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ABSTRACT 

Photoacoustic Detection and Optical Spectroscopy of High-Intensity Focused Ultrasound-

Induced Thermal Lesions in Biologic Tissue 

Mosa Alhamami  

Master of Science, Biomedical Physics  

Department of Physics, Ryerson University, 2013 

 

In this study, the capability of a photoacoustic (PA) method in detecting high-intensity 

focused ultrasound (HIFU) thermal lesions was investigated in chicken breast tissue in vitro and 

the optical properties of the HIFU-treated and native tissues were determined. Created with a 1-

MHz HIFU transducer, the detectability of the induced thermal lesions was assessed 

photoacoustically at 720 and 845 nm and their optical properties were characterized in the 

wavelength range 500-900 nm. The results show that the averaged ratio of the peak-to-peak PA 

signal amplitude of HIFU-treated tissue to that of native tissue is more than 3 fold. The optical 

spectroscopy investigation revealed that the absorption and reduced scattering coefficients are 

higher for HIFU-treated tissues than native tissues. This work demonstrates the capability of the 

PA method in detecting HIFU-induced thermal lesions due, in part, to the increase in their 

optical absorption coefficient, reduced scattering coefficient, and deposited laser energy fluence. 
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Chapter 1: Introduction 

 

1.1 Therapeutic ultrasound 

The use of medical ultrasound in therapy predates its use in imaging. In 1927, Wood and 

Loomis found (as cited in Ref. 
1
 ) that high-intensity ultrasound can produce therapeutic effects 

in biologic systems. The work of Wood and Loomis opened the doors for subsequent research 

and development in therapeutic ultrasound, which initially focused on the thermally-induced 

therapeutic benefits of ultrasound by utilizing the acoustic absorption of propagating waves.
1
 

However, non-thermal ultrasound applications started to arise afterward,
1
 expanding the potential 

applicability of  ultrasound in medicine and biology. The increased interest in using ultrasound 

for therapeutic purposes can primarily be attributed to its portability, cost-effectiveness, ease-of-

use, and non-invasiveness. Moreover, therapeutic ultrasound utilizes non-ionizing radiation, 

making it an attractive alternative in many applications, including cancer treatment. 

The advantages of ultrasound have been exploited to develop various applications in 

biomedicine. Currently, there are several ultrasound therapies, each of which has its own 

application(s). These therapies have been classified based on the delivered acoustic energy into 

low-power and high-power ultrasound therapies.
1
 Low-power ultrasound therapies include 

sonoporation, sonophoresis, sonothrombolysis, gene therapy, and bone and wound healing; on 

the other hand,  high-power ultrasound therapies include physiotherapy, lithotripsy, histotripsy, 

and high-intensity focused ultrasound (HIFU).
1, 2

 Table 1-1 provides a brief description of each 

one of the aforementioned ultrasound therapies.  
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Table 1-1: A summary of the main ultrasound therapies  

Low-power ultrasound therapies High-power ultrasound therapies 

Sonoporation: the application of ultrasound for 

transient alteration of cellular membrane 

structure, allowing increased uptake of 

molecules of interest into the cell.
1
 

Physiotherapy: the application of ultrasound in 

softening scar tissue, the resolution of edema, 

and the treatment of soft tissue injuries, among 

other applications.
1
 

Sonophoresis: the application of ultrasound to 

enhance the penetration of drugs through the 

skin layers.
1
  

Lithotripsy: the application of ultrasound to 

disintegrate gallbladder and kidney stones 

using shock waves.
3
 

Sonothrombolysis: the application of 

ultrasound, on its own or combined with a 

drug/contrast agent, in the dissolution of blood 

clots.
1
 

Histotripsy: the application of ultrasound for 

cellular destruction through mechanical 

fragmentation and subdivision of biological 

tissues.
4
 

Gene therapy: the application of ultrasound to 

facilitate the delivery of genes into cells.
1
 

HIFU: application of ultrasound to selectively 

coagulate regions of interest (ROI) in biologic 

tissues through the formation of thermal 

lesions by a focalized beam. The localized 

deposition of acoustic energy within the ROI 

results in rapid temperature rise and subsequent 

coagulation, while sparing intervening tissues.
5
  

Bone and wound healing: the application of 

ultrasound to accelerate bone fracture healing 

by inducing direct ossification,
1
 and the 

application of ultrasound to accelerate wound 

healing.
6
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1.2 High-intensity focused ultrasound (HIFU) 

 

1.2.1 HIFU therapeutic mechanisms  

 

The hallmark of HIFU therapy is its capability of inducing therapeutic benefits in deep-

seated ROIs in tissue selectively and non-invasively.
7
 Such therapeutic benefits can be achieved  

by the high acoustic power and the strong focusing of the therapeutic transducer, resulting in  

localized deposition of intensive acoustic energy within the transducer’s focal zone.
7
 The 

deposition of acoustic energy results in a very rapid elevation in the tissue temperature within the 

focal zone of the HIFU transducer, while sparing intervening tissue layers. The thermal and 

mechanical mechanisms of HIFU therapy, described below, play an important role in its induced 

biologic effects in tissues.
7
 These mechanisms can result in protein denaturation and immediate 

cell death when the temperature of the targeted tissue exceeds 56 
o
C for at least 1 second of 

sonication time,
8
 in a process known as coagulation necrosis.

7
 Because the temperature of the 

targeted tissue undergoes a rapid and localized increase, the cytotoxicity is confined in space and 

the coagulated tissue volume (as known as thermal lesion) is focalized and trackless, with no 

surrounding tissue damage.
5
  This feature distinguishes HIFU from other ablative treatments, 

such as laser and radiofrequency thermal therapies, that require the introduction of an applicator 

into the ROI.
5
   

1.2.1.1 Thermal mechanism of HIFU  

The propagation of an ultrasound beam through biologic tissues results in an exponential 

attenuation of its acoustic pressure amplitude and intensity.
9
 Although both acoustic scattering 

and absorption take place,
9
 the dominant loss mechanism is acoustic absorption,

10
 which results 

in temperature rise and tissue heating.
11

 When the temperature rise and the ultrasound exposure 

duration are sufficient enough, an irreversible thermal tissue damage can be induced in biologic 
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tissues.
9, 11

 The amount of tissue damage can be determined when both the exposure duration and 

the achieved temperature are combined using a concept known as thermal dose (TD),
11

 which is 

given by the following mathematical expression
12

: 

                                           ∫      ( )   
  

  
                                               (1-1) 

where R is a constant and equals to 0.5 for temperatures above 43.0 
o
C and 0.25 for temperatures 

below 43.0 
o
C.  Here,  t1 and t2 are the initial and final times, respectively, and T (t) is the 

temperature, in 
o
C, as a function of time, t.

12
 

 

1.2.1.2 Mechanical mechanism of HIFU 

 

 The mechanical mechanism of HIFU therapy is manifested through several physical 

phenomena that can result in a range of biologic effects with therapeutic benefits. Among these 

phenomena are acoustic cavitation and radiation force.
13

  

 Acoustic cavitation occurs when ultrasound waves stimulate the formation of gas bubbles 

in the propagation medium as a result of subjecting localized regions to alternating increase and 

decrease in pressure amplitudes.
9
 The gas bubbles exhibit dynamic behaviour, and can either be 

in a stable or a transient (inertial) cavitation sates.
9
  In stable cavitation, the gas bubbles oscillate, 

contract, and expand without bursting.
14

 On the other hand, in transient cavitation, the gas 

bubbles can completely collapse following large changes in size over a few acoustic cycles.
9
 The 

collapse of gas bubbles in transient cavitation results in highly-localized, destructive effects that 

can induce the generation of shock (pressure) waves and can cause a local temperature rise.
14

 

While they do not produce such violent effects, the gas bubbles in stable cavitation also 

contribute to the therapeutic effect of HIFU by increasing acoustic reflections within a cavitating 
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region, thereby enhancing acoustic absorption, acoustic energy trapping, and the subsequent 

conversion of acoustic energy into heat within the cavitating region.
5
 

Another physical phenomenon that occurs within the acoustic field of HIFU is radiation 

force. It is a result of  applying acoustic pressure by propagating ultrasound waves on an object 

with a density that is different from that of the surrounding medium within the acoustic field.
9
 

 Radiation force results in two types of motions on the targeted object: translational and 

rotational motions.
9
 Within a localized area and at high incident acoustic intensities, the 

rotational motion can cause a rapid fluid movement, a phenomenon known as acoustic 

microstreaming. Biologic effects, such as macromolecule (e.g. protein) fragmentation, can be 

induced by acoustic microstreaming, thereby further enhancing the therapeutic benefits of 

HIFU.
9
 

 

1.2.2 Image-guided HIFU  

 

Research efforts to utilize the therapeutic benefits of HIFU have led to the development 

of HIFU systems for various applications in biomedicine. The successful application of these 

therapeutic systems, however, would not have been possible had it not been to the emergence of 

enabling technologies, such as diagnostic imaging devices. The use of imaging devices alongside 

with HIFU therapy was intended to provide a real-time monitoring, assessment and control of 

