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Abstract 
 
Introduction 
High intensity focused ultrasound (HIFU) is considered a noninvasive and effective technique for tumor 

ablation. Frequency and acoustic power are the most effective parameters for temperature distribution and 

the extent of tissue damage. The aim of this study was to optimize the operating transducer parameters such 

as frequency and input power in order to acquire suitable temperature and thermal dose distribution in the 

course of a numerical assessment. 

Materials and Methods 

To model the sound propagation, the Khokhlov-Zabolotskava-Kuznetsov (KZK) nonlinear wave equation 

was used and simulation was carried out using MATLAB HIFU toolbox. Bioheat equation was applied to 

calculate the transient temperature in the liver tissue. Frequency ranges of 2, 3, 4, and 5 MHz and power 

levels of 50 and 100 W were applied using an extracorporeal transducer. 

Results 
Using a frequency of 2 MHz, the maximum temperatures reached 53°C and 90°C in the focal point for 

power levels of 50 W and 100 W, respectively. With the same powers and using a frequency of 3 MHz, the 

temperature reached to 71°C and 170°C, respectively. In addition, for these power levels at the frequency of 

4 MHz, the temperature reached to 72°C and 145°C, respectively. However, at the 5 MHz frequency, the 

temperature in the focal spot was either 57°C or 79°C. 

Conclusion 

Use of frequency of 2 MHz and power of 100 W led to higher thermal dose distribution, and subsequently, 

reduction of the treatment duration and complications at the same exposure time in ablation of large tumors. 
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1. Introduction 
Liver and intra-hepatic bile duct cancers are 

considered as major human health problems and 

the second most frequent causes of mortality in 

Asia [1]. Reports showed that 30% of patients 

suffer from metastatic disorders in the liver 

during diagnosis. It is also shown that about 50% 

of cancers extend at the time of Sickness 

. Thus, the first-line treatment for this condition 

is mostly hepatic resection or liver 

transplantation that unfortunately only 10-25% 

of patients can undergo the curative resection. It 

is estimated that five-year survival is possible 

only for 4 0% of the patients [2]. 

Currently, minimally invasive and noninvasive 

thermal therapy techniques consisting of laser, 

radiofrequency ablation (RFA), microwave, 

and high intensity focused ultrasound (HIFU) 

are used as a substitute for surgery and 

radiotherapy [3]. 

Unlike other minimally invasive procedures, 

HIFU is an extracorporeal and entirely 

noninvasive modality for tumor ablation with a 

typically short patient recovery time. The 

primary advantages of HIFU beam are high 

ability to converge and deliver thermal energy 

into the localized target volume with sub-

millimeter accuracy and non-ionizing nature, 

which makes treatment safe [4, 5]. The fast 

conversion of acoustic energy to heat can elevate 

tissue temperature of a specific area and lead to 

irreversible damages and cell death [6]. 

In comparison with several-minute duration in 

other modalities, HIFU procedure releases a 

considerable amount of thermal energy into a 

finite volume and causes an instantaneous 

temperature rise during only a few seconds [7]. 

Maximum temperature is induced at the focal 

point, and other points are also exposed to 

various heat levels depending on physiological 

characteristics and its relative place from the 

face of the transducer [7, 8]. 

The cancerous tissue temperature is elevated to 

higher than 60°C within a few seconds and can 

lead to irreversible cell death via coagulation 

necrosis [9]. In principle, when the tissue 

temperature exceeds 55°C, cell necrosis and 

lethal bioeffects occur. Temperatures above 

95°C can lead to cavitation and boiling with high 

extents of lesion (coagulated necrosis zone) that 

cannot be evaluated correctly [3]. Heat control in 

targeted volume depends on power levels, 

acoustical intensity, and frequency that affect 

temperature distribution [10].  

In previous studies, HIFU was simulated in 

various amplitudes and by continuous and 

pulsed waves at 1 MHz frequency. However, 

they did not take into account the effects of 

nonlinearity to estimate necrotic volumes. In 

addition, since the heat levels were estimated 

just from the thermal aspect, the lesion size and 

shape were not accurately predicted [3, 6]. 

