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Abstract 

Focused ultrasound therapy, also known as high intensity focused ultrasound (HIFU), is a new 

energy-based method that uses ultrasonic energy to treat a range of health disorders and tumors. 

Despite the great potential for cancer treatment, the HIFU therapies for the breast and abdominal 

regions have not yet been granted FDA approval. One of major challenges of HIFU is the collateral 

damage due to the use of high ultrasonic energy during the thermal treatment. One promising 

strategy to enhance the heating mechanism of HIFU, and consequently to reduce its side effects, 

is to employ nanoparticles (NPs) as ultrasound absorption agents. To improve the therapeutic 

mechanism of NP-enhanced HIFU, it is essential to better understand the physics of the interaction 

between ultrasonic waves and NPs, and to clarify the effects of crucial parameters that can affect 

HIFU’s heating mechanism.  

This thesis includes experimental and numerical analyses i) to develop an analytical and 

numerical model that can simulate the physics of NP-enhanced HIFU, ii) to examine the effects of 

NP features, including the NP size and volume concentration, on the thermal mechanism of HIFU, 

and iii) to investigate the feasibility of using carbon nanotubes (CNTs) as new ultrasound 

absorption agents during HIFU to enhance heating at low powers.   

In an effort to describe the physics of the interaction between ultrasonic waves and NPs, a 

set of HIFU equations governing the temperature variation during the NP-enhanced HIFU thermal 

procedure was derived based on the principle of energy conservation for heat transfer. The 

accuracy of the numerical model was verified by performing a series of HIFU experiments on 

phantoms embedded with magnetic NPs (MNPs). A quantitative comparison with experimental 

results demonstrated the potential of the numerical model to accurately predict the heating 

mechanism of HIFU mediated by NPs. The results showed that the transport processes that occur 



v 
 

at the boundaries between NPs and the surrounding medium play a major role in the temperature 

rise during NP-enhanced HIFU.  

Based on the results from the numerical simulation and experiments, the effects of MNP 

features, including the size and volume concentration, on the HIFU heating mechanism were 

examined, and the performance of NPs was studied when exposed to ultrasonic fields at different 

ranges of powers and frequencies. It was proved that the increase of MNP size and volume 

concentration greatly enhanced the HIFU parameters; the effects of MNPs were further improved 

by increasing the power and frequency of the ultrasonic field. 

In addition, an experimental analysis was conducted to assess the utility of CNTs as new 

ultrasound absorption agents during the HIFU thermal therapy using phantoms embedded with 

CNTs. The results showed the improving effects of CNTs on the HIFU thermal ablation became 

more pronounced by increasing the absorption rate of acoustic energy and temperature. It was also 

demonstrated that the effects of CNTs for increasing temperature were improved by amplifying 

the power and frequency, as well as by increasing the CNT concentration. 
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   Chapter 1 

1. Introduction  

Focused ultrasound therapy, often referred to as high intensity focused ultrasound (HIFU), is a 

new type of noninvasive therapeutics which has been recognized for broad spectrum of treatments 

including thermal ablation of tumor [1–3], thrombolysis [4–6], kidney stone comminution [7–9], 

and drug delivery through sonoporation [10–12]. HIFU allows the local treatment of an 

abnormality inside the body by focusing ultrasonic beams from an extracorporeal source to the 

target area [13]. The main effect of ultrasound therapy is tissue heating, induced through the 

absorption of acoustic energy and its conversion to heat. During HIFU, the temperature at the focal 

region can effectively rise over 60°C, resulting in irreversible biological damages, such as necrosis 

and cell apoptosis [14]. Due to the non-invasive nature, HIFU can offer safer and lower-cost 

therapy with better precision and shorter recovery time, compared to invasive surgical approaches 

[1]. As a result, nowadays, the HIFU treatment guided by advanced imaging techniques has been 

applied to treat various benign and malignant tumors, including those of prostate [15–17], liver 

[18–20], breast [21–23], brain [24–26], bone [27–29], and kidney [30–32]. 

1.1. Motivation 

Despite the great potential of HIFU for cancer treatment, there exist several challenges that impede 

its application to tumors of large size and highly vascularized structure [1]. First, since a single 

HIFU insonation ablates only a small portion of tumor, a number of focal applications are required 

to cover the entire tumor, thus the treatment time becomes longer as the size of tumor increases. 
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Furthermore, a few cancer cells may survive after the HIFU ablation in the spaces between the 

small focal regions [1]. On the other hand, tumors with highly vascularized structures or those that 

are formed in vascularized tissues tend to be more resistant to HIFU, as blood vessels can dissipate 

the generated heat [33, 34]. To reduce the treatment time and blood perfusion effects, it is 

necessary to make the deposition of acoustic energy at the targeted area as efficient as possible 

[35]. Traditionally, a high level of ultrasonic power is employed during the HIFU insonation to 

this end, however, it may cause several adverse effects such as the overheating of surrounding 

normal tissue and skin burns, as reported in several clinical studies [36, 37]. Due to these concerns, 

the HIFU therapies for the breast and abdominal regions have not been approved yet by the Food 

and Drug Administration (FDA) in the U.S [35]. 

One of the strategies that can decrease the likelihood of adverse effects of ultrasound 

heating is to adopt ultrasound absorption agents that make acoustic energy deposition at the tumor 

region more efficient [35, 38]. The use of ultrasound agents can enhance the heating mechanism 

of HIFU by increasing the conversion rate of acoustic energy to heat, and consequently reduce the 

concerns regarding the treatment time and blood perfusion effects. To this end, various materials 

have been considered, such as porphyrin [39], iodized oil [40], microbubbles [41], and most 

recently nanoparticles (NPs) [42]. Among them, NPs have gained increasing popularity due to 

their nanoscale-size effects and unique properties, allowing them to easily pass through capillaries 

to accumulate in a tumor site and consequently enhance hyperthermal mechanisms in tumorous 

tissues [43]. During the last decade, a number of studies have been reported on the potential 

benefits of gold NPs (AuNPs) [35, 44, 45], and magnetic NPs (MNPs) [42, 46, 47] to enhance the 

therapeutic mechanism of HIFU and consequently to reduce the adverse effects of HIFU. A 
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comprehensive review on the state of the art in the area of the NP-mediated HIFU will be provided 

in Chapter 2. 

To improve the performance of NPs during the HIFU treatment for the purpose of making 

the thermal ablation process safer and more efficient, it is essential to clarify the effects of 

important factors regarding the NP-enhanced focused ultrasound therapy by understanding the 

interaction mechanism of ultrasonic waves with NPs. In an attempt to accomplish this objective, 

this research studies the physics of NP-enhanced HIFU and examines the influence of key 

parameters that can affect the therapeutic mechanism of HIFU.  

1.2. Thesis Objectives 

The principal objectives of this PhD work are to: 

O1)  Develop an analytical model that can precisely simulate the physics of interaction between 

ultrasonic waves and NPs, the consequent energy absorption, and the heat transfer during 

the NP-enhanced HIFU thermal procedure; 

O2) Investigate the effects of NP features including the size and volume concentration, as well 

as the NP dose on the HIFU thermal mechanism; 

O3)  Demonstrate the feasibility of using carbon nanotubes (CNTs) as new ultrasound 

absorption agents for HIFU to enhance heating at low powers, and consequently to reduce 

the adverse effects of HIFU. 

1.3. Contributions of the Field 

Based on the experimental and numerical analyses presented in this PhD thesis, the main 

contributions of the field are as follows: 
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C1) An analytical modeling of the thermal mechanism of HIFU in the presence of NP as 

ultrasound absorption agents was developed. To deeply understand the performance 

mechanism of NPs during HIFU, and to clarify the influence of key parameters that can 

affect therapeutic results, it is essential to develop a mathematical model that can explore 

the physics behind the problem. To this end, a set of mathematical equations governing 

the temperature variation during the HIFU thermal procedure was derived by simulating 

the physics of the interaction between ultrasonic waves and NPs, leading to the heat 

transfer. The accuracy of developed model was verified by performing a series of in vitro 

studies.  

C2) The effect of NP features, specifically NP size, on the heating mechanism of HIFU was 

examined. The heat transfer during NP-enhanced HIFU depends on the transport 

processes occurring at the boundary between the NPs and the surrounding medium; since 

the NP size can define that interface area, it is crucial to examine the effects of NP size 

on HIFU’s heating results, and to determine the corresponding optimized values for better 

performance of NPs. To this end, HIFU experiments were performed by developing an 

experimental setup including phantoms with uniform distribution of MNPs with different 

sizes and volume concentrations and the effect of NP features on the thermal mechanism 

of HIFU was examined.  

C3) The effect of NP dose when injected locally at the focused region was investigated. In the 

clinical application of NPs using intratumoral injection [48, 49], where NPs are injected 

directly into the tumor site, the dose of NPs (the volume of injected NPs) is the key 

parameter that can affect the efficiency of treatment; therefore, developing a study that 

examines the effect of NP dose when delivered locally to the focused region is necessary 
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for making the thermal ablation process more efficient and safer. To this end, an 

experimental setup was developed to precisely inject AuNPs at the focused region of a 

tissue-mimicking phantom in order to examine the effect of NP at different doses on 

HIFU’s heating results. 

C4) The potential of CNTs as new nanoscale agents for the HIFU thermal therapy was 

investigated. A key advantage of CNTs over MNPs and AuNPs is their ability to act as 

temperature sensors for monitoring the temperature rise to ensure that a sufficient amount 

of thermal dose is delivered to the targeted area [50, 51]. As a result, CNTs have the 

potential to be considered as effective agents for hyperthermia treatment; however, their 

performance mechanism as ultrasound absorption agents during the HIFU thermal 

therapy has not yet been reported. To this end, an experimental examination was 

conducted using phantoms with uniform distribution of CNTs with different volume 

concentrations to investigate the effect of CNTs on thermal mechanism of HIFU, as well 

as to examine their performance when exposed to ultrasonic fields at different ranges of 

powers and frequencies. 

The research contributions presented in this PhD thesis not only can help with deeper 

understanding of the mechanism of NPs during HIFU treatment, but can also be useful for the 

purpose of the treatment design. A key challenge of the extracorporeal use of HIFU, limiting its 

clinical application, is the collateral damage due to the use of high levels of ultrasonic energy 

during the thermal treatment. To reduce the adverse effects of HIFU, it is essential for the 

practitioners to have a presurgical planning tool that enables them to select characteristics of HIFU 

treatment, including the power, frequency and exposure time, as well as the dose of NPs as 

therapeutic agents. Therefore, development of a numerical model that can simulate the therapeutic 
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mechanism of HIFU is useful for this purpose. Although the numerical simulation provided in this 

PhD work was based on simplified models of biological tissue and NPs distribution, it has the 

potential to be further improved for preclinical purposes if imaging data are available, which 

provide information on the structure of biological tissue and the distribution of NPs inside the 

targeted tissue.  

In addition, the contributions of this PhD work can help with the design of new nanoscale 

agents for HIFU treatment. A key factor in the design of NPs is their shape and size in order to 

determine optimized values for effective results. The numerical modeling, as well as the 

experimental data presented in this PhD works can help the researchers along this direction. 

Another important factor in the design of agents for HIFU is the discovery of new ultrasound 

agents which can offer better performance than currently available agents. This PhD dissertation 

proposes CNTs as new ultrasound absorption agents for HIFU. CNTs not only have the potential 

to enhance HIFU’s heating mechanism, but also can be used as temperature sensors that indicate 

the temperature during thermal treatment 

1.4. Thesis Structure  

This PhD thesis includes six chapters, structured as follows: 

 Chapter 1 illustrates the research motivation, objectives, main contributions, and thesis 

structure. 

 Chapter 2 provides a comprehensive review on the state of the art in the area of HIFU and 

NPs as agents for cancer treatment. Section 2.1 reviews the mechanism, advantages, clinical 

application and limitations of HIFU treatment, and illustrates the importance of using 

ultrasound agents for the HIFU thermal treatment. The application of NPs for cancer 
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treatment is reviewed in Section 2.2, and the potential of NPs as agents for HIFU treatment 

is discussed in Section 2.3. Section 2.4 provides a comprehensive review on existing thermal 

model for simulating HIFU’s thermal mechanism.   

 Chapter 3 illustrates the mathematical modeling developed for the simulation of HIFU 

heating mechanism. Section 3.1 presents the linear and nonlinear thermal models of HIFU 

used for the validation of the experimental setup. Section 3.2 presents the mathematical 

equations derived for modeling the HIFU mechanism in the presence of NPs. The solution 

procedure developed to solve the governing equations is described in Section 3.3.  

 Chapter 4 is focused on the design and development of the HIFU experimental setup. The 

components of HIFU setup are explained in Section 4.1, and the tissue mimicking phantoms 

for simulating the biological tissue are illustrated in Section 4.2. Section 4.3 discusses the 

temperature measurement system used for monitoring the HIFU thermal mechanism. 

 Chapter 5 presents the results form both experiments and numerical simulations. Section 5.1 

shows the linear and nonlinear thermal results developed for the validation of the HIFU 

experimental setup. In Section 5.2, the effects of AuNPs, MNPs, and CNTs on the HIFU 

thermal mechanism are presented and the feasibility of the developed mathematical model 

for the simulation of NP-enhanced HIFU is investigated. 

 Chapter 6 presents conclusions and future work.  
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   Chapter 2 

2. Literature Review 

2.1. Focused Ultrasound Therapy 

Focused ultrasound therapy, also known as high intensity focused ultrasound (HIFU), is a new 

energy-based therapeutic method that uses ultrasonic energy to treat a range of disorders and 

tumors [1]. Compared to diagnostic ultrasound, HIFU employs higher time-averaged intensities at 

focused regions. Typical diagnostic ultrasound transducers produce ultrasonic waves with time-

averaged intensities of 0.1 − 100   
mW

cm2 which can induce compression and rarefaction pressures 

in the range of 0.001–0.003 MPa. By contrast, HIFU transducers are able to deliver ultrasound 

with time-averaged intensities of 100 − 10,000  
W

cm2  to a focused area, with peak compression 

pressures of up to 30 MPa and peak rarefaction pressures up to 10 MPa [52]. 

2.1.1. HIFU Mechanism 

HIFU allows the local treatment of an abnormality inside the body by focusing ultrasonic beams 

from an extracorporeal source to the target area [14], as show in Figure 2-1. When ultrasonic waves 

propagate through the tissue, the medium particles start to vibrate, resulting in alternating cycles 

of compression and rarefaction pressure inside the tissue. Due to the concave shape of transducer, 

the ultrasonic beams converge into a focal area where the resulting acoustic pressure reaches the 

highest amplitude [1]. This process induces tissue heating and corresponding temperature rise in 

the focal region that would be associated with irreversible biological effects such as necrosis and 

cell apoptosis [53].  
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Figure 2-1 The HIFU mechanism for local treatment of a tumor. 

A single HIFU exposure ablates a small volume, so in order to achieve the complete 

necrosis, the ablation treatment needs to be applied to the entire volume of tumor [1]. Practically, 

many ablated lesions must be placed side by side to paint out the entire tumor. The size of a focused 

region depends on many factors, such as the characteristics of the transducer and the acoustic 

properties of the targeted tissue, but typically a single insonation covers a cigar shape region with 

approximate dimensions in the order of 8 − 15 mm (along beam axis) by 1– 3 mm (transverse 

direction). The postoperative imaging data show that two weeks following focused ultrasound 

therapy, the periphery of the ablated regions would be replaced by proliferative repair tissue [1]. 

