὲ

Ὠὼ
   Ƞ             

Ὠ

Ὠί
ὲ
Ὠώ

Ὠί

Ὠὲ

Ὠώ
 (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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 ί ὼ (2-4) 

Hence: 

 
Ὠ

Ὠὼ
ὲ
Ὠώ

Ὠὼ

Ὠὲ

Ὠώ
ᵼᵼὨὲ

Ὠώ

Ὠὼ

Ὠὲ

Ὠώ
Ὠὼ ᵼᵼ

Ὠώ

Ὠὼ

ρ

ὲ

Ὠὲ

Ὠώ
Ὠὼ (2-5) 

Substituting ς ὲ ὲ  from equation (2-2b) into equation (2-5) 

yields a closed form solution for the local ray slope:  

 ÔÁÎ‌ὼȟώ
Ὠώ

Ὠὼ
ὼȟώ Ѝ“Ὕ

Ὧ

ὲ

ώ

Ὑ
‐
ὼ

Ὑ
Ὡ  (2-6) 

‐ὼ is the Gauss error function. The slope is plotted in figure 4(a) for a number 

of incident rays of different initial offset from the center of heating ώ. The maximum 

local ray deflection is calculated to be very small ςЈ which justifies the paraxial 

assumption. A ray ὭὲὧὭὨὩὲὸ ὶὥώȡ ‌ ɚȟὼ Њȟὲ ὲ  traveling from one end of 

the Gaussian thermal distribution ὼ Њ  and crossing the entire heated spot leaves 

at the other end ὼ Њ  with a new slope ὶὩὪὶὥὧὸὩὨ ὶὥώȡ ‌ ɚȟὼ Њȟὲ

ὲ , accruing a cumulative (overall) ray deflection ɝÔÁÎ‌ ÔÁÎɚ  ÔÁÎɚ  

obtained by direct substitution into equation (2-6): 

 ЎÔÁÎ‌ώ ςЍ“Ὕ
Ὧ

ὲὙ
ώὩ  (2-7) 

This is plotted in figure 4(b) as a function of the offset ώ of the horizontally 

incident ray. The position of the peak deflection at ώ Ὠ ὙȾЍς readily gives the 

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

properties, rearranging equation (2-7)  gives the temperature gradient: ὝὩ
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Ѝ
ЎÔÁÎ‌ώ ὶ, and also the temperature: ὝὩ

Ѝ
ЎÔÁÎ‌ώ

Ὕὶ. The sought after opto-thermal conversion is thus:  

 ЎὝὶ Ὕὶ Ὕ
ὲ

Ѝ“ὯὙ
ЎÔÁÎ‌Ὠώ (2-8) 

A proposed thermometry setup requires the measurement of the ray deflection 

distribution ЎÔÁÎ‌ώ . This readily gives the heated spot size Ὑ. The constants ὲ 

and Ὧ are properties of the medium. A similar conversion result can be obtained for the 

non-axisymmetric, Gaussian heated spot with elliptical profile. 

 

(a) 

 

(b) 
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Figure 4. (a) The local slope ὸὥὲ‌ 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 boundary ὝȾς delineated by the two vertical 

dashed lines. (b) Net ray deflection, Ўὸὥὲ‌ ὸὥὲ̈́ ὸὥὲ̈́ , as a function of the incident ray 

height ώ. The distance between the two peaks ςὨ is proportional to the heated spot size, Ὑ ЍςὨ. 

The thermo-optic properties of water and Ὕ ρππ ᴈ were used. 

 

2.3. Thermometric Sensitivity to Gaussian Model Assumption 

Three axisymmetric temperature distributions known a priori: linear, parabolic, 

and Gaussian were used as input into the ray equation to compute the ray trajectories. 

The corresponding net ray deflections ЎÔÁÎ‌ώ  were fed as input into the thermal 

conversion model of equation (2-8) to ñmeasureò the underlying temperature field, and 

then compared to the known ñtrueò temperature. The true temperature profiles, given by 

equations (2-2a), (2-9), and (2-10) are plotted in Figure 5(a). 

 Ὕὶ
Ὕ ȿὶȿȠ ȿὶȿ Ὑ

π Ƞ ȿὶȿ Ὑ
  (linear) (2-9) 

And 

 Ὕὶ
Ὕ Ὕ Ƞ ȿὶȿ Ὑ

π Ƞ ȿὶȿ Ὑ
      (parabolic) (2-10) 

 

 They were selected to have identical peak temperatures Ὕ , and identical spatial  

integral of the temperature radial profile ὗ ᷿ ς“ὶὝὶὨὶ: ὗ Ὑ Ὕ

ὗ Ὑ Ὕ ὗ “ὙὝ , or Ὑ
Ѝ
Ὑ

Ѝ
Ὑ. And the ray 

deflection profiles are plotted in Figure 5(b). The ñmeasuredò temperature according to 

equation (2-8) and the ñtrueò (input) temperature profiles are shown in Figure 6. 

Expectedly, the true and measured peak temperature Ὕ  and ὗ were identical for the 



 

38 

Gaussian input. For the parabolic and linear inputs, the measurement underpredicted the 

true peak temperature by (ςψϷ and ςυϷ), and the true Q by (ςυϷ and ρψϷ), 

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

Gaussian case by a factor of Ѝσ and Ѝς, respectively, which explains the temperature 

under-estimation. The linear and parabolic profiles represent extreme situations because 

they abruptly terminate at zero, and do not have the sloping tail-off behavior that would 

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

in an experiment. 