Therefore, by considering the nonlinearity 

effects of HIFU waves, the aim of this study was 

to optimize the operational transducer 

parameters such as frequency and power to 

acquire suitable temperature and thermal dose 

distributions in a simulation assessment. 

 

2. Materials and Methods 
Simulation of ultrasound propagation plays an 

important role in the advancement of HIFU 

technology [11]. One interesting method to 

simulate nonlinear propagation was the 

Khokhlov-Zabolotskava-Kuznetsov (KZK) 

nonlinear parabolic wave equation describing 

axisymmetric acoustic propagation [12]. The 

KZK parabolic equation is the simpler 

derivation of Westervelt model that has a 

different time frame [13]. This equation takes 

into account absorption, diffraction, and 

nonlinearity effects of sound propagation in 

thermo-viscous tissues [14]: 
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Where P is the acoustic pressure, ρ is the 

density, 𝛽 = 1 +
𝐵

2𝐴
 is the coefficient of 

nonlinearity with 
𝐵

𝐴
 being the nonlinear 

parameter 6.6 and 3.5 for liver and water, 

respectively. c0 is the small signal sound speed, 

τ=t-
𝑧

𝑐0
 is the new time frame, and z is the 

coordinate of direction of propagation also the 

diffusivity of sound, δ accounts thermal and 



High- Intensity Focused Ultrasound Ablation 

Iran J Med Phys., Vol. 14, No. 1, March 2017 17 

viscous losses in thermo-viscous soft tissues 

and is defined below [3, 15, 16]. 

𝛿 =
2c0

3α

ω2                                                         (2) 

where α and ω indicate the acoustic absorption 

coefficient and angular frequency of the 

signal, respectively. 

Ultrasound intensity can be exponentially 

attenuated when passing through the biological 

tissue. Attenuation coefficient follows the 

power-law frequency dependence of the form 

α(ƒ)= α0.ƒ
η
. Where α0 is absorption coefficient 

(at reference frequency of 1 MHz), and ƒ and 

η are frequency and material specific 

parameters typically in the range 1≤η≤2, 

respectively. In this consensus η for the liver 

and water was equal to 1.1 and 2, respectively 

[15, 17, 18]. Therefore, the attenuation 

coefficient and nonlinear properties are 

different for various tissues. 

All simulations were implemented in 

MATLAB R2013a (the Mathworks, Inc., 

Natick, MA) powerful software environment, 

using HIFU simulator toolbox approved by 

Food and Drug Administration (FDA). 

Acoustic pressure field was solved using 

second-order diagonally implicit Runge-Kutta 

and Crank-Nicolson finite-difference operators 

for integrating the kth (k=128) harmonic 

equation. In this study, the time domain was 

used based on implementation of KZK [19]. 

Volumetric heat rate (Qs [W/m
3
]) was directly 

obtained from pressure field distribution 

pointed out below and was assumed to be 

proportional to acoustic intensity I [20]. 

Qs = 2αI                                                         (3) 

Intensity (I [W/m
2
]) in the prior equation can 

be written in terms of P: 

I = 
𝑃2

2ρ𝐶0
                                                          (4) 

A single element with a 2.5 cm aperture, 2 cm 

diameter hole in the center of transducer, and 

focal length of 10 cm was applied. 

The applied frequencies of 2, 3, 4, and 5 MHz 

with 50 and 100 W emitted acoustic powers 

were also employed. To reduce the reflective 

effects of the sound, transducer was modeled 

in water. In our model, after travelling 5 cm in 

water the waves reached to the interface of 

perfused liver tissue. The sound reflection was 

0.2% that was a very insignificant value. The 

simulated exposure sequence consists of 5 

pulses including an initial 0.3 s pulse duration 

followed by four pulses of 0.1 s at 0.5 s 

interval time. Heating phase was then followed 

by about 5 s of cooling phase. Additionally, 

duty factor of exposure was 20%. Definition of 

the duty factor is [21]: 

