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This study investigates the influence of blood vessels on temperature distribution during high-intensity
focused ultrasound (HIFU) ablation of liver tumors. A three-dimensional acoustics-thermal-fluid coupling
model is simulated to compute the temperature field in the hepatic cancerous region. The model is based
on the linear Westervelt and bioheat equations as well as the non-linear Navier–Stokes equations for the
liver parenchyma and blood vessels. The effect of acoustic streaming is also taken into account in the
present HIFU simulation study. We found from this three-dimensional coupling study that in large blood
vessel both the convective cooling and acoustic streaming can significantly change the temperature field
and thermal lesion near blood vessels.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Human liver is a highly perfused organ, which has functions to
secrete bile, store glycogen, distribute nutrients from the blood and
gastrointestinal tract [1]. In addition, it eliminates endogenous/
exogenous substrates and toxins. This physiologically complex
and important organ is unfortunately susceptible to the primary
and metastatic malignant proliferations. Hepatocellular carcinoma
(HCC) is rapidly becoming the most common malignancy world-
wide. The survival rate of surgical resection, while being consid-
ered as a real hope for the treatment, is only 25–30% in 5 years
[2]. A high risk of postoperative recurrence is often reported for
multi-focal malignancies. After repeated resections a poor success
rate is expected.

HIFU therapy has been applied to ablate solid tumors in differ-
ent areas of our body, including the pancreas, liver, prostate,
breast, uterine fibroids, and soft-tissue sarcomas [2,3]. In compar-
ison with the conventional tumor/cancer treatment modalities,
such as the open surgery, radio- and chemo-therapy, HIFU outper-
forms them because of its non-invasion, non-ionization, and
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comparatively fewer complications after treatment. However,
lethal complications may develop if the vital blood vessels adjacent
to the tumors are severely damaged. Large blood vessels are prob-
ably less vulnerable to HIFU damage than the solid tissues (such as
tumor tissues) due to energy dissipation in the blood flow. There-
fore, HIFU is a relatively safe alternative to ablate the tumors in
close proximity to major blood vessels, where surgical resection
may be hazardous.

Clinical trials have been recently conducted to evaluate the
safety and effectiveness of applying the high-intensity focused
ultrasound treatment of the hepatocarcinoma (HCC) [4,5]. When
the liver tumor is very close to large blood vessels, surgical treat-
ment becomes complicated. Quite recently [6] it was first shown
that HIFU can safely achieve a virtually complete necrosis of
tumors close to major blood vessels. After a single session of HIFU
treatment, the rate of complete necrosis was about 50%. While
substantial, this rate of necrosis following the HIFU ablation is
not completely satisfactory. Lack of a complete response can be
explained as a consequence of large tumor size and cooling effects
in large vessels.

Cooling from a large blood vessel may alter the treatment
efficiency. A basic understanding of the factors that can affect the
tissue necrosis volume is necessary to improve the thermoablative
therapy. In the past, temperature elevation in soft tissues was
mostly modeled by the diffusion-type Pennes bioheat transfer
equation, which has the heat source produced by the incident
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Nomenclature

c0 speed of ultrasound in tissue, m/s
c specific heat, J/kg �C
F force vector per unit volume, N/m3

k wave number
kt thermal conductivity of tissue, W/m �C
I sound intensity, W/m2

p acoustic pressure, N/m2

P fluid static pressure, N/m2

q ultrasound power deposition, W/m3

t time, s
t0 initial time, s
tfinal final time, s
T temperature, �C
u blood flow velocity, m/s
w velocity in z direction, m/s
wb blood perfusion rate, kg/m3 s
x coordinate in the x direction

y coordinate in the y direction
z coordinate in the z direction

Greek symbols
a absorption coefficient, Np/MHz m
b non-linearity coefficient
d acoustic diffusivity
k wavelength, m
l shear viscosity of blood flow, kg/m s
q density, kg/m3

W acoustic velocity potential
x angular frequency, MHz

Subscripts
t tissue
b blood
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acoustic wave and heat sink owing to the perfusion in capillaries
[7]. The amount of removed heat can be estimated by averaging
the effect of blood perfusion over all tissues. Homogenization
assumption is probably no longer valid in modeling the tempera-
ture elevation in the regions containing some sufficiently large ves-
sels, inside which the blood is flowing.