Two predominant effects of HIFU, which lead to the desired therapeutic results, are the 

conversion of acoustic energy to heat (thermal effect) and the cavitation (mechanical effect) [54]. 

The major effect is tissue heating, induced through the absorption of acoustic energy and its 

conversion to heat. During HIFU, the temperature at the focused region can rise efficiently over 

80°C, which even for a very short exposure time, should lead to the effective thermal toxicity [55].  
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In addition, the cavitation mechanism can also cause some deleterious mechanical 

bioeffects during HIFU [56]. Acoustic cavitation contains a range of complex phenomena 

including the creation, oscillation, growth and collapse of bubbles in an acoustic field. Cavitation 

occurs when the molecular structure of tissue is subjected to an ultrasonic field at a relatively high 

intensity level. If, during the rarefaction, the expansion pressure applied to the tissue is of sufficient 

magnitude, gas can be drawn out of the tissue to form bubbles (Figure 2-2) [1]. The exposure of 

the bubbles to the existed ultrasonic field can result in either stable or inertial cavitation. 

During stable cavitation, the bubbles pulsate over many cycles and remain physically 

intact, while the inertial cavitation includes the violent oscillation, rapid growth, and collapse of 

the bubbles. The oscillation of bubbles can lead to effective therapeutic results when the inertial 

cavitation occurs against a solid surface in tissue [14]. The collapse of bubbles near a solid surface 

can create high-velocity liquid jets, leading to a force sufficient to damage cell membranes. For 

the inertial cavitation near a cell membrane, the mechanical effect is the predominant reason for 

damage to the cell [57]. 

 
Figure 2-2 The principle of bubble generation during HIFU (Reprinted with permission from Ref. 

[1] copyright 2020 Springer Nature). 
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2.1.2. Clinical Application 

The most recent studies on medical applications of HIFU have been motivated by the great 

advantages of this method over other surgical approaches. Among available therapeutic methods, 

HIFU is the only one that is truly noninvasive, and can ablate the targeted area without need for 

any surgical removals [22]. Compared to invasive surgical practices that may promote metastases 

by a variety of mechanisms, the HIFU treatment has little risk of metastasis or tumor seeding, as 

it is performed noninvasively by an external energy source [58]. Unlike radiotherapy and 

chemotherapy, which are only applicable to some kinds of tumors, the mechanism of HIFU is 

independent of tumor type, thus it can be applied to almost all types of tumors [1]. Finally, since 

ultrasound is non-ionizing, tissue in the entry and exit path of the HIFU beam is not injured, thus 

the HIFU treatment can be repeated multiple times with minor effects on healthy tissues [59]. 

Studies on the clinical applications of HIFU have been growing rapidly. The main use of 

HIFU is for the non-invasive treatment of solid tumors [1, 60]. Typically, it is performed clinically 

to treat benign and malignant tumors, including those of the liver [20, 61], prostate [15, 62], brain 

[63, 64], and breast [22, 65]. In addition, HIFU can also be carried out to achieve hemostasis [19, 

66]. HIFU is promoted in several clinical centres around the world as a clinical method to control 

bleeding, both from individual vessels, as well as from gross damage to the capillary bed.  

The first studies on focused ultrasound therapy date back to the 1920s and 1930s, when 

researchers discovered that ultrasound at high intensity levels could cause some physical, chemical 

and biological effects [67–69]. In 1944, an initial study on animal cases proposed the focused 

ultrasound as a potential method that could produce regions with high localized biological effect 

[70]. HIFU was first used for clinical application in the 1950s to treat neurologic disorders such as 

Parkinson’s disease [71]. Despite some success, the treatment required craniotomy and the results 
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were short-lived. In 1970, ultrasound hyperthermia was suggested for the treatment of cancer 

tumors; however, lack of imaging methods for controlling the ablation procedure prevented this 

strategy from progressing to clinical applications, and during subsequent decades, the investigation 

and applications of HIFU were relegated to laboratory level experiments [14]. In the 1990s, this 

method emerged again for clinical research due to the advent of imaging methods for guiding 

HIFU. Furthermore, the understanding of the ability of HIFU to cause immediate cell death by 

coagulation necrosis has made it a great candidate for the rapid and direct treatment of cancer 

tumors [14]. As a result, in present day, HIFU treatment guided by advanced imaging techniques 

has been clinically used in the treatment of different kinds of cancers [1, 60]. 

2.1.3. Ultrasound Absorption Agent 

Despite the enormous potential of HIFU, there are several challenges of treating the tumors of 

large size and with vascularized structure [1]. First, a single HIFU insonation typically ablates a 

small cigar-shaped volume of tumor with approximate dimensions in the order of 8 − 15 mm long 

by 1– 3 mm diameter; thus a number of HIFU sonications are required to ablate the entire tumor. 

This results in long treatment time, particularly for large tumors, and also increases the risk of 

cancer cell survival in the spaces between the focal regions after the treatment [1]. Additionally, 

the mechanism of HIFU is not perfectly effective in the treatment of tumors located in vascularized 

tissues, as blood vessels can act as thermal sinks for the heat produced by focused ultrasound [33].  

To reduce the exposure time for each HIFU insonation and the blood perfusion effect, it is 

required to enhance the heating mechanism of HIFU by increasing the conversion rate of acoustic 

energy to heat. It is obvious that enhancing the heating mechanism can significantly increase the 

temperature rise and consequently reduce the exposure time for the HIFU insonation. In addition, 

it has been reported that decreasing the HIFU exposure time can significantly reduce the blood 
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perfusion effects [33]. Early studies have shown that the HIFU mechanism for very short exposures 

(<3 seconds) is independent of the blood perfusion effect [1]. As a result, developing a mechanism 

that can enhance the heating effects of HIFU is crucial to address the concerns regarding the long 

treatment time and blood perfusion. In typical HIFU devices, a high level of ultrasonic power is 

employed to address these concerns by increasing the thermal dose converted from acoustic 

energy; however, this can result in several adverse effects such as overheating of normal tissues 

and skin burns, as reported in several clinical studies [36, 37]. Furusawa et al. [36] performed 

MRI-guided HIFU on 30 patients with biopsy-confirmed breast cancer to evaluate the safety and 

effectiveness of HIFU during and after the ablation. Although successful in treatment, a third-

degree skin burn was discovered at the end of treatment in 3% of the patients. Li et al. [37] 

performed HIFU treatment on 17 patients with recurrent and metastatic abdominal tumors, and 

discussed the adverse effects due to high ultrasonic power during HIFU. They reported skin burns 

in all 17 patients and mild enteroparalysis in 15 of them. Partly due to these issues, the FDA has 

not yet granted approval to HIFU for breast and abdominal procedures [35]. Therefore, there is a 

critical need to eliminate the risks involved in focused ultrasound therapy by enhancing the 

delivery of thermal energy to the tumor site, while reducing the ultrasonic power for the HIFU 

mechanism. 

One of the strategies that can decrease the likelihood of adverse effects of ultrasound heating 

is to adopt ultrasound absorption agents to make acoustic energy deposition at the tumor region 

more efficient [35]. The aim of agents for the HIFU ablation therapy is to change the attenuation 

mechanism of the medium in order to enhance the absorption rate of acoustic energy. To this end, 

various organic and inorganic materials have been considered such as iodized oil [40], porphyrin 

[39], microbubbles [41], and most recently nanoparticles (NPs) [35]. Among them, NPs have 
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gained increasing popularity as potential agents for the focused ultrasound therapy of solid tumors 

due to their nanoscale-size and unique hyperthermal properties [43]. 

2.2. Nanoparticles 

NPs are considered as microscopic particles with at least one dimension less than 100 nm [72]. 

The small size of NPs compared to biological molecules such as nucleic acids and proteins has 

made them great candidates for different biomedical applications to be used as drug carriers and 

therapeutic agents [73]. NPs have been recognized as possible agents for gene, antibiotic and drug 

delivery due to their unique properties allowing them to easily pass through the capillaries to reach 

the target site. 

2.2.1. NP-Targeted Tumor Site  

NPs can be delivered to the target tumor location by injecting them directly into the tumor structure 

intravenously [74], or by making use of the blood circulation system [75]. The NPs injected via 

intravascular (IV) method are mostly accumulated in the tumor site rather than in healthy tissue 

due to the enhanced permeability and retention effect (EPR) [76]. Compared to the normal blood 

vessels with tight junctions that are impermeable to molecules size greater than 2 − 4 nm, the 

blood vessels formed in the tumor site are highly disorganized with numerous pores and wide gap 

junctions between endothelial cells. Thus, blood vessels around the tumor site allow particles with 

nanoscale size to pass through tumor vascular endothelial cell gaps and to accumulate in the tumor 

site while they stay out of the healthy area [77]. Generally, both organic and inorganic NPs can be 

delivered via the cardiovascular system; however, inorganic NPs need to be covered with organic 

coating materials, such as polyethylene glycol (PEG) and dextran polymers, to become more 

biocompatible and to consequently increase the delivery efficiency [78]. The NPs that are 
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biocompatible with the bloodstream are able to circulate for a longer time during IV application, 

resulting in more accumulation of NPs in the tumor site [75]. Recently, a new generation of NPs 

has been developed that can be used for active targeting delivery. A number of markers are 

attached to the NP surface to bind them directly to the cancer cells. Active targeting allows more 

localised delivery of NPs to the targeted area and thus can make the delivery more efficient [75]. 

2.2.2. NP-Assisted Thermal Therapy 

Beside using NPs for targeting cancer cells, magnetic NPs (MNPs) and gold NPs (AuNPs) have 

been recognized as effective agents for hyperthermia applications due to their high potential to 

generate heat when they are stimulated by an external energy source such as magnetic, infrared, 

radiofrequency and ultrasonic fields [78]. Magnetic fluid hyperthermia (MFH) is a form of NP-

assisted thermal therapy which uses MNPs to generate heat at the targeted area in the presence of 

an alternating magnetic field [79, 80]. The magnetic energy emitted from an external field is 

converted to internal energy within MNPs, resulting in heating and temperature rise for therapeutic 

purposes. Since the magnetic energy is not susceptible to attenuation, MFH can be used for the 

treatment of the deeply located tumors such as liver tumors [81]. AuNPs also are suited for thermal 

ablation treatment due to their potential to convert light energy to heat [82, 83]. AuNP-mediated 

thermal therapy can only be used for the treatment of subcutaneous tumors since the light energy 

is susceptible to attenuation by the tissue [84].  

NP-assisted radiofrequency heating is another form of thermal ablation which uses the heat 

generated by the interaction between radiofrequency electromagnetic radiation waves and NPs for 

ablation of tumors [85, 86]. Radiofrequency electromagnetic radiation treatment is an invasive 

method in which several electrodes are placed within the tumor to ablate cancer cells. AuNPs and 

MNPs can be used in the radiofrequency thermal therapy in which adding them can increase the 
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efficiency of radiofrequency treatment by enhancing heating process [85]. Recently, a number of 

studies have shown promising potential of MNPs and AuNPs as ultrasound agents during HIFU 

by enhancing thermal and mechanical effects. 

2.3. NP-Mediated HIFU 

In addition to potential benefits of MNPs and AuNPs for hyperthermia treatment with magnetic, 

infrared, and radiofrequency radiation, there have been studies that investigated their feasibility 

for use in HIFU treatment. As one of the first studies, Smith and his coworkers [87] performed an 

experimental examination on water containing MNPs to study their effect on the degree of inertial 

cavitation induced by the HIFU insonation. They measured the inertial cavitation dose in the 

absence and presence of NPs and showed that MNPs could increase the inertial cavitation effect 

induced by HIFU. Ho et al. [88], in another study, investigated the effects of MNPs on the inertial 

cavitation dose when they were injected into tumor spheroids and showed the high potential benefit 

of MNPs in enhancing the therapeutic mechanism of cavitation. Sun et al. [89] developed 

superparamagnetic poly (lactic-co-glycolic acid) (PLGA)-iron oxide microcapsules and 

investigated the utility of these microcapsules during HIFU. They performed the HIFU tests on 

rabbits bearing breast cancer and showed that the composite microcapsules could efficiently 

enhance the HIFU ablation of breast cancer. Dibaji et al. [42] examined the potential of MNPs to 

enhance the heating mechanism during HIFU at low acoustic powers. They developed phantoms 

embedded with MNPs to investigate the effects of MNP concentrations and showed that the 

temperature at focal region and thermal dose increased with the rise in concentration of MNPs. 

Sun et al. [47] investigated the effects of MNPs on the thermal therapy of liver cancer using HIFU. 

Superparamagnetic PLGA-coated Fe3O4 microcapsules were fabricated using a modified double 
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emulsion evaporation method to be utilized for in vivo studies. They showed that the fabricated 

microcapsules could enhance the ablation process of liver tumor using HIFU. You et al. [90] 

developed multifunctional Fe3O4-PLGA nanocapsules with magnetic properties and investigated 

their potential in the treatment of hepatocellular carcinoma (HCC) using HIFU. The treatment of 

large and deep tumors, such as HCC, requires a high operating energy and long treatment duration. 

They showed that the presence of MNPs in the tumor region could effectively enhance the HCC 

treatment outcome. 

In response to the potential of AuNPs for HIFU treatment, Devarakonda et al. [35] used 

MRI-guided HIFU to investigate the effects of AuNPs on the heating mechanism of HIFU. They 

performed the thermal tests on the phantoms embedded with AuNPs, and showed that AuNPs 

could significantly improve the HIFU thermal ablation by increasing temperature rise and lesion 

volume. McLaughlan et al. [45] developed a new approach for the monitoring and the enhancement 

of HIFU mechanism for the nucleation of cavitation activity using AuNPs and pulsed laser 

illumination. They showed the high potential of the proposed technique in both the monitoring of 

HIFU and enhancing the cavitation mechanism. Coluccia et al. [91] used MRI-guided HIFU to 

investigate the potential of Cisplatin-conjugated gold NP (GNP-UP-Cis) to treat glioblastoma 

tumor. They showed that the combination of HIFU and AuNPs with Cisplatin could enhance the 

treatment of glioblastoma tumor by allowing a high dose of Cisplatin to penetrate into the blood 

brain barrier.  

As seen from the above literature review, MNPs and AuNPs have some potential to 

significantly improve the HIFU mechanism by enhancing the heating and cavitation effects. 

However, the exact mechanism of interaction between NPs and ultrasonic wave propagation 

during the NP-enhanced HIFU has not been clearly understood to the level that we can make 
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selective use of NPs for desirable clinical outcomes. Likewise, the effects of key parameters that 

can affect the efficiency of therapeutic results have not been well investigated yet. 

2.4. Thermal Models of HIFU 

This section provides a review on excising thermal models for predicting the temperature rise 

process during HIFU. In an early attempt to predict the thermal mechanism of HIFU, Fry et al. 

[92, 93] developed an analytical model by simulating the absorbed acoustic energy as a heat source 

term. They provided a linear function for temperature rise during HIFU that can only be valid for 

the HIFU process for a short exposure time, when the conduction and blood perfusion are not 

factors. 

Lele [94] extended the work done by Fry et al. [92, 93], and developed a thermal model for 

HIFU that includes a term for the conduction and thus can be used for HIFU insonation time that 

is longer than the thermal diffusion time. To accurately model the conduction factor in prediction 

of temperature rise, it is required to first determine the acoustic intensity distribution at the focused 

region. Parker [95] developed an analytical solution to the model proposed by Lele [94] by 

assuming a Gaussian radial profile for the intensity distribution at the focused region. However, 

for accurate simulation of HIFU heating mechanism, a model with more details of heat source 

generated by wave propagation is required. In this case, an analytical modeling of HIFU is not 

valid and numerical simulation is instead required.  

