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Numerical study of the effect of vascular bed on heat transfer during high 
intensity focused ultrasound (HIFU) ablation of the liver tumor 
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A B S T R A C T   

In this study, the influence of vascular bed comprising terminal arterial branches on heat transfer in a liver tumor 
exposed to high intensity focused ultrasound (HIFU) is studied numerically. Also, the effect of vascular density on 
temperature distribution is investigated. A coupled set of acoustics, thermal, and fluid models is used to calculate 
the temperature distribution in the liver. The numerical model is established based on the Westervelt and bioheat 
equations along with the Navier-Stokes equations. Moreover, the acoustic streaming effect is included with 
Newtonian and non-Newtonian flow assumptions. It is found that in a vascular bed comprising terminal arterial 
branches, the effect of acoustic streaming is negligible because of the small diameter of these vessels, and the 
non-Newtonian behavior of blood flow reduces the peak streaming velocity. It is also shown that the vascular 
density (amount of tissue vascular content) has a considerable cooling effect on peak temperature and hence 
lesion volume in the liver and, by increasing the vascular density, the treatment duration is prolonged. Results 
show that when the tumor is embedded in the vascular bed, the cancer cells near the vessels walls remain viable. 
Some approaches are proposed and compared to improve the efficacy of HIFU in a tumor located in the vascular 
bed. These approaches include increasing the source pressure or transducer gain. It is concluded that for the 
assumed configuration of the vascular bed, adjusting the transducer gain is preferred to increase the lesion size 
and to prevent the problems related to skin burns simultaneously.   

1. Introduction 

Nowadays, high intensity focused ultrasound (HIFU) is considered a 
promising approach for non-invasive thermal ablation of tumors. In fact, 
by optimizing HIFU operation mode, it is possible to concentrate a large 
amount of acoustic energy in a small volume of tissue and elevate focal 
zone temperature rapidly. In this manner, the surrounding healthy tis
sues remain unaffected or indicate a negligible temperature rise 
(Al-Bataineh et al., 2012; Bailey et al., 2003; Curra et al., 2000; Solo
vchuk et al., 2013a). In recent years, HIFU has been employed to treat 
different solid tumors such as liver, pancreas, breast, prostate, and brain 
in clinics. The primary mechanism of HIFU ablation is thermal coagu
lation due to absorption of ultrasound wave during propagation and 
conversion to heat. The temperature in the focal zone should be between 
60 �C (or 55 �C) and 95 �C for thermal coagulation and necrosis to occur 
(Al-Bataineh et al., 2012; Huang et al., 2015; Solovchuk et al., 2013a; 
Zhou et al., 2011). 

In recent years, the incidence rate of liver cancer has increased 
sharply for both men and women. Nowadays, liver cancer is the second 

leading cause of cancer death in the world (Ryerson et al., 2016). Sur
gical resection is the preferred choice for treatment of malignant hepatic 
tumors. However, in some cases, the patient is not a suitable candidate 
for surgical resection because of some reasons, such as the tumor size, 
multifocal disease, and location of the tumor to key vessels. In these 
cases, other minimally invasive ablation methods such as 
radio-frequency ablation, microwave ablation, and HIFU can be used to 
treat hepatic tumors (Rattanadecho and Keangin, 2013; Sheu et al., 
2011; Tungjitkusolmun et al., 2002). In this study, HIFU is only 
considered because of the lower side effects and more success in ablating 
the cancerous cells (Sheu et al., 2011). Since the liver is an organ with 
high blood perfusion, the blood vessels act as heat sinks and the rela
tionship between the heating power applied in the tissue and the focal 
zone temperature is complex (Chent et al., 1993; Peng et al., 2011). 
Therefore, it is necessary to assess the liver vessels cooling effect on the 
outcome of high intensity focused ultrasound ablation. 

In most cases, the temperature elevation in a tissue which is under 
thermal ablation process is modeled by using Pennes bioheat transfer 
equation (Guntur and Choi, 2015; Irastorza et al., 2017; Mahoney et al., 
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2001; Meaney et al., 1999; Samanipour et al., 2013; Zhou et al., 2011; 
Zhou, 2013). In this equation, the cooling effect is estimated based on 
the perfusion rate in capillaries (Pennes, 1948). The Pennes bioheat 
equation assumes that blood enters the capillary bed at the temperature 
of supply vessels and thermally equilibrates with the surrounding tissue. 
This simplified equation is valid for a tissue comprising microvascula
ture; However, for a tissue which contains thermally significant vessel 
(with a diameter larger than 0.5 mm), the homogenization assumption 
cannot be applied, and the convective cooling effect of the vessels should 
be considered separately (Curra et al., 2000; Kolios et al., 1996; Sheu 
et al., 2011; Solovchuk et al., 2013a). Kolios et al. (1996) investigated 
lesion formation in a tissue exposed to focused ultrasound and the blood 
flow effect on temperature distribution and lesion dimension. Besides, 
the effects of both microvasculature and thermally significant vessels 
were taken into account. Curra et al. (2000) studied the blood flow effect 
on heat generation and temperature field due to HIFU in a perfused liver 
tissue. They considered the importance of nonlinear effects on ultra
sound propagation and heat generation in the presence of the blood 
vessel. Based on the results, it was shown that convection heat transfer of 
blood vessel shifts the highest temperature region in the direction of 
blood flow. Hariharan et al. (2007) investigated the effect of a large 
blood vessel on the efficacy of HIFU treatment at moderate intensities by 
using a 3D computational model. It was demonstrated that lesion vol
ume would be reduced considerably when the blood vessel is within a 
beam width of the ultrasound beam. 

Attenuation of ultrasound waves in a fluid causes a pressure 
gradient, which results in an additional fluid flow called acoustic 
streaming. In recent years, acoustic streaming has become important in 
different biomedical applications, including HIFU therapy. Acoustic 
streaming is a mechanical effect of HIFU, which alters the profile of the 
blood flow velocity, and hence, changes the convective cooling of the 
blood vessel (Huang, 2002). Therefore, in recent years, some studies 
have been conducted on the effect of acoustic streaming on HIFU 
therapy. 