 

 

(a) 
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(b) 

Figure 5. (a) Three hypothetical input temperature profiles; Gaussian (dashed), parabolic 

(solid black), and linear (solid gray), of identical peak temperature  Ὕ ρππ ᴈ and Q, 

were used to test the opto-thermal conversion model of equation (2-8). (b) The net ray 

deflection (Ўὸὥὲ‌ ὸὥὲ̈́ ὸὥὲ̈́) as a function of incident ray height ώ 

corresponding to the three distributions in (a). 
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(a) 

 
(b) 

 
(c) 

Figure 6. Comparison of the ñmeasuredò temperature profiles, grey dash-dot line, using 

the RB conversion model of equation (2-8), with the ñtrueò input temperature profile, 

black 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. 

 

2.4. Experimental Thermal Lensing Method 

In the experimental setup shown in Figure 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 rays is recorded by a camera and converted to temperature using the opto-

thermal model of equation (2-8).  
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(a) 

 

(b) 

Figure 7. Schematic of the RB thermometry experimental setup. The HIFU heats a spot inside the 

transparent PDMS tissue 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 focused to probe the 

thermal spot. The thermally-refracted 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 Phantom® 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 50 cm2 white cardboard screen tilted at 450, and placed ~95 cm 

from the hot spot. The camera axis was perpendicular to the projection screen. The coordinates 

ὀȟὁȟὂ refer to the heating location, while X,Y refer to the imaging location. 
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LOCALIZED HIFU HEATING: A HIFU transducer (φσ άά geometric focus, 

ὪΠ ρ, Model H-107, Sonic Concepts, WA, USA) was mounted in an opening in the 

sidewall of a plexiglass water bath (ςπὼςπὼςυ ὧά). The bath provided acoustic 

coupling between the transducer and the tissue-mimicking target. The acoustic HIFU 

focus was υρȢχ άά from the face of the transducer. The transducer operated at its third 

harmonic ρȢφ ὓὌᾀ with nominal conversion efficiency of υχϷ. It was driven by a 

waveform generator (Model 33220A, Agilent, USA) connected to an RF amplifier 

(Model 75A250A, Amplifier Research, USA) via an impedance-matching 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 

was ρȢυ άά (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 σ Ὀ linear translation stage fixed to the water bath controlled the position of the 

tissue target relative to the HIFU focal point with micrometer precision. The optically 

clear tissue mimicking phantom was rectangular in shape, σπςπςπ άά . 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 in  Table 1, that are close to the soft tissue properties ( the fat has: ὅ 

ρτυπȟ ” πȢωυ ὫȾὧά , ὤ ρȢσψ ρzπὑὫ ά Ȣίϳ , the liver has: ὅ ρυωπȟ 

” ρȢπφ ὫȾὧά , ὤ ρȢφω ρzπὑὫ ά Ȣίϳ , and the kidney has: ὅ ρυχπȟ 

” ρȢπυ ὫȾὧά , ὤ ρȢφυ ρzπὑὫ ά Ȣίϳ  [Azhari, 2010]). In addition, it is easy 

to mold. A πȢρσ άά thin thermocouple (model 5TC-GG-K-36-72, Omega, USA) was 

integrated within the phantom during casting, and its output was recorded via an A/D 

converter (ωυ ίὥάὴὰὩίȾίὩὧ, cDAQ-9171, National Instruments, USA). For a ς άί 
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HIFU single exposure, the thermal spot size in the phantom as defined by equation (2-

2a) measured πȢς άά across (TC present) or πȢφ άά (TC absent). The TC was used to 

pinpoint the hot spot by scanning for the spatial location that maximized the 

temperature reading. This was a tedious process since small shifts (πȢπυ άά) resulted 

in tangible changes in the temperature reading.  Dibaji et al. [Ahmad Reza Dibaji et al., 

2013] reported a similar experience. 

Two different US exposure schemes were used in the experiments (a) single 

pulse of ς άί length and power rating ranging from υχ ρρχ ὡ [ρψτπ

σχωπ ὡȾὧά]; and (b) a train of six ρπ άί-long pulses, with inter-pulse timing of 

ςυπρπππ άί (pulse repetition frequency (PRF): ρ τ Ὄᾀ, duty cycle ρϷ  τϷȟ

ρφȢχ ὡȟυτπ ὡȾὧά). This mimicked recent HIFU treatment protocols [Berlinda 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., 2016], and it was a more challenging 

irradiation protocol to test the RB method. A higher PRF protocol can reduce the total 

treatment time.  

PLANAR LASER RAY BUNDLE: The blue-green, argon-ion 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 lenses (ωȢχ άάȟφπ άά) to form a σπ άά 

high collimated planar sheet. To generate individual rays, a commercial transparency 

laminate with printed black lines (πȢρσ άά line width and πȢτς άά inter-spacing) 

spatially modulate the laser power by partially blocking it. The height of the ray bundle 

was reduced from 30 mm to ςȢυ άά near the 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 (πȢρ πȢσ άά radius) to probe its temperature distribution. The 



 

44 

deflection of the rays within the bundle was 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 DEFLECTIONS: Measuring the deflection pattern 

required one baseline recording of the ray pattern (no heating), and a subsequent 

recording in the presence of heating. Fast Fourier transform (FFT)-based cross-

correlation of the two RB images (no heating & with heating) produced a vector map 

that quantified the ray displacements, and this was converted into angular ray 

deflections. Cross-correlation was performed using a Matlab based software, 

PIVLAB2000 [Han & Mungal, 2003], using σςὼσς pixel computational kernels. A 

CCD camera 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. We experimented using two alternative imaging 

configurations: 

(A) In imaging configuration Πρ, the ray paths were made visible by passing 

through a fluorescent dye solution in an external transparent cuvette (τπὼτπὼρσυ άά ) 

placed approximately ρυ ὧά from the thermal spot. The camera (Phantom V9, Vision 

Research, USA) registered the ray paths in an orthogonal view as shown in the 

schematic of Figure 7(a). Deflection in the plane of the bundle only could be discerned. 