Another important diffusion factor that needs to be consider in thermal modeling of the 

HIFU is heat perfusion due to the blood vessels presented in biological tissue. To this end, two 

thermal models have been used in the HIFU thermal planning: the Pennes bioheat transfer equation 

(BHTE) [96], and the scalar effective thermal conductivity equation (ETCE) [97]. A review of 
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exiting models for blood perfusion effects can be found in Ref [98]. Recent experimental studies 

support the feasibility of both BHTE and ETCE models [99, 100]; however, these models can only 

simulate the heat diffusion from capillary vessels, not that from large blood vessels [33]. 

The perfusion heat by large blood vessels can usually be modelled by using a forced heat 

convection term in the regions of blood flow [101, 102]. However, this simplified model for blood 

vessels is not able to simulate the effect of acoustic streaming due to the propagation of the 

ultrasonic waves in the blood flow regions. In an effort to simulate the HIFU heating process in 

tissue containing large blood vessels when the acoustic streaming is considered, Huang et al. [33] 

developed a numerical model that combines the ultrasound propagation, acoustic streaming, blood 

cooling and ultrasound heating in viscous medium. They also provided a verification of model 

prediction by conducting a serious of in vitro experiments. In another study on modeling the HIFU 

in the presence of large blood vessels, Solovchuk et al. [34] proposed a 3D acoustics-thermal-fluid 

coupling model to examine the effects of convective cooling and acoustic streaming on the 

temperature field during HIFU. Their model was developed based on the bioheat equations and 

the Navier–Stokes equations for the blood vessels. 

Regarding the physics of NP-mediated HIFU, there have been studies that provided 

mathematical models to simulate the heating mechanism of HIFU in the presence of NPs. Bera et 

al. [103] developed a theoretical analysis to study the mechanism of MNP energy transfer during 

HIFU. They used the heat transfer equation for solid spheres suspended in a fluid-based medium 

to predict the temperature rise process during the HIFU insonation. Kaczmarek et al. [38] 

developed a mathematical model based on Pennes’ bio-heat equation to simulate the effects of 

MNPs on the heat transfer mechanism during the ultrasound hyperthermia. They used a Gaussian 

distribution function to model the heat generated by ultrasound hyperthermia and showed the 
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effects of MNP concentration and ultrasonic frequency on the temperature rise process during the 

HIFU insonation.  
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   Chapter 3 

3. Modeling and Numerical Studies 

Some parts of the thesis are published in three journals: i) Sadeghi-Goughari, Moslem, Soo 

Jeon, and Hyock-Ju Kwon. "Enhancing Thermal Effect of Focused Ultrasound Therapy Using 

Gold Nanoparticles." IEEE transactions on nanobioscience 18.4 (2019): 661-668; ii) Sadeghi-

Goughari, Moslem, Soo Jeon, and Hyock-Ju Kwon. "Magnetic nanoparticles-enhanced focused 

ultrasound heating: size effect, mechanism, and performance analysis." Nanotechnology 31.24 

(2020): 245101; iii) Sadeghi-Goughari, Moslem, Soo Jeon, and Hyock-Ju Kwon. "Analytical and 

Numerical Model of High Intensity Focused Ultrasound Enhanced with Nanoparticles." IEEE 

Transactions on Biomedical Engineering (2020). 

This chapter presents numerical analyses to simulate the heat transfer induced by HIFU, and 

more importantly to provide a thermal model of NP-enhanced HIFU. First, a thermal model of 

HIFU in the absence of NPs was developed to investigate the effects of linear and nonlinear wave 

propagations on the thermal mechanism of HIFU. Second, the physics of HIFU in the presence of 

NPs has been studied, which led to the derivation of a mathematical equation representing the 

temperature rise profile during the NP-enhanced HIFU. Using the developed model, the effects of 

NP features including the size and volume concentration on the thermal mechanism of HIFU were 

examined. In particular, the performance of NPs was investigated when exposed to ultrasonic 

fields at different ranges of powers and frequencies.  
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3.1. Linear and Nonlinear Thermal Models of HIFU  

In this section, a HIFU model in the absence of NPs was developed to examine the effects of 

linearity and nonlinearity during the HIFU insonation. To this end, a set of mathematical equations 

describing the HIFU thermal procedure was combined. The physics of HIFU involves three main 

mechanisms: the nonlinear wave propagation, acoustic energy absorption, and heat transfer. 

3.1.1. Nonlinear Wave Propagation 

As ultrasonic waves propagate through the tissue, particles in the medium start to oscillate around 

their equilibrium position. The displacement of particles changes the density and pressure in the 

medium (Figure 3-1). Determining the acoustic pressure distribution induced by wave propagation 

is essential for modeling ultrasound physics [104].  

 

Figure 3-1 Schematic of one-dimensional longitudinal acoustic wave propagation (Reprinted with 

permission from Ref. [104] copyright 2020 Elsevier). 

If we assume that ultrasonic waves propagate with a constant velocity and there is a linear 

relationship between the density and the pressure of the medium, the wave equation can be used 

to model ultrasonic wave propagation during HIFU [105]. 
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∇2𝑝 =
1

𝑐2

𝜕2𝑝

𝜕𝑡2
 (3-1) 

where 𝑝 is acoustic pressure, 𝑡 is time, and 𝑐 is linear acoustic speed of sound. However, the linear 

wave equation is unable to predict the physics of ultrasound for most HIFU applications as 

nonlinear phenomenon may arise with large pressure magnitudes [104]. When the ultrasonic waves 

are propagating through a biological medium, it exhibits nonlinear behaviors from two factors. 

The first one is the material’s nonlinear properties (i.e. stiffness of biological tissue is nonlinear 

and the pressure stimulus required to compress the medium increases nonlinearly as a function of 

density). The second one is the convective nature of acoustic wave propagation (i.e. the wave is 

transported by particle motion) [104]. In nonlinear wave propagation, the local propagation speed 

of sound, 𝑐𝑙, is dependent on the particle velocity, 𝑢, [106] 

𝑐𝑙 = 𝑐 + 𝛽𝑢 (3-2) 

where 𝛽 is the coefficient of nonlinearity given by 

𝛽 = 1 +
𝐵

2𝐴
 (3-3) 

and 𝐵/𝐴 is a nonlinearity parameter that characterizes the nonlinear properties of the medium. 

Typical values of 𝐵/𝐴 vary from 5 for water to 10 for fatty tissue [106]. 

Nonlinearities may cause the initial ultrasonic waves to be distorted as they propagate 

through the medium since the waves propagate faster in compression regions (with positive 

particle velocity) than rarefaction regions (with negative particle velocity), as shown in Figure 3-2. 

The distortion of ultrasonic waves in the time domain may generate additional frequencies for 

waveform and harmonics of the initial frequency. This can result in increasing wave attenuation 

leading to enhanced heating and streaming effects [106].  
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Figure 3-2 The effects of nonlinearity on wave distortion (Reprinted with permission from Ref. 

[104] copyright 2020 Elsevier). 

Nonlinear ultrasound propagation in a biological medium can be simulated by the 

Kuznetsov, Zabolotskaya and Khokhlov (KZK) equation [107] 
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where 𝜏 = (𝑡 −
𝑧

𝑐
), 𝑧 denotes the beam axis, ∇˪ is the transverse Laplacian, and 𝜌 is density. Here, 

the first term inside bracket on the right hand side accounts for the attenuation from thermoviscous 

effects in which the acoustic diffusivity (𝛿) is related to the acoustic absorption coefficient (𝛼𝑎) 

by 𝛿 =
2𝑐3𝛼𝑎

𝜔2  with 𝜔 being the angular frequency. 

Once the acoustic pressure distribution is derived by solving Eq. (3-4), the following 

equation can be used to determine the rate of energy per unit area transported by ultrasonic waves 

[106] 

𝐼 =
𝑝2

2𝜌𝑐
 (3-5) 

where 𝐼 is the intensity, i.e., the acoustic power per unit area. 
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3.1.2. Wave Absorption 

Ultrasonic waves propagating through a tissue medium get attenuated as they proceed due to the 

intrinsic absorption properties of the medium. For an ultrasonic wave traveling in the 𝑧-direction, 

the acoustic intensity, 𝐼, with respect to the distance is known to decay exponentially as [106] 

𝐼 = 𝐼𝑜𝑒
−2𝛼𝑧 (3-6) 

where 𝐼𝑜 is the initial intensity and 𝛼 = 𝛼𝑎 + 𝛼𝑠 is the total attenuation coefficient in which 𝛼𝑠 is 

the scattering coefficient. For waves propagating through homogeneous media, the ultrasound 

energy is mostly attenuated by the absorption mechanism. Hence, scattering can be ignored, so 

that 𝛼 = 𝛼𝑎 [106]. 

It is known that the absorption coefficient is directly related to frequency, Eq. (3-7), and 

ultrasound waves with higher frequency are attenuated more by the medium. For a thermoviscous 

medium, the following relation can be used to consider the dependency of absorption coefficient 

to frequency, 𝑓 

𝛼𝑎 = 𝛼𝑜 (
𝑓

𝑓0
)
𝑛

 (3-7) 

where 𝛼𝑜 is the absorption coefficient at frequency of 𝑓𝑜 = 1 MHz, and 𝑛 = 1 for tissue, and 2 

for water [106].  

The rate of absorbed energy converted to heat per unit volume can be defined as the rate 

of drop in acoustic intensity as the ultrasonic wave propagates through the medium [106], and can 

be expressed as  

𝑄 = −
𝜕𝐼

𝜕𝑧
= −

𝜕

𝜕𝑧
(𝐼𝑜𝑒

−2𝛼𝑎𝑧) = 2𝛼𝑎𝐼 (3-8) 
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3.1.3. Heat Transfer  

In order to combine the acoustic pressure field derived from the wave equation with thermal 

analysis, and to model the thermal transport during focused ultrasound, the absorbed acoustic 

energy per unit volume can be considered as a heat source for the Pennes bioheat transfer equation 

[96] 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
= ∇(𝑘∇𝑇) − 𝜌𝑏𝐶𝑏𝑤𝑏(𝑇 − 𝑇𝑏) + 𝑄, (3-9) 

where 𝑇(𝑡, 𝑟 ) is temperature distribution with 𝑟  being spatial coordinate, 𝐶𝑝 is specific heat, and 

𝑘 denotes thermal conductivity of the medium. 𝜌𝑏, 𝐶𝑏, 𝑤𝑏, and 𝑇𝑏 refer to the density, specific 

heat, perfusion rate and temperature of the blood flowing, respectively. A combination of Eqs. 

(3-4), (3-8), and (3-9) describes the thermal mechanism of HIFU including nonlinear wave 

propagation, acoustic energy absorption and heat transfer.  

3.2. Thermal Model of NP-Enhanced HIFU 

In this section, a thermal model of HIFU in the presence of NPs as ultrasound absorption agents is 

presented. First, the physics behind the problem is discussed to gain a deeper understanding of the 

interaction mechanism between ultrasonic waves and NPs, and then a mathematical analysis is 

performed to determine a set of equations for describing the temperature rise profile during the 

NP-enhanced HIFU insonation. 

3.2.1. Physics 

The HIFU-induced heat generation in a biological tissue embedded with NPs depends on the 

intrinsic absorption properties of the medium, as well as on the transport processes taking place at 

the boundaries between the NPs and the surrounding medium (Figure 3-3) [103, 108]. The heat 
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conversion mechanisms involved with HIFU procedure can be identified by multiple effects as 

follows (identified as M1 through M6 and depicted in Figure 3-4). The intrinsic wave absorption 

in a biological tissue occurs due to the viscous properties of the medium that causes the energy 

dissipation. The energy absorbed by the medium during the ultrasound propagation is converted 

to heat, resulting in the rise of temperature in the tissue (M1) [106]. The other mechanisms causing 

the energy transfer during the HIFU procedure are involved with the presence of NPs and their 

oscillating motion under the acoustic pressure [108]. First, the relative motion of NPs in a tissue 

medium with viscous properties forms layers of viscous waves around the NPs and at their 

interface with suspending medium. The generated viscous waves affect the attenuation of 

ultrasonic waves and cause higher amounts of acoustic energy to be absorbed through the 

interaction between the ultrasonic and viscous waves (M2) [108]. In another mechanism induced 

by NPs, a temperature gradient is generated around NPs due to the work done by their oscillation 

under acoustic pressure, inducing a heat flow, as well as a temperature rise, in the surrounding 

tissue (M3) [108]. The produced temperature gradient also forms layers of thermal waves around 

NPs in which their interaction with ultrasonic waves leads to the higher absorption of acoustic 

energy and consequently higher temperature rise (M4) [108].  

The heat generated during the NP-enhanced HIFU insonation can be diffused through two 

mechanisms in a biological tissue: conduction and perfusion [33]. The conduction is viewed as the 

heat transfer from more energetic to less energetic particles of the medium due to the interaction 

between particles (M5). On the other hand, the perfusion refers to the energy exchange between 

the medium’s particles and blood flow acting as a sink of the thermal energy produced during 

HIFU (M6) [109]. 
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Figure 3-3 The interaction mechanism between ultrasonic waves and embedded NPs, leading to 

the higher wave absorption. 

3.2.2. Mathematics 

A major objective of the thermal analyses of HIFU is to derive the time-dependent temperature 

field in the medium during the insonation. A set of differential equations governing the temperature 

distribution can be determined by applying the principle of conservation of energy (the first law 

of thermodynamics) to a infinitesimal control volume of a tissue medium embedded with NPs 

[109]. Considering the heat flowchart presented in Figure 3-4, the rate of energy transfer per unit 

volume during the NP-enhanced HIFU can be given as 

𝑞ℎ = 𝑞𝑖 + 𝑞𝑣+𝑞𝑤+𝑞𝑡 − 𝑞𝑐 − 𝑞𝑝 (3-10) 

The term in the left side, 𝑞ℎ, represents the rate of change in energy density of the control volume 

during the HIFU process. The first term in the right hand side, 𝑞𝑖, denotes the rate of heat generated 

per unit volume due to the intrinsic wave absorption mechanism (M1). The terms 𝑞𝑣 and 𝑞𝑡 denote 

the rate of heat generated per unit volume due to the absorption mechanisms of ultrasonic waves 

caused by their interaction with viscous (M2) and thermal waves (M4), respectively; 𝑞𝑤 represents 
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the rate of heat generated per unit volume due to the temperature gradient process around NPs 

(M3). Finally, the last two terms, 𝑞𝑐 and 𝑞𝑝, are related to the rate of diffusion of energy per unit 

volume due to the conduction (M5) and blood flow perfusion (M6), respectively.  

 
Figure 3-4 A flowchart diagram of temperature rise mechanism during NP-mediated HIFU. 