HIFU treatments, thereby improving the safety and efficacy of HIFU treatment as a potential 

bloodless surgery. Currently, most HIFU treatments are monitored and guided with magnetic 

resonance (MR) imaging and ultrasound (US) imaging. Because of their safety and use of non-

ionizing radiation, the use of MR and US imaging modalities to guide HIFU treatments has been 

widely investigated.
15, 16

 Image-guided HIFU has shown a great potential for various therapeutic 
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applications, including oncologic applications, such as treatments of prostate tumour,
17

 uterine 

fibroids,
18

 and breast fibroadenoma.
19

 

 

1.2.3 Limitation of current HIFU imaging modalities 

 

Despite its successful use in various applications, MR and US image-guided HIFU still 

pose some challenges. The challenges associated with MR image-guided HIFU include high 

equipment cost,
20

 complexity and duration of the scans,
20

 compatibility with the HIFU 

transducer,
21

 and patient-access restrictions.
21

 Moreover, the use of MR imaging with 

claustrophobic patients as well as patients with implanted pacemakers, aneurysm clips and 

prostheses is an issue.
20

 The challenges associated with US imaging, on the other hand, include 

low contrast-resolution, sensitivity, and specificity
21

 for the detection and monitoring of HIFU 

treatments in biologic tissues. Moreover, because the detection of HIFU treatments using 

conventional B-mode US imaging is heavily dependent on the appearance of hyperechoic spots 

at the HIFU focus,
22

 B-mode US imaging would be incapable of visualizing HIFU treatments 

when HIFU-induced gas/vapor bubbles, which are responsible for the appearance of the 

hyperechoic spots,
22

 are not produced in enough quantities.  

 

1.3 Photoacoustics and its potential in thermal therapy 

1.3.1 Principles of photoacoustics 

The photoacoustic (PA) effect, which was first reported in 1880 by Alexander Graham 

Bell,
23

 constitutes the basic physical principle behind PA imaging.
24

 In the PA effect, the 

following processes take place
24, 25

: (a) the absorption of electromagnetic (EM) radiation by an 

object; (b) the conversion of the absorbed EM energy into heat, thereby raising the temperature 
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of the object slightly; (c) thermal expansion of the object as a result of the slight temperature rise, 

which is typically in the millikelvin (mK) range; and (d) the generation of acoustic waves in the 

medium. In PA imaging, the EM radiation is within the optical region (i.e. from visible to near 

infra-red), and the generated acoustic waves are wide-band ultrasound waves detectable by an 

ultrasound transducer.
26

  

The laser-induced PA pressure rise,   ( ), in PA imaging is directly proportional to the 

absorbed optical energy and the thermo-acoustic efficiency, and is given by the following 

equation, 
27, 28

 assuming a plane-wave propagation in a homogenous medium
26

: 

                                                ( )        ( )         ( )                                               (1-2) 

where     ( ) [J/m
3
] is the absorbed optical energy density from a laser source at depth z, and it 

is the product of the optical absorption coefficient,    [m
-1

], and the laser energy fluence,  ( ) 

[J/m
2
].

27
 The symbol   denotes the dimensionless Grüneisen parameter. It is proportional to the 

fraction of thermal energy that is converted into acoustic waves
29

 (also known as thermo-

acoustic efficiency).  The temperature-dependent Grüneisen parameter is given by the following 

equation
29

: 

                                                            
    

 

  
                                                         (1-3) 

where    [m/s] is the speed of sound in the medium;   [J/gK] is the heat capacity at a constant 

pressure; and   [K
-1

] is the medium’s thermal coefficient of volume expansion.
29

 

It is important to note that the z-axial distribution of the PA pressure rise,   ( ), given in 

Eq. (1-2) is valid only when the laser-induced heating process is faster than the expansion of the 

medium.
29

 Additionally, in order to generate acoustic waves from the absorbing medium, the 
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heating source (i.e. the optical irradiation) must be time variant, since a steady thermal 

expansion, which is time invariant, does not result in the production of acoustic waves.
25, 30

 

 

1.3.2 The potential of PA detection of HIFU treatments 

As an alternative to MR and US imaging modalities, PA imaging was proposed to provide 

assessment and guidance of HIFU treatments. Previous research efforts have successfully 

utilized PA imaging to detect HIFU-induced thermal lesions in vitro,
31, 21

 ex vivo,
32

 and in vivo.
33

 

In some in vitro and ex vivo studies
21, 32

 of PA detection of HIFU-induced thermal lesions, an 

increase in the PA signal amplitude was observed.  On the other hand, Chitnis et al.
33

 observed a 

decrease in the PA signal of HIFU-treated tissue in their in vivo study.  The discrepancy between 

the in vitro/ex vivo and in vivo results can be primarily attributed to the different HIFU-induced 

thermochemical reactions in live tissues compared to excised tissues due to blood perfusion 

being significantly different in the two cases.
33

 In their in vitro investigation, Khokhlova et al.
31

 

have attributed the PA contrast between HIFU-treated and native tissues to the thermally-induced 

formation of methemoglobin,
31

 which results in an enhancement in the optical absorption 

coefficient.
34, 35

 Moreover, Khokhlova et al.
31

 have also attributed the PA contrast between 

HIFU-treated and native tissues to tissue dehydration, which results in an increase in the 

concentration of absorbing and scattering centres.
31, 36

 On the other hand, the decrease in the PA 

signal after HIFU-induced coagulation in vivo has been attributed to the reduction of blood 

content in the HIFU-treated tissue volume and the breakage of chemical bonds that are 

responsible for light absorption in the near infra-red region, thereby reducing the tissue optical 

absorption.
33
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As for its advantages as a potential diagnostic technique in HIFU treatments, PA imaging 

combines the benefits of both ultrasound and optical imaging modalities, i.e. it provides higher 

resolution than optical imaging and higher tissue contrast than ultrasound imaging.
24

 Moreover, 

the use of PA image-guided HIFU  has been shown to enhance HIFU heating and temperature 

rise in real-time monitoring applications due to the PA laser-induced formation of cavitational 

bubbles,
37

 which, as discussed earlier, enhance acoustic absorption and the subsequent 

conversion of acoustic energy into heat. Another advantage of PA imaging is that, unlike X-ray-

based imaging modalities, it utilizes a non-ionizing EM radiation. 

 

1.4 Optical spectroscopy of biologic tissues 

In general, spectroscopy refers to the study of the interactions of EM waves with matter.
38

  

Tissue optical spectroscopy, in particular, refers to the study of the interactions of light (ranging 

from the ultraviolet to the infrared region) with biologic tissues through measurements of the 

wavelength-dependent tissue response to light in the form of optical spectra.
38

 The tissue 

response to light, which may include transmission, reflection, absorption and scattering, can be 

measured with various techniques in order to obtain useful information about the tissue under 

examination.
38

 In the context of this study, two of these techniques will be discussed for their 

importance in determining the optical absorption and reduced scattering coefficients of biologic 

tissues.
39

 The techniques are: diffuse reflectance (DR) and total transmittance (TT) 

measurements, which were performed in this study using an integrating sphere attachment of a 

commercially-available spectrophotometer. DR measurements were performed by first 

sandwiching a tissue sample between two optical glass slides and placing it in the sample exit 

port of a measurement sphere (see Fig. 5, chapter 2). The reflected light from the tissue sample 
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was detected inside the measurement sphere. On the other hand, TT measurements were 

performed by placing the sandwiched tissue sample at the entrance port of the measurement 

sphere, while placing a standard barium sulfate-coated light reflector at the exit port of the 

measurement sphere (see Fig. 6, chapter 2). The transmitted light from the sandwiched tissue 

sample was detected inside the measurement sphere.  In both the DR and TT measurements, the 

barium sulfate-coated wall of the measurement sphere acted as a reflector and, therefore, 

concentrated light into the sphere’s detector.
40

  It is important to note that prior to performing DR 

and TT measurements, a baseline measurement was performed, as depicted in Fig. 1-1.  

It is noteworthy to mention that, in tissue optics, transmittance and reflectance, which are 

unitless quantities, refer to the light intensity being transmitted and reflected, respectively, by 

tissue, normalized by the incident light.
39

  

In order to predict the distribution and the behaviour of light in a target medium, it is 

necessary to characterize the optical properties of that medium.
41

 In biomedicine, optical 

property characterization is particularly important in the development of laser-based diagnostic 

and therapeutic modalities.
41

 For instance, to study the feasibility of PA imaging to detect a 

blood vessel inside a tissue, knowledge about the absorption spectrum of the blood would be 

beneficial in order to optimize the detected PA signal
26

 by using laser illumination wavelength 

that produces the maximum optical absorption in blood. Similarly, to study the effects of 

particular tissue treatments, such as HIFU treatments, on the detected PA signal amplitudes, 

knowledge about the absorption and scattering spectra of native and coagulated tissues would be 

beneficial. One method to characterize the optical properties of biologic tissues is to input the 

measured spectra of the optical spectroscopy experiments (DR and TT) in a simulation program 
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that solves the radiative transport equation (RTE), an analytical model of photon propagation,
38

 

to determine the optical absorption and reduced scattering coefficients. 