Huang et al. (2004) considered the effect of blood flow and acoustic 
streaming on temperature profile in hemostasis application numerically 
and experimentally. They simulated the acoustic propagation in the 
tissue using a 2D nonlinear wave equation. However, the temperature 
and velocity field calculations were conducted based on a 3D model. A 
3D acoustics-thermal-fluid coupling model was used by Sheu et al. 
(2011) and Solovchuk et al. (2012; 2013a; 2013b) to predict the tumor 
temperature in liver tissue exposed to HIFU. In the study of Sheu et al. 
(2011), ultrasound propagation was modeled based on the linear 
Westervelt equation in the patient-specific liver geometry. Also, hemo
dynamic equations along with terms associated with acoustic streaming 
phenomenon were solved to obtain the velocity profile of the blood flow. 
The results showed that acoustic streaming would alter the blood flow 
profile in arterial branches of the liver. In the study of Solovchuk et al. 
(2012), a three-dimensional model was used to study the effect of blood 
flow and acoustic streaming on the temperature field due to HIFU. This 
model was based on the Westervelt equation, bioheat equation, and 
nonlinear Navier-Stokes equation. The results showed that the convec
tive cooling and acoustic streaming in the large blood vessels can change 
the temperature distribution and lesion shape considerably. In another 
study by Solovchuk et al. (2013a), the effect of different focal point lo
cations and blood vessel diameters was considered on temperature field 
in the liver tumor during HIFU ablation. It was demonstrated that both 
convective cooling and acoustic streaming have a considerable impact 
on the lesion size near large blood vessels, and this effect reduces for 
smaller diameter ones. Moreover, in another study of Solovchuk et al. 
(2013b) ultrasound propagation was modeled by using nonlinear 
Westervelt equation and the blood flow and acoustic streaming effects 
were investigated on the HIFU therapy of liver tumors. The results 
demonstrated that acoustic streaming has a considerable impact on the 
wall temperature of the vein with a diameter of 3 mm. Solovchuk et al. 
(2014) conducted another study to predict the temperature field in a 

liver tumor near a 7 mm diameter blood vessel. Based on their results, it 
was demonstrated that streaming velocity may be much larger than the 
blood flow velocity in the large diameter blood vessel considered in their 
study. 

In a perfused tissue such as the liver, the tumor may be located in a 
vascular bed, including different generations of the vessels. In the most 
previous studies (Hariharan et al., 2007; Sheu et al., 2011; Solovchuk 
et al., 2012, 2013a, 2013b), the effect of a single large vessel (such as 
large arteries or large veins) was separately considered on lesion for
mation during HIFU therapy. However, in these researches, the cooling 
effect of other generations of the vasculature comprising both micro 
vessels (such as hepatic arterioles, portal and hepatic venules and cap
illaries) and macro vessels (such as arterial branches, terminal arterial 
branches, terminal veins and venous branches) in the vicinity of the 
tumor was modeled collectively by using simplified Pennes Bioheat 
transfer model. This simplification (modeling the macro vessels cooling 
effect by using Pennes equation) reduces the accuracy of HIFU treatment 
planning. Hence, it is necessary to investigate the effect of different 
generations of the liver vasculature on the HIFU therapy outcome. To 
the best of our knowledge, numerical results which consider the impact 
of the vascular bed, including different generations, on temperature 
elevation during HIFU ablation have not yet been reported. Therefore, in 
the present study, as the first step toward this consideration, the cooling 
effect of a vascular bed of simple geometry comprising terminal arterial 
branches is investigated. Also, the impact of vascular density (the vol
ume fraction of the vascular space) on temperature distribution and 
lesion formation is included. It should be noted that this parameter study 
cannot be done by using Pennes model and therefore, this is a new 
parameter study to consider the effect of the accumulation of vessels 
around the tumor on the HIFU efficacy. 

Since, acoustic streaming has a significant influence on the cooling 
effect of blood vessels, the acoustic streaming phenomenon is also 
considered in the vascular bed. In addition, because blood vessels with a 
diameter smaller than 1 mm are investigated; the effect of the non- 
Newtonian behavior of blood flow on the acoustic streaming profile is 
calculated as well. Finally, some solutions are proposed and compared to 
improve HIFU efficacy in the treatment of a tumor located in the 
vascular bed and to have the least amount of cancerous cells remain 
viable near the blood vessel walls. Although this comparison is con
ducted based on an idealized geometry, it is a new insight into the 
improvement of HIFU efficacy in liver tumor ablation and can be 
matured by analyzing more complex geometries. 

2. Materials and methods 

2.1. Ultrasound propagation model 

In the present study, the linear Westervelt wave equation is utilized 
to model ultrasound propagation from the transducer to the focal region. 
The general nonlinear Westervelt equation for the acoustic pressure field 
(pa) in a thermo-viscous fluid is given below (Hamilton and Blackstock, 
1998): 

r2pa �
1
c2

∂2pa

∂t2 þ
δ
c4

∂3pa

∂t3 þ
β

ρc4
∂2p2

a

∂t2 ¼ 0 (1) 

In this equation, c, t, δ and β are the speed of sound, time, acoustic 
diffusivity, coefficient of nonlinearity, respectively. The acoustic diffu
sivity, δ, is related to the loss due to the viscosity and thermal conduc
tivity of the propagating medium. For a thermo-viscous fluid, acoustic 
diffusivity can be represented by equation (2) in terms of acoustic ab
sorption coefficient (α). In this equation, ω is the angular frequency of 
the transducer (Hamilton and Blackstock, 1998). According to equation 
(2), the absorption coefficient is proportional to the frequency squared. 
In a thermo-viscous fluid, the ultrasound absorption is due to the ther
mal and viscous losses. However, it is theorized that the principle 
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mechanism of ultrasonic absorption in biological tissues is the relaxation 
process. Therefore, the absorption coefficient of biological tissues has a 
linear dependence on frequency due to relaxation effects (Shung, 2006). 
In this study, the relaxation phenomenon is neglected to simplify the 
acoustic calculations. 

δ¼
2c3α
ω2 (2) 

Also, the coefficient of nonlinearity, β, is related to the acoustic 
nonlinearity phenomenon which becomes significant at large ampli
tudes of the ultrasound wave. In the present work, HIFU at a moderate 
intensity is utilized, and hence, the effect of nonlinearity is neglected for 
simplifying the acoustic calculations. In this regime, the time-averaged 
focal intensity is between 100 W/cm2 and 1000 W/cm2 and the focal 
peak negative pressure is in the range of 1 MPa–4 MPa. Also, the 
nonlinearity parameter (N) which is defined according to (3) is on the 
order of a few tenths (Hariharan et al., 2007). It should be noted that this 
parameter (N) is the ratio of the focal length to the plane wave shock 
formation distance (Curra et al., 2000). In equation (3), d is the focal 
length, and p0 is the transducer pressure. Transducer pressure can be 
calculated based on (4) in terms of the average transducer power 
(Ptransducer) and is assigned to the transducer surface. In equation (4), 
Atransducer is the transducer surface area. In the present work, the value of 
the transducer power is chosen to meet the conditions described above 
and to be at the moderate intensity regime. 

N¼
dβωp0

ρc3 (3)  

p0¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ρcPtransducer

Atransducer

r

(4) 

Then, the linear Westervelt equation is solved, and the acoustic 
pressure field in the whole domain is determined. Also, the acoustic 
intensity field (I) is calculated based on equation (5). Finally, the heat 
generation per unit volume (Q) due to HIFU exposure can be calculated 
by equation (6) (Solovchuk et al., 2013a). 