3.2.2.1.Intrinsic wave absorption 

The rate of heat generated per unit volume due to the intrinsic wave absorption mechanism can be 

expressed using Eq. (3-8), applied to 𝑞𝑖 

𝑞𝑖 = 2𝛼𝑖𝐼 (3-11) 

Here, 𝛼𝑖 is the intrinsic absorption coefficient which for a tissue medium embedded with NPs can 

be described as 𝛼𝑖 = (1 − 𝜑)𝛼𝑎 + 𝜑 𝛼𝑁𝑃 in which 𝛼𝑁𝑃 is the intrinsic absorption coefficients of 

the NPs, and 𝜑  is the volume concentration of NPs (%v/v) [103]. The intrinsic absorption 

coefficient of a material differs by the nature of the physical processes leading to the loss of energy 

and is usually determined by experimental observation [106].  
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3.2.2.2. Thermal and viscous wave absorption  

The amount of acoustic energy absorbed at the surface of NPs depends on the thermal and viscous 

properties of both NP and suspending medium, as well as on the features of NPs including the size 

and volume concentration [103]. By introducing the absorption coefficient,  𝛼𝑡𝑣, for the viscous 

and thermal processes occurring at the surface of NPs, the rate of absorbed energy per unit volume 

due to those processes can be presented as below 

𝑞𝑡𝑣 = 𝑞𝑡+𝑞𝑣 = 2 𝛼𝑡𝑣 𝐼 (3-12) 

In practice for ultrasonic waves traveling in a biological tissue, 𝛼𝑡𝑣 can be divided into two terms 

as  𝛼𝑡𝑣 = 𝛼𝑡 + 𝛼𝑣 [108], where the first and second terms are the thermal wave and viscous wave 

absorption coefficients, respectively. Allegeral et al. [108] reported a set of analytical relations of 

𝛼𝑡  and 𝛼𝑣  for the suspension of small-size particles by solving the wave equations for the 

propagation of compressional, viscous, and thermal waves in spherical coordinates in terms of 

series expansions of Bessel Functions. Based on their results, the following equations can be 

employed to describe acoustic absorption coefficients for thermal and viscous waves during the 

NP-enhanced HIFU ablation process [108] 

𝛼𝑣

𝜑
=

18 (
𝜔
𝑐
) (1 −

𝜌
𝜌𝑁𝑃

)
2
𝑌2(𝑌 + 1)

4𝑌4 (
𝜌

𝜌𝑁𝑃
+ 2)

2
+ 36𝑌3 (

𝜌
𝜌𝑁𝑃

+ 2) + 162 (
𝜌

𝜌𝑁𝑃
)
2
𝑌(𝑌 + 1) + 81 (

𝜌
𝜌𝑁𝑃

)
2  

𝛼𝑡

𝜑
=

1

6
𝜔2𝑅2𝑐 𝑇𝑜 𝜌 𝜌𝑁𝑃

2𝐶𝑝𝑁𝑃

2 (
𝛾

𝜌𝐶𝑝
−

𝛾𝑁𝑃

𝜌𝑁𝑃𝐶𝑝𝑁𝑃

)

2
1

𝑘𝑁𝑃
(
1

5
+

𝑘𝑁𝑃

𝑘
) 

(3-13) 

 

where 𝜌𝑁𝑃, 𝐶𝑝𝑁𝑃
, 𝛾𝑁𝑃, and 𝑘𝑁𝑃 denote the density, specific heat, thermal expansion coefficient, 

and thermal conductivity of NPs. 𝑇𝑜 is a heat-wave parameter related to the temperature, 𝛾 is the 
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thermal expansion of the suspending medium, 𝑅 is the radius of NPs, and 𝑌 is defined as (
𝜔

2𝜗𝑚
)

1

2
𝑅, 

where 𝜗𝑚 is the kinematic viscosity of the suspending medium. 

3.2.2.3.Temperature gradient due to the NPs oscillation 

The temperature gradient generated at the boundary of NPs due to the work done by their motion 

depends on the amplitude of acoustic pressure (which defines the domain of NPs oscillation), as 

well as on the thermal properties of the surrounding medium, such as the thermal expansion 

coefficient (which represents the tendency of the medium for volume change in response to the 

temperature rise). Using the heat transfer equation for solid spheres suspended in a fluidic-based 

medium, the rate of heat generated per unit volume due to the temperature gradient process around 

NPs can be given as below [103] 

𝑞𝑤 = 𝑇𝑜 𝛾 (𝛼𝑣 + 𝛼𝑡)  𝑐𝑚𝑛 𝑝 (3-14) 

where 𝑐𝑚𝑛 is the speed of sound in the medium embedded with NPs which can be defined as 

𝑐𝑚𝑛 = (1 − 𝜑)𝑐 + 𝜑𝑐𝑁𝑃 [103],  

Eq. (3-14) can be rewritten in the term of acoustic intensity using Eq. (3-5) which describes 𝐼 

in term of 𝑝 as 

𝑞𝑤 = 𝑇0 𝛾(𝛼𝑣 + 𝛼𝑡) 𝑐𝑚𝑛 √2 𝜌𝑚𝑛 𝑐𝑚𝑛 √𝐼 (3-15) 

where 𝜌𝑚𝑛  is the density of the medium containing NPs which can be described as  

𝜌𝑚𝑛 = (1 − 𝜑)𝜌 + 𝜑 𝜌𝑁𝑃. 

3.2.2.4. Heat diffusion mechanism: conduction and perfusion 

The heat generated by the interaction mechanisms between NPs and the HIFU waves can be 

diffused through the conduction and perfusion. The rate of diffusion of energy per unit volume can 
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be describe by Fourier's law for conduction, and an empirical model proposed by Pennes [109] for 

perfusion: 

𝑞𝑐 = 𝑘𝑚𝑛∇
2𝑇 

𝑞𝑝 = 𝜌𝑏𝐶𝑏𝑤𝑏(𝑇 − 𝑇𝑏) 
(3-16) 

where 𝑘𝑚𝑛 is the thermal conductivity of the medium embedded with NPs, which can be given by 

1

𝑘𝑚𝑛
=

𝜑

𝑘𝑁𝑃
+

(1−𝜑)

𝑘
.  

3.2.2.5. NP-enhanced HIFU heat equation 

By substituting Eqs. (3-11), (3-12), (3-15) , and (3-16) into Eq. (3-10) and considering Eq. (3-13), 

the final form of HIFU heating equation in the presence of NPs can be obtained as below: 

𝜌𝑚𝑛𝐶𝑃𝑚𝑛

𝜕𝑇

𝜕𝑡
= 2(𝛼𝑖 + 𝛼𝑣 + 𝛼𝑡)𝐼 + 𝑇0 𝛾 (𝛼𝑣 + 𝛼𝑡) 𝑐𝑚𝑛 √2 𝜌𝑚𝑛 𝑐𝑚𝑛 √𝐼 + 𝑘𝑚𝑛∇

2𝑇

+ 𝜌𝑏𝐶𝑏𝑤𝑏(𝑇 − 𝑇𝑏) 

(3-17) 

where for a tissue medium embedded with NPs, 𝐶𝑃𝑚𝑛
= (1 − 𝜑)𝐶𝑝 + 𝜑𝐶𝑁𝑃.  

3.3. Solution Procedure 

3.3.1. Numerical Solution 

To simulate the heating mechanism induced by ultrasound absorption and to calculate the acoustic 

pressure and consequent temperature rise during NP-enhanced HIFU, we need to solve the 

equations regarding wave propagation (Eq. (3-4)) and heat transfer (Eq. (3-17)). In general forms, 

there is no analytical solution for these equations; however, numerical methods such as finite 

difference method (FDM) and finite element analysis (FEA), can be used to solve the problem.  

In the current study, a numerical simulation has been conducted to model the NP-enhanced 

HIFU mechanism. There exists a free software package released by the FDA [110] for simulating 
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axisymmetric HIFU by solving the KZK equation. Based on this package, a Matlab code has been 

developed to derive the acoustic features of nonlinear wave propagation, as well as the temperature 

rise due to the wave absorption. Figure 3-5 shows the geometry of the HIFU model employed for 

the computational simulation. Dimensions of the transducer and the tissue phantom in the model 

were compatible with the experimental setup to verify the validity of the numerical simulation. 

The phantom and the transducer were arranged coaxially to form a simplified 2D axisymmetric 

model to reduce the computational load of the simulation. 

In the numerical modeling, the acoustic pressure simulation was applied to all domains, 

whereas the heat transfer analysis was performed only in the phantom domain. To apply boundary 

conditions to the acoustic pressure analysis, the transducer was driven at the frequency of 𝑓 and 

the power of 𝑃, turned on 15 s of insonation, and then turned off for cooling. Three perfectly 

matched layers (P1, P2 and P3) were defined at the edges of the computational domains for 

absorbing outgoing waves. For the heat transfer analysis, the medium surfaces were considered to 

be fixed at the initial temperature of 20 ℃. The acoustic and thermal properties of the materials 

used in the numerical simulation are listed in Table 3-1.  

 
Figure 3-5 Axisymmetric HIFU simulation model containing water and tissue domains; P1, P2, 

and P3 denote perfectly matched layers. 
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Table 3-1 Material properties for computational analysis of NP-enhanced HIFU. 

Material  MNPs [103]  Agar Phantom  Water 

Density (kg/m3) 5.17 × 103 1044 1000 

Speed of sound (m/s) 4897 1568 1482 

Specific Heat (J/kg  ℃) 651.26 3710 NA 

Thermal conductivity (W/m ℃) 7 0.59 NA 

Thermal expansion coefficient (K−1) 11.8 × 10−6 2.75 × 10−4 NA 

3.3.2. Analytical Solution 

An analytical solution to the HIFU heat equation in the absence of NPs (Eq. (3-9)) can be 

determined if the pattern of ultrasonic wave absorption (heating term, 𝑄) is known. It has been 

proven that for small elliptically shaped focal zones where the aspect ratio of the axial to lateral 

beam width is greater than two, the heat transfer is dominated by radial conduction. Accordingly, 

the heating term (𝑄) in Eq. (3-9) can be approximated by a 1D radial Gaussian [111] 

𝑄 = 2 𝛼𝑎𝐼𝑚𝑎𝑥. exp (−
𝑟2

𝑟0
2
) (3-18) 

where 𝑟 denotes the radial coordinate in the axisymmetric HIFU model, 𝐼𝑚𝑎𝑥 is intensity at 𝑟 = 0 

and 𝑟0 is a measure of the focal width. 

Under above assumption, the following analytical solution for temperature rise profile during 

HIFU can be obtained [111] 

∆𝑇(𝑟 = 0, 𝑡) = (
2𝛼𝑎𝐼𝑚𝑎𝑥

𝜌𝐶𝑝
)(

𝑟0
2

4𝑘
) In(1 + 4𝑘𝑡/𝑟0

2)   

∆𝑇(𝑟 ≠ 0, 𝑡) = (
2𝛼𝑎𝐼𝑚𝑎𝑥

𝜌𝐶𝑝
)(

𝑟0
2

4𝑘
) [Ei (

−𝑟2

𝑟0
2
) − Ei (

−𝑟2

𝑟0
2(1 + 4𝑘𝑡/𝑟0

2)
)] 

(3-19) 

 

where Ei(∙) is the exponential integral given by 
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Ei(𝑥) = −∫
𝑒−𝜑

𝜑
𝑑𝜑

∞

−𝑥

 
(3-20) 
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Chapter 4 

4. Experimental Design 

Some parts of the thesis are published in three journals: i) Sadeghi-Goughari, Moslem, Soo Jeon, 

and Hyock-Ju Kwon. "Enhancing Thermal Effect of Focused Ultrasound Therapy Using Gold 

Nanoparticles." IEEE transactions on nanobioscience 18.4 (2019): 661-668; ii) Sadeghi-Goughari, 

Moslem, Soo Jeon, and Hyock-Ju Kwon. "Magnetic nanoparticles-enhanced focused ultrasound 

heating: size effect, mechanism, and performance analysis." Nanotechnology 31.24 (2020): 

245101; iii) Sadeghi-Goughari, Moslem, Soo Jeon, and Hyock-Ju Kwon. "Analytical and 

Numerical Model of High Intensity Focused Ultrasound Enhanced with Nanoparticles." IEEE 

Transactions on Biomedical Engineering (2020). 

A HIFU experimental setup was developed to validate HIFU’s thermal mechanism in a 

tissue-mimicking phantom. Agar-based phantoms were fabricated to simulate the acoustic and 

thermal properties of biological tissue, and thus to serve as a medium for hosting NPs. A schematic 

diagram of the experimental setup is shown in Figure 4-1. The setup consists of three main 

components including ultrasound generation system, tissue-mimicking phantom, and temperature 

measurement system. A function generator and a RF amplifier were used to run the HIFU 

transducer for focusing ultrasound beams into a tissue phantom. Both HIFU transducer and the 

phantom were immersed in degassed water contained in a tank to provide a coupling region 

between them. A thermocouple was embedded in the phantom to measure the temperature rise in 

the focal region. The outputs were connected to a computer to monitor temperature rise using 

LabVIEW. Detailed descriptions of components are presented in subsequent sections. 
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4.1. HIFU Setup 

In the ultrasound generation system, a single-element transducer having a concave shape (Model 

H-101, Sonic Concepts, Woodinville, WA) was used to generate HIFU. The H-101 transducer has 

an active diameter of 64.0 mm, and a focal depth of 51.74 mm, measured from the exit plane of 

transducer housing rim to the geometric focus. The required signal to drive the transducer at a 

desired frequency was produced by a function generator (33210A Function/ Arbitrary Waveform 

Generator, 10 MHz, Hewlett Packard) and amplified by a RF amplifier (A-500, 60 dB fixed gain, 

Electronic Navigation Industries, Rochester, NY). The amplified signal passed through an acoustic 

matching network (Sonic Concepts, Woodinville, WA) designed to realize output resistance of 

50 Ω before being routed to the transducer. Finally, a three-dimensional positioning system (CNC, 

Sherline, US) was assembled to the setup to move the transducer along the beam axis as well as 

other orthogonal directions. Figure 4-2 displays the elements used in the ultrasound generation 

system. For the experiments, the HIFU transducer was driven at various levels of powers of 2, 4.5, 

8 , 12.5 W, and of frequencies of 1, 1.1, 1.15, 1.2 and 1.3 MHz. It needs to be mentioned that the 

values monitored for powers are simply electrical powers generated by the RF amplifier circuit. 

Due to the loss during transmission and conversion to acoustic energy, the electrical power is 

generally higher than the acoustic power emitted from the transducer’s surface. 
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(a) 

 
(b) 

 
Figure 4-1 Experimental HIFU setup (a) a schematic, and (b) a 3D model. 

    
(a) (b) (c) (d) 

Figure 4-2 HIFU setup elements: (a) HIFU transducer; (b) acoustic matching network; (c) 

function generator and RF amplifier; (d) 3D motion system. 
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4.2. In Vitro Phantom 

Agar-based phantoms as in vitro media were developed to monitor the heating mechanism of HIFU 

and also to host NPs with different features. Agar phantoms have similar porous structures and 

thermo-acoustic properties to biological tissues and have been widely used in literature for 

nanodrug delivery and hyperthermia studies [33, 56]. For the experiments, three different recipes 

for phantom models were developed: (i) phantoms with similar thermal and absorption properties 

to the biological tissue for examining the applicability of the designed HIFU setup; (ii)  

low-absorption phantoms for monitoring the thermocouple artifact effect; (iii) phantoms 

containing NPs for studying their feature effects. Detailed descriptions of each recipe are presented 

in the following subsections. 

4.2.1. Tissue-Mimicking Phantom 

Tissue-mimicking phantoms were fabricated consisting of water, agar, graphite powder, methyl 

paraben and 1-propanol to simulate the thermal and acoustic properties of biological tissue [33]. 