One of the widely used methods to determine the optical properties, in conjunction with 

spectroscopic measurements, is the inverse adding-doubling (IAD) method.
42

 In the IAD 

program,
43

 which is available online, optical parameters such as scattering, absorption, and 

scattering anisotropy can be determined by repeatedly solving the RTE until a match with the 

measured reflection and transmission values is determined.
42

 The “inverse” implies a reversal to 

the regular extraction of transmission and reflection values from the optical properties, whereas 

“adding-doubling” refers to the utilized methodology in solving the RTE.
42

 The IAD method, 

therefore, converts the integrating-sphere measurements of DR and TT into optical absorption 

and reduced scattering coefficients.
39

 It is a versatile method, and is well-suited to measurements 

employing biologic tissue specimens sandwiched between optical glass slides/plates.
42

 

 

 

FIG. 1-1: A diagram of the 

baseline measurement 

performed in the integrating-

sphere experiments 

(reproduced, with permission, 

from Ref.
40

; courtesy of 

Shimadzu Corporation). 
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1.5 Thesis hypothesis and specific aims 

Based on previous works, the hypothesis of this study is that PA detection of HIFU-induced 

thermal lesions is feasible due, in part, to changes in the optical properties of HIFU-treated 

tissues.  In order to test the hypothesis, the following specific aims have been set: 

a) Demonstrating the possibility of PA detection of HIFU-induced thermal lesions in 

chicken breast tissues in vitro at two optical wavelengths (720 nm and 845 nm); 

b) Determining the optical properties (total transmittance, diffuse reflectance, absorption 

coefficient, reduced scattering coefficient, effective attenuation coefficient, and light 

penetration depth) of HIFU-induced thermal lesions and comparing them with those of 

native (untreated) tissues in the wavelength range of 500-900 nm. 
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Photoacoustic detection and optical spectroscopy of high-intensity focused ultrasound-

induced thermal lesions in biologic tissue  

Mosa Alhamami, Michael C. Kolios, and Jahan Tavakkoli
a) 

Department of Physics, Ryerson University, 350 Victoria Street, Toronto, ON, M5B 2K3 Canada 

a) 
Electronic mail: jtavakkoli@ryerson.ca 

Purpose: The aims of this study are: (a) to investigate the capability of photoacoustic (PA) 

method in detecting high-intensity focused ultrasound (HIFU) treatments in muscle tissues in 

vitro; and (b) to determine the optical properties of HIFU-treated and native tissues in order to 

assist in the interpretation of the observed contrast in PA detection of HIFU treatments.  

Methods: A single-element, spherically-concaved HIFU transducer with a centre frequency of 1 

MHz was utilized to create thermal lesions in chicken breast tissues in vitro. To investigate the 

detectability of HIFU treatments photoacoustically, PA detection was performed at 720 nm and 

845 nm on 7 HIFU-treated tissue samples. Within each tissue sample, PA signals were acquired 

from 22 locations equally divided between two regions of interest within two volumes in tissue – 

a HIFU-treated volume and an untreated volume. Optical spectroscopy was then carried out on 

10 HIFU-treated chicken breast specimens in the wavelength range of 500-900 nm, in 1-nm 

increments, using a spectrophotometer with an integrating sphere attachment. Our optical 

spectroscopy raw data (total transmittance and diffuse reflectance) were used to obtain the 

optical absorption and reduced scattering coefficients of HIFU-induced thermal lesions and 

native tissues by employing the inverse adding-doubling method. The aforementioned interaction 

coefficients were subsequently used to calculate the effective attenuation coefficient and light 

penetration depth of HIFU-treated and native tissues in the wavelength range of 500-900 nm. 

mailto:jtavakkoli@ryerson.ca
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Results: HIFU-treated tissues produced greater PA signals than native tissues at 720 and 845 

nm. At 720 nm, the averaged ratio of the peak-to-peak PA signal amplitude of HIFU-treated 

tissue to that of native tissue was 3.68  ±  0.25 (mean  ±  standard error of the mean).  At 845 nm, 

the averaged ratio of the peak-to-peak PA signal amplitude of HIFU-treated tissue to that of 

native tissue was 3.75 ± 0.26 (mean ± standard error of the mean). Our spectroscopic 

investigation has shown that HIFU-treated tissues have a greater optical absorption and reduced 

scattering coefficients than native tissues in the wavelength range of 500-900 nm.  In fact, at 720 

nm and 845 nm, the ratio of the optical absorption coefficient of HIFU-treated tissues to that of 

native tissues was 1.13 and 1.17, respectively; on the other hand, the ratio of the reduced 

scattering coefficient of HIFU-treated tissues to that of native tissues was 13.22 and 14.67 at 720 

nm and 845 nm, respectively. Consequently, HIFU-treated tissues have a higher effective 

attenuation coefficient and a lower light penetration depth than native tissues in the wavelength 

range 500-900 nm.  

Conclusions: Using a PA approach, HIFU-treated tissues interrogated at 720 and 845 nm optical 

wavelengths can be differentiated from untreated tissues. Based on our spectroscopic 

investigation, we conclude that the observed PA contrast between HIFU-induced thermal lesions 

and untreated tissue is due, in part, to the increase in the optical absorption coefficient, the 

reduced scattering coefficient and, therefore, the deposited laser energy fluence in HIFU-treated 

tissues. 

 

Key words: high-intensity focused ultrasound (HIFU), thermal lesions, photoacoustic (PA) 

detection, optical spectroscopy, and optical properties of chicken breast tissue. 
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I. INTRODUCTION 

High-intensity focused ultrasound (HIFU) is a bloodless surgical modality that is capable of 

inducing thermal and mechanical effects in deep-seated regions of interest (ROI) selectively and 

non-invasively.
1
 Using a high-power focused transducer, HIFU beams can be achieved and 

focalized within the transducer’s focal zone in order to deposit acoustic energy in the ROI with 

minimal or no harm to intervening tissue layers. Within the ROI, the selectively-deposited 

acoustic energy is converted into heat, raising the temperature of the targeted tissue volume, 

while generally keeping the temperature of the surrounding tissue volumes at physiologically 

safe levels. The increase in the targeted tissue temperature above 56 
o
C for at least 1 second can 

lead to immediate cell death due to protein denaturation in a process known as coagulation 

necrosis.
2
 The spatially-confined, coagulated tissue volumes are termed thermal lesions,

3
 since 

the predominant mechanism of HIFU is thermal, although cavitation and boiling bubbles are also 

involved in the formation and shaping of the induced thermal lesions,
2
 particularly at higher 

temperatures. 

   HIFU has been explored for various therapeutic applications including, but not limited 

to, hemostasis,
4, 5

 neurology and pain management,
6
 cosmetic surgery,

7
 and ophthalmology.

8, 9
  

Moreover, HIFU therapy demonstrated a great potential for oncological applications including 

treatments of tumours in the prostate,
10–12

 breast fibroadenoma,
13

 uterine fibroids,
14, 15

 kidney,
12, 

16
 liver,

12, 17
 bladder,

18
 bone,

19, 20
 and brain.

21, 22
  Oncologic and other applications of HIFU are 

expected to expand with the development of optimized imaging techniques that can provide real-

time HIFU treatment monitoring, evaluation, and control. 

 Currently, most HIFU treatments are monitored and guided with magnetic resonance 

imaging
11, 13, 14, 17, 19–23

 and ultrasound imaging.
24, 25

 However, the challenges associated with the 
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aforementioned imaging modalities, including cost and equipment compatibility with MRI as 

well as low contrast-resolution between treated and normal tissues with ultrasound imaging, have 

stimulated the interest of many research groups to investigate alternative HIFU monitoring tools. 

Among the proposed techniques is photoacoustic (PA) imaging. It is based on the optical 

absorption of a short, pulsed laser irradiation and the subsequent generation of acoustic waves. 

These laser-induced acoustic waves, generated as a result of thermo-elastic expansion in the 

absorbing medium, are detectable by a diagnostic ultrasound transducer.
26

 Therefore, PA 

imaging combines the advantages of both ultrasound and optical imaging modalities, i.e. it 

provides higher resolution than optical imaging and higher tissue contrast than ultrasound 

imaging.
26

 The higher resolution of PA imaging is due to the weaker ultrasound scattering in 

tissues than optical scattering.
26

 On the other hand, the higher tissue contrast of PA imaging is 

due to its capability in visualizing the tissue optical absorption properties, providing the 

advantage of functional imaging of important physiological parameters such as hemoglobin 

concentration.
26

 Moreover, PA imaging is a non-invasive modality that utilizes a non-ionizing 

electromagnetic radiation. 