The frame rate and field of view were ςππ Ὢὴί (υ άί resolution), and τπ ὦώ συ άά , 

respectively. 

(B) The second configuration Πς did not involve the dye cuvette, and the 

rays were projected onto a υπ ὦώ υπ ὧά screen placed around ωυ ὧά from the heated 

spot as shown in Figure 7(b). The plane of the projection screen was not orthogonal to 
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the plane of the ray bundle, but rather inclined at τυ ὨὩὫὶὩὩί out of the plane of the 

bundle. This allowed the recording of the out-of-plane ray deflections and the in-plane 

deflections. The cameraôs imaging plane was parallel to the screen. The field of view 

was ρφπ ὦώ συ άά , and the frame rate ranged between ςππ and φππ Ὢὴί depending 

on the case. 

 

2.5. The Results 

2.5.1. Validate the 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] using a similar transducer and a polyacrylamide 

(PAM) hydrogel heating target (PAM, χϷ ύȾὺ) [Canney et al., 2010] mixed with 

fluorescent dye to visualize the light intensity distribution. Similar to the schematic 

depiction in Figure 3(a), the beam from a pulsed Nd-YAG laser (ρπ ὲί) was formed 

into a collimated light sheet to intersect the heated spot. Lensing is manifest in the 

figure as a shadow bounded by two brighter bands due to refractive light stratification. 

Lensing is reproduced using numerical ray tracing in the synthetic image shown in 

Figure 8(b), and by solution of the ray equation in Figure 8(c), using an elongated 

Gaussian temperature distribution (non-axisymmetric). The numerical and analytical 

images are identical and reproduce the features of the experimental light stratification 

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 in Figure 8(d) and (e) corresponding to the images of Figure 8(b) and (c), 

respectively. The same thermo-optic properties were utilized for Figure 8(b) through 

(e), and they closely represented the experimental conditions in Figure 8(a). PAM gel 
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and water have similar thermo-optic properties   ὲ ρȢσσσȟὯ

ρ ρπ Ņ  [Kim et al., 2004; Verdaasdonck et al., 1999] .  

The ray pattern indicates that the thermal lens is divergent with ὺὩ focal length 

Ὂ when the medium has a ɀὺὩ  Ὧ (e.g., water, PAM, PDMS). A medium with ὺὩ Ὧ 

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 thermo-optic parameters. Ὂ is 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 in Figure 8(f). Simulations yielded the following parametric 

dependence: 

 Ὂ πȢσ
ὲὙ

ὯὝ
 (2-11) 

The factor (πȢσ) was found empirically. The lens did not behave as a simple thin 

lens as suggested in equation (2-11), where all incident rays should pass through the 

focal point. A ray-height-dependent focal length Ὢ was introduced as the intersection of 

an individual ray of incident height ὶ with the centerline optical axis: 

 Ὢὶ πȢσ
ὲὙ

ὯὝ
ρ Ѝς

ὶ

Ὑ
 (2-12) 
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(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

 

(g) 

Figure 8. Reproduction of the thermo-optic lensing effect reported by [Al -Qraini et al., 

2013]: (a) in polyacrylamide (PAM) hydrogel dyed with red fluorescent rhodamine to 

visualize the laser sheet intensity distribution and refraction pattern. The ρπ ὲί laser pulse 

(Nd-YAG laser, shining from the left) was triggered at the end of a υ άί HIFU exposure 

(ς ὓὌᾀ, propagating from the right), and a Nikon D60 CCD camera in long exposure 

mode and fitted with a long-pass red Schott glass filter captured the snapshot in a dark 

room. The red (fluorescence) component of the 8-bit 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 based on equation (2-1) with a 2.5:1 elongated 

Gaussian temperature distribution  Ὕὶȟᾀ Ὕ ὝὩ  of   Ὑ ρςπȟὙ
τψ. The thermo-optic properties of water were used  ὲ ρȢσσσȠὯ ρ ρπȾЈὅ, 
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with Ὕ ψπ Јὅ, 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 image in (c). (f) A 

synthetic image from the axisymmetric analytical ray solution but using a ὺὩ Ὧ, to 

produce a focusing thermal lens. The focal point is marked with the circled cross, defined 

by the maximal centerline intensity. (g) The intensity profile along the centerline for (f). 