The process to make phantoms is illustrated in Figure 4-3. First, water was heated to a temperature 

about 90 ℃, and then methyl paraben (analytical standard 47889, Sigma-Aldrich, Canada) and 

agar (Agar A7002, Sigma-Aldrich, Canada) were mixed to make a solution. As the mixture cooled, 

the graphite powder (282863, powder <20 μm, Sigma-Aldrich, Canada) and 1-propanol (279544, 

Sigma-Aldrich, Canada) were added to the solution at temperatures of about 80°C and 70°C, 

respectively. The mixture was finally poured into a cylindrical mold and kept for 1 day at room 

temperature to ensure complete solidification of the phantom (Figure 4-4(a)). The acoustic features 

of phantom, such as the speed of sound and the attenuation coefficient, were controlled by the 

amount of 1-propanol (acting as an agent to tune the speed of sound) and graphite powder (acting 
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as a scatterer) added to the mixture. Table 4-1 lists the recipe for making the phantom, and Table 

4-2 shows the acoustic and thermal properties of the developed phantom as well as the 

corresponding value for human tissue from reference [56]. 

 

Figure 4-3 Schematic of preparation process of the tissue-mimicking phantom. 

Table 4-1 Tissue-mimicking phantom recipe.   

Component Amount 

Water 600 ml 

Agar  18 g 

methyl paraben 0.75 g 

Graphite 54 g 

1-propanol 50 ml 

Table 4-2 Acoustic and thermal properties of phantom and human tissue [33] 

Properties  Phantom Human tissue  

Density (𝑘𝑔/𝑚3) 1045 1000-1100 

Speed of Sound (𝑚/𝑠) 1551 1450-1640 

Attenuation(𝑁𝑝/𝑚/𝑀𝐻𝑧) 10.17 4.03-17.27 

Specific Heat (𝐽/𝑘𝑔.℃) 3710 3600-3890 

Thermal conductivity (𝐽/𝑚.℃) 0.59 0.45-0.56 
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The developed tissue-mimicking phantoms were also used for studying the mechanism of 

NPs when injected locally to the focused region during the NP-enhanced HIFU procedure. To 

investigate the dose effects of NPs, a stabilized suspension of AuNPs (in citrate buffer, ~3.5E+10 

particles/mL NPs concentration, Sigma Aldrich, Canada) was utilized. AuNPs are usually 

provided as a colloidal suspension of nanoparticles of gold in a fluid medium, such as water and 

citrate buffer. To consider the presence of AuNPs during the HIFU ablation, a gauge needle was 

used to inject the buffer solution containing AuNPs (Figure 4-4(b)) into the targeted area. The size 

of the AuNPs injected into the phantom was 50 nm . To ensure that AuNPs were delivered 

correctly to the target area, an ultrasound imaging was conducted using the medical ultrasound 

scanner (Ultrasonic Scanner Accuvix XQ, Korea). It is known that AuNPs are weak contrast agents 

and can not be detected via B-mode image; instead, the ultrasound imaging was conducted to guide 

the needle used for the injection of AuNPs, as shown in Figure 4-5, to ensure that the needle was 

positioned accurately in the focused region, where the thermal ablation would be applied and the 

temperature would be monitored by a thermocouple. 

4.2.2. Low-Absorption Phantom  

Low-absorption phantoms were fabricated using a mixture of water and agar to check any 

artificial effects due to the presence of the thermocouple inside the phantom. Since pure agar gel 

has a negligible absorption coefficient, any rises of temperature by the thermocouple during the 

HIFU insonation may be attributed to the artificial heating effect. The details on the low absorption 

phantoms and measurement of thermocouple artifact effects will be explained in Section 4.3. 

Figure 4-6 shows a low absorption phantom after solidification. 
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(a) 

 
 

(b) 

 

Figure 4-4 (a) Tissue-mimicking phantom after solidification, (b) AuNPs for injection to the 

focal area. 
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Figure 4-5 US image of phantoms for guiding the injection of NPs into the focal area where the 

temperature was monitored by a thermocouple. 

  

Figure 4-6 A low-absorption phantom after solidification. 
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4.2.3. Phantom Embedded with NPs  

Agar-based phantoms embedded with NPs were fabricated for in vitro experiments on NP-

enhanced HIFU. The fabricated phantoms were used to take control of the distribution of NPs 

inside the suspending medium. They form realistic tissue models with well-defined thermo-

acoustic properties so as to investigate the feature effects of NPs. 

First, phantoms containing MNPs with different sizes and volume concentrations (%v/v) were 

developed to examine the feature effects of MNPs on HIFU’s thermal mechanism. It has been 

reported that MNPs have much greater effect than AuNPs in enhancing the thermal mechanism of 

HIFU and consequently are better agents for the HIFU hyperthermia [46]. To fabricate a phantom 

with MNPs, a solution of agar gel was prepared by dissolving agar powder (Agar A7002, Sigma-

Aldrich, Canada) in the boiling water, and then a suspension of iron oxide Fe3O4 (Ferromagnetic 

nanoparticles, purity of 98%, Dark Black, U.S. Research Nanomaterials, Inc., US) was added to 

the solution at a desired temperature. The mixture was stirred for 1 hour using a magnetic stir bar 

to achieve uniform distribution of MNPs inside the phantom, and then was kept for 12 hours at 

room temperature for solidification. For the experiments, I developed four types of phantoms 

contained MNPs with the size of 100  and 200 nm , and volume concentration (% v/v ) of 

0.5% and 0.75%, respectively (Figure 4-7). It is known that the absorption of ultrasonic waves in 

pure agar gel (without MNPs) is extremely small [33], and accordingly no temperature rise was 

expected for all ranges of powers and frequencies used during the experiments. 
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Figure 4-7 Phantoms containing MNPs with different NP sizes and volume concentrations. 

The same recipe was also used to develop phantoms containing CNTs to investigate the 

feasibility of using them as new ultrasound absorption agents during the HIFU thermal ablation to 

enhance the heating at low power. To this end, a solution of agar gel was mixed with CNT powder 

(Short MWCNTs, >95%, OD: 50 − 80 nm, U.S. Research Nanomaterials, Inc., US) and the 

mixture was stirred for 1 hour using a magnetic stir bar to achieve uniform distribution of CNTs. 

Three phantoms were fabricated with volume concentration (% v/v) of 0.25%, 0.5%, and 1% in 

order to consider the effects of CNT features during the HIFU ablation (Figure 4-8). 
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Figure 4-8 Phantoms containing CNTs with different concentrations. 

Finally, a temperature measurement was performed to check the proper distribution of NPs 

inside the phantom medium and to ensure that NP aggregation did not occur after the phantom 

solidification. For each experiment with a given constant power and ultrasonic frequency, I slightly 

moved the location of the focused region inside the phantom and monitored the temperature rise 

during the HIFU insonation. We can hypothesize that if NPs were distributed uniformly inside the 

phantom medium, no dramatic differences in temperature rise would be seen for different focused 

regions inside the phantom. 

4.3. Temperature Measurement Method 

To measure the temperature and monitor the heating mechanism of HIFU, a thermocouple (Type 

K, grounded junction, 250 𝜇𝑚 diameter, Omega Engineering Inc., Stamford, CT, Canada) was 

installed at the focused region. A data-acquisition board (NI USB-6210, National Instruments, US) 

was used to monitor temperature. Figure 4-9 shows the thermocouple, the data-acquisition board, 

and a tissue-mimicking phantom with an embedded thermocouple. To ensure that the cavitation 
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did not occur during the thermal ablation, temperature rise was carefully monitored during the 

HIFU insonation, as the occurrence of cavitation might cause a sudden jump in the temperature 

profile [33]. 

(a) 

 

(b) 

 

(c) 

 

Figure 4-9 (a) Thermocouple, (b) data-acquisition board, (c) tissue-mimicking phantom with an embedded 

thermocouple. 
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To consider an error bar for a temperature rise, each experiment (with a constant power, 

frequency and phantom model) was repeated four times, while the location of focused region was 

changed inside the phantom for each trial. A mean value for temperature rise was calculated from 

temperature data collected through four trials (𝑁 = 4). Then, the standard deviation function, 𝑠, 

was used to quantify the variability of the measured data 

𝑠 = √
∑ (𝑇𝑖 − 𝑇̅)𝑁

𝑖=1

𝑁 − 1
.  (4-1) 

 

Using Eq. (4-1), the results can be reported as 𝑇̅ ± 𝑠, in which 𝑇̅ denotes the mean temperature 

rise.  

A thermal analysis was performed to ensure that the thermocouple was accurately 

positioned at the focused area. The transducer has its focal depth of 51.74 mm , so the 

thermocouple was positioned accurately at this depth using the 3D motion system (CNC Deluxe 

Mill, Vista, US). The temperature profile has been measured multiple times on different points 

around the presumable focal point. Then, the point with the highest temperature has been taken as 

the focal point. The 3D motion system was used to move the transducer to change the position of 

focused area inside the phantom around the presumable focal point, and the temperature rise profile 

at each position was carefully monitored. The result showed that the temperature rise at the original 

location was the highest; thus it was regarded as the true focal point. 

It should be mentioned here that the in situ temperature measurement using the 

thermocouple can result in some artifact effects, causing errors in monitoring the HIFU parameters. 

Firstly, positioning the thermocouple inside the phantom can result in wave distortion, as a 

thermocouple with diameter equal to or greater than the wavelength can affect the wave 

propagation, and thus distort the ultrasonic field [112]. However, the thermocouple used for the 
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experiments had much smaller diameter (250 μm) than the wavelength (≈ 1.4 mm); therefore, it 

was unlikely to cause distractive effects on wave propagation [56]. Secondly, the ultrasonic wave 

propagation can cause a relative motion of the surrounding medium with respect to the 

thermocouple surface, leading to heating of the thermocouple and consequently higher temperature 

measurement than that of the surrounding tissue, which called viscous artifact effect.  

To address any concerns regarding the thermocouple artifact effects, the method proposed 

in [56] was followed, and the measured data were modified by considering any temperature rises 

in pure agar gel in the presence of the thermocouple. An agar phantom without NPs was fabricated, 

as a low-absorption medium, and the temperature profile was monitored during the HIFU 

insonation for all ranges of powers and frequencies used for the experiments. Since pure agar gel 

has a negligible absorption coefficient, any rises of temperature monitored by the thermocouple 

should be attributed to the artifact heating effect. It was originally postulated that temperature rises 

would be observed due to the presence of thermocouple. However, no temperature rise was 

observed in the focal area during the insonation period for all experiments. This may be attributed 

to the low ranges of powers used for the experiments (2, 4.5, 8, and 12.5 W). As discussed above, 

the movement of medium around the thermocouple’s surface due to the acoustic pressure is the 

main reason for heating artifacts; therefore, when the powers are high (causing high pressure 

gradients), the thermocouple artifacts can be significant [33], while it may not be crucial for the 

HIFU insonation with low ranges of powers. 

In addition to temperature monitoring, the rate of absorbed energy per unit volume was 

also determined. Using the HIFU heat equation (3-17), the absorption rate can be measured by 

considering the slope of temperature change at the beginning of the insonation when the heat 

transfer due to the conduction is negligible. Thus, the rate of temperature change during HIFU can 
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be related to the rate of absorbed energy per unit volume, 𝑄, and specific absorption rate (SAR) 

by [35] 

𝜌𝑚𝑛𝐶𝑃𝑚𝑛

𝑑𝑇

𝑑𝑡
|
𝑡=0+

= 𝑄, 

𝑆𝐴𝑅 =
𝑄

𝜌𝑚𝑛
= 𝐶𝑃𝑚𝑛

𝑑𝑇

𝑑𝑡
|
𝑡=0+

. 

(4-2) 

To estimate the temperature slope at time zero (
𝑑𝑇

𝑑𝑡
|
𝑡=0+

), the temperature values, measured 

by the thermocouple, can be approximated to a function obtained from the solution of the HIFU 

heat transfer equation by assuming a Gaussian profile for the focal region [35]. The solution can 

be used for cases where focal zones have small elliptical shapes, where the axial dimension is 

much greater than the radial dimension. The profile of temperature at the focal point during HIFU 

as a function of time, is given by [111]: 

∆𝑇 = (
2𝛼𝐼𝑚𝑎𝑥

𝜌𝐶𝑝
)(

𝑟0
2

4𝑘
) In(1 + 4𝑘𝑡/𝑟0

2),   (4-3) 
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   Chapter 5 

5. Results and Discussions 

Some parts of the thesis are published in three journals: i) Sadeghi-Goughari, Moslem, Soo Jeon, 

and Hyock-Ju Kwon. "Enhancing Thermal Effect of Focused Ultrasound Therapy Using Gold 

Nanoparticles." IEEE transactions on nanobioscience 18.4 (2019): 661-668; ii) Sadeghi-Goughari, 

Moslem, Soo Jeon, and Hyock-Ju Kwon. "Magnetic nanoparticles-enhanced focused ultrasound 

heating: size effect, mechanism, and performance analysis." Nanotechnology 31.24 (2020): 

245101; iii) Sadeghi-Goughari, Moslem, Soo Jeon, and Hyock-Ju Kwon. "Analytical and 

Numerical Model of High Intensity Focused Ultrasound Enhanced with Nanoparticles." IEEE 

Transactions on Biomedical Engineering (2020). 

This chapter summarizes the results form the numerical and experimental studies introduced in the 

previous chapters. First, the results of HIFU on tissue-mimicking phantoms in the absence of NPs 

are provided in Section 5.1 to better understand HIFU’s heating mechanism and to investigate the 

effect of nonlinearity on the wave propagation and heat transfer. Then, the results from the 

experiments and numerical modeling on NP-enhanced HIFU are presented in section 5.2 to show 

the effects of NPs, including AuNPs, MNPs and CNTs, on the thermal mechanism of HIFU. 

5.1. Thermal Effect of HIFU 

5.1.1. Linear and Nonlinear Effects 

This section presents the results from numerical modeling for the linear and nonlinear HIFU 

analyses (Eq. (3-4)). Figure 5-1 shows the intensity profile along the beam axis when the 
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transducer was driven at frequency of 1.1 MHz  with powers of 10, 50, 100, and 150 W . The 

oscillating pattern of wave propagation during HIFU is obvious in the intensity profile in which 

the highest amplitude of intensity occurs at the focused region with approximate length of 2 cm 

along the beam axis (i.e., 6 ≤ 𝑧 ≤ 8 cm). A comparison between linear and nonlinear results 

clearly shows the effects of nonlinearity in higher intensity amplitude. This increase in intensity is 

induced by the generation of harmonic pressures during the nonlinear wave propagation. Another 

effect of nonlinearity on the wave distribution can also be detected in the intensity profiles. As we 

can see, the nonlinearity tends to shift the focal point, where the highest amplitude occurs, to a 

deeper point inside the phantom. In the intensity diagram for 𝑃 = 150 W, the nonlinearity causes 

the focal point to shift from 6.2 cm  to a deeper point at 6.6 𝑐m . It is also obvious that the 

nonlinearity depends on the power since the intensity amplitude increases by amplifying the 

transducer’s power.  