 The possibility of PA detection of HIFU-induced thermal lesions has been demonstrated 

in vitro,
27, 28

 ex vivo,
29

 and in vivo.
30

 Moreover, previous studies have also been successful in 

detecting laser-induced thermal lesions photoacoustically.
31, 32

 Because the generated PA 

pressure depends on the absorbed optical energy (i.e. the product of laser energy fluence and 

optical absorption coefficient) and the thermo-acoustic efficiency of the absorbing structure, a 

change in at least one of these factors can result in a change in the detected PA signal.  

Therefore, thermally-induced changes in the optical
33–36

 and thermo-mechanical
37, 38

 properties 

of tissues have been investigated following laser-induced thermotherapy or water/saline-bath 
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heating.  However, to our knowledge, the optical and thermo-mechanical properties of HIFU-

treated tissues have not yet been examined in conjunction with PA detection of HIFU treatments.  

In this work, we demonstrate the possibility of PA detection of HIFU-induced thermal lesions in 

chicken breast tissues in vitro at 720 nm and 845 nm laser illuminations. Moreover, for the first 

time, we measure the optical properties (total transmittance, diffuse reflectance, absorption 

coefficient, reduced scattering coefficient, effective attenuation coefficient, and light penetration 

depth) of HIFU-induced thermal lesions and compare them with native (untreated) tissues in the 

wavelength range of 500-900 nm. The aforementioned objectives are intended to test our 

hypothesis that PA detection of HIFU-induced thermal lesions is feasible due, in part, to changes 

in the optical properties of HIFU-treated tissues. 

 

II. MATERIALS AND METHODS 

II. A. The HIFU transducer and its driving electronics 

A single-element, spherically-concaved HIFU transducer (6699A101, Imasonic S. 

A.,Voray-sur-l'Ognon, France) made of a high-power piezo-composite material was used in this 

study. The transducer had a resonance frequency of 1 MHz, aperture diameter of 125 mm, and 

radius of curvature of 100 mm. It was calibrated using a needle hydrophone (HNA-0400, ONDA 

Corporation, Sunnyvale, CA) as well as a radiation force balance unit (RFB-2000, ONDA 

Corporation, Sunnyvale, CA).
39

 The transducer’s efficiency (ratio of measured output acoustic 

power to the net input electric power) was determined to be approximately 0.64 (Ref. 
39

) for the 

net input electric power used in this study, which was approximately 110 W.  

The HIFU transducer was driven by an arbitrary function generator (AFG3022B, 

Tektronix, Beaverton, OR), which generated electrical radio-frequency (RF) signals. An RF 
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power amplifier (A150, Electronics & Innovation, Rochester, NY) was utilized to amplify the 

generated RF signals. To maximize the transmitted power to the HIFU transducer, a matching 

network connected the RF power amplifier with the transducer. Moreover, a multi-logger 

thermometer (HH506RA, OMEGA Engineering Inc., Stamford, CT) was used to monitor the 

change in the HIFU transducer’s surface temperature during treatments, thereby ensuring safe 

operation of the transducer.  A schematic diagram of the experimental setup is shown in Fig. 1. 

 

 

FIG.1. Schematic diagram of the experimental setup of HIFU treatments. The focus of the HIFU 

transducer was at 10.0 cm.  The distance between the centre of the transducer and the transparent 

plastic sheet covering the opening of the tissue holder was approximately 9.0 cm, resulting in a 

tissue focal depth of approximately 1.0 cm. 
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II. B. HIFU treatments 

As a biologic tissue model for HIFU treatments, in vitro chicken breast tissues, purchased 

from a local market, were used in this study. After cutting the tissues into approximately 7.5 cm 

× 6.5 cm × 1.5 cm (length × width × thickness) samples, five HIFU thermal lesions were created 

in each sample by manually moving the tissue holder using a micropositioning controller (Fig. 1) 

to five different locations separated by 5 mm. The sequence of generating the five HIFU thermal 

lesions is illustrated in Fig. 2 (a). The treated region in each sample, which consisted of five 

HIFU thermal lesions, is shown in Fig. 2 (b).   

Operated with 60% duty cycle, the HIFU transducer generated focused waves that 

propagated through approximately 9.0 cm in degassed water at room temperature (~ 20 
o
C) and 

1.0 cm in tissue, creating thermal lesions with acoustic intensity, ISPTA, of approximately 1690 

W/cm
2
 at the transducer’s focus inside tissue. The free-field ISPTA was approximately 1910 

W/cm
2
. The transmitted acoustic power in each HIFU treatment was approximately 42 W, and 

the total sonication time was 30 seconds. 

 

 

FIG. 2 (a) The sequence followed in creating HIFU thermal lesions. (b) The lateral view of a 

HIFU-treated chicken breast tissue, cut at the focal plane, showing the induced HIFU lesions. 

Skin and intervening tissue layers were removed. 

(a) (b) 
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II.C. Photoacoustic detection 

PA detection of HIFU treatments was achieved using the Imagio Small Animal PA 

imaging system (Seno Medical Instruments Inc., San Antonio, TX).  A schematic diagram of the 

experimental setup is shown in Fig. 3. 

The utilized PA imaging system consisted of a pulsed titanium:sapphire (Ti:Al2O3) laser 

with wavelengths tunable in a range between 720 nm and 850 nm. Delivered through an 

articulated arm, the pulsed laser had a 9-mm beam diameter, 6-ns pulse width, and 10-Hz pulse 

repetition rate.   

 The photoacoustic receiver of the PA imaging system was a 4-element annular array 

ultrasound transducer with a centre frequency of 5 MHz.  The -6 dB bandwidth of the transducer 

was 60% and its focal length was 29.5 mm, as determined previously.
40

 The transducer, which 

had a depth of field of approximately 10 mm, was coaxially mounted at a distance of 105 mm 

from the laser source in order to allow raster scanning of the chicken breast sample under 

investigation, which was placed within the transducer’s depth of field (Fig. 3). A 52-micron-

thick, PVDF-based gold foil (210037022, Measurement Specialities Inc., Hampton, VA) was 

used to protect the ultrasound transducer from direct laser exposure. Moreover, a CCD camera, 

placed underneath the ultrasound transducer, was utilized to facilitate targeting of the ROI by the 

laser beam.     

Prior to performing the PA detection experiments, the HIFU-treated chicken breast 

samples were cut into approximately 4.0 cm × 3.0 cm (width × length) and were sliced to 

approximately 0.5 cm thickness using a professional food slicer (1060-C, The Rival Company, 

El Paso, TX).  Slicing the chicken breast samples eliminated the undesired skin part of the tissue.  
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Moreover, in order to prevent contamination of the water tank, the samples were plastic wrapped 

and vacuum sealed with a vacuum sealer (V2060 FoodSaver, Jarden Corp., Rye, NY). The 

plastic-wrapped, vacuum-sealed samples were then attached to a tissue holder and placed within 

the focal zone of the ultrasound transducer inside the PA imaging system’s water reservoir (Fig. 

3).  To compare the PA response of HIFU-treated and native tissues, two ROIs were identified in 

each one of the 7 samples examined in this study. One of the ROIs was within a HIFU-treated 

tissue volume while the other ROI was within a native tissue volume in the sample under 

investigation. Horizontal raster scanning was performed with 0.1 mm scan resolution covering 

11 locations within each ROI. The laser fired 4 pulses at each location in the ROI and the 

detected PA RF signals, which were collected within 0.4 sec, were averaged to generate a single 

PA RF line. Therefore, a total of 11 PA RF lines, obtained from 11 locations, were recorded for 

each ROI within each sample. The acquired PA data were imported to MATLAB (R2012b, The 

MathWork Inc., Natick, MA) for processing. For each one of the 7 samples, the 11 PA RF lines 

were averaged, producing a single PA RF line that corresponds to a particular ROI (treated or 

native) within that sample. This averaging method was performed since the samples were well-

controlled/stable and uniform, i.e. they did not produce notable variations in space or time within 

the examined regions. The PA detection experiments were performed with two laser 

wavelengths: 720 nm and 845 nm, thereby covering the maximum range of wavelengths 

generated by our PA imaging system. 

It is noteworthy to mention that the PA detection experiments were conducted after 

assessing the accuracy of the charge-coupled device (CCD) camera in targeting the position of a 

ROI (Fig. 3) using carbon rods, which are known to produce very strong PA signals. Based on 

the strength of the acquired PA signals, this testing allowed us to make subtle adjustments in the 
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position of the CCD camera so that the ROI, shown in the real-time CCD camera’s image, was 

coincident with the area that was irradiated by the laser beam. 

 

FIG.3. Schematic diagram of the experimental setup of PA detection. In this diagram, the 

connection between the laser source aperture and the laser assembly does not depict the actual 

articulated arm for laser beam delivery. 