 

2.5.2. Results of Configuration Π  

The experimental thermometry results from imaging configuration #1 are 

presented. Single ς άί 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 map in Figure 9(b). The 

rays deflect radially outward, opposite to the direction of the temperature gradient. The 

linear displacement map was converted to angular ray deflection profile( ЎÔÁÎ‌ώ) 

back-projected to the heated spot location. A sample deflection profile is given in 

Figure 9(c). The scatter represents the individual columns of the map in Figure 9(b), 

and the average line is superposed. Multi-time-point deflection profiles after the HIFU 

pulse are shown in Figure 9(d). The distance between the positive and negative peaks 

=ςὨ  (see figure 4(b)) gives the radius of the heated spot Ὑ ЍςὨ  which is used in 

equation (2-8) to produce the corresponding temperature measurements (symbols) 

shown in Figure 9(e).  Gaussian distribution (lines) is used to fit the temperature 

measurements with very good agreement. The pressure maps for the same transducer 

are shown in Figure 10. This data was provided by the transducer manufacturer and the 

testing medium was water. 
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Figure 9. A single HIFU pulse (ς άίȟρρχȢτ ὡ) 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 deflection profile,  

Ўὸὥὲ‌ώ, using the vectors in (b), with the line representing the mean profile. (d) The 

angular ray deflection profile, Ўὸὥὲ‌ώ, 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 rise: Ὑ πȢςς ȟπȢςχȟπȢστȟπȢστȟπȢτχ άάȟ  and Ὕ τȢσσȟςȢψπȟρȢφσȟ
πȢωπȟπȢσσ ᴈ  at time ὸ πȢπχυ ȟπȢρτπȟπȢςφυȟπȢτυπȟρȢσψπ ί, respectively. 
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Figure 10. Pressure contour about focus as provided by the transducer manufacturer, the 

unit is Vrms from (Y-104, Sonic Concepts, WA, USA) at: (a) fundamental frequency of 

υππ ὯὌᾀ, (b) third harmonic frequency of ρȢφ ὓὌᾀ. Zero reference is 51.712 mm beyond 

exit plane, positive direction is away from exit plane. 
 

The peak temperature rise Ὕ  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 during cooling down. It 

took around τ ίὩὧ for the two signals to match. This is consistent with the time reported 

for the viscous heating effect to diminish [Morris et al., 2008], and is in agreement with 
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previous measurements [Oweis et al., 2015]. The metallic TC in the tissue 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 with and without 

TC, and the peak temperature rise Ὕ  is presented in Figure 12. Care was taken to 

replicate the geometric and acoustic paths in the two phantoms, including molding both 

of them from the same PDMS batch. When the TC was present, Ὕ  rose higher at the 

end of HIFU exposure than in the TC-free phantom. It also dropped faster post-exposure 

than in the free phantom.  The size of the heated spot Ὑï a byproduct of the RB 

technique ï was smaller in the presence of the TC, as shown in Figure 13. The passive 

presence of the TC was associated with narrower heated spot but more elevated 

temperature rise. Corresponding spatial temperature distributions are shown in Figure 

14 at different time points. 
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Figure 11. The time trace of the peak temperature rise Ὕ ὸ of the HIFU heated spot 

measured by the RB method and by the embedded TC. The HIFU generated a single ς άί 
pulse at increasing input electric power from left to right: 

υφȢωȟχυȢρȟωςȢψȟρπψȟὥὲὨ ρρχȢτὡ. 

 

Figure 12. The time trace of the peak temperature rise 4 Ô 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 single ς ÍÓ long pulse at increasing input electric power from left to right: 

υφȢωȟχυȢρȟωςȢψȟρπψȟÁÎÄ ρρχȢτ 7. 

 

Figure 13. The temporal evolution of the heated spot size, 2, upon exposure to a ς ÍÓ 
long single HIFU pulse as measured with the RB method, with and without the presence 

of TC, at input electric powers: (a) χυȢρ 7, (b) ωςȢψ 7, (c) ρπψ 7, (d) ρρχȢτ 7. 

 

Figure 14. Radial temperature profile of the HIFU-heated spot at multiple time points 

after exposure to a ς ÍÓ HIFU pulse as measured by the RB method, with and without 

the TC being present. Input electric power: (a) χυȢρ 7; (b) ωςȢψ 7; (c) ρρχȢτ 7. 
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Measurement reproducibility is demonstrated in Figure 15(a) with the temporal 

temperature profiles from five independent repeats of HIFU heating using the same 

input HIFU parameters (single ς άί pulse, ρρχȢτὡ, without TC). The peak 

temperature rise is consistent in the five repeats to within υϷ  (one standard deviation) 

as presented in Figure 15(b).  

 

Figure 15. Time trace of the peak temperature rise Ὕ ὸ in the heated spot upon HIFU 

exposure (single pulse, ς άίȟρρχȢτ ὡ) from five independent repetitions. (b) The 

temporal peak temperature of Ὕ ὸ from the repetitions in (a). 

 

2.5.3. Results of Configuration Π   

The results from imaging configuration Πς, which projects the RB on a tilted 

screen, are presented next. The radial and axial ray deflections are quantified. 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 

analysis by having more data. The dash-line 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 

perpendicular to the HIFU axis. Figure 17 presents a sample vector map and it shows 

the axial and radial ray deflections. The vector data outside the dash-line rectangular 

region were not consistently reliable over the course of the HIFU burst likely due to 

diffraction at the TC tip, and only the data within the rectangle were used for analyses. 

The axial radial deflections are shown in Figure 17(b) for different offsets 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 shown in Figure 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 gradient profile. The radial gradient was used to evaluate the temperature rise 

following equation(2-8).  