I¼
p2

a

2ρc
(5)  

Q¼ 2αI (6)  

2.2. Hemodynamics model 

The blood flow velocity can be obtained by solving hemodynamic 
equations in blood vessels. Since HIFU can induce an additional flow 
called acoustic streaming, this effect is also taken into account. Hence, 
the blood velocity for an incompressible and laminar flow can be ob
tained based on the equations (7) and (8). 

r ⋅ u!¼ 0 (7)  

∂ u!

∂t
þð u! ⋅rÞ u!¼

μ
ρr

2 u!�
1
ρrpþ

1
ρ F! (8) 

In equation (8) p denotes the static pressure and μ is the dynamic 
viscosity of the blood. Also, F! is the force acting on the fluid particles 
due to ultrasound. In general, the force component in the acoustic axis 
direction is more significant than the others. Therefore, in previous 
studies (Huang, 2002; Solovchuk et al., 2013a), only this component 
was taken into account. If the z-axis is assumed as the acoustic axis di
rection, then the streaming force can be calculated based on equation 
(9). The acoustic intensity (I) in the right-hand side of equation (9) can 
be obtained from equation (5) (Huang, 2002; Huang et al., 2004). 

Fz¼
2α
c

I (9) 

Equation (8) is obtained based on the Newtonian flow assumption. At 
low values of shear rate (approximately less than 10 s-1), the red blood 
cells deform and stick together to form reversible aggregates like a stack 
of coins. The presence of the aggregates can increase the resistance 
against blood flow and can increase the blood viscosity significantly, and 
therefore, the non-Newtonian effects should be considered (Fenech 
et al., 2009; Liu and Liu, 2006; Mehri et al., 2018). In subsequent sec
tions, it will be indicated that in the current specifications, the shear rate 
of the streaming velocity field is approximately low. Hence, the impact 
of non-Newtonian blood flow on the streaming profile is also included in 
the present study. The hemodynamic equation for non-Newtonian flow 
can be written as follows (Karimi et al., 2014): 

∂ u!

∂t
þð u! ⋅rÞ u!¼ �

1
ρrp �

1
ρr ⋅ τ þ 1

ρ F! (10) 

In this equation, τ is the shear stress and is obtained from equation 
(11). 

τ ¼ ηðruþ ðruÞT
�

(11) 

In this equation, η is the blood flow apparent viscosity, which is a 
function of strain rate ( _γ) and can be described by different models. In 
the present study, power law and Carreau models presented in equations 
(12) and (13) are used (Karimi et al., 2014). It should be noted that 
based on the results of Mehri et al. (2018), these two models match well 
with the experimental results associated with RBC aggregation. 

ηð _γÞ¼ kð _γÞn� 1 k¼ 0:017; n¼ 0:708 (12)  

ηð _γÞ ¼ η∞ þ ðη0 � η∞Þ½1þ ðλ _γÞ2
�ðn� 1Þ=2 η∞¼ 0:0035 Pa:s ;

η0¼ 0:056 Pa:s ; λ¼ 3:313005 ; n¼ 0:3568
(13)  

2.3. Temperature model in the liver and the vascular bed 

The thermal ablation in tissue comprising microvasculature can be 
modeled by the Pennes bioheat transfer equation, which is presented in 
equation (14). In this equation, C, ρ, k and T are the specific heat, 
density, tissue thermal conductivity and temperature field, respectively. 
The subscripts t and b refer to the tissue and blood, respectively. Also, w 
is the perfusion rate of the capillary bed, and T∞ is the temperature at a 
distant location from the transducer focus (which is usually 37 �C) 
(Pennes, 1948). 

ρtCt
∂T
∂t
¼r ⋅ ðktrTÞ � wbCbðT � T∞Þ þ Q (14) 

The Pennes bioheat equation can be used in domains which include 
blood vessels with a diameter smaller than 0.5 mm. However, in regions 
which contain blood vessels with a diameter larger than 0.5 mm, the 
cooling effect should be considered separately, and homogenization 
assumption is not valid (Hariharan et al., 2007; Kolios et al., 1995, 1996; 
Shih et al., 2012; Solovchuk et al., 2013a). Therefore, in these regions, 
equation (15) can be used to predict the temperature field in the blood 
vessels. In this equation, ρbCb u!⋅rT is related to the convective cooling 
of vessels and u! is the blood velocity. 

ρbCb
∂T
∂t
¼r ⋅ ðkbrTÞ � ρbCb u! ⋅rT þ Q (15) 

In equations (14) and (15), the heat source Q can be calculated based 
on the equation (6). Hence, the thermal energy equation is coupled with 
the ultrasound propagation one via this heat source term. Also, the blood 
velocity can be calculated based on the hemodynamic equation, which is 
presented in section 2.2. Therefore, HIFU simulation in perfused tissues 
requires a coupled model of acoustic, thermal, and hemodynamic 
equations. 

Finally, the HIFU effect on cancer cells and the amount of tissue 
necrosis is calculated according to the thermal dose concept, which was 
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developed by Sapareto and Dewey (1984). This concept gives a relation 
between the temperature field in the tissue and the HIFU exposure time 
required to kill the cancer cells. In HIFU application, the thermal dose 
can be obtained based on the equation (16). In this equation, R is a 
parameter which is equal to 2 when T is higher than 43 �C and is 4 when 
T is between and 43 �C . Also, t0 and tfinal are the initial time and final 
time of treatment, respectively. For calculating the thermal dose, the 
term RT� 43 is integrated over the whole treatment time where T is ob
tained from equations (14) and (15). Based on this definition, the tissue 
which undergoes necrosis is the region which is surrounded by a surface 
with thermal dose value of 240 min (Hariharan et al., 2007; Sapareto 
and Dewey, 1984). 

TD¼
Z tfinal

t0
RðT � 43Þdt (16)  

2.4. Problem description 

In the present study, a 1 MHz single element transducer with a focal 
length of 10 cm and an aperture diameter of 10 cm is used to deliver the 
continuous and focused ultrasound waves to the targeted region of the 
tissue. The schematic configuration for the numerical simulation 
domain is indicated in Fig. 1 (a). As can be seen, the cylindrical piece of 
liver is located in a water tank for acoustic impedance matching. The 
parameters utilized in the numerical model are presented in Table 1. In 
this table, f0 is the source frequency. 