Both biologically relevant convective cooling in large blood ves-
sels and perfusion cooling in microvasculatures need to be taken
into account altogether. Inclusion of these two possible cooling
means will greatly increase the modeling complexity since the
equations of motion for the blood flow need to be solved together
with the divergence-free velocity constraint equation. Curra et al.
[8] developed a model to determine the influence of blood flow
on the temperature distribution in the tissue during the focused
ultrasound surgery. Their model was constructed on the basis of
acoustic and bioheat equations. The blood vessel was on the acous-
tic axis. Kolios et al. [9] and Hariharan et al. [10] studied the influ-
ence of large blood vessels on the lesion size. They considered also
only the acoustic equation and bioheat equation. However for a
real blood vessel it is necessary to take into account the blood flow
motion governed by the non-linear hemodynamic equations. The
3D mathematical acoutics-thermal-fluid model presented in [11]
takes the additional acoustic streaming effect into account with
an aim to show that the incident finite-amplitude ultrasound wave
can affect the blood flow motion in large hepatic vessels and con-
sequently the temperature distribution in tumor. In [11] the
numerical simulation was carried out in a patient specific liver
geometry. The distance between the focal point and blood vessel
was about 1 cm. It was shown that acoustic streaming can affect
the blood flow distribution in hepatic arterial branches and lead
to a mass flux redistribution. In the present work the simple geom-
etry is considered to understand the effect of acoustic streaming on
the temperature distribution. The blood vessel is parallel to the
acoustic axis. So far no numerical result, which is computed from
the heat transfer equation for large blood vessel and its surround-
ing tissue coupled with the non-linear hemodynamic equations
with an acoustic streaming effect being considered, is ever re-
ported for HIFU tumor ablation. The whole physics remains nowa-
days poorly understood.
2. Three-field coupling model

Intense ultrasound energy can be delivered to a small region of
the targeted tissue. Absorption of energy of this sort in such area
can, as a result, elevate tissue temperature to a certain high
magnitude. Such a short-duration temperature increase can de-
stroy tumoral cells with a high dividing rate, thus becoming more
sensitive. For the sake of quantifying tissue response to an applied
ultrasound, the biological structure in the region under current
investigation needs to be taken into account.

2.1. Acoustic equation for ultrasound propagation

The linear Westervelt wave equation [12] given below for ultra-
sound pressure p will be employed to model the finite-amplitude
wave propagation in a soft tissue:

r2p� 1
c2

0

@2p
@t2 þ

d

c4
0

@3p
@t3 þ

b

q0c4
0

@2p2

@t2 ¼ 0 ð1Þ

The first two terms govern the linear lossless wave propagating at a
small-signal sound speed. The third term needs to be included in
the current analysis due to thermal conductivity and fluid viscosity.
In soft tissues, which are assumed to be thermoviscous, the acoustic
diffusivity d accounts for the thermal and viscous losses in a fluid
and is modeled by

d ¼ 2c3
0a

x2 ð2Þ

In the above, a denotes the acoustic absorption coefficient and
x(�2pf) is the angular frequency. In the current HIFU numerical
study, we neglect the non-linear effect, which will be the focus of
our future study, for simplifying the analysis.