 II.D. Optical spectroscopy 

 Optical spectroscopy experiments were conducted in this study in order to understand the 

influence of HIFU-induced changes in the optical properties on the detected PA pressure rise, 

  ( ). The PA pressure rise is directly proportional to the absorbed optical energy and the 

thermo-acoustic efficiency, and is given in the equation below
41, 42

: 

                                                ( )        ( )         ( )                                                  (1) 

where   is the dimensionless Grüneisen parameter, which represents the fraction of thermal 

energy that is converted into acoustic waves (also known as thermo-acoustic efficiency). In Eq. 

(1), the absorbed optical energy from a laser source,     ( ) [J/m
3
], is the product of the optical 

absorption coefficient,    [m
-1

], and the laser energy fluence,  ( ) [J/m
2
]. 
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 Our spectroscopic investigation included measurements of diffuse reflectance (DR) and 

total transmittance (TT) of chicken breast tissue slices, prepared as described in section II.D.1, 

using a commercially-available spectrophotometer with an integrating sphere attachment (section 

II.D.2). The inverse adding-doubling method, described in section II.D.3, was utilized to 

determine the optical absorption coefficient,   , and the reduced scattering coefficient,   
 , from 

the experimental data of the DR and TT. The effective attenuation coefficient,     , and the 

effective light penetration depth,      , were calculated in the wavelength range of 500-900 nm 

using the following equations
41

: 

                                                           √   (     
 )                                                           (2) 

                                                                 
 

    
                                                                        (3) 

II.D.1. Tissue sample preparation 

 Chicken breast tissues treated with HIFU, as described in II.B, were stored at low 

temperatures (6-8 
o
C) for 12-48 hours prior to conducting optical spectroscopy experiments. 

Using the food slicer mentioned in section II.C, the tissues were sliced to thin slices; each 

containing HIFU-treated and native tissue regions. The sliced tissue specimens were further 

trimmed with a knife to fit within a 1-mm spacing between two 1-mm-thick optical glass slides 

(BK7, Esco Optics Inc., Oak Ridge, NJ), which were spaced apart using stainless steel shims. 

Sandwiching sliced tissue specimens within the two optical glass slides reduced the tissue 

surface irregularities. The tissue specimen and the two optical glass slides covering it had a 

combined thickness of approximately 3 mm, as measured using a micrometer. Figure 4 is a 

photograph of one of the 10 sliced tissue specimens that were prepared during our optical 

spectroscopy experiments. 
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II.D.2. Integrating-sphere measurements 

 To compare the optical properties of HIFU-treated and native tissues, the sliced tissue 

specimens, which were positioned between two optical glass slides, were used in optical 

spectroscopy experiments using the Shimadzu spectrophotometer (UV 3600 UV-VIS-NIR, 

Shimadzu Scientific Instruments, Columbia, MD) with the ISR-3100 integrating sphere 

attachment. The system’s sphere diameter was 60.0 mm, entrance port diameter was 16.7 mm, 

and the exit port diameter was 18.8 mm. The integrating-sphere method allowed us carry out the 

DR and TT measurements in a dual-beam mode, with a single-integrating-sphere configuration. 

The utilized slit width, which was fixed during the experiments, was 8 nm, yielding a measured 

illumination beam of approximately 7.1 mm at the sample surface. The wavelength of grating 

and detector changes was set at 910 nm. The experimental setup of the DR and TT measurements 

is depicted in Figs. 5 and 6, which were reproduced, with permission, from Shimadzu 

Corporation.
43, 44

    

 A total of 10 sliced tissue specimens were prepared as described in section II.D1. For 

each one of the 10 sliced tissue specimens, the DR and TT of native and HIFU-treated portions 

of the tissue were measured three times between 500 nm and 900 nm in 1-nm increments. 

Therefore, for a given sliced tissue specimen, four spectra were generated, each of which was an 

average of three trials. These spectra were: (a) TT and DR for the native portion of a specimen 

FIG.4. An approximately 1-mm-thick slice of a chicken breast 

tissue, containing HIFU-treated and native ROIs, used in the 

optical spectroscopy experiments. 
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(two spectra), and (b) TT and DR for the HIFU-treated portion of a specimen (two spectra).

 

 

 

FIG.5. Diagram of a dual-beam 

diffuse reflectance measurement 

(reproduced, with permission, from 

Ref 
43

; courtesy of Shimadzu 

Corporation). 

 

FIG.6. Diagram of a dual-beam 

total transmittance measurement 

(reproduced, with permission, from 

Ref 
44

; courtesy of Shimadzu 

Corporation). 
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II.D.3. Inverse adding-doubling method 

 The inverse adding-doubling (IAD) program
45, 46

 was employed in this study to determine 

the optical absorption and the reduced scattering coefficients of HIFU-treated and native chicken 

breast tissues using the DR and TT data, collected as described in section II.D.2. In the IAD 

program, optical parameters such as scattering, absorption, and scattering anisotropy can be 

determined by repeatedly solving the radiative transport equation (RTE) until a match with the 

measured reflection and transmission values is made.
45

 The “inverse” implies a reversal to the 

regular extraction of transmission and reflection values from the optical properties, whereas 

“adding-doubling” refers to the utilized methodology in solving the RTE.
45

 The IAD is a 

versatile method, and is well-suited for measurements employing biologic tissue specimens 

positioned between optical glass slides.
45

 

 

III. RESULTS AND DISCUSSION 

III.A. PA detection of HIFU-induced thermal lesions 

Figures 7 and 8 show the PA RF signals of 7 samples at 720 and 845 nm laser 

illumination, respectively, averaged from 11 locations within each ROI in the HIFU-treated and 

native tissue volumes of each sample. The numerical values that appear inside the rectangular 

boxes placed within each one of the 14 PA RF lines of Figs. 7 and 8 represent the ratio of the 

peak-to-peak PA signal amplitudes of HIFU-treated and native ROIs of their respective sample-

wavelength combination. Combining the ratios of the 7 samples investigated at 720 nm, the 

averaged ratio of the peak-to-peak PA signal amplitude of HIFU-treated tissue to that of native 

tissue is 3.68 ± 0.25 (mean ± SEM).  At 845 nm, the averaged ratio of the peak-to-peak PA 

signal amplitude of HIFU-treated tissue to that of native tissue is 3.75 ± 0.26 (mean ± SEM). 
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Figure 9 provides a comparison of the averaged ratios of the HIFU-treated and native tissue 

peak-to-peak PA signal amplitudes from the 7 samples at 720 and 845 nm laser illumination. The 

increase in the PA signal amplitude by more than 3 times as a result of HIFU-induced 

coagulation has also been reported in a previous study.
28

 It is important to note that HIFU-

induced thermal lesions have a higher acoustic attenuation coefficient than native tissues.
47, 48

 

Therefore, laser-generated PA pressure waves should undergo a greater acoustic attenuation as 

they propagate through a thermal lesion compared to native tissue. The effect of the increased 

ultrasound attenuation is expected to be more pronounced in the PA detection geometry of Fig. 

3, for which the laser source aperture and the ultrasound transducer are on opposite ends of the 

sample. Nevertheless, the detected PA signals from HIFU-induced thermal lesions had greater 

peak-to-peak amplitudes than native tissues. The observed PA contrast between HIFU-treated 

and native tissues implies that the PA method can indeed detect HIFU-induced thermal lesions at 

720 and 845 nm laser illuminations. An understanding of how the detected PA pressure (Eq. 1) is 

influenced by HIFU-induced changes in the optical properties is necessary in order to explain the 

observed PA contrast in Figs. 7 and 8.   
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FIG.7. Photoacoustic RF lines obtained from 7 

chicken breast samples irradiated at 720 nm. Within 

a given sample, the lesion and native RF lines 

represent the average of the RF lines collected at 11 

locations within a HIFU-treated and native ROIs, 

respectively. The numerical values inside the boxes 

represent the ratio of the averaged peak-to-peak 

signal amplitudes of HIFU-treated and native ROIs 

of their respective samples. 
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FIG.8. Photoacoustic RF lines obtained from 7 

chicken breast samples irradiated at 845 nm. Within 

a given sample, the lesion and native RF lines 

represent the average of the RF lines collected at 11 

locations within a HIFU-treated and native ROIs, 

respectively. The numerical values inside the boxes 

represent the ratio of the averaged peak-to-peak 

signal amplitudes of HIFU-treated and native ROIs 

of their respective samples. 
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III.B. Optical spectroscopy of HIFU-treated and native tissues  

III.B.1. Diffuse reflectance and total transmittance  

 Figure 10 shows the averaged results of the integrating-sphere measurements on 10 

chicken breast tissue slices. In Fig. 10 (a) and (b), the TT and DR spectra are presented, 

respectively, with the SEM for both HIFU-treated and native tissues in the wavelength range of 

500-900 nm. The TT and DR results provide a quantitative comparison between HIFU-treated 

and native tissues in terms of their wavelength-dependent ability to reflect and transmit light 

between 500 to 900 nm. Figure 10 (a) shows that the ratio of TT of native tissue to that of HIFU-

treated tissue ranges from 5.54 to 6.66 in the wavelength range of 500-550 nm.  However, this 

ratio tends to gradually decrease as the wavelength increases, reaching a value of 2.74 at 900 nm. 