Since in this study, the effect of vascular bed on HIFU treatment is 
investigated, the geometry is not axisymmetric because of the presence 
of the blood vessels. Therefore, a three-dimensional computational 
domain is defined (Fig. 1 (b)). However, ultrasound propagation 
modeling requires a refined mesh to capture the wavelength of the 

ultrasound wave, and the three-dimensional simulation of the acoustic 
equation results in a substantial computational cost. Therefore, in this 
study, the simulation of the acoustic pressure field is conducted on a 2D 
axisymmetric model (Fig. 1 (a)) according to the idea of Huang (2002). 
This assumption is supported based on the fact that the blood and tissue 
acoustic impedances are nearly the same, and acoustic scattering does 
not occur (Hoskins et al., 2010). Hence, the effect of vascular bed on the 
acoustic field can be neglected, and a 2D axisymmetric model is used to 
determine the acoustic pressure. In fact, according to Fig. 1 (a), the 2D 
geometry of the liver is assumed without any blood vessels in the water 
tank, and since the cylindrical tissue and water tank are coaxial and the 
focal point is located at the center of the liver, using the 2D axisymmetric 
model can be justified for pressure field calculations. Then, the 2D 
acoustic intensity field is mapped from the 2D geometry to the 3D one 
using predefined functions. Finally, the flow and temperature fields in 
the 3D liver including blood vessels are obtained. 

In the present study, the vascular bed is considered to be the terminal 
arterial branches with a diameter of 0.6 mm (Peng et al., 2011). This 
choice is based on the results of research by Peng et al. (2011). In this 
research, the cooling effect of different generations of the liver vascu
lature was examined on thermal ablation by using porous media theory. 
The results of this study showed that the cooling effect of median vessels 
such as terminal arterial branches on thermal ablation outcome is 
considerable. 

The 3D computational domain for velocity and temperature fields, 
which contains a vascular bed with a density of 0.2, is shown in Fig. 1 
(b). It is worth noting that thermal and hemodynamic equations are only 
solved in the liver and vascular bed. Also, it should be noted that since 
HIFU is a local thermal ablation procedure which affects the tissue in a 
small region, the density of the vascular bed introduced in this study is 
the local density and is calculated based on the accumulation of blood 
vessels near the focal zone. As can be seen in Fig. 1 (b), the vascular bed 
is constructed from parallel terminal arterial branches, which are uni
formly distributed in the liver. The number of the vessels in the liver is 
calculated based on the assumed local density, and then, they are evenly 
located in the liver parallel to the acoustic axis. The reason for assuming 
a vascular bed, which is parallel to the acoustic axis, is based on the 

Fig. 1. (a) The 2D domain for the numerical simulation of HIFU exposure to the 
liver tissue, (b) the 3D computational domain for velocity and tempera
ture fields. 

Table 1 
Parameters used for the numerical study.  

Parameters 

Acoustic Parameters Frequency (MHz) 1 
aperture diameter (cm) 10 
focal length (cm) 10 
Power (W) 20 
Sonication duration (s) 10 

Liver properties Sound speed (m/s) 1550 
Density (kg/m3) 1055 
Thermal capacity (J/kg.K) 3600 
Thermal conductivity (W/m.K) 0.512 
Absorption coefficient (Np/m) 9*f0 

Nonlinear coefficient 4.4 
Blood properties Sound speed (m/s) 1540 

Density (kg/m3) 1060 
Thermal capacity (J/kg.K) 3770 
Thermal conductivity (W/m.K) 0.53 
Absorption coefficient (Np/m) 1.5*f0 

Nonlinear coefficient 4 
Blood perfusion rate (1/s) 0.01 

Water properties Sound speed (m/s) 1482 
Density (kg/m3) 1000 
Thermal capacity (J/kg.K) 4179 
Thermal conductivity (W/m.K) 0.6374 
Absorption coefficient (Np/m) 0.024983 
Nonlinear coefficient 3.6 

Geometrical specifications Liver diameter (cm) 6 
Liver length (cm) 8 
Water tank length (cm) 20 
Blood vessel diameter (cm) 0.06  
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results of the study by Solovchuk et al. (2013a). In their study, it was 
shown that the cooling effect of a vessel which is in the direction of the 
acoustic axis is more pronounced on the HIFU efficacy than the 
perpendicular blood vessel. Also, it should be noted that the assumed 
simple geometry of the vascular bed is not the realistic configuration of 
the vasculature in the liver. However, it can be a starting point to 
consider the effect of vascular bed on temperature distribution and 
lesion size in a perfused tissue such as liver with a lower computational 
cost compared to the case of modeling the real geometry of the vascular 
bed. 

In acoustic pressure field calculations, a source pressure is calculated 
based on equation (4) and assigned to the transducer surface. Also, the 
computational domain is truncated by the perfectly matched layers 
(external surfaces of the water tank in Fig. 1(a)) to absorb the acoustic 
waves and to avoid reflection. Furthermore, an axial symmetry bound
ary condition is applied at r ¼ 0. In the hemodynamic calculations, 
uniform velocity and constant pressure boundary conditions are used at 
the inlet and outlet of the blood vessels, respectively. Also, a no-slip 
boundary condition is assigned to the vessel walls. In heat transfer 
simulations, all of the liver lateral surface temperatures are assumed to 
be equal with the body temperature (37 �C). Besides, a fixed tempera
ture boundary condition of 37 �C is considered at the inlet of the 
vascular bed as well as the tissue, and a zero gradient temperature 
boundary condition (open boundary condition) is assigned to the outlet 
surfaces. Temperature and heat flux continuity is also imposed at the 
blood vessels walls. The initial temperature of the tissue and blood is 
assumed to be 37 �C as well. 

2.5. Simulation model 

The numerical procedure is briefly described in this section. Firstly, 
the acoustic pressure in the two-dimensional domain is obtained based 
on the linear Westervelt equation in the frequency domain for assumed 
transducer specifications. Then, the 2D acoustic intensity field is 
calculated from equation (5) and is mapped from the 2D geometry to the 
3D one by using mapping functions to calculate the power deposition 
and acoustic streaming force using equations (6) and (9), respectively. In 
the next step, the acoustic streaming velocity profile in the vessels is 
calculated by the hemodynamic equations along with the term related to 
the acoustic streaming phenomenon. Based on our calculations, blood 
velocity reaches the steady-state condition in a short time (approxi
mately 0.2 s) compared to the whole treatment time. Therefore, the 
steady-state velocity profile is calculated once and is used as the input to 
the transient heat transfer calculations. With the known ultrasound 
deposition and blood velocity profile, the bioheat and energy equations 
in tissue and blood (equation (14) and (15)) are solved, and the tem
perature field is calculated. The time step used for simulation is chosen 
0.025 s. It should be noted that based on the considerations, this time 
step is small enough to have an accurate thermal simulation. Finally, the 
lesion size can be calculated based on the transient temperature field. 