In this study each small element dS of the transducer surface
is assumed to vibrate continuously at the same velocity
u = u0exp(ixt) along the direction normal to the surface. The result-
ing linear wave equation can be transformed to the diffraction
integral equation for the velocity potential as follows [13,14]

w�p ¼
Z Z

S

u
2pr

exp�ðaþikÞrdS ð3Þ

In the above, r is the distance from the source point on the trans-
ducer surface dS to a field point �p, and k is the wave number. The
pressure amplitude at point �p can be calculated from the following
expression

p�p ¼ ikcqtw ð4Þ

where qt is the density of tissue, and c is the speed of ultrasound in
tissues.
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The ultrasound power deposition per unit volume is assumed to
be proportional to the local acoustic intensity I as follows

q ¼ 2aI ð5Þ

The intensity I shown above is defined as

I ¼
p2

�p

2qtc
ð6Þ

Note that Eqs. (3) and (4) consider only the effects of diffraction
and attenuation without taking the effect of non-linearity into ac-
count. Several studies [8,10,15–18] showed that for a focal inten-
sity in the range of 100–1000 W/cm2 and the peak negative
pressure in the range of 1–4 MPa, physical complexities such as
the cavitation and the highly non-linear wave propagation can be
neglected with acceptable errors. In the present study the acoustic
energy emitted from the transducer is 80 Watt. The intensity gen-
erated at the focus is 280 W/cm2 and the pressure at the focal point
is 3 MPa. Therefore we do not consider here the effects of non-lin-
earity and cavitation.

Absorption and attenuation coefficients in tissues are normally
increased with the ultrasound frequency in a power law form for
most media [19]. This is the main reason for the increasing use
of high-intensity ultrasound in tissue heating. The penetration
depth of ultrasound is, on the other hand, limited by the frequency
in accordance with Eq. (3). In this study the transducer with fre-
quency 1.33 MHz is considered. The transducer has a full-width
half pressure maximum of ’1.6 mm, which can be considered as
an estimation of the lesion width [20].

2.2. Energy equation for tissue heating

Whereas hepatic arteries and portal veins may irrigate the liver
parenchyma, hepatic veins will drain blood out of the liver and can,
thus, be considered as a heat sink. Tumor cells in perivascular re-
gion, as a result, may escape from an externally imposed high heat,
leading possibly to a local recurrence. This is one of the major ther-
mal equilibrium processes that takes place in the pre- or post-cap-
illary vessel. Therefore, the mathematical model appropriate for
predicting the temperature in tissues must take the heat conduc-
tion, tissue perfusion, convective blood cooling, and heat deposi-
tion due to an incident wave into account. In this paper we will
develop a biologically relevant thermal model by dividing the re-
gion of current interest into the region with tissue perfusion, which
is due mainly to the capillary beds, and the capillary region con-
taining blood vessels. In other words, in the simulation of thermal
field the physical domain has been split into the domains for the
perfused tissue and the flowing blood.

In a region free of large blood vessels, the diffusion-type Pennes
bioheat equation [7] given below will be employed to model the
transfer of heat in the perfused tissue region:

qtct
@T
@t
¼ ktr2T �wb cbðT � T1Þ þ q ð7Þ

In the above energy equation proposed for modeling the time-vary-
ing temperature in the tissue domain, q, c, k denote the density,
specific heat, and thermal conductivity, respectively, with the sub-
scripts t and b referring to the tissue and blood domains. The nota-
tion T1 is denoted as the temperature at a remote location. The
variable wb(�0.5 kg/m3 s) shown in Eq. (7) is the perfusion rate
for the tissue cooling in capillary flows. It is noted that the above
energy equation for T is coupled with the linear acoustic Eq. (4)
for the acoustic pressure through a power deposition term q defined
in Eq. (5).

In the region containing large vessels, within which the blood
flow can convect heat, the biologically relevant heat source, which
is q, and the heat sink, which is �qbcbu � rT, are added to the con-
ventional diffusion-type heat equation. The resulting energy equa-
tion avoids a possible high recurrence stemming from the tumor
cell survival next to large vessels

qbcb
@T
@t
¼ kbr2T � qbcbu � rT þ q ð8Þ

In the above, u is the blood flow velocity. Owing to the presence of
blood flow velocity vector u in the above energy equation, we know
that a biologically sound model for conducting a HIFU simulation
should comprise a coupled system of thermal-fluid-acoustics non-
linear differential equations. In such an analysis framework, the
heat sink is coupled with the hydrodynamic equations described la-
ter in Section 2.3 and the heat source is governed by the acoustic
field equation described previously in Section 2.1.