Figure 10 (b) shows that the ratio of DR of HIFU-treated tissue to that of native tissue increases 

from about 3.09 at 500 nm to about 3.97 at 900 nm. Figures 10 (a) and (b) show that the 

wavelength range of 630-900 nm is appropriate for optical diagnostics of HIFU-treated and 

native chicken breast tissues in vitro because light has a relatively high transmittance and low 

FIG.9. A comparison between averaged 

ratios of HIFU-treated and native tissue 

peak-to-peak PA signal amplitudes from 

the 7 samples obtained at 720 and 845 nm 

laser illumination. Error bars represent the 

standard error of the mean (SEM). 
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reflectance in this range. This observation will be confirmed later with the effective light 

penetration depth graph. 

 

 

FIG.10. Results of the integrating-sphere measurements. (a) and (b) the averaged total 

transmittance and diffuse reflectance with the SEM, respectively, of HIFU-treated and native 

tissues in the wavelength range of 500-900 nm. 

 

(a) 

(b) 
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III.B.2. Optical absorption and reduced scattering coefficients  

Using the IAD program,
46

 the optical absorption coefficient and the reduced scattering 

coefficient spectra were determined for each one of the 10 tissue slices. Figures 11 (a) and (b) 

show the averaged optical absorption coefficient and the reduced scattering coefficient spectra, 

respectively, with the SEM for both HIFU-treated and native tissues in the wavelength range of 

500-900 nm. Figure 11 (a) shows that the optical wavelength range of approximately 670-900 

nm has the lowest absorption coefficient for HIFU-treated and native chicken breast tissue, 

making it an appropriate range for optical diagnostics of relatively deep-seated ROIs. As per Eq. 

1, the difference in the optical absorption coefficients of HIFU-treated and native tissues in the 

aforementioned optical wavelength range is a contributor to the difference in the PA response 

detected from HIFU-treated and native tissues at 720 nm and 845 nm. In other words, the HIFU-

induced increase in the PA signal amplitudes (Figs. 7 and 8) can be attributed, in part, to the 

increased optical absorption coefficients of HIFU-treated tissues as compared to native tissues. 

Figure 11 (b) shows the large difference between the reduced scattering coefficients of HIFU-

treated and native tissues. In fact, at 500 nm, the ratio of the reduced scattering coefficients of 

HIFU-treated tissue to that of native tissue is approximately 11.19, while at 900 nm the ratio 

increases to about 15.42. The general decrease in the reduced scattering coefficient spectra of 

both HIFU-treated and native tissues with wavelength, as depicted in Fig. 11 (b), is consistent 

with a previous work that utilized saline-bath heating of tissues.
36

 Although they did not use 

HIFU treatments in their investigation, Yaroslavsky et al.
36

 obtained results that are consistent 

with ours as they have also reported a thermally-induced increase in   and   
  of saline-bath-

treated brain tissues, compared with native brain tissues.
36
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The observed increase in   of HIFU-treated tissues (Fig. 11 (a)) may be attributable, in 

part, to the thermally-induced formation of methemoglobin, a form of hemoglobin with its iron 

being in the ferric oxidation state, in the blood.
49

  The formation of methemoglobin results in an 

enhanced optical absorption coefficient of the thermally-coagulated blood,
49

 as compared to 

native blood, within the wavelength range investigated in our study.  Similarly, the increase in   
  

of HIFU-treated tissue may be explained by the increase in   
  of thermally-coagulated blood 

compared to native blood.
49

 It is noteworthy to mention that the visual appearance of the chicken 

breast tissues (i.e. their pink color) as well as their optical absorption spectrum, which resembles 

that of blood,
50

 attest the presence of hemoglobin in our samples. A similar argument about the 

presence of blood residuals in excised tissue samples was made in previous studies that utilized 

liver
27

 and brain
36

 tissues. However, due to the low blood content in our tissue samples, the 

thermally-induced formation of methemoglobin might not have had a major contribution to the 

HIFU-induced changes in the optical properties of the tissue samples. Other factors, discussed in 

the next paragraph, might have resulted in greater changes in the optical properties. These factors 

include protein coagulation and dehydration (i.e. water loss). 

Protein coagulation and dehydration might have been major reasons behind the changes 

in the optical properties of HIFU-treated tissues. Firstly, thermal denaturation, which causes 

functional and structural alterations in the heated proteins, results in the production of highly-

scattering, amorphous granules to replace well-structured, highly-organized molecules, present 

prior to heating.
51

 The appearance of the small, thermally-denatured granular proteins may be a 

key factor in the increase in the reduced scattering coefficient of thermally-coagulated tissues, 

based on analyses relying on Mie theory.
52

 Secondly, dehydration and tissue shrinkage have been 

shown to increase the optical absorption coefficient of biologic tissues.
53

 Moreover, by the virtue 
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of decreasing the overall coagulated tissue volume, dehydration and tissue shrinkage may also 

result in an increase in the concentration of optical attenuators (scattering and absorbing 

centres).
36

 Therefore, HIFU-induced dehydration of the treated tissue volume can be an 

important contributor to the increased optical scattering and absorption of the HIFU-induced 

thermal lesions in the wavelength range investigated in our experiments.  

 

 

FIG. 11. Results of the IAD computations. (a) and (b) the averaged optical absorption 

coefficients and reduced scattering coefficients with the SEM, respectively, of HIFU-treated and 

native chicken breast tissues in the wavelength range of 500-900 nm. 

(a) 

(b) 
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III.B.3. Effective attenuation coefficient and light penetration depth  

 Using Eqs. 2 and 3, the wavelength-dependent effective attenuation coefficients and light 

penetration depths were determined, respectively, for each one of the 10 chicken breast tissue 

slices. Figures 12 (a) and (b) show the averaged effective attenuation coefficient and the 

averaged light penetration depth graphs, respectively, with the SEM for both native and HIFU-

treated tissues in the wavelength range of 500 – 900 nm. The gradual decrease in the effective 

attenuation coefficient and the increase in the  effective light penetration depth between 630- 900 

nm in Figs. 12 (a) and (b), respectively, attest to our previous statement about this range being 

well-suited for in vitro optical diagnostics of HIFU-treated and native chicken breast tissues. 

Comparing the effective attenuation coefficient and the light penetration depth of HIFU-

treated and native tissues can provide an explanation as to why the averaged PA signal 

amplitudes detected from HIFU-treated tissues were greater than those of native tissues. A 

superficial HIFU-induced thermal lesion with a lower light penetration depth (i.e. higher 

effective attenuation coefficient) attenuates greater amount of the incident laser energy than a 

superficial native tissue of the same volume. In other words, within a HIFU-treated tissue 

volume, there is a greater probability of photon interactions than a native tissue of the same 

volume, reducing the light penetration depth and increasing its propagation duration inside the 

coagulated tissue. Consequently, the amount of the laser energy that is deposited within a HIFU-

treated tissue is greater than that within a native tissue, producing a stronger PA pressure rise due 

to an increase in the laser energy fluence (Eq. 1).   

In summary, within the volume of a HIFU-induced thermal lesion, there are greater light-

tissue interactions (scattering and absorption) that decreases the effective light penetration depth 
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and confines most of its energy (i.e. increases laser fluence) within the lesion’s volume, thereby 

producing greater PA signal amplitudes than native tissues.  

 

 

FIG. 12. Results of applying equations 2 and 3. (a) and (b) the averaged effective attenuation 

coefficient and effective light penetration depth graphs with the SEM, respectively, of HIFU-

treated and native chicken breast tissues in the wavelength range of 500-900 nm. 

 

 

 

(a) 

 

(b) 
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IV. CONCLUSION 

 In this study, we have successfully demonstrated the feasibility of PA detection of HIFU-

induced thermal lesions in chicken breast tissues in vitro at 720 and 845 nm laser illuminations. 