The two-dimensional acoustic equation, three-dimensional hemo
dynamic and heat transfer equations along with initial and boundary 
conditions are solved by utilizing the finite element method via COM
SOL Multiphysics 5.3 (Pressure Acoustics Frequency Domain, Laminar 
Flow, Bioheat Transfer; Comsol, Inc.; Burlington, MA; USA). For acoustic 
pressure, the analysis is conducted in the axisymmetric two-dimensional 
computational domain (Fig. 1 (a)). For this analysis, the FEM model is 
discretized using elements with the Lagrange quartic shape functions. A 
maximum mesh size of λ/6 (λ is the wavelength) in the focal region and a 
maximum mesh size of λ/4 in the rest of the domain is used for grid 
generation. The number of elements generated for acoustic pressure 
calculation is approximately 150000. Finally, the system of governing 
equations along with initial and boundary conditions are solved using 
MUMPS solver to obtain the acoustic pressure field. In the analysis of 
velocity and temperature fields, elements with the Lagrange linear shape 
functions are used. For grid generation in the focal region, the refined 

grid is generated with a maximum element size of λ/3. The number of 
elements used for velocity and temperature calculations is varied from 
500000 to 700000 for different values of vascular density. The system of 
governing equations along with initial and boundary conditions for the 
velocity and temperature fields are solved by using MUMPS and GMRES 
solvers, respectively. 

The mesh independence study, which is conducted for the acoustic 
pressure field, is presented in Table 2. According to this table, by mesh 
refinement in mesh 3 compared to mesh 2, only 0.0874% difference in 
focal intensity is observed. Hence, to reduce the computational cost, 
mesh 2 with a maximum element size of λ/4 is used in the calculations. 
The sensitivity analysis of focal temperature to the grid size used in heat 
transfer calculation is presented in Table 3. It should be noted that this 
sensitivity analysis is conducted on the two-dimensional domain and 
then is generalized for the three-dimensional one. As can be seen, the 
temperature field is less sensitive to the grid size used for calculations. 

3. Results 

3.1. Model validation 

Our numerical model is verified by comparing the obtained results 
with the ones of Solovchuk et al. (2013a) and Hariharan et al. (2007). 
First of all, the value of acoustic pressure and intensity obtained at the 
focal point is verified by comparing with the numerical results of Solo
vchuk et al. (2013a) as demonstrated in Table 4. In this case, the ul
trasound waves with the energy of 80 W and the frequency of 1 MHz are 
emitted from a source and propagate in the liver toward the targeted 
region. The spherically focused transducer used in this study has an 
aperture radius of 6 cm and a focal length of 12 cm. Because of the 
symmetric geometry used in this study, the acoustic propagation is 
simulated based on a 2D axially symmetric model. It is observed that the 
difference between the obtained values of these two studies is less than 
0.5%. 

Next, the heat deposition due to the generated acoustic field (with 
the focal intensity of 327 W/cm2) is calculated, and the energy equation 
is solved to obtain the temperature field. In Fig. 2, the temperature 
distributions along the x-direction in the case of no blood flow at t ¼ 8 s 
and t ¼ 20 s are compared to those of Solovchuk et al. (2013a). In this 
case, the liver is exposed to HIFU for 8 s. As can be seen, a good 
agreement is obtained, and the difference is less than 0.5%. The results 
for no blood flow case are also validated by the numerical and experi
mental results of Hariharan et al. (2007) according to Fig. 3. In this study 
(Hariharan et al. (2007)), experiments and the corresponding numerical 
calculations were performed in a phantom which was exposed for 20 s to 
ultrasound waves with the frequency of 1.5 MHz and the power of 32 W. 
The aperture radius and the focal length of the transducer used in their 
study were 5 cm and 15 cm respectively. The cylindrical phantom was 
located in a water tank, and its axis was coaxial with the transducer 
which was placed 11 cm from the phantom surface. It is observed that 
the transient temperature rise obtained in the present study agrees well 
with the numerical results of Hariharan et al. (2007) and agrees within 
10% with their experimental results in the validation phantom. 

For validating the coupled set of acoustics, thermal, and fluid 
models, the temperature distribution along x-direction at t ¼ 8 s is 
compared to the numerical result of Solovchuk et al. (2013a) according 
to Fig. 4. In this case, a 3 mm diameter blood vessel parallel to the 

Table 2 
Mesh independence study for acoustic pressure calculation.  

Mesh Maximum 
element size 

Number of 
elements 

Focal acoustic 
intensity 

Difference 
(%) 

1 λ/2 34728 351.850 – 
2 λ/4 138759 357.029 1.472 
3 λ/6 314977 357.341 0.0874  
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acoustic axis is considered and the distance between the vessel wall and 
the focal point is taken to be 1 mm. It can be seen that a good agreement 
is obtained and the difference between the two models is less than 0.5%. 

Finally, for streaming model validation, the streaming profile in a 
3 mm diameter blood vessel is obtained at the focal plane and is 
compared with the one of Solovchuk et al. (2013a) in Fig. 5. In this 
figure, the results are presented for two distances between the blood 
vessel center and the focal point (focal point is located at the blood 
vessel center or blood vessel wall). It can be observed that the streaming 
profiles calculated in the present study are in good agreement with the 
streaming profiles obtained in the study of Solovchuk et al. (2013a). 

3.2. Temperature distribution in a tumor located within a vascular bed 

In this section, the effect of a bed comprising terminal arterial 
branches on the temperature distribution due to HIFU exposure is 
studied. The terminal arterial branch is a vascular generation which 
contains 0.6 mm diameter blood vessels with 6.55 cm/s average blood 
flow velocity (Peng et al., 2011). The effect of the vascular density 
(ε ¼ 0.05, 0.1, 0.2) is also investigated on the obtained results. The 
vascular density affects the distance of the blood vessels from the focal 
point and the number of them around the focal region. The spacing 
between the focal point and the nearest blood vessel wall for different 
vascular densities is presented in Table 5. A single vessel is also 
considered at three different distances given in Table 5, to compare its 
cooling effect with the corresponding vascular bed. 

In Fig. 6, the computed temperature contours at the cutting planes 
z ¼ 10 cm and y ¼ 0 at t ¼ 10 s for the cases of no blood flow, single 
vessel at the distance of 0.8769 mm from the focal point and the vascular 
bed with a density of 0.2 are presented. In Fig. 6(a) & d, it can be 
observed that a symmetric high-temperature region with an ellipsoidal 
shape is formed. Also, it can be seen that in the presence of a single vessel 
(Fig. 6(b) & e) the temperature contour becomes axisymmetric and shifts 
towards the region with the less cooling effect. Moreover, when the 
tumor is located within a vascular bed (Fig. 6(c) & f); the high- 
temperature area is enclosed by nearby blood vessels. Since the 
vascular bed considered in the present study is symmetric, the temper
ature contour is also symmetric. It is observed that the maximum tem
perature at the focal point in the presence of vascular bed is reduced 
considerably in comparison to the no blood flow case and in the presence 
of single vessel. 

Table 3 
Mesh independence study for heat transfer calculation.  

Mesh Maximum 
element size 
(mm) 

Number of 
elements (2D 
domain) 

Focal 
temperature 

Difference 
(%) 

1 4 4770 88.95 – 
2 2 16950 88.908 0.047% 
3 1 61876 88.906 0.0022%  

Table 4 
Comparison of focal pressure and intensity with the results of Solovchuk et al. 
(2013a).   