Thermal dose developed by Sapareto and Dewey [21] will be
applied to give us a quantitative relationship between the temper-
ature and time for the tissue heating and the extent of cell killing.
In focused ultrasound surgery (generally above 50 �C), the expres-
sion for the thermal dose (TD) can be written as:

TD ¼
Z tfinal

t0

RðT�43Þdt �
Xtfinal

t0

RðT�43ÞDt ð9Þ

where R = 2 for T > = 43 �C, R = 4 for 37 �C < T < 43 �C. The value of
TD required for a total necrosis ranges from 25 to 240 min in biolog-
ical tissues [18,21,22]. According to this relation, thermal dose
resulting from heating the tissue to 43 �C for 240 min is equivalent
to that achieved by heating it to 56 �C for 1 s.

2.3. Acoustic streaming hydrodynamic equations

Owing to the inclusion of heat sink, which is shown on the right
hand side of Eq. (8), the velocity of blood flow plus the velocity
resulting from the acoustic streaming due to the applied high-
intensity ultrasound must be determined. In this study we consider
that the flow in large blood vessels is incompressible and laminar.
The vector equation for modeling the blood flow motion, subject to
the divergence free equation r � u = 0, in the presence of acoustic
stresses is as follows [23,24].

@u
@t
þ ðu � rÞu ¼ l

q
r2u� 1

q
rPþ 1

q
F ð10Þ

In the above, P is the static pressure, l (=0.0034 kg/m s) the shear
viscosity of blood flow, and q the blood density. In Eq. (10), the force
vector F acting on the blood fluid due to ultrasound is assumed to
propagate along the acoustic axis n. The resulting non-zero compo-
nent in F takes the following form [25]

F � n ¼ 2a
c0

I ð11Þ

The acoustic intensity I shown above has been defined in Eq. (6).
Amongst the second-order physical effects, only the acoustic
streaming is taken into account in this study.

3. Description of the problem

The HIFU transducer used in this study is a single element, that
is spherically focused with an aperture of 12 cm and a focal length
of 12 cm. The transducer presumably emits a beam of spherically-
shaped ultrasound wave and will propagate towards the targeted
tissue under the current investigation. The parameters used in
the current simulation are listed in Table 1 [11,26].

We consider the case of a linear dependance of the attenuation
coefficient on frequency [26]. In this study, we will consider the
transducer with the frequency f = 1.33 MHz. The acoustic energy



Table 1
Acoustic and thermal properties for the liver tissue and blood.

Tissue c0
m
s

� �
q kg

m3

� �
c J

kgK

� �
k W

mK

� �
a Np

m

� �

Liver 1550 1055 3600 0.512 9 � f
Blood 1540 1060 3770 0.53 1.5 � f

y zblood vessel

x

mc
21

12 cm

Fig. 1. Schematic of the physical model. Blood vessel is parallel to the acoustics
axis. The space bounded by the dashed line and the transducer is the domain for
conducting acoustic wave simulation.
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Fig. 3. Comparison of the simulated peak temperature rise at the focus (positioned
in a phantom material and 0.4 mm from the vessel wall) with the experimental data
[25] as a function of pressure for the flow speed u = 0.67 cm/s in the vessel.
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emitted from this transducer is 80 Watt. The initial temperature is
equal to 37 �C and the blood flow is 0.13 m/s prescribed on the in-
let vessel plane [27]. The vessel diameter is 3 mm. We assume a
parabolic velocity profile at the inlet of blood vessel. As the dura-
tion of energy delivery ranges from 5 to 12 s [28], the solid tumor
was assumed to be exposed to a 8 s ultrasound. The blood vessel
schematic in Fig. 1 is parallel to the acoustic axis. The distance be-
tween the blood vessel wall and focal point ranges from 1.0 mm to
0.5 mm.