A more than three-fold increase was observed in the PA signal amplitudes of HIFU-treated 

tissues compared to native (i.e. untreated) tissues at 720 and 845 nm optical wavelengths, 

indicating that PA method is indeed capable of detecting HIFU-induced tissue coagulation 

necrosis and its associated alterations in the molecular and structural compositions of tissues.  In 

order to assist in the interpretation of the aforementioned PA contrast between HIFU-treated and 

native tissues, we have determined, for the first time, the optical properties of HIFU-induced 

thermal lesions and compared them with native tissues by performing optical spectroscopy in the 

wavelength range of 500-900 nm. Based on Eq. (1), our spectroscopic investigation has shown 

that there are direct and indirect optical factors that together contributed to the observed 

enhancement in the PA pressure as a result of HIFU-induced thermal lesions. The direct optical 

factor is the increase in the optical absorption coefficient of the HIFU-treated tissue. The indirect 

optical factor is the large increase in the reduced scattering coefficient, which contributed to an 

increase in the effective optical attenuation coefficient and a decrease in the light penetration 

depth.  Hence, the increase in the reduced scattering coefficient has indirectly enhanced the PA 

pressure rise by increasing the absorbed optical energy (Eq. 1). For a complete analysis of the 

effects of the parameters in Eq. (1) on the detected PA pressure, assessment of the contribution 

of thermo-acoustic efficiency (Grüneisen parameter) of HIFU-induced thermal lesions on the 

detected pressure rise should be studied in biologic tissues. It is also suggested to extend this 

work to a more-clinically relevant scenario by using an in vivo animal model. The blood content 

in in vivo animal models will have an important role on the generated PA signals from HIFU-
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treated and native tissues. If methemoglobin is formed in the blood,
30

 it is anticipated that the 

generated PA signals could have greater amplitudes for HIFU-treated tissues compared to native 

tissues because of the reasons discussed in section III.B.2. On the other hand, if methemoglobin 

is not formed in the blood, it is expected, as shown in a previous work
30

, that HIFU-induced 

thermal coagulation could potentially result, depending on the optical illumination wavelength, 

in a reduction in the PA signal amplitude in regions where there is a large amount of blood, 

particularly due to reduction of blood plasma and the coagulation of red blood cells in the HIFU-

treated region. 
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Chapter 3: Discussions, Conclusions, and Future work 

3.1 Discussions   

 In this work, HIFU treatments were applied to chicken breast tissue in vitro using a 1-

MHz HIFU transducer. The capability of a PA method to detect HIFU-induced thermal lesions 

was evaluated by comparing the PA peak-to-peak signal amplitudes of HIFU-treated and native 

tissues at 720 and 845 nm laser illuminations. Compared to native tissues, HIFU-induced thermal 

lesions produced a more than 3-fold enhancement in the PA peak-to-peak signal amplitudes at 

720 and 845 nm.  This finding indicates that HIFU-induced thermal lesions are indeed detectable 

with the PA method. It is important to note that HIFU-induced thermal lesions have a higher 

acoustic attenuation coefficient than native tissues.
1, 2

 Therefore, laser-generated PA pressure 

waves should undergo a greater acoustic attenuation as they propagate through a thermal lesion 

than native tissue. In fact, the effect of the increased acoustic attenuation is expected to be more 

pronounced in the PA detection geometry of Fig. 3 (chapter 2), for which the laser source 

aperture and the ultrasound transducer are on opposite ends of the sample. Nevertheless, in this 

study, the detected PA signals from HIFU-induced thermal lesions had greater peak-to-peak 

amplitudes than native tissues, attesting to the high sensitivity of the PA method in detecting 

HIFU treatments. 

The observed PA contrast between HIFU-induced thermal lesions and native tissues may 

be explained based on Eq. (1-2). While investigating the thermo-acoustic efficiency of HIFU-

induced thermal lesions is beyond the scope of this work, the optical properties of these lesions 

were characterized and compared with native tissues in order to understand the observed PA 

contrast between HIFU-treated and native tissues. The determination of the optical properties 

was carried out in the wavelength range of 500-900 nm using a spectrophotometer with an 
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integrating-sphere attachment. Using the IAD method, the spectrophotometrically-acquired data 

(TT and DT) were used to determine the optical absorption coefficient and the reduced scattering 

coefficient of HIFU-treated and native chicken breast tissues in the wavelength range of 500-900 

nm. The effective attenuation coefficient and the light penetration depth of HIFU-treated and 

native chicken breast tissues were calculated in the aforementioned wavelength range using the 

optical absorption and reduced scattering coefficients. The results quantitatively show the 

difference between HIFU-treated and native tissues in terms of their DR, DT,   ,   
 ,      and 

      in the wavelength range of 500-900 nm. An appropriate range for optical detection of 

HIFU-treated and native tissues may be extracted from the DR and DT spectra, and then 

confirmed with the   ,     , and       spectra. For the tissue model studied, it was found that 

the wavelength range of 630-900 nm provides the most transmittance and least reflectance, 

within the wavelength range examined in this study, for HIFU-treated and native tissues. 

Moreover, the gradual decrease in the effective optical attenuation coefficient and the increase in 

the effective light penetration depth in the wavelength range of 630-900 nm attest to the previous 

statement about this range being appropriate for in vitro optical detection of HIFU-treated and 

native chicken breast tissues. Additionally, within the aforementioned wavelength range, the 

optical absorption coefficient is minimal compared to the surrounding regions, making this range 

appropriate for optical imaging of relatively deep-seated ROIs. The imaging depth, which is 

wavelength-dependent, can be inferred from the effective light penetration depth graph (Fig. 12 

(b), chapter 2). 

 The PA contrast between HIFU-induced thermal lesions and native tissues can be 

attributed, in part, to the HIFU-induced alterations in the molecular and structural composition of 

the coagulated regions. Protein coagulation, dehydration/tissue shrinkage, and, to less extent, the 
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formation of methemoglobin are among the mechanisms that may result in changes in the optical 

properties of thermally-treated tissues in vitro, as discussed previously in section III.B.2 (chapter 

2). These changes are manifested in the results of the optical spectroscopy experiments, which 

showed an increase in the optical absorption and reduced scattering coefficients of HIFU-treated 

tissues. The increase in the optical absorption coefficient results in an increase in the absorbed 

optical energy (i.e. the product of laser energy fluence and optical absorption coefficient) in Eq. 

(1-2), thereby enhancing the detected PA pressure (a direct enhancement factor). On the other 

hand, the increase in the reduced scattering coefficient results in an increase in the effective 

attenuation coefficient and a decrease in the light penetration depth, increasing the absorbed 

optical energy, which, in turn, results in an enhancement in the detected PA pressure (an indirect 

enhancement factor). 

 

3.2 Conclusions  

In conclusion, the PA method is capable of detecting HIFU-induced thermal lesions and 

their associated alterations in the molecular and structural compositions of biologic tissues. The 

demonstrated, HIFU-induced increase in the peak-to-peak PA signal amplitudes of more than 3 

folds at 720 and 845 nm provides experimental evidence to this conclusion.  

  Based on Eq. (1-2), the results of the spectroscopic investigation can lead to the 

conclusion that the PA contrast between HIFU-treated and native tissues is due, in part, to direct 

and indirect optical factors that together contributed to the observed enhancement in the PA 

pressure detected from HIFU-induced thermal lesions, compared to that detected from native 

tissues. The direct optical factor is the increase in optical absorption coefficient, increasing the 
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absorbed optical energy, which is directly proportional to the detected PA pressure (Eq. (1-2)). 

The indirect optical factor is the large increase in the reduced scattering coefficient, resulting in 

an increase in the effective optical attenuation coefficient and a decrease in the light penetration 

depth, which, in turn, increase the absorbed optical energy. The increase in the reduced scattering 

coefficient can, therefore, indirectly enhance the detected PA pressure by increasing the absorbed 

optical energy. On the other hand, it is concluded that the effect of the HIFU-induced changes in 

the acoustic properties of tissue, including the large increase in the acoustic attenuation 

coefficient of thermal lesions compared to native tissues,
1, 2

 on the detected PA pressure is less 

pronounced than the HIFU-induced changes in the optical properties. This is because the 

measured changes in the optical properties of HIFU-treated tissues resulted in an enhancement in 

the detected peak-to-peak PA signal amplitudes, whereas the increased acoustic attenuation 

coefficient of thermal lesions, determined previously,
1, 2

 did not significantly influence the 

detected PA pressure through the suppression of the peak-to-peak PA signal amplitudes of 

HIFU-treated tissues. 