Solovchuk et al. Present study Difference 

focal pressure 3.27 MPa 3.26 MPa 0.3% 
focal intensity 327 W/cm2 326.5 W/cm2 0.15%  

Fig. 2. Temperature distribution along x-direction at 8 s and 20 s obtained from 
the present study and the study of Solovchuk et al. [4] for no blood flow case. 

Fig. 3. Comparison of the transient temperature rise obtained in the present 
study with the numerical and experimental results of Hariharan et al. [21] in a 
validation phantom at the power of 32 W. 

Fig. 4. Temperature distribution along x-direction at t ¼ 8 s obtained from the 
present study and the study of Solovchuk et al. [4] when a 3 mm diameter blood 
vessel is present. 
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The temperature contours at the cutting planes z ¼ 10 cm and y ¼ 0 
in the presence of vascular bed with different vascular densities are 
presented in Fig. 7. It can be seen that an ellipsoidal shape high- 

temperature area is formed between the vessels, and increasing the 
vascular density reduces the extent of this region, and results in lower 
values of temperature in the focal region. Also, it is evident that only the 
convective cooling effect of nearby vessels affects the extent of the high- 
temperature zone. 

In Fig. 8, the temperature distributions at t ¼ 10 s along the x-axis 
and the z-axis, are presented for the case of no blood flow and the 
vascular bed with different densities. At t ¼ 10s, the peak temperature is 
88:9 �C in the absence of blood flow. However, in the presence of 
vascular bed with a density of 0.05, 0.1, and 0.2, the peak temperature 
reduces to 88:2 �C, 82:7 �C, and 71:8 �C respectively. Also, according to 
Fig. 8(a), for the assumed geometry of vascular bed, the extent of the 
high-temperature region in the x-direction is narrowed by increasing the 
vascular density. But according to Fig. 8(b), the vascular density has a 
negligible effect on the extent of the high-temperature region in the z- 
direction. This statement is limited to the assumed geometry of the 
vascular bed. 

The variations of focal temperature with time for cases of no blood 
flow, single vessel at different distances from the focal point, and 
vascular beds with different densities are presented in Fig. 9. For the 
vascular bed with a density of 0.05 (Fig. 9(a)), the cooling effect is minor 
and the difference is only apparent in the cooling phase of the treatment. 
However, it can be observed that the vascular beds with a density of 0.1 
and 0.2 have a considerable cooling effect on the focal temperature in 
comparison to the no blood flow case and the single vessel which is 
located at the same distance from the focal point. 

3.3. Acoustic streaming effect on velocity profile in the terminal arterial 
branches 

In this section, the acoustic streaming profile in terminal arterial 
branches is considered. First of all, the generated velocity profile in 
terminal arterial branches (with Uinlet ¼ 0) is investigated when the 
blood vessel center and the focal point coincide. In Fig. 10 (a) the 
induced streaming profile in the blood vessel is indicated. Based on this 
figure, the maximum shear rate in the Newtonian case can be calculated, 

Fig. 5. The streaming profile in the z-direction obtained from the present study 
and the study of Solovchuk et al. [4] for two distances between focal point and 
blood vessel center. 

Table 5 
The distance of the focal point from the wall of the nearest blood vessel.  

Vascular density 
(ε) 

The distance of the focal point from the wall of the nearest blood 
vessel (mm) 

0.05 1.89 
0.1 1.23 
0.2 0.8769  

Fig. 6. The calculated temperature contours at t ¼ 10 s at the cutting planes z ¼ 10 cm (a,b,c) and y ¼ 0 (d,e,f). (a,d) without blood flow effect, (b,e) in the presence of 
a single vessel at the distance of 0.8769 mm from the focal point, (c,f) in the presence of vascular bed with a density of 0.2. 
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which is about 4 s-1. This value of shear rate is approximately low, and 
according to the results of Mehri et al. (2018), the non-Newtonian effects 
become important. Therefore, in Fig. 10 (a) the predicted acoustic 
streaming profiles with different non-Newtonian flow assumptions are 
also indicated. According to this figure, the maximum value of the 
generated velocity profile for Newtonian flow is small. This result is in 
agreement with the results of Solovchuk et al. (2013a). In fact, the peak 
streaming velocity increases with blood vessel diameter (Solovchuk 
et al., 2013a), and due to the small diameter of the terminal arterial 
branches, the induced acoustic streaming field is weak. Moreover, it can 
be seen that the non-Newtonian behavior of blood flow decreases the 
peak streaming velocity in the blood vessel as well. Also in Fig. 10(b), 
the velocity profile in a terminal arterial branch with Uinlet ¼ 6.55 cm/s 

in the absence of acoustic streaming is compared to the velocity profile 
in the presence of this effect. In this case, the distance between the focal 
point and the blood vessel wall is 0.8769 mm. As can be seen, the 
acoustic streaming has no effect on the velocity field in the blood vessel. 

3.4. Effect of vascular density (amount of tissue vascular content) on 
lesion size 

In Table 6, the volume of lesion created by HIFU exposure for 
different cases is presented. The lesion volume in the presence of 
vascular bed with the density of 0.05, 0.1, and 0.2 is decreased by an 
amount of 15.5%, 55.4%, and 78.6% respectively in comparison to the 
no blood flow case. Also, in Fig. 11, the thermal dose contours for the 

Fig. 7. The calculated temperature contours at t ¼ 10 s at the cutting planes z ¼ 10 cm (a,b,c) and y ¼ 0 (d,e,f). (a,d) vascular bed with a density of 0.05, (b,e) 
vascular bed with a density of 0.1, (c,f) vascular bed with a density of 0.2. 

Fig. 8. The temperature distributions at t ¼ 10s along (a) x-axis and (b) z-axis for cases of no blood flow and in the presence of vascular bed with different 
vascular densities. 
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condition of no blood flow and in the presence of the vascular bed with 
different densities are indicated. In this figure, the area inside the red 
line is the thermal lesion, which is related to the region heated for more 
than 240 min at 43 �C. It is indicated that the cooling effect of vascular 
bed reduces the lesion size in radial and axial directions. For example, 
the lesion sizes obtained in the absence of the blood vessel are 3.1 mm 
and 12.9 mm in the radial and axial directions, respectively. However, 
for the vascular bed with a density of 0.2, the lesion sizes in the radial 
and axial directions are 1.5 mm and 10.3 mm. As can be seen, in the 
presence of the vascular bed of simple geometry with a density of 0.1 
and 0.2, the region close to the blood vessel wall remains viable. 