The three-dimensional problem is analyzed using the commer-
cially available CFDRC (CFDRC Research, Hunstille, AL, USA) soft-
ware. A detailed description of the solution procedures can be
found in our previous article [11]. For the calculation of the tem-
perature and velocity fields we used the computational domain
with dimensions 6 cm � 4 cm � 4 cm. It is sufficient for the consid-
ered treatment time. In the focal region (4 mm � 4 mm � 20 mm)
the refined grids were generated with a mesh length 0.2 mm.
The number of grids used in this study was 126465 in the blood
vessel and 525736 in the liver. Mesh independence was assessed
by comparing the temperature distribution in the final working
mesh with the temperature obtained in a refined mesh, which is
generated by increasing the number of cells by 30%. In two meshes,
the temperatures differ from each other only by an amount less
than 1%.
Axial distance(mm)

P
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Fig. 2. The measured and computed pressure profiles in wat
4. Comparison with the experimental data

In order to verify our theoretical analysis, the following experi-
ments were carried out. The acoustic source and hydrophone were
immersed in a water tank, which was open to the atmosphere. A
three-dimensional computerized positioning system was designed
to move the transducer along the beam axis and orthogonal direc-
tions. The investigated single-element transducer has a focal
length of 120 mm, an aperture of 120 mm and frequency of
1.33 MHz. The transducer was driven by a continuous wave. In
Fig. 2, the pressure profile is plotted against the radial and axial
distances (in the focal plane). Solid lines and open circles corre-
spond to the prediction and measurement results, respectively.
These results were obtained in water at 25 �C using the chosen
0.4 mm hydrophone (Onda HNA-0400). The efficiency of the trans-
ducer was measured by the radiation force balance. The measured
pressures were normalized by the focal pressure of 1.45 MPa. We
can see a good agreement between the measured and numerical
results. Since power deposition is quadratic in pressure, the devia-
tion between the measurement and model analysis in the low
amplitude regions is not deemed significant.

The present computational model was validated by comparing
our simulated results with the experimental results of Huang
et al. [25]. This comparison was made for the temperature field
in a tissue phantom with 2.6 mm blood vessel. The results of
comparison are presented in Fig. 3. The acoustic frequency and
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er at 1.33 MHz and 1.45 MPa pressure at the focal point.



Fig. 4. The predicted temperature contours at t = 8 s in liver at the cutting plane y = 0 for the case investigated at f = 1.33 MHz and 3.0 MPa pressure at the focal point, cross
(+) denotes the location of focal point (0.0025,0,0.12). (a) without blood flow; (b) with blood flow, u = 0.13 m/s.

Fig. 5. The predicted temperature contours at t = 8 s in liver at the cutting plane z = 0.12 m for the case investigated at f = 1.33 MHz and 3.0 MPa pressure at the focal point,
cross (+) denotes the location of focal point (0.0025,0,0.12). (a) without blood flow; (b) with blood flow, u = 0.13 m/s.
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Fig. 6. The predicted temperature distributions along x and z directions at t = 8 s (just after sonication) and t = 20 s (the transducer is switched off at t = 8 s) for the cases with
and without blood flow investigated at f = 1.33 MHz and focal intensity 280 W/cm2.
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sonication time were 1.0 MHz and 5 s, respectively. Radius of
transducer was 7 cm, and focal length is 6.3 cm. Our results are
in a good agreement with the experimental data of Huang et al.
[25] for the mean flow velocity of 0.67 cm/s within the estimated
uncertainties in temperature measurements.

