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A B S T R A C T
Purpose: The mechanical map of liver tissue like stiffness is as important as its 
anatomical image for clinical purposes like staging the liver fibrosis. Acoustic ra-
diation force-based shear waves interference patterns elastography is an interesting 
independent imaging rate technique which can generate shear waves in the liver 
tissue in any desired depth by means of the high intensity focused, long duration 
push beams. Because of wave attenuation and absorption process the sound wave 
energy is dissipated in the tissue and due to energy conservation law is turned into 
heat thus like any other ultrasound imaging modality, shear waves interference pat-
terns elastography carries the risk of tissue heating  and thermal ablation specially 
at the focal spot. Therefore, particular attention must be paid to the thermal safety 
assessment to shear waves interference patterns elastography. The aim of the pres-
ent simulation study is the thermal safety evaluation in the liver tissue.

Materials and Methods: The liver tissue has been simulated in the presence of 
its adjacent tissues like skin, muscle, ribs and intercostal muscles in 3 dimensions 
during shear waves interference patterns elastography. With 4 seconds exposure 
time and 2 MPa focal pressure.

Results:Temperature at the focal point increases from normal body temperature 
(37˚C) to 47˚C.

Conclusion: Thermal effects appraisal, indicates that the general tissue heating 
stays within the safe region.   

1. Introduction

Chronic liver disease like fibrosis is an 
essential worldwide problem. Liver tissue 
has the smooth surface and soft structure. 

Some diseases like different types of hepatitis 

cause liver inflammation. In response to the 
inflammation, the liver tissue tries to regenerate 
itself and the dead cells have been replaced with 
collagen and the tissue becomes stiffer which 
is called liver fibrosis. Liver fibrosis results in 
cirrhosis, liver defect and finally liver cancer[1].
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Elastography is a noninvasive method for 
assessing the liver stiffness which is proportional 
to the different degrees of  liver fibrosis so that the 
liver with upper degrees of fibrosis is much stiffer 
than normal liver[2].

In shear wave elasticity imaging, a push signal 
is deeply generated by acoustic radiation force. 
Thecreated disturbance by the Acoustic Radiation 
Force (ARF) travels transversely through the 
tissue as a shear wave. The speed of shear wave is 
proportional to the underlying tissue stiffness.

Shear wave interference patterns elastography, 
which does not need ultrafast imaging for 
monitoring the shear wave movement, is an 
‎elastography technique that uses ARF as a minimally 
invasive excitation for ‎liver deformation.‎

Nowadays, in addition to ultrasonic imaging 
[3], therapy [4], surgery [5, 6] and drug delivery 
[7], ultrasound waves can be used for shear wave 
generation in soft tissues [8] like liver.

While an acoustic wave propagates through 
a lossy medium like a soft tissue, arising from 
absorption and reflection of acoustic waves, 
ultrasonic energy turns into thermal energy. This 
thermal energy results in tissue heating. Therefore, 
a temperature distribution ‎ due to the clinical 
usage of ARF as the source of excitation is crucial. 
Generated heat and temperature rise must be in a 
safe region.

 Wu et al. (1990) and Lin et al. (2000) computed 
the temperature increasing due to using a High 
Intensity Focused Ultrasound transducer (HIFU). 
Although they have considered the perfusion, their 
model had two layers: soft tissue and bone [9, 10].

Palmeri et al. (2004) investigated the temperature 
rise in the tissue and its  relation with elasticity 
value under the different acoustic radiation 
force impulse excitation beams and focal point 
configurations [11].

Sheu et al. (2011) predicted the temperature of 
tumor in the liver during high intensity focused 
ultrasound thermal ablation, but they only 
considered the liver tissue without  its adjacent 
tissues [12].

Hosseinzadeh et al. (2011) published a paper in 
which the effect of different parameters on the heated 

necrosis element in a cubic was investigated [13].

Tabatu et al. (2012) have investigated the 
temperature rise resulted from ARF push wave 
sequence at the bone-soft tissue interface. 
They have concerned about the time interval of 
excitation train from avoiding bone heating due to 
higher absorption [14].