 

Figure 16. Sample raw images using imaging configuration # 2 in which the ray bundle 

is projected onto a white screen (υπ ὧά ὦώ υπ ὧά). 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 HIFU exposure (isothermal), (b) Image taken upon 

HIFU heating. The grid pattern helped with the fidelity of the cross correlation, and the 

discernment of the in-plane and out-of-plane deflections. The spatial scale refers to the 

imaging plane (projection screen) and is not back-projected 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. 

 

 

Figure 17. A sample vector map of 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 orientation of the setup is consistent with raw image in Figure 

16. The HIFU transducer produced a train of 6 pulses, ρπ άί long each, with υππ άί 
inter-pulse delay. The electric power input was ρφȢχ ὡ. The vector field shows the time 

point ὸ υȢςωσσ ί from the initiation of the HIFU sequence. The camera frame rate was 

600 fps (b) Profiles of the axial ray deflection  Ўὸὥὲ—
Ў

Ў
  at multiple radial positions, 

ώ. (c) Scatter plot and mean trendline of the radial ray deflection  Ўὸὥὲ‌
Ў

Ў
 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 ὶ) were caused by the radial temperature gradient normal to 
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the HIFU acoustic axis. The deflections out of the plane of the RB (the horizontal 

deflections, along ᾀ) were due to the axial temperature gradient along the HIFU acoustic 

axis. The HIFU transducer generated a single burst composed of a train of φ individual 

pulses ρπ άί long each with off-time between pulses ranging between ςτπωωπ άί, 

representing a duty cycle of ρ τϷȢ As in the raw image in Figure 16, the HIFU beam 

traveled from the right. In all 15 frames, the vectors farther from the TC (in the right 

half of the frame, proximal to the HIFU) were predominantly in the ὶ-direction, i.e. the 

temperature gradient in the tissue was purely radial. Close to the TC tip at the left, 

however, there was an axial vector component and axial temperature gradient along the 

HIFU axis. Immediately after each one of the six consecutive HIFU exposure pulses, 

the vectors were mostly radial, and the temperature gradient in the tissue was also 

radial. Shortly after, during cool down, however, the temperature gradient in the axial 

direction became more perceptible, starting near the TC tip due to conduction heat 

transfer, and propagating farther from it with time. The absolute magnitude of the 

displacement vectors dropped with time until the next pulse in the burst arrived. Also, 

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 (ὶ ᾀ plane) during exposure 

to a train of six HIFU pulses ρπ άί long each with υππ άί inter pulse delay, and ρφȢχ ὡ 

input electric power. The numbered vertical arrows mark the introduction of each of the 

six pulses in the train. The recording rate was φππ Ὢὴί. 
 

The temporal evolution of the spatial peak in temperature Ὕ  is plotted versus 

time for five different duty cycles in Figure 19. The HIFU on-time 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 location by ρπͯρς άά 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 the off-time after the first pulse. This 

agreement however, diminishes with each additional pulse due to the residual heat 

accumulation from the previous pulse. This residual effect was 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 radius profiles of the hot spot with time are plotted in Figure 20. They 

correspond to the temperature profiles in Figure 19.  During cooling down after a HIFU 

pulse, the radius increased as heat diffused out, but when a subsequent HIFU pulse in 

the train was initiated, the radius dropped due to new heat localization. With each 

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

 

 

Figure 19. Temporal evolution of the peak temperature rise Ὕ ὸ  measured by the RB 

method and by an embedded TC. The HIFU produced a burst of 6 pulses ρπ άί long each 

and the inter-pulse delay was from left to right: ρπππȟχυπȟφφχȟυππȟὥὲὨ ςυπ άί. The 

input electric power was ρφȢχ ὡ. 
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Figure 20. The radius of the heated spot corresponding to the temperature traces in Figure 

19. The HIFU inter-pulse delay was: (a) ρπππ άί (b) χυπ άί (c) φφφȢχ άί (d) υππ άί 
(e) ςυπ άί. 

 

Measurement repeatability of the RB method is evaluated in Figure 21, as 

scatter plot. The temporal average of the standard deviation (of the five trails) over the 

mean (of the five trails) at every time step άὩὥὲ ψȢτϷ. The mean of the 

scatter is plotted at the same figure with the mean measured by the TC in Figure 21(c), 

and the difference between the two measurements was covered in the discussion of 

Figure 19 above. 
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Figure 21. Time trace of the peak temperature rise Ὕ ὸ from a HIFU burst consisting 

of six ρπ άί long pulses with inter-pulse delay of υππ άί at input power of ρφȢχ ὡ. 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. 

 

2.6. Summary and Concluding Remarks 

There is need for pre-clinical 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 power levels  ὕρπ  for short exposure times ‘ί ὸέ άί [Liu, D. et al., 

2017] and produce fast heating on order of (ρπ ᴈȾίὩὧ) [Al -Qraini et al., 2013]. This 

chapter described a novel RB optical thermometry method. The method was inspired by 

the observation of [Al -Qraini et al., 2013] of thermal lensing during HIFU heating. 



 

63 

Numerical ray tracing and the paraxial ray equation were used to elucidate the observed 

lensing and to establish the theoretical foundation for the RB methodology. Two 

alternative RB setups 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 rays. Image 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 measurements. The recorded ray deflections were small, justifying the 

paraxial assumption as discussed in [Kihm, 1997].  