One of the main concerns in HIFU application in the vascular bed is 
the ability of HIFU to ablate the region between blood vessels effec
tively. For this investigation, first, the maximum lesion size in the z- 
direction (acoustic axis direction) in the cutting plane XZ versus vascular 
density is indicated in Fig. 12. It can be observed that in the presence of 
vascular bed with the density of 0.05, 0.1, and 0.2 the maximum lesion 
size in the z-direction is reduced by the amount of 2.5%, 8.3%, and 21% 
respectively in comparison to the no blood flow case. Also, another 
essential factor which can show the effectiveness of HIFU in ablation of 
the region between the blood vessels is the ratio of the maximum lesion 
size in the x-direction (perpendicular to the acoustic axis direction) to 

the distance between the two neighbor blood vessels. For the vascular 
bed with a density of 0.1 and 0.2, this ratio is calculated to be 0.87 and 
0.86, respectively. Therefore, at least approximately 14% of the cancer 
cells remain viable near the blood vessel walls. It is interesting to note 
that this ratio is almost unchanged by variation of the vascular density. 
Again, it is worth noting that these concluding remarks are limited to the 
idealized geometry considered in the present study. 

3.5. Solutions to improve HIFU efficacy for ablation of tumor in the 
vascular bed 

According to section 3.4, it seems that HIFU doesn’t work effectively 
in the vascular bed with high density and regions near the blood vessels 
walls remain viable. Therefore, there is a tendency to propose some 
solutions to improve HIFU efficacy in perfused tissues. To overcome the 
cooling effect of the vascular bed, the HIFU heat deposition should be 
increased. According to equation (6), the HIFU heat deposition is pro
portional to intensity and absorption coefficient. Also, according to 
equation (5), the intensity is proportional to the acoustic pressure 
squared. Hence, the focal pressure and absorption coefficient of the 
tumor should be adjusted to increase the HIFU heat deposition. The 
absorption coefficient of the tumor is enhanced by increasing the 

Fig. 9. Variation of focal temperature with time for different cases of no blood flow and in the presence of a single vessel and vascular bed; (a) vascular bed with the 
density of 0.05 and single vessel with the same distance, (b) vascular bed with the density of 0.1 and single vessel with the same distance, (c) vascular bed with the 
density of 0.2 and single vessel with the same distance. 

M. Mohammadpour and B. Firoozabadi                                                                                                                                                                                                   



Journal of Thermal Biology 86 (2019) 102431

10

frequency of the transducer. It is worth noting that by increasing the 
frequency, the attenuation coefficient of the intervening tissue is also 
increased and the acoustic waves are more attenuated during propaga
tion to the focal region. Focal pressure (pF) is obtained based on equation 
(17) in terms of transducer pressure and transducer Gain (Hariharan 
et al., 2007). In this equation, a is the aperture radius of the transducer. 
Therefore, increasing source pressure or angular frequency or aperture 
radius of the transducer can increase the focal pressure. Also, due to the 
conduction from the focal region to the peripheral region, it is expected 
that by increasing the treatment time of the HIFU, the conduction takes 
place more effective and this increases the lesion volume. Hence, in this 
section, the results of increasing the source pressure, angular frequency, 
aperture radius, and treatment time are presented and compared to each 
other. 

pF

p0
¼

ωa2

2c0d
¼ Transducer Gain (17) 

It is worth noting that the parameters of equation (17) are increased 
in a way that the focal pressure enhanced by the amount of approxi
mately 20%. Also, the treatment time is increased by the amount of 50%. 
In Table 7, the maximum lesion sizes in the x-direction and the z-di
rection and the ratio of the maximum lesion size in the x-direction to the 
distance of two neighbor vessels (which is named the ablation efficacy 
ratio in the rest of the manuscript) for different cases are presented. 
According to Table 7, by increasing the source pressure by the amount of 
20% the ablation efficacy ratio increases 13% and only 0.3% of the 
cancer cells near blood vessel walls remain viable. Also, it is observed 
that in this case, the lesion size in the z-direction is approximately equal 
to the lesion size for the no blood flow case. Moreover, by increasing the 

frequency and the aperture radius by the amount of 20% and 10%, the 
ablation efficacy ratio is increased by 6% and 10%, respectively. Also, in 
both cases, the lesion size in the z-direction is reduced slightly. The heat 
deposition along the z-axis (acoustic axis) for different cases is presented 
in Fig. 13. It can be observed that increasing the source pressure results 
in more heat deposition in the intervening tissues. However, by 
increasing the transducer gain (increasing the transducer radius or fre
quency), the region with high heat deposition becomes narrower and is 
limited to the focal zone, and thus the intervening tissues experience 
lower heat deposition in comparison to other cases. In the last row of 
Table 7, it is observed that by increasing the treatment time by the 
amount of 50%, the ablation efficacy ratio is increased 4% and the lesion 
size in the z-direction is increased slightly. 

4. Discussion 

In the present numerical study, the considerable cooling effect of 
liver vasculature on the HIFU ablation efficacy is indicated. It was 
demonstrated that modeling the convective cooling of vascular bed by 
using simplified Pennes Bioheat equation results in huge inaccuracies in 
HIFU treatment planning. 

It is shown that in the presence of the vascular bed, the high- 
temperature region is narrowed by the nearby vessels and the lesion 
size in the axial and radial directions is reduced. The cooling effect of the 
assumed vascular bed is considerable that the peak temperature is 
decreased in comparison to the no blood flow case. Also, it is indicated 
that the vascular density has a significant effect on the maximum tem
perature obtained due to the HIFU exposure and the extent of the high- 
temperature region. This fact is due to the more blood passing around 
the focal zone and the reduced distance of the nearby blood vessels from 
the focal point. For the vascular bed with the density of 0.05, the large 
spacing between the focal point and the nearby vessels, results in 
negligible cooling effect in the heating phase of the treatment (Fig. 9(a)). 
However, for the vascular bed of high densities, the cooling effect is so 
strong that it prevents the temperature rise in the focal region before the 
termination of the treatment time. One interesting thing which can be 
observed in Fig. 9(c) is that for the vascular density of 0.2, the cooling 
effect is so strong such that the focal temperature reaches its steady-state 
value in approximately 7.5 s. Hence, it seems that HIFU exposure for the 
duration of 7.5 s is sufficient to increase the focal region temperature to 
the maximum obtainable value in this condition. This investigation 
would be an important factor in HIFU treatment planning to ablate the 

Fig. 10. (a) generated acoustic streaming profile in the z-direction in the terminal arterial branches when the focal point and blood vessel center coincide(Uinlet ¼ 0); 
(b) blood velocity in the z-direction in the terminal arterial branches with Uinlet ¼ 6.55 cm/s and for the distance between the blood vessel wall and the focal point 
of 0.8769 mm. 

Table 6 
Lesion volume for the cases of no blood flow, single vessel at different distances 
from the focal point, vascular bed with different vascular densities.  