Liu et al. (2014) have analyzed the effect of inter 
frame off duration in the generated heat to be in 
the safe region. They have discussed that the short 
cooling time between acoustic radiation force 
impulse may be dangerous at the bone tissue [15].

Nitta et al. (2014) have evaluated the temperature 
rise into a layer with and without bone in the finite 
element model due to using acoustic radiation 
force impulse imaging [16].

Hudson et al. (2015) developed a simulator for 
predicting the temperature elevation but their 
simulation and experiments were in and around 
the bone during HIFU therapy [17].

Treeby et al. (2015) have investigated the effect 
of changing the incidence angles and different 
degrees of bone complexity for bone sonication 
in 2 dimensional space in two layers consisting of 
bone and elastic or fluid medium in a simulation 
study [18].

This simulation study demonstrates the 
combination of acoustic and thermal simulations 
in K-WAVE MATLAB toolbox [19] to calculate 
the temperature map in the liver tissue for one of 
two excitation sources. Because the two sources of 
excitation are far enough apart from each other, we 
consider the thermal effects of one source.

Since it is impossible for the user to know the 
temperature elevation in the tissue, a simulation 
study has been conducted on the generated heat 
and safety issues using acoustic radiation force for 
shear waves interference patterns generation.

As acoustic waves generated from a focused 
transducer travel through different tissues to reach 
the targeted one for its deformation, the acoustic 
energy has been turned into heat energy due to the 
absorption phenomenon. Safe conditions for the 
liver and its surrounding tissues in the excitation 
duration in the case of thermal effects must be 
guaranteed.
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In this manuscript, the liver tissue with its 
neighboring tissues such as skin, muscle, ribs 
and intercostal muscles have been simulated in 
3 dimensions. The thermal effects due to using 
acoustic radiation force for shear wave interference 
patterns in the liver tissue has been investigated.

 Obtained results in comparison to related 
references have shown that shear wave interference 
patterns elastography is safe for liver tissue.  ‎We 
continue with discussion and future works.‎

2. Materials and Methods
Shear wave interference patterns elastography 

consists of two push transducers ‎which are 
responsible for liver excitation and a conventional 
imaging probe in ‎order to record shear wave 
movement. Imaging probe is placed between 
‎excitation focused transducers. ‎

We are going to model heat diffusion in liver 
due to shear wave generation ‎using ARF. This 
process consists of two steps: modeling the push 
transducer, ‎liver with its adjacent tissues, acquiring 
ultrasound beam, pressure distribution ‎which 
reaches the liver through different neighboring 
tissues, consequently ‎using obtained pressure field 
to compute thermal model and finally ‎temperature 
map distribution all over the liver tissue.‎

Firstly an acoustic simulation has been performed 
to compute the volume rate of heat deposition 
due to the generated acoustic pressure by push 
transducer which here is a focused ultrasound 
transducer.

The volume rate of heat deposition is then used 
as an input to a thermal simulation to calculate the 
temperature map distribution.

2.1. Acoustic Simulation
Because of asymmetric in the structure of the 

tissue we must do our simulation in 3 dimensions.

The total volume of the simulated model is a 
solid cubic phantom with ‎‏10‏‎ cm ‎length in every 
direction.‎

The first and second layers are considered as 
skin (fat) and muscle, so that the ‎layer which is in 
contact with the transducer is skin. The third layer 

is the ribs in ‎which the space between them has 
been filled by muscle. The width of every ‎rib and 
the space between two neighboring ribs are equal 
to 0.5‏‎ and ‎‏1.5‏‎ cm respectively. The thickness of 
every layer is equal to 0.‎‏5‏‎ cm. The remaining 
‎volume is occupied by the liver.‎

Hence forth, z implies the main propagation axis, 
representing from the transducer to the focal point, 
x is the lateral direction and is the interconnected 
axis between two push transducers, and y is the 
elevation direction perpendicular to x.

In concave ultrasound transducers, ultrasonic 
energy is concentrated at the focal point which is 
in the form of an ellipsoid with the larger diameter 
in the z direction.