In the comparison between the two configurations, the spatial average in the first 

configuration includes more data points (columns) than the second configuration; each 

spatial average radial profile of the ray deflection in the first configuration shown in 

Figure 9 (c) and (d) is a result of 76 the radial cuts (columns) from the ray deflection 

map in Figure 9(b) (which are all the cuts at the camera field of view used), while the 

equivalent profile in the second configuration shown in Figure 17 (c) is a result of only 

9 vertical cuts (columns) enclosed by the rectangle in Figure 17(a) (limited by the laser 

raysô thickness). The resulting mean profiles were then used to calculate the temperature 

and from a statistical point of view, more data points are preferable. On the other hand, 

the second configuration can capture the axial ray deflection (out of plane), while the 

first configuration cannot. 

The temperature measurements were reproducible, and they were consistent with 

the TC readings considering the known viscous heating and acoustic absorption 

mismatch artifacts [Maruvada et al., 2011; Morris et al., 2008; Nell & Myers, 2010; 

Waterman & Leeper, 1990]. The passive presence of the TC junction in the transparent 
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tissue mimicking phantom was investigated using the new method. 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 during cooling down. 

Temperature gradients in the tissue phantom revealed that heat diffused away from the 

TC tip (junction head) to the immediately surrounding tissue, indicating a hotter TC tip 

temperature. Interestingly, the TC stem wire acted as a conduction pathway to transfer 

heat from the TC tip to the tissue located off the HIFU acoustic axis. This observation 

provided direct evidence to previous analyses [Maruvada et al., 2011; Nell & Myers, 

2010]. Preliminary results from two-dimensional thermal imaging (method under 

development) provided a more panoramic view of this effect will be presented in 

Chapter IV.  

 

2.6.1. Advantages  

The method is calibration-free and non-invasive. For the current setup, the 

spatial and temporal resolutions were better than πȢπτ άά and ς άί, respectively, with 

good sensitivity to small variations in temperature of around πȢρЈὅ. The temporal 

resolution was set by the imaging frame rate, while the spatial resolution depended on 

the spatial density of the rays in the bundle set by the laser beam optics and the 

maximum laser power. Higher resolutions than those used in the current study are 

possible. Temperature sensitivity is controllable by leveraging the geometric advantage 

of the observation position. The method is more advantageous for fast heat deposition 

processes in  spatially localized regions than for slow heating over a wider spatial 

extent. It 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 such as room-temperature-
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vulcanizing (RTV) silicone, PAM, gelatin, or agar  [Al -Qraini et al., 2013; Canney et 

al., 2008; 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 cross-correlation analysis in detecting deflections. 

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 images) , with all the associated spatial profiles at each time point. 

 

2.6.2. Limitations:  

A TC was used to validate the RB temperature measurements. However, TC 

suffer from viscous heating, absorptive artifacts, and 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 energy depositions [Al -Qraini et al., 

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

Vogel & Venugopalan, 2003]. Linear and parabolic thermal inputs were used as 

hypothetical test cases for the method, and it underestimated the peak temperature rise 

and Q by roughly ςυϷ. This is not bad news because these are two extreme temperature 

distributions that may not be typical in reality, in that 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. Non-axisymmetric heating, such as with the presence of HIFU side lobes, is 

expected to lead to temperature estimation. Furthermore, Optical clarity of the medium, 

and knowledge of the thermo-refractive properties are necessary. In this regard, possible 
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growth of cavitation bubbles in the medium may block and reflect the laser rays and 

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

thermo-refractive coefficient , and deviation from this assumption can incur errors in 

measurement. For the PDMS medium used here  is constant for the range of 

temperatures applicable to HIFU  [Moreno-Hernández et al., 2015; Nilsson & Sundelöf, 

1963]. PAM gel, which is widely used in HIFU studies, also has a constant  [Aouada 

et al., 2005]. The setup, 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 emission, and at the 

elevated power levels used in this study, acousto-optic image distortions due to the 

HIFU pressure field, were too strong to produce sensible data as shown in Figure 22.  
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Figure 22. Samples of row images in configuration # 2 (a) just before the first HIFU pulse 

(ὸ  ρȢφχ άί). (b) within the first HIFU pulse (ὸ  υ άί). (c) just after the first HIFU 

pulse (ὸ  ρρȢφχ άί). 
 

Another limitation is that if the temperature gradient is extremely large, it will 

cause a huge deflection in the rays which leads to losing the distinguish between the 

individual rays, as shown Figure 23. This makes the deflection of the individual rays 

impossible to be captured by the cross correlation. This happened in our experiment 

when we use one of the used powers (χυ ὡ) in the single pulse exposure of 

configuration #1 but with a longer pulse (ρπ άί and more), and when we use the same 

power and sonication time of the train of pulses in the configuration # 2 

(ρφȢχ ὡȟρπ άίz φ ὴόὰίὩί) but with shorter inter-pulse time (ρππ άί which means a 

duty cycle of ρπ Ϸ). This effect results from the temperature gradient. So, 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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Figure 23.  Samples of row images that didnôt produce valid measurements due to very 

high temperature gradient which leads to losing the distinguish between the individual 

rays: (a) reference (isothermal) recording, configuration # 1 ,(b) recording just after A 

HIFU single pulse with χυȢρ ὡ, ρπ άί , configuration # 1, (c) reference (isothermal) 

recording, configuration # 2 ,(d) recording just after the sixth pulse of A train of 6 HIFU 

pulses with ρφȢχ ὡȟρπ άί each and ρππ άί 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 heated spot of (ЎὝ ρππ ᴈȟὙ ρ άά  

which makes the temperature gradient φσȢς ᴈȾάά. The parameters of PDMS were used 

(ὲ ρȢτσȠὯ τz ρπ). 
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CHAPTER 3 

