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This paper describes the evolution of vapour bubbles and its effect on nonlinear ultrasound propagation and

temperature rise through tissues for therapeutic ultrasound. An acoustic-thermo coupling algorithm incorporating

nonlinearity, diffraction, and temperature-dependent tissue properties, is employed to describe nonlinear ultrasound

propagation and thermal effect. Results demonstrate that an obvious migration of peak pressure toward transducer

surface is observed while the position of peak temperature changes little in liver tissue before the generation of vapour

bubbles, and that the boiling region enlarges towards the surface of transducer in axial direction but increases slowly

in radial direction after the generation of vapour bubbles.
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1. Introduction

High intensity focused ultrasound (HIFU) is a
noninvasive surgical technique that delivers intense ul-
trasound energy to a well defined target area of tissue
within the body without damage to intervening and
surrounding tissues.[1] Thermal and mechanical mech-
anisms are principally responsible for the therapeutic
effects, which is owing to the conversion of ultrasonic
energy to heat.[2−4] As a result, the tissue temperature
can rapidly increase to values above the protein dena-
turization temperature (∼43◦C), i.e. in the range of
70◦C to 100◦C. In HIFU therapy, bubbles may come
from cavitation (i.e., ultrasound-induced oscillations
of microbubbles grown from gaseous nuclei) or boiling
due to HIFU induced temperature rise.[5,6] Bubbles
are efficient acoustic scatters, they can significantly af-
fect the propagation of acoustic energy to and through
the HIFU focus[7] and modify HIFU lesion develop-
ment, viz. promotion of pre-focal lesions.[8−10] It has
been observed that the formation of large bubbles co-
incides with the appearance of a brightly echogenic
region in a B-mode ultrasound image, and triggers vis-
ible change of shape lesion growth and migration to-
ward the transducer.[11,12] Additionally, vapour bub-

bles contribute to the distortion of lesion, and growth
of the lesion towards the transducer more than cavita-
tion bubbles.[12] However, up to now, few theoretical
models have been built to describe the effect of vapour
bubbles on therapeutic ultrasound.

This paper establishes a numerical model to de-
scribe the evolution of vapour bubbles, in which the
temperature dependant tissue properties is taken into
account. The Khokhlov–Zabolotskaya–Kuznetsov
(KZK)[13] nonlinear equation is utilized to describe
the nonlinear ultrasound propagation in tissues. The
Pennes bioheat transfer equation (BHTE)[14] is used
to predict the temperature rise in tissues. More-
over, an acoustic-thermo coupling algorithm is em-
ployed to incorporate nonlinearity, diffraction, and
temperature-dependent tissue properties. Based on
the numerical model, the thermo-acoustic lens effect
is verified.[15−17] Furthermore, we examine the evolu-
tion of bubbles region emanating from the focal zone,
and its effect on the acoustic field and temperature
distribution. It is expected that the general analysis
techniques and the simulation results would help us to
know better about the anomalous focused ultrasound
phenomena and optimize the therapy treatments.
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2. Model and method

2.1.Acoustic model

The well known KZK nonlinear equation[13] is
used to describe ultrasound propagation in viscous
media as the following:
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where the normalized variables (ξ, σ) are related to
cylindrical coordinate (r, z) with ξ = r/a and σ =
z/r0, here a is aperture radius of the transmitter

and r0 =
1
2
ka2 is Raleigh distance; k is the wave

number; τ = ω(t − z/c0) and σD = lD/r0, here
ld = ρ0c

3
0/(βp0ω) is the shock formation distance for

a planar wave; α is the sound attenuation coefficient
and P = p/p0 is the normalized acoustic pressure.

For this study, the numerical solution of Eq.(1)
is accomplished using the finite-difference frequency-
domain method.[13] The acoustic pressure is decom-
posed as:

P =
N∑

n=1

(gn sin(nτ) + hn cos(nτ)), (2)

where P is the normalized acoustic pressure, gn and
hn are the nth harmonic coefficients, N is the maxi-
mum number of the calculated harmonic order.

2.2.Thermal model

The temperature rise in soft tissue can be mod-
elled by a diffusion type equation. The Pennes
BHTE[14] is used to describe the thermal effect of ul-
trasound in tissue:
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where T is the temperature in the tissue; kt is the
thermal conductivity of the tissue; Ct and Cb are the
heat capacities of the tissue and blood respectively,
Wb is the perfusion, Ta is the ambient temperature
(37◦C), Q is the heat deposition source term due to
the acoustic field. Assuming that the attenuation co-
efficient α is proportion to fµ,[18] we obtain the heat
source term

Q = 2αI = αp2/ρ/c = α0

N∑
n=1

p2
nnµ/ρ/c, (4)

where α0 is the attenuation coefficient at the fun-
damental frequency, Eq.(3) is solved in the cylin-
drical coordinate by using the finite-difference time-
domain method[19] with assumption of the constant

flux boundary condition for the edges of the computed
zone.