 

3.3 Future work  

Although the optical properties of HIFU-induced thermal lesions were examined in this 

study and related to the observed PA contrast between HIFU-induced thermal lesions and native 

tissues, future work should assess the effects of thermo-acoustic efficiency (Grüneisen 

parameter) of HIFU-induced thermal lesions on the detected PA pressure rise in a suitable tissue 

model, such as chicken breast tissue, in vitro. Knowledge about the thermo-acoustic efficiency of 

the examined tissue can expand our understanding with regards to the contribution of each one of 

the parameters in Eq. (1-2) on the detected PA pressure rise.  
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Additionally, future work should aim at expanding the current in vitro work to a more 

clinically-relevant scenario (e.g. through the introduction of blood flow in the examined tissue 

model). It is recommended that the transition from in vitro to in vivo is done gradually, starting 

with a freshly-excised ex vivo tissue model, an in vitro tissue model with a blood flow (such as 

the one introduced by Arefiev et al.
3
 ), and then an in vivo animal model. The introduction of 

blood flow will play an important role by influencing the generated PA signals, as discussed in 

Chapter 2. Moreover, it is recommended that this work is extended to a real-time monitoring of 

HIFU-induced thermal lesion formation with PA imaging. In this case, although the laser 

irradiation of PA imaging applied to a ROI prior to HIFU treatments enhances the HIFU-induced 

heating and temperature rise,
4
 there is a need to quantify the HIFU-induced thermal damage 

following PA imaging. Furthermore, it would be beneficial to observe the PA response from 

HIFU-induced thermal lesions produced at varying acoustic doses.  Last but not least, to enhance 

the PA detectability of ROIs (e.g. thermal lesions and native tissues), it is suggested to develop a 

system where multiple diagnostic ultrasound transducers are utilized and placed in front of the 

sample (i.e. in the laser beam side) as well as behind the sample. Among other advantages, such 

a modification could potentially enhance the acoustic sensitivity of the PA imaging system. 
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Appendix A: Linear acoustic intensity simulation - parameters and results 

Utilizing a linear acoustic and temperature simulation (LATS),
1, 2

 1-D and 2-D acoustic 

intensity profiles were calculated for the HIFU transducer used in this study, with a simulated 

geometry shown in Fig. A-1. The simulation was run once with free-field acoustic parameters 

and once with adjusted acoustic parameters that accounted for the presence of chicken breast 

tissue in the medium of propagation.

 

FIG. A-1: Simulated geometry of the HIFU transducer used in this study.  The blue circle, made 

to accommodate a confocal imaging probe, is a 35-mm-diameter hole that has been excluded 

from the acoustic field calculations. 
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Free-field simulation parameters and results 

Table A-1 contains the  acoustic parameters of pure water at 20 
o
C that were used in the 

simulation program as medium properties, in addition to other parameters related to transducer 

properties/features and the calculation volume, as shown in Fig. A-2. 

Table A-1: The acoustic properties of pure water at 20
 o
C (obtained from Ref.

3
 ) 

Speed of sound 1482.34 m/s 

Density 998.2 kg/m
3
 

Acoustic attenuation coefficient 0.0022 dB/(cm∙MHz
2
) 

Attenuation frequency dependency (n) 2 

 

 

FIG.A-1: A snapshot of the LATS parameters setup window for the free-field simulation.  
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The results of the free-field simulation are shown in Fig. A-3 for the 1-D and 2-D axial as well as 

lateral intensity profiles of the HIFU regime employed in this study. 

 

 

 

 

FIG. A-3: Results of the free-field simulation showing the 1-D (a) lateral and (b) axial as well as 

the 2-D (c) axial and (d) lateral intensity profiles. The free-field focal intensity ISPTA is calculated 

as approximately 1910 W/cm
2
. 

(a) (b) 

(d) (c)

( 
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Water-tissue adjusted simulation parameters and results 

The acoustic properties of chicken breast tissues (Table A-2) were adjusted with the pure 

water acoustic properties (Table A-1) in order to obtain corrected values for the medium 

properties, taking into account the ultrasound propagation distances in water (~9.0 cm) and in 

tissue (~1.0 cm), as per Eq. (A-1).  The adjusted medium acoustic parameters were inputted in 

the simulation program, in addition to other parameters related to transducer properties/features 

and the calculation volume, as shown in Fig. A-4. 

 

Table A-2: The acoustic properties of chicken breast tissue (obtained from Ref. 
4
) 

Speed of sound 1585 m/s 

Density 1040 kg/m
3
 

Acoustic attenuation coefficient 0.4343 dB/(cm∙MHz
1.1

) 

Attenuation frequency dependency (n) 1.1 

  

The formula used to apply tissue parameters adjustment is: 

                                                 
  

  
    

  

  
                                                      (A-1) 

where C represents the corrected acoustic property, A is the tissue acoustic property, B is the 

water acoustic property, LT is the tissue focal depth (i.e. distance of ultrasound propagation in 

tissue, which was approximately 1.0 cm in this study), LW is the distance of ultrasound 

propagation in water (~9.0 cm in this study), and FL denotes the focal length of the HIFU 

transducer (~10.0 cm). 
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FIG. A-4: A snapshot of the LATS parameter setup window for the water-tissue adjusted 

simulation. 

  

The results of the water-tissue adjusted simulation are shown in Fig. A-5 for the 1-D and 

2-D axial as well as lateral intensity profiles of the HIFU treatment regime employed in this 

study. These results were used to obtain an estimate of the focal intensity (ISPTA) achieved during 

HIFU treatments. Moreover, the intensity profiles of the HIFU treatments were used to obtain: 

(a) the location of the maximum focal intensity (~10 cm); (b) the -6 dB HIFU beam width at the 

focus (~1.24 mm) from the lateral intensity profiles, Fig. A-5 (a and d) and (c) the depth of field 

of the HIFU beam (~7.55 mm) from the axial intensity profiles, Fig. A-5 (b and c). 
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FIG.A-5: Results of the water-tissue adjusted simulation showing the 1-D (a) lateral and (b) axial 

intensity profiles as well as the 2-D (c) axial and (d) lateral intensity profiles. The focal intensity 

ISPTA is approximately 1690 W/cm
2
. 

 

 

(b) (a) 

(c) (d) 
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Appendix B: The inverse adding-doubling method 

In conjunction with spectroscopic measurements, the inverse adding-doubling (IAD) method
5
 

was used in this study to determine the optical properties of HIFU-treated chicken breast tissues. 

In the IAD program,
6
 optical parameters such as scattering, absorption, and scattering anisotropy 

can be determined by repeatedly solving the radiative transport equation (RTE) until a match 

with the measured reflection and transmission values is determined.
5
 The RTE, which describes 

the behaviour of light in a medium that absorbs, scatters and emits radiation, is given by the 

following mathematical expression
7, 8

: 

                    ( ̂   ) (   ̂)       (   ̂)     ∫  ( ̂
  

   ̂) (   ̂)                         (B-2) 

where  (   ̂) is the radiance, also known as specific intensity, in units of energy per area per 

solid angle in the position denoted by the vector   and in the direction specified by the unit 

vector  ̂.
8
 The total attenuation    is the sum of the absorption coefficient    and the scattering 

coefficient    , i.e. it is given by the following mathematical expression
8
:  

                                                                                                              (B-3) 

In Eq. (B-2), the phase function  ( ̂   ̂) denotes the fraction of light that is scattered in the 

direction of the unit vector   ̂ as a result of an incident light from the direction of  ̂, and     is 

the differential solid angle in the direction of   ̂.
8
 The left hand side of Eq. (B-2) describes the 

rate of change of the radiance at the point   and in the direction  ̂.
8
 This rate of change of the 

radiance is equal to the radiance lost as a result of absorption and scattering, which the first term 

on the right hand side, in addition to the radiance gained as a result of light being scattered from 

all other directions into the direction of the unit vector  ̂, which is the second term on the right 

hand side.
8
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In the IAD method, the “inverse” implies a reversal to the regular extraction of transmission 

and reflection values from the optical properties, whereas “adding-doubling” refers to the 

utilized methodology in solving the RTE.
5
 The IAD method, therefore, converts the integrating-

sphere measurements of diffuse reflectance and total transmittance into optical absorption and 

reduced scattering coefficients.
9
 It is a versatile method, and is well-suited to measurements 

employing biologic tissue specimens positioned between optical glass slides/plates.
5
 Figure B-6 

shows a flow chart of the method. 

Start 

 
 
 
 
 
 
 
 
 
 

 
 

Do the 

calculated values  

above match the measured 

reflection and  

transmission? 

 

 
 

         Yes 

 

 

End 

 
FIG. B-6: Flow chart of the IAD method (reproduced, with permission, from Dr. S. A. Prahl’s 

PhD dissertation
8
). 

Guess a set of optical properties 

Calculate reflection and transmission 

No 
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Table B-3 summarizes the parameters that were inputted into the IAD program in order to 

obtain the optical properties from the diffuse reflectance and total transmittance measurements 

on chicken breast slices sandwiched between two BK-7 optical glass slides.  

                         Table B-3: Parameters used in the IAD program 

Index of refraction of the sample (chicken breast tissue) 1.37 (Ref. 
10

) 

Index of refraction of the top and bottom slides (BK-7) 1.51 (Ref. 
11

) 

Thickness of sample 1.0 mm 

Thickness of slides 1.0 mm 

Diameter of illumination beam 7.14 mm 

Reflectivity of the reflectance calibration standard 0.98 

Number of spheres used during each measurement 1 

Properties of reflectance measurement sphere 

 

Sphere diameter 60 mm 

Sample port diameter 18.75 mm 

Entrance port diameter 16.74 mm 

Detector port diameter 13.12 mm 

Reflectivity of the sphere wall 0.98 

Properties of transmittance measurement sphere 

 

Sphere diameter 60 mm 

Sample Port Diameter 16.74 mm 

Entrance Port Diameter 0.00 mm 

Detector Port Diameter 13.12 mm 

Reflectivity of the sphere wall 0.98 

Number of measurements: M_R   M_T 2 
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