3. AN APPLICATION OF RB METHOD 
 

The HIFU-tissue interaction usually includes some interfaces: using the HIFU 

for the bone metastases [Bertrand et al., 2018; Huisman et al., 2014; Scipione et al., 

2018; Yeo et al., 2015] or sonication at or through the skull  [Dervishi et al., 2013; 

Larrat et al., 2010; Pinton et al., 2011] has a tissue-bone interface. Sometimes a part of 

the muscle-skeleton was replaced by an artificial part. Titanium is a commonly used 

material in the artificial joints field, which makes tissue-Titanium interface is a possible 

scenario that HIFU sonication might face. The tissue-liquid interface is common when 

using HIFU around body fluids like adjacent to large blood vessels [Huang et al., 2004; 

Solovchuk et al., 2012; Solovchuk et al., 2013; Solovchuk et al., 2012] or inside the 

kidney [Aboumarzouk et al., 2011; Holmer et al., 1991; Oweis et al., 2015; Srisubat et 

al., 2014]. Some works suggest generating microbubbles and use them as targets to 

enhance the HIFU heating  [Chung et al., 2012; Kajiyama et al., 2010; Peng et al., 

2012], this is a tissue-air interface.  

In Chapter 2, 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 thermo-optic coefficient . The conversion 

from the measured 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 include: bone, 

Titanium, water, and air. 

 

3.1. Methodology          

3.1.1. Setup 

The same experimental setup in configuration # 2, described in the previous 

chapter, was used as shown in figure 24(a). The optically clear tissue-mimicking 

phantom measured σπςπςπ άά  was made of PDMS (polydimethylsiloxane, 

RTV 615, Momentive, USA) that came as two liquid components that were molded and 

kept for 24 hours to solidify before the experiment. During casting, an embedded 

interfacial object with a diameter of υ άά and a height of ςπ άά was integrated within 

the phantom as shown in Figure 24(b). The embedded materials were: Titanium, water, 

air, and bone. A 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 the embedded interfacial object. Then 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 local butcher, manufactured by the mechanical shops of our faculty, 

and then 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 shown in Table 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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(a) 

 

 
(b) 

Figure 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 

oriented from the right along the x-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 high-speed camera. (b) The target cube in (a); it consists of 

ςπzςπzσπ ÍÍPDMS 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, 

and one clear PDMS cube (without other material).     
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Table 1. The thermal and acoustical properties of the PDMS and the embedded materials. 

+ is the thermal conductivity, Ã is the specific heat capacity,  # is the speed of sound, : 

is the acoustic impedance, ʍ is the density.  

 
PDMS water Air Bone Titanium 

ὑ ὡȾά ȢὯ 0.15[1] 0.6[3] 0.0253[6] 0.28-

0.32[8,10] 

22[11] 

ὧ ὑὐὑὫȢὯϳ  1.46[1] 4.18[4] 1.05[6] 1.25[9] 0.52[12] 

ὅ άȾί 1506[2] 1480[5] 330[7] 4080[5] 4536[13] 

ὤ ὑὫά Ȣίϳ  ρzπ 1.46[2] 1.48[5] 0.0004[7] 7.75[5] 20.4[13]* 

” ὫȾὧά  0.97[1] 1[5] 1.3*ρπ[7] 1.9[5] 4.5[13] 

[1] [Mark, 2009]; [2] [Ma et al., 2016]; [3] [Young et al., 1996]; [4]  [Çengel, 2008]; [5] 

[Azhari, 2010]; [6] [Dixon, 2008]; [7] [Regtien & Dertien, 2018]; [8] [Sellani et al., 2016]; 

[9]  [Maggi et al., 2008]; [10] [El-Brawany et al., 2009]; [11] [Veiga et al., 2012]  ;[12] 

[Magliĺ & Paviļiĺ, 2001]; [13]  [Lyakhovitskii et al., 2013]; [13]* calculated from the 

relation: ὤ ὅ  z” where the values of ὅ Ǫ ” were taken from [Lyakhovitskii et al., 

2013]. These are representative values; the properties depend on many factors. 

 

 A σπ άά high collimated planar laser sheet was produced by a blue-green, 

argon-ion source (Lexel 95, Lexel Laser INC, CA, USA) and a pair of cylindrical lenses 

( ωȢχ άάȟφπ άά). This laser sheet was orthogonally intercepted by a commercial 

transparency laminate with printed black lines (πȢρσ άά line width and πȢτς άά inter-

spacing) to generate a bundle of individual rays. To ensure that a sufficient number of 

rays covered the small heated spot (πͯȢυ άά radius), The resulting ray bundle was then 

focused with a ωπ άά cylindrical lens. After they cut the HIFU axis perpendicularly, 

the rays continued to diverge until they were projected onto a υπ ὦώ υπ ὧά screen 

placed at ρπς ὧά from the heated spot. The screen was tilted by σς ὨὩὫὶὩὩί which 

allowed obtaining the out-of-plane ray deflections, in addition to the in-plane 

deflections. The tilting angle was selected so that it increased the horizontal area 

covered by the rays (increase the number of columns in the resulted ray deflection 
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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 high-speed CCD camera (Phantom V9, 

Vision Research, USA). The camera was perpendicular to the screen, the field of view 

was ςππ ὦώ τυ άά , and the frame rate was  φππ Ὢὴί. It 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 main measurements were taken when the laser sheet was just grazing the 