Here the acoustic source is defined to be a focused 
transducer driven by continuous amplitude-
modulated sinusoid wave.

HIFU’s parameters which have been used in the 
simulation are given in Table 1.

Table1. Spherical cap focused transducer specifications

Parameter Value unit

HIFU Aperture Diameter 80 mm

Radius of Curvature 50 mm

Excitation Frequency 1 MHz

Modulation Frequency 100 Hz

Surface Acoustic Pressure 0.5 MPa

The definition of the HIFU diameter and radius 
of curvature has been depicted in Figure 1.

Figure 1. Schematic figure of a spherically curved 
transducer

A 3- dimensional picture of simulated HIFU in 
K-WAVE has been shown in Figure 2.
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Table 2. Tissues acoustic parameters have been used in simulation [3, 21]

Tissue Compressional Wave Speed Absorption Coefficient Density

Liver 1590 0.45 1060
Rib 4080 3.54 1900
Fat 950 0.6 1450

Muscle 1590 0.75 1065

Figure 2. Focused transducer

In the shear wave interference patterns 
elastography we need the displacement in the range 
of several micrometers for elasticity estimation.

The minimum value of focal pressure for 
displacing the liver tissue in the range of the 
micrometer is equal to 2 MPa.

Because of asymmetric in the structure of tissues, 
we must do our simulation in 3 dimensions.

As ultrasound waves pass through different 
biological tissues, their intensity is exponentially 

attenuated. Attenuation coefficient in accordance 
with power-law frequency is in the form of:

Where α0 is absorption coefficient (at reference 
frequency of 1 MHz), and ƒ and β are frequency 
and material specific parameters typically in the 
range 1≤β≤2, respectively. In this consensus β for 
the liver is equal to 1.1 [20].

The acoustic properties of different applied 
tissues have been listed in Table 2.

We have put a HIFU with 5 cm radius of curvature, 
8 cm face diameter and 2 cm height in the center 
and above of the model.

In the finite difference problems the Courant-
Friedrichs-Lewy (CFL) condition is used for 
getting a stable solution. The CFL condition is 
expressed as:

Where         is the maximum speed available in 
the model, Δt and Δx are the temporal and spatial 
steps [22]‎.

In our simulation the maximum speed is about 
4080     , the temporal and spatial steps is equal to 
50 ns and 0.7mm. Based on mentioned equation 
CFL number is equal to 0.3, therefore our obtained 
answer is stable.
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After the acoustic simulation was completed, we 
ran the simulated model and obtained the Root 
Mean Square (RMS) pressure in the x-z plane. 

2.2. Thermal Simulation 
Heat deposition per unit volume arises from 

acoustic pressure which has been generated by 
self-focusing ultrasound transducer, acting as an 
input in the thermal simulation.

The dimensions of the excitation transducer, 
ultrasonic exposure time, attenuation and specific 
heat coefficient of tissue affect the tissue thermal 
distribution.         

The relation between temporal averaged acoustic 
intensity and Root Mean Square (RMS) acoustic 
pressure due to exciting a HIFU with amplitude 
modulated signal as input driving is given as 
below:

Where i     , Prms(pa), ρ      , cl      are the 
averaged acoustic intensity, RMS pressure, mass 
density and longitudinal wave speed in the intended 
tissue (here liver).

The volume rate of heat deposition can be 
approximated using the plane wave relationship 
[23]:

Q=2αi

Where α            is the attenuation coefficient of 
the liver tissue and Q  is the volumetric heat rate.

Because of its simplicity and considering the 
perfusion of tissue, the temperature elevation map 
which has been generated by self-focusing HIFU 
‎transducer in liver with adjacent tissues is solved 
through pennes bioheat ‎transfer equation [24].

In Table 3, thermal properties of the liver tissue 
have been given.‎

Table 3. Liver tissue properties related to the diffusion

Parameter Value Unit

Density 1060

 Thermal
Conductivity 0.52

Specific Heat 3540

In this manuscript the perfusion is considered 
homogeneous in the liver tissue. ‎The blood 
perfusion can act as a heat sink in the liver tissue.‎

The initial temperature of the tissue and blood 
before irradiation is considered as the normal body 
temperature equal to 37 degrees Celsius.