Duty factor =
Pulse Duration 

Pulse Repetition Rate
                    (5) 

Temperature elevation most commonly can be 

determined by the Pennes bioheat transfer 

equation [20]: 

𝜌𝑐
𝜕𝑇

𝜕𝑡
= ∇ 𝑘. ∇𝑇 − 𝑤𝑏𝑙𝑐𝑏𝑙(𝑇 − 𝑇𝑏𝑙) + 𝑄𝑠     (6) 

Where ρ is density, c is the specific heat 

capacity, k denotes constant thermal 

conductivity, Wbl is the blood mass perfusion 

rate (Wbl=15 Kg/m
3
.s), Cbl is specific heat 

capacity of the blood, Tbl is temperature of 

inflowing arterial blood, that is assumed equal 

to 37°C, and Qs is power deposition per unit 

volume as defined previously [5]. 

Bioheat equation is one of the prevalent 

methods for calculating the temperature rise 

during exposure. This equation takes into 

account influence of the blood flow in the 

capillary bed. Several studies were performed 

to investigate the effects of large blood vessels 

on temperature distribution [3, 6]. Solovchuk 

et al. considered the effect of blood flow 

cooling and acoustic streaming on the 

temperature rise and coagulated necrosis 

volume [3]. 

A finite-difference time domain (FDTD) 

method was employed to compute the sound 

and heat equations for both water and liver 

domains [12, 13]. Physical properties of the 

biological tissues used in the simulations are 

listed in Table 1 [5, 15, 16, 19, 22-24]. 

HIFU-induced temperature fields were applied 

to compute the thermal dose (TD) and lesion 

volumes. This procedure was developed by 

Sapareto and Dewey [25]. It was indicated that 

an exponential relationship exists between 

tissue temperature and required exposure time 

for annihilating the cells and formation of 

coagulated necrosis volumes. The thermal 

dose is obtained as: 
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𝑇𝐷43(𝑥,𝑦,𝑧) = ∫ 𝑅43℃−𝑇(𝑡)𝑑𝑡
𝑡

0
              (7) 

 

where R= 0.5 for T≥43°C and R=0.25 for 

T<43°C. 

According to this equation, thermal dose 

resulting from heating the tissue to 43°C for 

240 min is equivalent to what is achieved by 

heating to 56°C for 1.76 s [6]. Thermal dose of 

100<t43<1000 min at 43°C can bring about 

irreversible damages and induce coagulated 

necrosis [5]. 
 

Table 1. Acoustic and thermal properties for biological 

tissues 

Water Liver Symbol Units 
Material 

properties 

1000 1060 𝜌 kg/m
3
 Density 

1482 1595 c0 m/s Sound speed 

0.6 0.51 k W/m.K 
Thermal 

conductivity 

4180 3639 c J/kg.K 
Specific heat 

capacity 

0.217 50 α0 dB/m 

Attenuation 

coefficient of 

sound 

 

 

3. Results  
To compute the induced heat to the liver tissue, 

measurements were carried out using different 

frequencies and power levels. Nonlinear 

behavior was investigated for 128 wave 

harmonics; there are both positive and negative 

pressure peaks in pressure curves. The pressure 

peaks cover those points. Moreover, there are 

some short pressure peaks before the large 

amplitude peak, which cause partial thermal 

field. Comparison between the pressure 

amplitude distributions is shown in Figure 1. 

Furthermore, due to the relative phase shift 

between harmonic components of distorted wave 

caused by diffraction, the positive and negative 

peak pressures were asymmetric [26]. In the 

similar power level, amplitude of the produced 

pressure peaks at 3 MHz frequency was greater 

than other frequencies at the focal depth of 10 

cm of the liver. 