 

Figure 5-1 Acoustic intensity profile along beam axis derived from linear and nonlinear analyses 

when the tissue mimicking phantom was used as the computational domain and the transducer was 

driven at the frequency of 1.1 𝑀𝐻𝑧. 
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Figure 5-2 shows the maximum intensity of focal point as a function of the power. The 

results achieved from the nonlinear and linear analyses are compared to show the effects of 

nonlinearity. As we can see, when the transducer is driven at relatively low powers, the relation 

between the intensity at focal point and power is linear and the effect of nonlinearity is less 

significant. However, as the power is increased, the nonlinearity in wave propagation mechanism 

causes the intensity graph to further deviate from the line. The results also suggest that the effect 

of nonlinearity in the numerical modeling can be ignored when the transducer was driven at 

relatively low power in order to reduce computational load and time. For example, the linear 

analysis may estimate the peak intensity with error less than 1% for power less than 40 W.  

 

Figure 5-2 Intensity at peak point versus transducer power for linear and nonlinear analyses when 

the tissue-mimicking phantom was used as the computational domain and the transducer was 

driven at the frequency of 1.1 𝑀𝐻𝑧. 

The results from thermal analysis of HIFU using the numerical simulation are presented in 

Figure 5-3, which shows the rate of absorbed energy per unit volume along the beam axis (Eq. 

(3-8)). The diagrams are acquired for the tissue-mimicking phantoms using the linear and 

nonlinear analyses to show the effects of nonlinearity on the absorption mechanism of acoustic 
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energy during HIFU. As we can see, the nonlinearity increases the heating rate and corresponding 

temperature rise at the focused region. Considering the power of 100 W  as an example, the 

nonlinearity causes about 1.4 times more acoustic energy to be converted to heat compared to 

linear analysis. The increase in the absorption rate of acoustic energy due to the nonlinearity results 

not only from the production of higher acoustic intensity at the focused area, but also from the 

generation of higher harmonics of initial frequency during the nonlinear HIFU wave propagation.  

 
Figure 5-3 Heat absorption profile along the beam axis derived from linear and nonlinear analyses 

when the tissue-mimicking phantom was used as the computational domain and the transducer was 

driven at the frequency of 1.1 𝑀𝐻𝑧. 

5.1.2. Experimental Results  

In this subsection, the temperature profiles for the heating process predicted by the analytical 

solution (Eq. (3-19)) are presented and compared with the corresponding experimental data 

achieved from the HIFU experiment, as displayed in Figure 5-4. The results are derived for the 

tissue-mimicking phantom using an ultrasonic frequency of 1.1 MHz. It can be seen that both 

analytical and experimental data predicted the same trends during insonation; however, there is an 
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obvious discrepancy between the experimental and analytical curves. The experimental results 

show higher temperature at the focal point than for the analytical data. These differences are 

postulated to be caused by the presence of the thermocouple at the focused area.  

 

Figure 5-4 Temperature rise of focal point for heating process computed by analytical solution 

(Eq. (3-19)) and compared with experimental data when the tissue mimicking phantom was used 

as the computational domain and the transducer was driven at the frequency of 1.1 𝑀𝐻𝑧. 

5.2. NP-Enhanced HIFU 

This section presents the results on the feasibility of using NPs during HIFU, their performance 

and feature effects on the thermal mechanism of HIFU. Firstly, the experimental observations that 

show the dose effects of AuNPs when injected locally into the tissue-mimicking phantom and at 

the focused region are presented. Secondly, the experimental results on the phantoms with uniform 

distribution of MNPs are provided to show the effects of NP features including the size and volume 

concentration on the thermal parameters of HIFU. Thirdly, the results form the numerical modeling 

that predicted the thermal mechanism of HIFU in the presence of NPs are presented and compared 

with corresponding experiments. Finally, the results achieved from the experimental observations 

are presented to validate the feasibility of using CNTs as new ultrasound absorption agents during 
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HIFU, which is followed by discussions on their feature effects on the thermal parameters of HIFU 

including the absorption rate of acoustic energy and temperature rise. 

5.2.1. Dose Effects of AuNPs Under Local Injection  

5.2.1.1. Temperature Rise  

Figure 5-5 presents the experimental results of temperature profiles at the focal point during the 

insonation and cooling periods for different doses of AuNPs and powers. All figures demonstrate 

that the injection of AuNPs significantly enhanced the temperature rise at the focal point during 

the insonation process. For example, when the power was set at 4.5 W in Figure 5-5(a), the 

temperature was raised from 20.6 ± 0.7 ℃ to 28.2 ± 1.8 ℃ after 15 second of insonation for the 

phantom without AuNPs. In comparison, the injection of AuNPs to the focused region increased 

the temperature rise at the end of insonation by about 1.8 ℃ to 30.1 ± 0.7 ℃ for 0.15 mL dose, 

and by about 2.2 ℃ to 30.4 ± 0.6 ℃ for 0.3 mL dose. Meanwhile, the comparison between the 

plots for different powers indicates that the enhancing effects of AuNPs on the temperature rise 

became more significant as the HIFU transducer was driven at higher powers. More specifically, 

for the power of 8 W, the enhancements in maximum temperature rise due to AuNPs were about 

2.5 ℃ and 4.8 ℃ for the injection dose of 0.15 mL and 0.3 mL, respectively, compared to the case 

without AuNPs. The temperature rise was even more pronounced for the power of 12.5 W, as 

shown in Figure 5-5(c), where the injection of 0.15 and 0.3 mL of AuNPs caused the temperature 

to rise by 9.2 ℃ and 11.8℃, respectively, compared to the case without NPs at the same power. 
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Figure 5-5 Temperature rise diagrams during HIFU with the frequency of 1.1 𝑀𝐻𝑧; and the 

effects of injected AuNPs at different power levels: (a) 4.5 𝑊; (b) 8 𝑊; and (c) 12.5 𝑊. 
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5.2.1.2. Absorption Rate  

The effects of AuNPs on the heating mechanism of HIFU are provided in more detail in Figure 

5-6 which presents the specific absorption rate (SAR) and corresponding maximum temperature 

rise versus power. Figure 5-6(a) shows that SAR was significantly enhanced by the injection of 

AuNPs to the focused area for all tested powers. In the case of HIFU driven at the power of 4.5 W, 

the injection of 0.15 mL of AuNPs enhanced SAR from 584.2 to 2,326.3 W/kg (3.98 times more 

energy absorption than the case without AuNPs). The trend remained the same as the driving power 

was increased. Specifically, 2.1 and 2.6 times more acoustic energy were absorbed for the powers 

of 8  and 12.5 W , respectively, when 0.15 mL dose of AuNPs was injected. Furthermore, the 

increase of injected dose of AuNPs caused more acoustic energy to be absorbed by the medium. 

As an example, for the power of 4.5 W, doubling the dose of AuNPs from 0.15 to 0.3 mL induced 

SAR to increase from 2,326.3 to 3,082.72 W/Kg (1.4 times more acoustic energy was absorbed). 

Close observation of Figure 5-6(a) also suggests that the injected AuNPs exerted an influence on 

the trend of SAR with respect to power. In the absence of AuNPs, SAR was increased linearly 

with the increase of power (blue bars). On the other hand, the injection of AuNPs caused SAR to 

increase rapidly in a nonlinear manner with the increase of the power (green and red bars). As a 

result, the effect of AuNPs on temperature rise was expected to become more significant when the 

HIFU transducer was driven at higher powers. This is indeed corroborated by the plots in Figure 

5-6(b) which shows the maximum temperature rise with respect to the driving power. For the 

phantom without AuNPs, the trend of maximum temperature rise versus the power was almost 

linear. However, for the injection doses of 0.15 and 0.3 mL of AuNPs, the trend became highly 

nonlinear.  
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Figure 5-6 Effects of injected AuNPs on heating mechanism: (a) specific absorption rate; (b) 

maximum temperature rise at the focal point after 15 seconds of insonation with the frequency of 

1.1 𝑀𝐻𝑧. 

5.2.2. Effects of NP Features  

In this subsection, the effects of NP features including the size and volume concentration on the 

thermal parameters of HIFU are presented. Here, the results are achieved when the MNPs were 

used as the nanoscale agents and distributed uniformly in low-absorption phantoms.  
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5.2.2.1.Temperature Rise 

Figure 5-7 shows the effects of MNP size and volume concentration on the temperature rise profile 

during the HIFU process. The thermal diagrams are provided for different levels of powers with 

1.3 MHz ultrasonic frequency. It can be seen from Figure 5-7(a) that for the power of 2 W, the 

temperature rise profiles are close to each other, although the effects of MNP features are still 

noticeable. For the phantoms with MNP concentration of 0.5%, the temperature at the focal point 

was raised by 5.1 ± 0.4 ℃ and 7.8 ± 0.7 ℃ for the MNP sizes of 100 and 200 nm, respectively, 

after 15 s insonation. Similarly, the temperature rises of 7 ± 0.6 ℃  and 10.6 ± 0.2 ℃  were 

observed for the MNP sizes of 100 and 200 nm, respectively, when the MNP concentration was 

0.75%. It is evident that the heating mechanism was enhanced by increasing the size and volume 

concentration of MNPs. In addition, a comparison between diagrams with different levels of 

powers shows that when a higher range of powers was used, the effects of MNPs became more 

significant. For the power of 4.5 W, as shown in Figure 5-7(b), the peak temperature rises for the 

phantoms with MNP sizes of 100  and 200 nm , respectively, were 10.2 ± 0.7 ℃  and 15.7 ±

0.6 ℃  for 0.5%  MNP concentration, and 15.5 ± 0.6 ℃  and 22 ± 1.2 ℃  for 0.75%  MNP 

concentration. The effects of MNP features were even more pronounced for 8 W (Figure 5-7(c)). 

By doubling the MNP size from 100 to 200 nm, the peak temperature rise increased from 15.6 ±

1.2 ℃ to 26 ± 1.3 ℃ for 0.5% MNP concentration, and from 22.5 ± 0.7 ℃ to 46 ± 1.3 ℃ for 

0.75% concentration. 
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Figure 5-7 Temperature rise profile for phantoms with different concentrations and sizes of MNPs 

during HIFU for the powers of (a) 2 𝑊 , (b) 4.5 𝑊 , and (c) 8 𝑊 . Ultrasonic frequency was 

1.3 𝑀𝐻𝑧. 
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Figure 5-8 together with Figure 5-7(c) shows the effect of ultrasonic frequency on the 

performance of MNPs during HIFU when the power of 8 W was used. Figure 5-8(a) indicates that 

the HIFU insonation for 15 s with the frequency of 1 MHz increased the temperature at the focal 

point of phantoms with MNPs sizes of 100 and 200 nm, respectively, by 4.8 ± 1.5 ℃ and 9.4 ±

1 ℃ for 0.5% MNP concentrations; by 8.9 ± 1.2 ℃ and 14.8 ± 1.1 ℃ for the concentrations of 

0.75%. On the other hand, when the higher frequency of 1.15 MHz was used for the insonation 

(Figure 5-8(b)), the peak temperature rises for the phantoms with MNP sizes of 100 and 200 nm, 

respectively, were 9.5 ± 1 ℃ and 14.5 ± 1.6 ℃ for the MNP concentration of 0.5 %; were 13 ±

1.3 ℃  and 19 ± 1.3 ℃  for the concentration of 0.75 % . Overall, the results suggest that the 

heating mechanism causing temperature rise in MNP-enhanced HIFU process was significantly 

enhanced by increasing the size and volume concentration of MNPs for all ranges of ultrasonic 

frequencies; furthermore, when the higher frequencies were used, the effects of MNP features on 

the heating mechanism became more significant.  

5.2.2.2. Absorption Rate 

The rate of absorbed energy per unit volume was calculated from the temperature profiles using 

Eq. (4-2). Figure 5-9(a) presents 𝑄 versus power at the ultrasonic frequency of 1.3 MHz. It is 

evident that 𝑄 was enhanced by increasing the power; a close observation suggests a nonlinear 

trend between the rate of absorbed energy per unit volume and the power in the presence of MNPs. 

Considering the phantom with 0.75% concentration and 100 nm size of MNPs as an example, the 

increase of power from 2  to 4.5 W increased 𝑄  by 1.4  times, whereas for the power of 8 W , 

2 times more energy was converted to heat compared to 4.5 W.  
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Figure 5-8 Temperature rise profile for phantoms with different concentrations and sizes of MNPs 

during HIFU using frequency of (a) 1 𝑀𝐻𝑧, (b) 1.15 𝑀𝐻𝑧. Power was set at 8 𝑊. Refer to Figure 

5-7(c) for the frequency of 1.3 𝑀𝐻𝑧. 

Similarly, Figure 5-9(b) shows the effect of ultrasonic frequency on the rate of absorbed 

energy per unit volume when the power was set at 8 W. As expected, 𝑄 was enhanced by the 

increase of ultrasonic frequency for all phantom models. For example, the increase of frequency 

from 1 to 1.15 and 1.3 MHz caused about 2 and 3 times more acoustic energy to be absorbed by 

the phantom with MNP size of 100 nm and concentration of 0.5%, respectively. The effects of 

MNP features on the absorption mechanism of acoustic energy is also evident from Figure 5-9. As 
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we can see, 𝑄 was enhanced by increasing the size and volume concentration of MNPs for all 

tested ranges of powers and ultrasonic frequencies. As an illustration, about 2 times more energy 

was converted to heat by the phantom with the MNP size of 200 nm than that with the size of 

100 nm , when the MNP concentration was 0.5%  and the ultrasonic signal was sent at the 

frequency of 1.3 MHz and the power of 8 W. 

 

 
Figure 5-9 Rate of absorbed energy per unit volume for phantoms with different sizes and 

concentrations of MNPs as a function of: (a) power with the ultrasonic frequency of 1.3 𝑀𝐻𝑧; (b) 

ultrasonic frequency with the power of 8 𝑊. 
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5.2.2.3.Discussion 

All of the thermal results have indicated the improving effects of MNPs on the focused ultrasound 

heating by enhancing the rate of absorbed energy per unit volume and temperature rise. As 

discussed in subsection 3.2.1, the presence of NPs in a biological tissue can enhance the absorption 

rate of ultrasonic energy through the viscous and thermal waves mechanisms [35, 103, 108], as 

illustrated in Figure 3-3. Considering Eq. (3-13), the absorption mechanism of acoustic energy due 

to the viscous and thermal waves depends on the features of MNPs, including the size and volume 

concentration. Since both mechanisms occur at the interface of MNPs and suspending medium, 

the size of MNPs plays a crucial role on the rate of acoustic energy converted to heat. As the MNP 

radius increases, a larger portion of the particle volume near the surface is involved in the viscous 

and thermal processes, resulting in higher absorption of the acoustic energy [103, 108]. On the 

other hand, the increase of MNP concentration enhances the volume of the medium interacting 

with MNPs, leading to the increase of acoustic energy absorbed in a medium. As a result, it is 

confirmed that the MNPs with larger size and higher concentration show better performance in 

enhancing the absorption efficiency of HIFU than those with smaller size and lower concentration, 

as shown in the experimental results in Figure 5-9.  

Due to the increase of absorption rate discussed above and also temperature gradient caused 

by the interaction between MNPs and ultrasonic waves (Eq. (3-15)), it is expected that the presence 

of MNPs can significantly enhance the temperature rise profile, as has been supported by the 

experimental measurement in Figure 5-7 and Figure 5-8. The increase in absorption rate causes 

more heat to be generated during the HIFU insonation, resulting in a greater temperature rise. 

Additionally, the temperature gradient due to MNPs’ work promotes a rise in the momentum of 

thermal waves, inducing a heat flow in the direction of ultrasonic waves, and consequently a rise 
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in temperature profile [103]. Among these two mechanisms involved with temperature rise, the 

absorption rate is linearly proportional to the power (Eq. (3-12)), while the temperature gradient 

due to the MNPs’ work is related to the square root of power (Eq. (3-15)). As a result, a nonlinear 

trend between power and the HIFU parameters is expected, as shown in Figure 5-9(a). 