5. Results and discussion

The proposed three-field coupling mathematical model is used
to get the temperature distribution in liver. First we will study
the temperature distribution in liver, when the distance between
the focal axis and blood vessel is 1 mm. The inlet velocity is set
at 0.13 m/s.

In Figs. 4, 5 we can see the computed temperature contours at
t = 8 s (or s) in the liver at the cutting planes y = 0 and z = 0.12 m
for the cases with and without blood flow. In these figures we do
not show the simulated temperature that is higher than 56 �C, be-
X (m)
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Fig. 7. The predicted temperature distributions along x and z directions at t = 3 s (just aft
and without blood flow investigated at f = 1.33 MHz and focal intensity 600 W/cm2.
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Fig. 8. The simulated streaming profiles at the cutting plane y = 0 m without the external
– velocity in z direction, m/s. (a) focal point is at x = 0.0025 m, z = 0.12 m, at a distance 1
wall; (c) focal point is at x = 0.0015 m, on the blood vessel wall.
cause as we mentioned before it is the threshold value for the tis-
sue necrosis. For the case without blood flow an ellipsoidal lesion
with the dimension 8.6 mm � 1.8 mm � 1.8 mm is obtained. The
blood flow reduces the lesion size in both axial and radial direc-
tions. For the case with flow the lesion size is reduced from 8.6
to 8.0 mm in the axial direction. The distance between the lesion
and blood vessel wall is 0.12 mm for the case without flow and
is equal to 0.3 mm, when we take into account blood flow motion.
This explains why the tissues close to blood vessel remain viable. A
layer of tissues close to the blood vessel receives a lower thermal
dose due to the blood cooling.

In Fig. 6 we can see the temperature profiles computed at t = 8 s
and at t = 20 s (the transducer is switched off at t = 8 s) along the
focal axis z and the radial axis x. The peak temperature is 71.8 �C
at the focus in the absence of blood flow. If we take into account
the blood flow, the maximal temperature becomes 70 �C. Temper-
ature profile becomes asymmetric in the presence of blood flow.
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Table 2
Maximum acoustic streaming velocity Umax (m/s) computed in the blood vessel for
different distances between the focal point and blood vessel wall.

Intensity, W/
cm2

Umax,
gap = 1 mm

Umax,
gap = 0.5 mm

Umax,
gap = 0 mm

280 0.014 0.026 0.09
600 0.025 0.05 0.17
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There is a very fast temperature decrease near the blood vessel
wall. The maximal temperature along the radial axis shifts
0.1 mm from the focal point at t = 8 s. At t = 20 s the peak temper-
ature at the focal point is 44.1 �C for the case without blood flow
and 42.1 �C for the case with blood flow. At t = 20 s, in the presence
of blood flow the peak temperature shifts 0.9 mm from the focal
point along the radial axis. At time t = 20 s there is a large differ-
ence between the temperature distributions for the cases with
and without blood flow. We have computed the temperature for
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Fig. 9. The predicted acoustic streaming velocity profiles at the cutting plane y = 0 for dif
blood flow velocity u = 0.02 m/s; (b) velocity = 0.06 m/s; (c) velocity = 0.13 m/s.
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Fig. 10. The simulated velocity profiles w(x,y = 0,z) at three chosen cross-sections z for th
wall: (a) blood flow velocity is 0.06 m/s; (b) blood flow velocity is 0.13 m/s.
several distances between the focal point and blood vessel wall.
The calculated results show that large blood vessel can signifi-
cantly change the temperature distribution in liver tumor when
the distance between the focal point and blood vessel wall is equal
to several mm. In Fig. 7 the temperature profiles are presented for
an exposure time t = 3 s and focal intensity 600 W/cm2. At time
t = 3 s the temperature difference at the focal point (1 mm from
the vessel wall) is less than 1% for the cases considered with and
without flow. The effect of blood flow cooling decreases with the
decreased treatment time. Next we will study the effect of acoustic
streaming on the velocity and temperature distributions in the
investigated domain.