Different cases Lesion volume (mm3) 

Wo. Blood flow effect 69.1 
Single vessel, Distance ¼ 1.89 mm 66.32 
Single vessel, Distance ¼ 1.23 mm 58.9 
Single vessel, Distance ¼ 0.8769 mm 51.3 
Vascular bed, ε ¼ 0.05 58.4 
Vascular bed, ε ¼ 0.1 30.8 
Vascular bed, ε ¼ 0.2 14.8  
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focal region effectively without damaging intervening tissue. 
Moreover, since HIFU is a local ablation procedure, only the 

convective cooling of nearby vessels affects the extent of the high- 
temperature region. Therefore, in actual applications, it is sufficient to 
consider the density and condition of the adjacent vessels around the 

focal zone. The acoustic streaming phenomenon is also investigated in 
the vascular bed. It is shown that in vascular beds, including the small 
diameter blood vessels such as arterial and terminal arterial branches, 
the acoustic streaming is not an important factor in the cooling effect of 
the bed. 

It is demonstrated that in the presence of the liver vasculature, the 
lesion size is reduced considerably. Hence, it seems that some cancerous 
cells remain viable and if multiple ablation points are needed to cover 
the entire region between the blood vessels, the number of ablation 
points should be increased considerably with increasing the vascular 
density, and this increases the treatment time. Therefore, some 

Fig. 11. Thermal dose contour for different cases: (a) without blood flow effect, (b) vascular bed with a density of 0.05, (c) vascular bed with a density of 0.1, (d) 
vascular bed with a density of 0.2. 

Fig. 12. Lesion sizes in the z-direction versus vascular density.  

Table 7 
Maximum lesion size in the x and z-directions and the ratio of lesion size in the x- 
direction to the distance of neighboring vessels for different cases.  

Different cases Maximum lesion size 
in x direction (mm) 

ratio Maximum lesion size 
in z direction (mm) 

Wo. Blood flow effect 3.06 – 12.94 
Vascular bed, ε ¼ 0.2 1.52 0.868 10.25 
Vascular bed, ε ¼ 0.2, 

p0 ¼ p0*1.2 
1.74 0.997 12.63 

Vascular bed, ε ¼ 0.2, 
f0 ¼ f0*1.2 

1.63 0.929 9.93 

Vascular bed, ε ¼ 0.2, 
a ¼ a*(1.2)0.5 

1.69 0.966 10.07 

Vascular bed, ε ¼ 0.2, 
treatment 
time ¼ 15 s 

1.59 0.908 10.75  
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approaches are proposed to compensate for the considerable cooling 
effect of the liver vasculature and to ablate the cancerous liver region 
effectively. The first one is to increase the source pressure. Based on the 
obtained results, it seems that by increasing the source pressure by the 
amount of 20% the tumor in the vascular bed with a density of 0.2 can be 
ablated effectively. However, by considering the heat deposition along 
the acoustic axis direction (Fig. 13), it can be concluded that one of the 
drawbacks of increasing the source pressure is that the pressure field in 
the intervening tissues is also increased and this may result in skin 
burning and injuries to the healthy tissues. In fact, based on the previous 
studies, it can be said that one of the common complications associated 
with HIFU therapy is skin burns of various grades (Cheung et al., 2012; 
Li et al., 2009). Therefore, other approaches (increasing transducer 
angular frequency or aperture radius) to increase the transducer gain are 
considered. Based on the obtained results for the vascular bed of ideal
ized geometry, it seems that increasing the aperture radius works more 
effective than increasing the transducer frequency. Moreover, in Fig. 13, 
it is indicated that by increasing the transducer gain, the complications 
related to skin burns and injuries to the healthy tissue do not occur. 
Hence, it can be concluded that increasing the transducer gain is more 
preferred for ablating the tumor embedded in the assumed idealized 
vascular bed when some concerns related to skin burns and healthy 
tissues are present. The final method to improve HIFU efficacy includes 
increasing the treatment time. It is indicated that this method results in a 
minor increase in the lesion size. This increase is due to the conduction 
effects from the focal region to the peripheral zone. However, increasing 
the treatment time may result in skin burns and inconvenience for the 
patient, and this approach is not preferred for increasing the lesion size. 

It is worth noting that these conclusions are based on the vascular 
bed of idealized geometry investigated in the present study and the 
detailed parameter study on the vascular bed of real geometry will be 
included in the future research. Also, one of the concerns in HIFU 
ablation of the liver tumor is the presence of the ribcage in the ultra
sound propagation path. Since the presence of the rib bone may cause 
significant absorption and reflection of the ultrasound waves, the bone 
and its surrounding tissue may be overheated, and this can result in skin 
burns (Gelat et al., 2014). Therefore, it is essential to have an optimized 
focusing scheme to decrease the ultrasound intensity on the ribs by using 
multi-element transducers. This issue is the focus of some previous re
searches such as Gelat et al. (2014). Hence, the present study can be 
extended to propose some focusing approaches by using multi-element 
transducers to decrease the ultrasound intensity on the ribs and at the 

same time to ablate the tumor located in the vascular bed efficiently. 

5. Conclusion 

In this study, combined two-dimensional and three-dimensional 
models are presented to investigate the effect of the vascular bed of 
simple geometry comprising terminal arterial branches and its density 
on the temperature distribution in a liver tumor exposed to HIFU. In the 
presented model convective cooling of terminal arterial branches is 
taken into account. It seems that the vascular bed with high density has a 
considerable effect on temperature variation in the focal region during 
the treatment time and the cooling effect is so strong such that the steady 
state condition is reached before termination of the treatment time. It is 
also demonstrated that in small diameter vessels such as terminal arte
rial branches, the effect of acoustic streaming is not considerable, and 
the density of the vascular bed plays the primary role in the cooling 
effect. It is shown that in the vascular bed with high density, the lesion 
volume reduces considerably. 

It is proposed that in the simple geometry vascular bed investigated, 
the ratio of the maximum lesion size perpendicular to the acoustic axis 
direction to the distance of neighboring vessels is a good indicator of the 
HIFU efficacy in ablating the cancerous region between blood vessels. 
Based on the obtained values for this ratio, it is indicated that in the 
current HIFU settings and for the considered vascular bed, approxi
mately 14% of the cancer cells close to blood vessels walls remain viable 
for the densities of 0.1 and 0.2. Also, it seems that by increasing the 
accumulation of the vascular bed, the lesion size parallel to the acoustic 
axis direction is reduced and it causes increasing the treatment time to 
ablate the whole region between blood vessels. Besides, some solutions 
are proposed to increase the lesion size in the vascular bed with high 
density. These solutions include increasing the source pressure or 
transducer gain. Based on the obtained results, it can be concluded that 
increasing the transducer gain is more preferred than increasing the 
source pressure for ablating the tumor embedded in the vascular bed 
when some concerns related to skin burns and healthy tissue injuries are 
present. It should be noted that these results are obtained in the case of 
linear ultrasound propagation, in the absence of relaxation effects, for a 
single element transducer (not a phased array system) and the vascular 
bed of idealized geometry. All of these factors affect the treatment al
gorithm planning and will be considered in our future study. 
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