Since both the absorption rate and the work done by MNPs increase with the power, it can 

also be concluded that MNPs show better performance on the heating mechanism when a higher 

range of powers is applied, as discussed in Figure 5-7 and Figure 5-9(a). In addition to power, the 

ultrasonic frequency can also affect the performance of MNPs, as the depth of viscous and thermal 

waves formed around the MNPs can be increased with the frequency (Eq. (3-13)) [108]. As a 

result, when the acoustic waves are emitted at higher frequency, more acoustic waves are absorbed 

due to their interactions with thermal and viscous waves, resulting in a higher temperature rise. 

The enhancing effect of ultrasonic frequency on the performance of MNPs has been shown by 

experimental results in Figure 5-8 and Figure 5-9(b). 

5.2.3. Numerical Modeling 

The results of NP-enhanced HIFU predicted by the numerical modeling are presented in this 

subsection. The thermal diagrams are achieved when the MNPs with the size of 100 nm were used 

as the nanoscale agents and distributed uniformly in a low-absorption phantom medium.  

5.2.3.1. Experimental Validation  

First, the results obtained from the numerical simulation were compared with the experimental 

results to verify the validity of the numerical model. Figure 5-10 shows the temperature rise 

profiles at the focal point during the insonation for 15 seconds with the power of 8 W and a series 

of ultrasonic frequencies; continuous lines and markers refer to the simulation and experimental 
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results, respectively. Generally, both the numerical simulation and the experiment predicted 

similar trends in all diagrams. Firstly, temperature at the focal point increases with the insonation 

time in similar nonlinear manners in both results. However, the simulation predicted slightly higher 

temperature rises than experiments in all profiles, which will be discussed later in this section. 

Secondly, both results show that the temperature rise during HIFU was enhanced by increasing 

the MNP concentration, as well as by amplifying the ultrasonic frequency. For the phantom with 

MNP concentration of 0.5%, the maximum temperature rises of 4.8 ± 1.5 ℃, 9.5 ± 1.1 ℃, and 

15.6 ± 1.2 ℃ were observed from the experiments for the ultrasonic frequencies 1, 1.15, and 

1.3 MHz, respectively; in comparison, the temperature rises of 6.3 ℃, 9.3 ℃, and 13 ℃ were 

predicted by the numerical simulation for the corresponding frequencies. Lastly, Figure 5-11 and 

Figure 5-10(c) suggest that temperature rise was enhanced with the increase of driving power. 

Considering the phantom with MNP concentration of 0.75%, after 15 second insonation with the 

powers of 2, 4.5 and 8 W at the frequency of 1.3 MHz, maximum temperature rises of 7.1 ±

0.6 ℃ , 15.5 ± 0.6 ℃ , and 22.5 ± 0.7 ℃ , respectively, were observed from the experiments, 

whereas the temperature rises of 6.8 ℃, 13.1 ℃, and 21.1 ℃, respectively, were derived from the 

numerical simulation. 
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Figure 5-10 Temperature rise profile during HIFU determined by numerical simulation and 

compared with experimental measurements for phantoms with different concentrations of MNPs, 

power of 8 𝑊, and frequency of (a) 1 𝑀𝐻𝑧, (b) 1.15 𝑀𝐻𝑧, (c) 1.3 𝑀𝐻𝑧. 
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Figure 5-11 Temperature profile during HIFU determined by numerical simulation and compared 

with experimental measurements for phantoms with different concentrations of MNPs, frequency 

of 1.3 𝑀𝐻𝑧, and powers of (a) 2 𝑊, (b) 4.5 𝑊. Please also note Figure 5-10(c) for power of 8 𝑊. 

The temperature rise diagrams show a noticeable discrepancy between the numerical 

results and those measured from the experiments; the numerical modeling predicted higher 

temperature rises for the HIFU insonation than the experiments, particularly at the beginning of 

the insonation. This discrepancy might be mainly attributed to the boundary conditions regarding 

acoustic power used for numerical modeling, as well as the experimental design due to the use of 
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thermocouple for temperature measurement. In the numerical modeling, the power monitored by 

the RF amplifier was considered as the acoustic power for the boundary condition in pressure 

calculation; however, the power generated by RF amplifier circuit was electrical power which was 

higher than the actual acoustic power emitted from the transducer’s surface. In addition, for 

experiments, a needle-type thermocouple was embedded inside the phantoms to measure the 

temperature at the focal point which could result in some artificial effects. Firstly, the 

thermocouple does have higher thermal conductivity and lower thermal capacity than the phantom 

medium, thus, at the beginning of the insonation, there might be a difference between the actual 

temperature of the medium and that monitored by the thermocouple. Secondly, the needle 

thermocouple could only measure the temperature at its tip, thus, a small gap between the tip of 

thermocouple and the actual focal point, and even a small movement of the thermocouple during 

the wave propagation could result in some errors during the temperature measurement.  

To explore the effects of acoustic power and the position of thermocouple with respect to 

the focal point on thermal results, the temperature rise profile monitored during an experiment 

(phantom with 1% volume concentration of MNPs, the power of 8 W and frequency of 1 MHz) is 

compared with temperature rise profiles for various acoustic powers in Figure 5-12(a) and for 

various positions of thermocouple in Figure 5-12(b). The result show that a small change in the 

power or the position of thermocouple can cause a significant change in the results predicted form 

the numerical modeling, and consequently their difference in respect to the experimental results; 

specifically, the discrepancy between numerical and experimental results decreases when the 

lower acoustic powers in comparison to electrical power were used for the numerical modeling. 
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Figure 5-12 The effects of (a) acoustic power, and (b) the position of thermocouple tip with 

respect to focal point, on temperature rise profile predicted by numerical modeling in comparison 

with experimental result when 𝜑 = 1%, 𝑃 = 8 𝑊, and 𝑓 = 1 MHz. 

5.2.3.2.The NP mechanisms during HIFU 

The detailed results of focused ultrasound heating in the presence of NPs are presented in this 

subsection that show the contribution of each mechanism to the heat generation during the 

insonation. Figure 5-13 and Figure 5-14 display the diagrams related to the rate of absorbed energy 

per unit volume and temperature rise, respectively, when the power of 8 W and the ultrasonic 
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frequency of 1 MHz were applied. The results indicate that the thermal and viscous absorption 

mechanisms (𝑞𝑡𝑣) which occurs at the interface of MNPs play the major role in converting the 

acoustic energy to heat, and consequently temperature rise during the HIFU procedure. 

Considering the computational medium with MNP concentration of 0.5% as an example, about 

74% of total wave absorption and 64 % of total temperature rise were caused by 𝑞𝑡𝑣. It is also 

evident that the temperature gradient mechanism caused by the MNPs motion (𝑞𝑤) plays an active 

role in generating heat as well as in rising temperature at the focal area. For MNP concentration of 

0.5%, nearly 18% of total heat generation and 29% of total temperature rise during the HIFU 

insonation were attributed to 𝑞𝑤. In addition, the comparison between the diagrams for different 

volume concentrations shows that the contribution of 𝑞𝑤 to the temperature rise become more 

significant as the concentration of MNPs in the medium is increased. For example, the contribution 

of 𝑞𝑤 on rising temperature was increased to about 39% and 46% for the volume concentrations 

of 0.75% and 1%, respectively. In the present numerical simulation, the contribution of intrinsic 

wave absorption (𝑞𝑖) to the heat generation is minor since the agar gel, used for mimicking the 

biological tissue and hosting MNPs, have ignorable intrinsic absorption coefficient.  
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Figure 5-13 Contribution of each mechanism corresponding to NPs on the absorption rate of 

acoustic energy for phantoms with concentrations of; (a) 0.5% MNPs, (b) 0.75% MNPs, and (c) 

1% MNPs; when the power of 8 𝑊 and the ultrasonic frequency of 1 𝑀𝐻𝑧 were applied 
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Figure 5-14 Contribution of each mechanism corresponding to NPs on the temperature rise profile 

for phantoms with concentrations of; (a) 0.5% MNPs, (b) 0.75% MNPs, and (c) 1% MNPs; when 

the power of 8 𝑊 and the ultrasonic frequency of 1 𝑀𝐻𝑧 were applied. 
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5.2.3.3.Temperature rise contour 

Figure 5-15 through Figure 5-19 show the temperature rise contours at the focused region, 

calculated by the numerical simulation for different ultrasonic frequencies and powers, and for 

media with different MNP concentrations. The numerical simulation predicted a butterfly-shaped 

distribution of temperature rise profile at the focused region due to the concave geometry of HIFU 

transducer; no temperature rise was monitored outside the focused region. As we can see from the 

temperature contours, an increase in MNP concentration resulted in a higher temperature rise at 

the focused region. For the HIFU insonation with the power of 8 W and ultrasonic frequency of 

1 MHz, maximum temperature rises of 6.29 ℃, 10.46 ℃ and 15.51 ℃ were monitored for the 

MNP concentrations of 0.5%, 0.75%, and 1%, respectively. The numerical simulations also 

indicate that the temperature rise at the focused region was enhanced by increasing the power; 

however, the increasing ratio depends on the MNP concentrations. A close observation of 

temperature contours suggests a nonlinear trend between power and temperature rise. As it can be 

seen for the numerical medium with MNP concentration of 1% and the ultrasonic frequency of 

1.3 MHz, the increase of power from 2 to 4.5 W enhanced the temperature rise 1.8 times (from 

10.39 ℃ to 19.15 ℃), whereas the relative enhancement of maximum temperature rise was nearly 

1.5 times for the power of 8 W when compared to 4.5 W (30.21 ℃ vs 19.15 ℃). Finally, the 

enhancement of temperature rise with ultrasonic frequency is also evident from the numerical 

simulation. Considering the phantom with MNP concentration of 0.75%  as an example, the 

maximum temperature rises of 10.46 ℃, 15.18 ℃, and 21.01 ℃ were computed for the ultrasonic 

frequencies of 1, 1.15, and 1.3 MHz, respectively.  
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Figure 5-15 Temperature rise contours derived by numerical modelling at the focal region and at 

the end of insonation for phantoms with different concentrations of MNPs (a) 0.5% MNPs, (b) 

0.75% MNPs, (c) 1% MNPs, when 𝑃 =  8 𝑊 and 𝑓 = 1 𝑀𝐻𝑧. 
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Figure 5-16 Temperature rise contours derived by numerical modelling at the focal region and at 

the end of insonation for phantoms with different concentrations of MNPs (a) 0.5% MNPs, (b) 

0.75% MNPs, (c) 1% MNPs, when 𝑃 =  8 𝑊 and 𝑓 = 1.15 𝑀𝐻𝑧. 
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Figure 5-17 Temperature rise contours derived by numerical modelling at the focal region and at 

the end of insonation for phantoms with different concentrations of MNPs; (a) 0.5% MNPs, (b) 

0.75% MNPs, (c) 1% MNPs, when 𝑃 =  8 𝑊 and 𝑓 = 1.3 𝑀𝐻𝑧.  
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Figure 5-18 Temperature rise contours derived by numerical modelling at the focal region and at 

the end of insonation for phantoms with different concentrations of MNPs; (a) 0.5% MNPs, (b) 

0.75% MNPs, (c) 1% MNPs, when 𝑃 =  4.5 𝑊 and 𝑓 = 1.3 𝑀𝐻𝑧. 



80 
 

 

 

 
Figure 5-19 Temperature rise contours derived by numerical modelling at the focal region and at 

the end of insonation for phantoms with different concentrations of MNPs; (a) 0.5% MNPs, (b) 

0.75% MNPs, (c) 1% MNPs, when 𝑃 =  2 𝑊 and 𝑓 = 1.3 𝑀𝐻𝑧. 
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5.2.3.4. Size effects of NPs 

The size effect of MNPs on the HIFU thermal procedure was also determined using the numerical 

modeling. Figure 5-20 shows the temperature rise profile during the HIFU insonation for different 

MNP sizes of 50, 75, and 100 nm. The numerical diagrams were derived for different ranges of 

frequencies when power was 8 W . It is evident that the temperature rise during the HIFU 

insonation was enhanced by increasing the MNP size for all ranges of frequencies. Considering 

Figure 5-20(a) for frequency of 1 MHz as an example, the increase of MNP size from 50 nm to 

75 nm and to 100 nm enhanced the temperature rise at the end of insonation by about 3.12 ℃ and 

6.84 ℃ , respectively. In addition, a comparison between diagrams with different levels of 

frequencies indicates that the size effect of MNPs became more significant when a higher range 

of ultrasonic frequencies was used. For the ultrasonic frequency of 1.3 MHz (Figure 5-20(c)), the 

increase of MNP size from 50 nm to 75 nm and to 100 nm enhanced the maximum temperature 

rise by about 6.43 ℃ and 14.52 ℃, respectively. 

The details on the size effect of NPs are presented in Figure 5-21, which shows the total 

absorption coefficient of acoustic energy versus the MNP diameter in the range of 10 to 1000 nm 

for various ultrasonic frequencies. As it can be seen, the total absorption coefficient is increased 

with the NP size and attained a peak value at a critical diameter. For an example, the peak in total 

absorption coefficient is observed at the MNP size of 700 nm for the ultrasonic frequency of 

1 MHz . The results also show that the critical diameter depends on the ultrasonic frequency in 

which an increase in frequency tends to shift the peak in attenuation coefficient to occur at lower 

diameter. As we can see, the increase of ultrasonic frequency from 1 to 1.3 MHz enhanced the 

peak in attenuation coefficient form 61.01 to 79.29 
𝑑𝐵

𝑚
 and shifted the critical NP size to 600 nm.  
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Figure 5-20 Temperature rise profile at focal point for phantoms with different sizes of MNPs 

derived by numerical modeling when 𝑃 = 8 𝑊  and ultrasonic frequency was (a) 1 𝑀𝐻𝑧 , (b) 

1.15 𝑀𝐻𝑧, (c) 1.3 𝑀𝐻𝑧.  
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Using theoretical models, it can be concluded that the absorption coefficient is maximum when 

the depths of thermal and shear wave layers generated at the surface of NPs due to their oscillation 

are equal to the particle size [103, 108]. 

 

Figure 5-21 Total absorption coefficient versus NP diameter for different ultrasonic frequencies, 

when volume concentration of 0.75% was used. 

5.2.4. CNT-Enhanced HIFU 

This subsection presents the results achieved from the experimental observations on the feasibility 

of using CNTs as ultrasound absorption agents during the HIFU thermal treatment and their effects 

on the HIFU parameters. 

5.2.4.1. Temperature Rise 

Figure 5-22 shows the temperature rise profiles at the focal point versus time during the insonation 

and cooling periods for various concentration of CNTs. As it can be seen from Figure 5-22(a), the 

HIFU insonation with the ultrasonic field of 4.5 W  power and 1.3 MHz  frequency induced 

temperature rises of 2.5 ± 0.3 ℃, 2.8 ± 0.4 ℃, and 4.5 ± 0.4 ℃ for the CNT concentrations of 

0.25%, 0.5% and 1%, respectively. It is evident that the enhancing effects of CNTs on rising 
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temperature was attained by increasing the CNT concentration. From Figure 5-22(b) for the power 

of 12.5 W and frequency of 1.3 MHz, maximum temperature rises of 6.2 ± 0.2 ℃, 7.9 ± 0.5 ℃, 

and 11.9 ± 0.2 ℃  were observed for the CNT concentrations of 0.25%, 0.5% and 1% , 

respectively. A comparison between Figure 5-22(a) and Figure 5-22(b) shows the enhancing 

effects of power on the performance of CNTs in rising temperature during the HIFU insonation. 