 

 

 
A                              B 

 
C                                     D 

 
E                                    F 

 
G                                  H 

Figure 1. Axial peak positive and negative pressures at 

different frequencies and emitted acoustic powers of (A) 2 

MHz, 50 W; (B) 2 MHz, 100 W; (C) 3 MHz, 50 W; (D) 

3MHz, 100 W; (E) 4 MHz, 50 W; (F) 4 MHz, 100 W; (G) 

5 MHz, 50 W; (H) 5 MHz, 100 W 

 

As shown in all the figures, there is a sound 

displacement from the geometrical focus toward 

the transducer face due to diffraction effect. In 

some studies, it was demonstrated that Qs is 

proportional to P
2
 [20], and the Qs curves were 

approximately similar to pressure curves. 

As shown in Figure 2, the temperature increased 

at the focal spot. At 2 MHz frequency, the 

maximum temperature in the focal point reached 

53°C and 90°C for both 50 W and 100 W powers, 

respectively. At 3 MHz frequency and similar 

powers, temperature reached to 71°C and 170°C. 

Furthermore, the temperature reached to 72°C 

and 145°C at 4 MHz frequency. However, at 5 

MHz frequency the temperature reached to 57°C 

and 79°C. 

In addition, it can be noted that the temperature 

peak was the highest at t=0.38 s. Because of the 



High- Intensity Focused Ultrasound Ablation 

Iran J Med Phys., Vol. 14, No. 1, March 2017 19 

first pulse duration (0.3 s), the temperature 

elevation of the first pulse had the highest value in 

total curves. We compared these profiles with 

each other and selected with temperature peaks of 

60-95°C. 

 

 
A                                        B 

 
C                                      D 

 
E                                      F 

 
G                       H 

 

Figure 2. Simulated peak temperature as a function of time 

at frequencies and emitted acoustic powers of (a) 2 MHz, 

50 W; (b) 2 MHz, 100 W; (c) 3 MHz, 50 W; (d) 3 MHz, 

100 W; (e) 4 MHz, 50 W; (f) 4 MHz, 100 W; (g) 5 MHz, 

50 W; (h) 5 MHz, 100 W 

 

 

At 3 and 4 MHz frequencies with 100 W powers, 

increasing the temperature above 95°C can cause 

both thermal and mechanical effects. However, 

because the mechanical effects were not 

considered in calculations, we did not obtain these 

results. 

In Figure 3, predictions of intensity profiles and 

spatial temperature distribution are shown for 

four cases composed of previously mentioned 

condition along the ultrasound propagation and 

radial axis. 

The remaining cases were excluded from our 

assessment. There was a steep gradient of 

temperature along the width of the beam in 

comparison with the temperature gradient across 

the length. 

 

 

 
A                                 B 

 

 
C                                 D 

Figure 3. Predicted intensity profiles and temperature 

contours at frequencies and emitted acoustic powers of (A) 

2 MHz, 100 W; (B) 3 MHz, 50 W; (C) 4 MHz, 50 W  (D) 

5 MHz, 100 W 

 

The thermal dose profiles were calculated by 

using the above-mentioned temperature contours 

and are showed in Figure 4. The thermal build-

up accumulation is observed at the end of the 
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first sonication. In this study, predicted lesion 

volumes with temperatures above 95°C were not 

shown. Consequently, they are computed 

without considering the mechanical effect. Thus, 

because of limitation in our computation, there is 

no certainty in lesion volume yields from 3 and 4 

MHz frequencies and 100 W power transducers. 

In addition, the physical parameters of 

transducer can affect size and shape of the 

necrosis volume induced by HIFU therapy. 

 

 
A                                      B 

 
C                                      D 

Figure 4. Radial and axial depths of ablation zone as 

indicated by thermal dose TD43 

 

4. Discussion 
The real therapy condition and focal energy 

delivery can be established by the nonlinear 

effect. The effect of nonlinearity on the 

acoustic pressure calculation and temperature 

response has been previously investigated 

[12]. Acoustical frequency is generally 

considered as the most important parameter in 

therapeutic ultrasound applications [7]. It is 

well known that the ultrasound attenuation 

increases with frequency; accordingly, high 

frequencies could not be used for the treatment 

of deep-seated tumors. The acoustic power 

was also another effective parameter. In 

general, high power levels have more ability to 

induce the high temperatures within a few 

seconds [27].  