In Fig. 8 we present the z velocity component at the cutting
plane y = 0 for different gaps. Note that the gap schematic in
Fig. 1 is the distance between the focal point and the vessel wall.
We consider initially the steady-state flow. Acoustic streaming
velocity is induced by the absorbed ultrasound energy. When the
gap is equal to 0 mm, one large eddy circulation appears. For the
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case with a larger gap (1.0 mm or 0.5 mm), two eddies appear near
the focal region in the blood vessel. The maximum acoustic
streaming velocity in blood vessel induced by the absorbed ultra-
sound energy ranges from 0.014 m/s, when the gap is 1.0 mm, to
0.09 m/s, when the gap is 0 mm (when the focal point is on the
blood vessel wall). The velocity gradients associated with the
acoustic streaming motion are very high, especially, near the
boundaries. If we increase the focal intensity from 280 W/cm2 to
600 W/cm2, the acoustic streaming flow behavior will not change,
but the velocity magnitude will change. The comparison of stream-
ing velocity magnitudes for focal intensities 280 W/cm2 and
600 W/cm2 is presented in Table 2. The maximum acoustic stream-
ing velocity will be 0.025 m/s (0.014 m/s for 280 W/cm2), when the
gap is 1.0 mm, and 0.17 m/s (0.09 m/s for 280 W/cm2), when the
gap is 0 mm. Increase of focal intensity from 280 W/cm2 to
600 W/cm2 causes an increase of acoustic streaming velocity mag-
nitude almost twice. In Fig. 9 we can see how the acoustic stream-
ing can alter the blood flow velocity. Initially we consider a
parabolic velocity profile in the blood vessel with a maximal veloc-
ity u = 0.02 m/s, 0.06 m/s and 0.13 m/s. The absorbed ultrasound
t
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Fig. 11. The predicted temperatures versus time at different radial axis points (x,y = 0,z =
flow velocities u: (a) x = 0.0025 m, u = 0.02 m/s; (b) x = 0.002 m (at the focal point), u = 0.
x = 0.002 m, u = 0.04 m/s; (f) x = 0.0015 m, u = 0.04 m/s; (g) x = 0.0025 m, u = 0.13 m/s; (h
energy can increase the maximum velocity (0.032 m/s) near the fo-
cal point by 1.6 times of the initial velocity 0.02 m/s. In Fig. 10 the
simulated velocity profiles at three chosen cross-sections are pre-
sented for the cases with and without acoustic streaming for the
blood flow velocities investigated at 0.06 m/s and 0.13 m/s. When
we take into account the acoustic streaming effect, blood flow be-
comes asymmetric. If we increase the initial velocity, the impor-
tance of acoustic streaming will decrease. For the presented cases
we get a larger velocity gradient near the blood vessel boundary,
when we take into account the acoustic streaming effect. This will
increase the blood flow cooling.

The predicted temperature distributions at different points
along the radial axis are presented in Fig. 11 as function of time
for an 8 s sonication for the cases investigated with and without
inclusion of acoustic streaming. The imposed velocities are equal
to 0.02 m/s, 0.04 m/s and 0.13 m/s. The distance between the focal
point and the blood vessel wall (the gap) is equal to 0.5 mm. The
largest difference for all cases can be seen at the end of the sonica-
tion, t = 8 s. On the blood vessel wall (Fig. 11c) at t = 8 s the temper-
ature rise is 18.5 �C without the acoustic streaming effect and
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0.12) for the cases with and without acoustic streaming for different values of blood
02 m/s; (c) x = 0.0015 m, at the blood vessel wall, u = 0.02 m/s; (d) x = 0.0025 m; (e)
) x = 0.002 m, u = 0.13 m/s; (i) x = 0.0015 m, u = 0.13 m/s.
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12.9 �C with the acoustic streaming effect. This means that the
temperature rise was reduced by 30% due to the acoustic stream-
ing effect. At the distance 1 mm from the vessel wall (Fig. 11a)
the highest temperatures are equal respectively to 62.7 �C and
61.6 �C for the cases considered with and without acoustic stream-
ing correspondingly. Even for a high value of imposed velocity
0.13 m/s we can observe that acoustic streaming can increase
blood flow cooling and decrease the temperature significantly.
The effect of acoustic streaming is more pronounced for small
blood velocities. For the case with a smaller distance between
the blood vessel wall and focal point, the effect of the acoustic
streaming will increase.