PDMS-embedded object interface (cut location 1 in Figure 24(b)). At this location, 

three different HIFU exposure settings were used: (φτ ὡȟς άί); (σσ ὡȟτ άί; & 

(ςς ὡȟφ άί for each phantom target. These power levels correspond to ςȢρȟρȢρȟ

Ǫ πȢχρ  measured in water. Table 2 shows the input electrical power as measured 

by the power meter in each case. Beside main measurement cases, one reference case 

for each target cube was taken υ άά away from the PDMS-embedded object interface 

proximal to the HIFU transducer, which is also at a depth of υ άά from the phantom 

face proximal to the HIFU (cut location 2 in Figure 24(b)). This was performed by 

moving the tissue phantom using the micrometer stage, while both the ray bundle and 

the HIFU focal were kept in their positions. This case was taken to neutralize all the 

factors other than the effect of the interface for each embedded object.  
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Table 2. The input HIFU power in (7) as measured by the power meter. The electrical 

power measurement is reproducible to better than 2%. 
 

Clear Ti bone Air water Average 

ς άί 64.1 64.3 64.5 60.4 65.6 64.2 

τ άί 34.2 33.5 33.3 30.6 34.3 33.3 

φ άί 22.6 21.5 22.3 19.9 23.0 22.0 

τ άί, 
υ άά far 
from 

interface 

34.9 33.6 33.6 31.3 33.4 33.3 

 

 

3.1.2. Processing Steps 

Figure 25 shows 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 embedded interfacial object on 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 reference, and a Fast Fourier transform (FFT)-

based cross-correlation was applied between it and every other image of the record 

sequence (about 4000 images) which produced the same amount of ray displacement 

vector maps. The cross-correlation was performed using a Matlab-based software, 

PIVLAB2000 [Han & Mungal, 2003], using σςὼσς pixel computational kernels.  
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Figure 25. 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 the projection of the embedded interfacial object (5 mm radius): (a) Reference 

image recorded before HIFU exposure (isothermal), (b) Image taken upon HIFU heating. 

The spatial scale refers to the imaging plane (projection screen) and is not back-projected 

at this stage to the HIFU heated spot plane. 

 

 

The process of converting a ray displacement vector map into a temperature 

profile is shown in Figure 26. Figure 26(a) shows a sample of 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 plane (Ўὸὥὲ‌ᾀȟώ) as 

shown in Figure 26(b). The individual vertical cuts in the area right to the embedded 

object (proximal to the HIFU), which was marked by a rectangle in Figure 26(b), are 

shown as scatter in Figure 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 recording. Figure 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 shown in Figure 26(e). 
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Figure 26. (a) A sample of the ray displacement vectors map from cross-correlating 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) scatter plot of 

the angular ray deflection profile,  ЎÔÁÎɻÙ, using the vectors in the marked area at (b), 

with the line representing the mean profile. (d) The angular ray deflection profile, 

ЎÔÁÎɻÙ, taken at multiple time points after HIFU exposure; 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. Spatial Profiles 

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 multiplied by the same factor 

(autoscale- off), but the factor that multiplied with the z-component is 7 times the factor 

multiplied by the y-component. In the RB method, the vectors point in the opposite 

direction to the thermal gradient. In the radial direction, the ray deflection 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 this decrease 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 here in the length and the density of the 

arrows and it will also be shown below in the temporal profile (Figure 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 to the right direction 

(proximal to the HIFU) as shown in 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 corners) as shown in Figure 27(d). 

Since the arow direction is opposite to the temperature gradient, it represents the 

direction of the heat diffusion during the cooldown phase. The interpretation of the 

difference between the cases will be provided below with the discussion of Figure 29.     
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(a) clear PDMS 

 

(b)Titanium  
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(c) Bone 

 

(d) Air  
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(e) water 

Figure 27. Temporal evolution of the ray deflection maps at the HIFU plane with Auto-

scale off with the factor that multiplied with the z-component is 7 times the factor 

multiplied by the y-component, resulted from applying a HIFU pulse of σσ 7ȟτ ÍÓ at 

the interface of PDMS with the embedded material of (a) clear PDMS, (b) Titanium, (c) 

Bone, (d) Air, (e) water. 

 

3.2.2. Temporal Profiles 

The case that was taken υ άά away from the interface (cut location 2) is 

presented first as shown in Figure 28, where Figure 28(a) represents the temporal 

evolution of the peak temperature rise Ὕ  and Figure 28(b) represents the temporal 

evolution of the heated spot radius Ὑ. Both show that the results are close for all 

phantom cubes. Therefore, any difference in the results at the interface either in the 

spatial profile in Figure 27 or temporal profile in Figure 29 would be solely due to the 

nature of the embedded object. 
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Figure 28. (a)  Temporal evolution of the peak temperature rise 4 Ô, and (b) temporal 

evolution of the heated spot radius, at υ ÍÍ far from the interface proximal to the HIFU 

(cut location 2), using PDMS cubes with different embedded objects. The HIFU pulse 

was τ ÍÓ with σσ 7 as input power. 

 

The temporal evolution of the peak temperature rise Ὕ  at the interface (cut 

location 1) is shown in Figure 29. The air case recorded the highest temperature due to 

the high impedance mismatching between the air and the PDMS as seen in Table 1. 

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 arrows in Figure 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 which makes it works 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 in Figure 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 sink in Figure 27(b), but here because it conducts the heat 




































































































