The pressure peak values were between the 8 

and 22.5 MPa, while the maximum pressure 

peak was at 3 MHz frequency and 100 W 

power in the focal depth. It should be 

mentioned that frequency and power changes 

had significant effects on the pressure 

distribution inside the liver tissue. Increased 

frequency causes the focal region and acoustic 

pressure curves become smaller and narrower, 

respectively. It is evident that pressure peak 

increases with power. As shown in Figure 1, 

frequency enhancement from 2 to 4 MHz 

results in an increase in the pressure peak 

value at power of 100 W, although it was 

decreased at frequency of 5 MHz. These 

results were not observed using the power of 

50 W.  

It was indicated that increased ultrasound 

intensity elevates the temperature peak; thus, 

the lowest focal temperature peak was close to 

53°C at the first pulse at 2 MHz frequency and 

50 W power (Figure 2-a). Then, by comparing 

the related temperature contours and their 

thermal doses, their optimal distributions were 

achieved. In fact, the HIFU-induced thermal 

doses and discrepancies between their lesion 

volumes were clearly distinguishable. 

Regardless of cavitation phenomenon, the 

lesion size and shape can be well-predicted 

exclusively from the thermal and nonlinearity 

aspects. Recently, Solovchuk et al. showed 

that lesion size was obtained by solely taking 

into account the thermal effects. The 

maximum temperature never exceeded 95°C, 

which indicated absence of any mechanical 

effects of ultrasound waves such as cavitation 

[3]. Lesion size can be increased with inertial 

cavitation that significantly enhanced heat 

deposition at the HIFU focus [20]. In our 

study, we investigated the effect of higher 

powers (50 and 100 W) and frequencies higher 

than 1 MHz on thermal distribution. 

Furthermore, we measured the lesion volume 

at various frequencies. 

Because each 3 s of sonication includes four 

short pulses and produces higher transient 

temperatures, thermal volume dose is 

considerable. In similar studies, for producing 

these situations, more sonications are applyied. 

The reported thermal doses were compared to 

obtain the suitable exposure condition. The 

minimum and maximum widths of necrotic 
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zones at z direction were obtained at 2 and 5 

MHz frequencies (with 100 W power), 

respectively, which are shown in (Figure 4-D 

and A). Clearly, a difference between the 

ablated zone volumes is revealed in the maps. 

Thus, the minimum and maximum destroyed 

volumes were obtained at 5 and 2 MHz 

frequencies (with 100 W power), respectively. 

The powers and frequencies were tested for 

reaching the optimal temperature and thermal 

dose distributions at a pulsed mode sonication. 

The continuous waves were also utilized in 

several studies [15, 28]. The large area of 

coagulated necrosis is rapidly obtained by 

applying 2 MHz frequency and 100 W power 

in the same exposure time. In large tumor 

ablation, it enables us to have a higher 

destroyed volume at shorter period of time . 

Ultrasound therapy has the potential to be 

combined with imaging devices such as 

magnetic resonance guided HIFU (MRG 

HIFU). Moreover, applying MRG HIFU 

technique can provide effective spatial control 

and monitoring-induced thermal lesions during 

HIFU therapies [29-31]. Observed 

displacement is less at the 5 MHz frequency 

compared to other frequencies. Thus, higher 

frequencies can lead to a more accurate sound 

focus adjacent to geometry focus of the 

transducer. In conclusion, HIFU parameters 

were optimized to reduce the treatment time, 

damage to the surrounding normal structures, 

and complications in large tumors and to 

ensure safety and efficacy of this modality. 

 

5. Conclusion 
In this numerical assessment, we demonstrated 

the changes of the transducer parameters such 

as frequency and power, which show a great 

impact on the temperature and thermal dose 

maps. Additionally, we performed a 

comparative analysis to acquire appropriate 

geometrical transducer parameters at 2 MHz 

frequency with 100 W power. In conclusion, 

utilization of the optimum parameters of 

transducer can improve the treatment outcome 

of HIFU to lower the treatment time and 

present a good protocol for liver therapy. 
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