Thermal properties of blood with their values 
have been represented in Table 4.

Table 4. Blood properties related to the perfusion

Parameter Value Unit

Density 1050

Specific Heat 3617

Perfusion Rate 0.01

 Blood Ambient
Temperature 37 ˚C

3. Results
Time domain simulation of heat diffusion in our 

heterogeneous medium has been calculated.

Resultant RMS acoustic pressure in the x-z plane 
has been demonstrated in Figure 3.

Figure 3. RMS acoustic pressure in the x-z plane in 
different layers from fat to liver tissue

The simulation results are presented in Figure 4.
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(a) (b)

(c) (d)

Figure 4. (a) RMS acoustic pressure. (b) Power deposition per unit volume (c) and (d) Temperature distribution field after 4 
seconds heating time and then switching the heat source for 20 seconds to allowing tissue to be cool, respectively

Figure 5 which indicates the temperature at focal 
point in the excitation transducers on and off time 
is a classic heating and cooling curve.

Figure 5. Temperature profile at the focal spot center in liver

4. Discussion

In the ARF-based elasticity imaging, many 
parameters like exposure time, acoustic intensity, 
attenuation coefficient of the tissue, continuous or 
pulsed-wave excitation are the prominent factors 
in the generated heat in the underlying tissues. 
It is clear that any increase in the radiation time 
or intensity rocket up the generated heat. With 
increasing the absorption coefficient of the tissue, 
more ultrasonic energy is dissipated in the tissue 
and is converted to the heat.

The time exposure and acoustic intensity in shear 
wave interference patterns elastography depends on the 
distance between two excitation sources and required 
displacement for the post processing algorithm.

Ultrasonic time exposure must be large enough 
so that shear waves interfere with ‎each other. ‎

The focal pressure should be in the range that 
can displace the liver tissue in ‎the domain of many 
micrometers.‎

We have used ARF in the form of amplitude 
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modulation or switching for shear wave creation 
which induces less heat compared to continuous 
state.

There are two sources of heating in the clinical 
usage of focused transducer for shear wave 
induction. The generated heat in the focal point 
and the created heat in the body surface due to 
impedance mismatch between the skin and the 
self-focusing transducer. We can decrease  the 
generated heat in the body surface by using a 
lubricant gel as a matching layer.

Our post processing algorithm utilizes a Digital 
Image Correlation (DIC) and tracking with 
MATLAB which is based on axial cross correlation 
and is capable of detection displacements in the 
range of micrometer which can be achieved by 
the focal pressure equal to 2 MPa, so that our 
focal intensity is in the upper range of diagnostic 
ultrasound (acoustic intensity                [6, 25] .

Maximum temperature generated in the liver is 
equal to 47 ˚C for 4 seconds radiation, which is in 
the safe region based on the peak of temperature 
and applied time [26].

Figure 6. Illustration of the different levels of thermal dose and their biological outcomes

5. Conclusion
A common challenging problem in ARF- based 

elastography methods is the induced heat and 
temperature rise in the targeted tissue due to 
acoustic energy dissipation.

In our simulation study we simulated liver tissue, 
its adjacent tissues along with focused transducer 
in 3 dimensions to examine the evolution of 
temperature distribution in the exposure and 
resting time. 

As results indicate we are in the safe region for 
the mentioned focal pressure and applied time 
duration. Based on the guidelines for the safe use 
of diagnostic ultrasound equipment which has 
been published by the British medical ultrasound 
society the maximum exposure time for being in 
the safe region for 10˚C temperature elevation is 
about 0.07 min [27].

Produced heat and temperature peak will be 
lower than mentioned value either by improving 
our image processing algorithms which are able 
to detect displacements less than the several 
micrometers or reducing the excitation time.

Future work must include modeling the different 
kinds of focusing push transducer and investigating 
the thermal effects.  
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