In Fig. 12 we present the predicted lesion boundaries in liver for
the cases with and without acoustic streaming effect for the focal
intensity 280 W/cm2 and sonication time 8 s. The distance be-
tween the focal point and the blood vessel wall (the gap) is equal
to 0.5 mm, blood flow velocity is 0.02 m/s. When taking into ac-
count the acoustic streaming effect, the lesion size can be signifi-
cantly reduced by 23%. The distance between the vessel wall and
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Fig. 12. The predicted lesion shapes in liver for the cases with and without acoustic st
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Fig. 13. The predicted lesion shapes in liver for the cases with and without acoustic st
blood flow velocity is 0.02 m/s. (a) at the cutting plane y = 0; (b) at the cutting plane z =
lesion boundary increases from 0.03 mm to 0.16 mm, when we
take into account acoustic streaming effect. It means that acoustic
streaming effect cannot be neglected in the treatment planning.
When the distance between the focal point and the blood vessel
boundary becomes smaller, the effect of acoustic streaming will
be more pronounced. In Fig. 13 we present the predicted lesion
boundaries in liver for the cases with and without acoustic stream-
ing effect for the larger value of focal intensity 600 W/cm2 and
smaller sonication time 3 s. When taking into account the acoustic
streaming effect, the lesion size is reduced by 16%. Even for small
sonication time (3 s) acoustic streaming effect can affect the lesion
size. The distance between the vessel wall and lesion boundary is
0.03 mm (the distance was 0.16 mm for the focal intensity
280 W/cm2 and sonication time 8 s). Higher focal intensities and
shorter sonication times can significantly reduce the distance be-
tween the lesion boundary and blood vessel wall. If destruction
of all cells near the blood vessel boundary is necessary, a shorter
sonication time with higher power deposition is suggested so as
to minimize the viable region.
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The simulated ablated tumor volumes, which vary with the ini-
tial velocity, for the cases with and without flow are presented in
Fig. 14. The distance between the blood vessel boundary and focal
point is 0.5 mm. When we increase the velocity from 0.02 m/s to
0.04 m/s, the volume calculated without taking into account the
acoustic streaming effect is changed by an amount of 14%. When
we increase the velocity from 0.08 m/s to 0.13 m/s, the difference
of the volumes is only about 10%. A further increase of the velocity
will decrease the ablated volume by only a small value. This means
that inclusion of acoustic streaming into analysis decreases the ab-
lated tumor volume. At the velocity 0.02 m/s the difference of vol-
umes for the cases considered with and without acoustic
streaming is equal to 23%. With the increasing initial velocity the
difference will decrease. For the case with the velocity 0.13 m/s
the difference of volumes is only 7%.

6. Conclusion

We have proposed a three dimensional physical model to con-
duct the current HIFU study. The proposed model takes into ac-
count the convective cooling in large blood vessel and the
perfusion due to capillary flows. Convective cooling in large blood
vessel was shown to reduce the temperature near a large blood
vessel. Acoustic streaming was also included in the simulation
model. Due to the cooling effect enhanced by acoustic streaming,
the temperature rise near the blood vessel wall is much lower than
the value predicted without taking into account the acoustic
streaming effect. It was shown that acoustic streaming generated
by ultrasound can affect the lesion size and the shape. This demon-
strates the necessity of taking into account both of the convective
cooling and acoustic streaming effects for a simulation involving a
large blood vessel, when the tumor is close to large blood vessel.
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