Additionally, the thermal diagrams form Figure 5-22(b) and Figure 5-22(c) show the effects of 

ultrasonic frequency on the performance of CNTs. As we can see, the increase of ultrasonic 

frequency from 1 to 1.3 MHz enhanced the maximum temperature rise during the insonation by 

nearly 4.3 ℃ , 5.1 ℃ , and 7.3 ℃  for the CNT concentrations of 0.25%, 0.5% and 1% , 

respectively. 

The effects of ultrasonic field during the CNT-enhanced HIFU are presented in Figure 5-23 

in more detail. Figure 5-23(a) shows the temperature rise monitored at the end of the insonation 

versus power for various CNT concentrations when the ultrasonic frequency was set at 1.3 MHz. 

As we can see, the maximum temperature rise at the focal point was enhanced by increasing the 

power; a close observation of temperature bars indicates a nonlinear trend between temperature 

rise and power in the presence of CNTs. Considering the phantom with CNT concentration of 

1% as an example, the increase of power from 2 to 4.5 W enhanced the maximum temperature 

rise 1.5 times, whereas the relative enhancement of temperature rise was about 2.2 times for the 

power of 8 W when comparing with 4.5 W.  
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Figure 5-22 Temperature rise diagram during the HIFU insonation for phantoms with different 

concentrations of CNTs for ultrasonic field of (a) 𝑓 = 1.3 𝑀𝐻𝑧, 𝑃 = 4.5 𝑊 ;  

(b) 𝑓 = 1.3 𝑀𝐻𝑧, 𝑃 = 12.5 𝑊; (c) 𝑓 = 1 𝑀𝐻𝑧, 𝑃 = 12.5 𝑊. 
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Similarly, Figure 5-23(b) displays the maximum temperature rise versus the frequency when the 

power was 12.5 W. It is evident that the performance of CNTs in rising temperature during HIFU 

was enhanced by increasing the frequency of ultrasonic field. For example, the maximum 

temperature rises of 2.8 ± 0.6 ℃, 3.2 ± 0.1 ℃, 4.1 ± 0.7 ℃, and 7.9 ± 0.4 ℃ were monitored at 

the focal point of phantom with CNT concentration of 0.5% when the frequencies were 1, 1.1, 

1.2, and 1.3 MHz, respectively. 

 

 
Figure 5-23 Maximum temperature rises versus (a) power with the ultrasonic frequency of 

1.3 𝑀𝐻𝑧  (b) ultrasonic frequency with the power of 8 𝑊 ; for phantoms with different 

concentrations of CNTs. 
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All thermal diagrams have shown the enhancing effects of CNTs on the HIFU thermal 

treatment by increasing the temperature rise. To examine the performance of CNTs in comparison 

to MNPs (a well-known effective agents for HIFU), Table 5-1 shows the temperature rise after 15 

seconds insonation with respect to the power. The temperature data are presented for various 

concentrations of CNTs and MNPs when the ultrasonic frequency was set at 1.3 MHz. As it can 

be seen, CNTs have less effects on rising temperature during the HIFU compared to MNPs for all 

ranges of powers. Considering the phantoms with concentration of 0.5% as an example, the HIFU 

insonation with the power of 8 W caused nearly 5 times higher temperature rise in the phantom 

with MNPs than that with CNTs.  

Table 5-1 Temperature rise after 15 seconds of insonation with US frequency of 1.3 𝑀𝐻𝑧 for 

CNTs in comparison with MNPs. 

Power (W) 

Temperature rise (℃) 

𝜑 = 0.5% 𝜑 = 1% 

MNPs CNTs MNPs CNTs 

2 5.05 ± 0.36 1.2 ± 0.48 10.07 ± 0.79 1.78 ± 0.63 

4.5 10.16 ± 0.77 1.5 ± 0.28 21.59 ± 0.61 1.98 ± 0.53 

8 15.6 ± 1.18 3.20 ± 0.25 30.92 ± 0.57 5.1 ± 0.61 

5.2.4.2.Discussion  

The enhancing effects of CNTs on the heating mechanism of HIFU might result from the transport 

processes occurring at the boundaries of CNTs with suspending medium [113–115]. The 

propagation of ultrasonic waves causes the relative motion of CNTs with respect to the medium’s 

particles, resulting in the generation of shear waves around the CNTs due to the density difference 

at their boundary and corresponding viscous properties. As a result, the interaction mechanism 

between ultrasonic and shear waves leads to the higher absorption of acoustic energy through the 

propagation and consequently higher rise in temperature [114]. In another mechanism, CNTs’ 
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motion results in a temperature gradient around the CNTs due to their oscillation under an acoustic 

pressure field, causing a heat flux in direction of wave propagation and consequently a rise in 

temperature. Additionally, the temperature gradient generated at the boundaries of CNTs during 

HIFU forms thermal waves at that area in which their interaction with ultrasonic waves induces 

the higher absorption of acoustic energy and consequently higher rise of temperature [114].  

These thermal mechanisms which occurs at the boundaries of CNTs depend on the features 

of CNTs such that the increase of concentration can enhance the conversion rate of acoustic energy 

to heat and consequent temperature rise at focused region, as also reported in the experimental 

measurements in Figure 5-23. In addition, the increase of power can enhance the amplitude of 

acoustic pressure and consequently the oscillating domain of CNTs, resulting in the higher 

temperature gradient at the boundaries of CNTs. As a result, the enhancing effect of power on the 

performance of CNTs is expected (Figure 5-22(a) and Figure 5-23(a)). On the other hand, the 

frequency of ultrasonic field can affect the performance of CNTs, as the depth of thermal and 

viscous waves generated at the surface of CNTs can be increased with the ultrasonic frequency. 

As a result, it is expected that when ultrasonic waves are emitted at higher ranges of frequencies, 

a higher amount of acoustic energy are converted to heat and consequently higher temperature rise 

are monitored. The enhancing effects of frequency can also be observed from the experimental 

results (Figure 5-22(b) and Figure 5-23(b)). Finally, the temperature rise induced during the HIFU 

mediated by CNTs is related to the thermal properties of CNTs and hosting medium. Since CNTs 

have lower density (2.3 
g

cm3) than MNPs (5.17 
g

cm3), the rate of acoustic energy that absorbed by 

the medium with CNTs is less than that with MNPs. Therefore, it is expected that in comparison 

with MNPs, CNTs show less performance in enhancing the HIFU mechanism, as presented in 

experimental results in Table 5-1.  
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In addition to the improving effects of CNTs on HIFU’s thermal mechanism, reported in 

the current study, CNTs offer other advantages which make them effective for hyperthermia 

treatment using HIFU [116, 117]. In fact, it has been proved clinically that the thermal mechanism 

of HIFU can effectively improve the anti-cancer efficacy of ionizing radiation or systemic 

chemotherapy regimens [1]. Therefore, HIFU may be used as an auxiliary method for 

chemotherapy. In addition, due to their potential to enhance the heating mechanism of HIFU, 

CNTs can be effective agents for carrying chemotherapeutic agents [118, 119].  

The geometrical features of CNTs allow them to be used as smart agents on the nanometre 

scale for carrying anticancer drug, by attaching them to the outer shell or by filling CNTs with 

them [120]. Clinically, the chemotherapeutic drugs such as cisplatin are delivered intravenously 

by combining with a solvent before being administered, however, it can cause some additional 

adverse side effects and damaging the normal cells [121]. CNTs can be beneficial for carrying the 

anticancer drug because they can provide protection of both (i) a human body against toxic adverse 

effects from taking the drug, especially for highly toxic drugs such as those used for cancer 

treatments, and (ii) a chemotherapeutic drug against chemical and biochemical exposure [121]. 

The clinical and analytical studies have shown the potential of CNTs to transfer all three 

orientations of cisplatin, as an effective chemotherapeutic agent in treatment of cancer [121]. As a 

result, CNTs can be considered as affective agents for HIFU when used as therapeutic methods for 

drug delivery. 

Finally, CNTs with ability to enhance the therapeutic mechanism of HIFU, may be 

employed as thermal sensors on a cellular level that can provide noninvasive temperature control 

during the HIFU thermal treatment [50, 51]. In practice, it is essential to locally control the 

temperature during the hyperthermia treatment to avoid ineffective treatment due to the 
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insufficient heating [122, 123]. In this case, CNTs can be filled with materials showing strong 

temperature dependencies. The feasibility of different material in conjunction with CNTs such as 

multi-walled CNT (MWCNT) filled with Co, Fe, CuI and single-walled CNT (SWCNT) filled 

with AgCl, as sensors for monitoring the temperature is reported in the literature [51].  

In summary, although CNTs have not shown the effective performance as MNPs in 

enhancing the thermal mechanism of HIFU, their benefits for delivery of anticancer drugs and 

monitoring temperature during hyperthermia may make them potentially effective for the HIFU 

cancer treatment. 
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   Chapter 6 

6. Conclusion and Future Work  

6.1. Summary and Conclusions  

High intensity focused ultrasound (HIFU) has gained increasing attention as a noninvasive 

therapeutic method to treat disordered tissues, such as tumors, through a hyperthermal mechanism 

using ultrasonic waves. However, long treatment times and collateral damages to healthy tissues 

due to the use of high powers are still challenges for the clinical application of HIFU. One possible 

strategy to enhance the deposition efficiency of HIFU at the tumor site is to employ nanoparticles 

(NPs) as ultrasound absorption agents for the thermal therapy.  

During the last decade, a number of studies have shown the utility of MNPs and AuNPs as 

potential ultrasound agents to enhance the heating mechanism of HIFU, and consequently to 

reduce its adverse effects. However, the exact interaction mechanism between NPs and ultrasonic 

waves during the NP-enhanced HIFU, leading to the higher temperature rise, has not been clearly 

discussed and the effects of important parameters such as NP size that can significantly affect the 

efficiency of therapy have not been well investigated. This thesis focused on studying the physics 

of NP-enhanced HIFU and examining the effects of important factors regarding the NP-enhanced 

focused ultrasound therapy. The main conclusions of this thesis related to NP-enhanced HIFU are 

as follows: 

 An experimental study on tissue mimicking phantoms with similar thermo-acoustic 

properties to biological tissue was conducted to show the dose effects of AuNPs when 

injected locally to the targeted area. The results showed that the injection of AuNPs to the 



92 
 

focused region could significantly enhance the heating mechanism of HIFU by increasing 

the absorption rate of acoustic energy and the temperature rise during the HIFU insonation 

procedure. The results also indicated that the heating parameters of HIFU were increased 

with the dose of AuNPs injected to the focused region. 

 An experimental analysis using phantoms with uniform distribution of MNPs was 

performed to examine the effects of MNP features, including the size and volume 

concentration, on the thermal mechanism of HIFU and to investigate the performance of 

MNPs when exposed to ultrasonic fields at different ranges of powers and frequencies. A 

set of thermal parameters including temperature rise and the rate of absorbed energy per 

unit volume was measured to monitor the mechanism of MNP-enhanced HIFU. Results 

showed that the MNPs significantly improved the thermal effect of HIFU by enhancing the 

rate of energy converted to heat and the temperature rise at the focal region. Moreover, it 

was demonstrated that the increase of MNP size and volume concentration greatly 

enhanced the HIFU parameters; the effects of MNPs were further improved by increasing 

the power and frequency of ultrasonic field. 

 In an effort to better investigate the heating mechanism of HIFU enhanced by NPs, an 

analytical and numerical model was developed to simulate the heat transfer induced by the 

propagation of ultrasonic waves and their interaction with NPs. A set of differential 

equations governing the temperature variation during HIFU process were derived based on 

the Kuznetsov, Zabolotskaya and Khokhlov (KZK) equation for nonlinear ultrasound 

propagation, and the principle of conservation of energy for heat transfer mechanism. The 

accuracy of numerical model was verified by performing a series of experiments on 

phantoms embedded with MNPs. Based on the results from the numerical simulation and 
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experiments, the effects of MNPs features including the size and volume concentration on 

the HIFU heating mechanism were examined. The results indicated that the transport 

processes taking place at the boundaries between NPs and surrounding medium play the 

major role in the temperature rise during HIFU sonication. Besides, the results suggested 

that the effects of MNPs on rising temperature were improved by amplifying the power 

and frequency as well as by increasing the MNP concentration and size. Finally, a 

quantitative comparison with experimental results demonstrated the potential of the 

numerical model to accurately predict the heating mechanism of HIFU mediated by NPs. 

 Finally, an experimental study on tissue phantoms embedded with CNTs was conducted to 

assess the utility of CNTs during HIFU to enhance heating at low powers, and consequently 

to reduce its adverse effects. A set of thermal parameters was monitored to examine the 

performance of CNTs when exposed to ultrasonic fields with different ranges of powers 

and ultrasonic frequencies. The results showed the improving effects of CNTs on the HIFU 

thermal ablation by increasing the absorption rate of acoustic energy and temperature rise. 

6.2. Research Limitations  

In this PhD work, a numerical and experimental study of NP- enhanced HIFU was conducted; 

however, the current work includes several limitations, listed below: 

 The experiments were conducted using in vitro setup using agar-based phantoms which 

were highly idealized; therefore, the results provided in this work are not directly 

transferrable to in vivo treatments. 

 The numerical modeling was developed based on a simplified model where a 

homogenous medium was assumed for simulating the biological tissue. Therefore, the 

developed numerical model is not able to simulate the heating mechanism of HIFU 
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during clinical applications where medium is inhomogeneous tissue. To this end, exact 

structure and inhomogeneity of the biological tissue, as well as the distribution of NPs 

inside the targeted tissue should be well defined to develop the numerical modeling for 

clinical applications. 

 The acoustic properties of the phantom developed for the current studies were not directly 

measured and calibrated in the lab; instead, the values reported in the literature were used 

for the numerical modeling. 

 In the numerical modeling to simulate the experiments, the power monitored by the 

amplifier was considered as the acoustic boundary condition in pressure calculation; 

however, the power generated by RF amplifier circuit was electrical power which is 

generally higher than the actual acoustic power emitted from the transducer’s surface. 

 To monitor the thermal mechanism of HIFU in the phantom, an in situ temperature 

measurement using a needle thermocouple was conducted. However, this method might 

have resulted in some artifact effects and consequently some errors in temperature 

measurements. 

6.3. Future Work 

This section proposes the potential directions which can be targeted for further investigations on 

the topic of this research:  

 Studying the effects of NP features including the size and volume concentration on the 

cavitation mechanism of HIFU by measuring the cavitation threshold, i.e. minimum 

pressure amplitude required to initiate the cavitation phenomenon. 
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 Further investigation on the feasibility of using CNTs during the HIFU treatment by 

examining the effects of CNT features on the thermal and cavitation mechanisms of HIFU. 

 Studying the utility of using CNTs filled with the appropriate sensor materials such as Co, 

Fe, and CuI for monitoring the thermal mechanism of HIFU and examining the 

performance of those developed nanoscale agents in therapeutic mechanism of HIFU. 

 Studying the feasibility of using CNTs in conjunction with HIFU for drug delivery to the 

brain. In the proposed method for drug delivery, the HIFU mechanism can be employed to 

open Blood-Brain Barrier (BBB) and CNTs can be used as agents for carrying drugs. 
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