2.3.Temperature dependant tissue

properties

Acoustic properties of tissues depend on temper-
ature. HIFU in the focal region raises temperature
rapidly enough to the ablation levels and can induce
the change of acoustic properties of tissues including
sound attenuation, sound velocity and acoustic nonlin-
earity parameter. The cumulative effect of the vari-
ation of acoustic properties will in turn distort the
propagation of ultrasonic waves, and affect the distri-
bution of the sound and temperature field.

Figure 1 gives an example of acoustic properties
of the porcine liver tissue as a function of temperature,
where the temperature dependence of sound speed in
liver tissue is described by the mixture law,[20] and
the sound attenuation as a function of temperature at
1MHz is described by Ref.[15].

Fig.1. Temperature dependences of sound speed and

sound attenuation in liver tissue.

2.4.Acoustic-thermo coupling algo-

rithm

In order to investigate the acoustic-thermal cou-
pling problem, we apply a periodical computation
model,[17] which involves the following steps: (1) cal-
culate initial fields of sound and temperature by using
Eqs.(1)–(4); (2) update acoustic properties of tissues
and then use them as inputs to calculate a new sound
field; (3) the sound field driving the heating is in turn
affecting the temperature field. Steps 1–3 are repeated
in an iterative fashion.

When the tissue temperature in the focal region
reaches a boiling point Tb (100◦C), vapour bubbles



3374 Fang Ting-Bo et al Vol. 17

will form, which lead to the sharp decrease of the
sound speed and increase of the absorption coefficient.
Consequently, the generated vapour bubbles will affect
the focused ultrasound field and temperature distri-
bution due to sound reflection and diffraction. Since
the volume fraction of bubbles is so small that the
bulk modulus is reduced significantly by a factor of 10
or more. In addition, the density of tissue decreases
slightly. Consequently, the sound speed c =

√
K/ρ

can be reduced by a factor of 3 or more. In our
simulation, for simplicity, the sound speed in boil-
ing/cavitation region is assumed to be zero. It also
has been reported that almost all transmitting ultra-
sound is reflected due to large difference of acoustic
impedances between tissue and bubbles.[21] Attenua-
tion coefficient in the boiling regions is nearly infinite,
and the energy is absorbed other than transmitted
forward into tissue. Consequently, in the computa-
tion, the boundary of the bubble region is assumed as
absolute soft boundary, viz. the reflecting and trans-
mitting coefficients are set to −1 and 0, respectively.
The attenuation coefficient is assumed to be infinite
in the bubble region, and in simulation, we set atten-
uation coefficient as 1000.0 dB/m. In order to study
the influence of vapour bubbles, ultrasound field and
temperature distribution are computed every 0.1 s af-
ter the generation of bubbles.

3. Results and discussions

In this study, a 1MHz ultrasonic focused trans-
ducer (24 mm aperture diameter and 60 mm radius)
is utilized as the ultrasound source. The focused ul-
trasound propagates in the porcine liver tissue, for
which the typical parameters are: ρ=1050 kg/m3,
β=6, kt=0.6W/(m·K), Ct=3800 J/(kg·K), Wb=
0.5 kg/(m3·s), and the frequency dependent attenu-
ation coefficient µ=1.266.[22]

The numerical simulation is carried out on an uni-
form grid with spatial step sizes of 1.7× 10−4 in axis
and 0.01 in radius. The whole computational zone
spans a 10 cm (axial)×6 cm (radial) area. The maxi-
mum harmonic number is set to N=50.

Figure 2 plots the change of location of the peak
pressure over a heating time of 28 s. We select 6
time intervals (0 s, 6 s, 12 s, 18 s, 24 s and 28 s) to il-
lustrate the evolution of axial peak pressures, where
the 1st, 2nd and 3rd harmonic components are plot-
ted in Figs.2(a), 2(b) and 2(c) respectively, while the
composed sound pressure is plotted in 2(d). It is
found that the locations of the harmonic components
shift toward the surface of transmitter, and the higher
harmonic component corresponds to larger migration.
For example, during 28 s ultrasonic heating, the loca-
tions of the peak for 1st harmonic component, 2nd

Fig.2. Evolution of axial sound pressures during ultrasonic heating 24 s every 6 s: (a) 1st harmonic

component, (b) 2nd harmonic component, (c) 3rd harmonic component and (d) composed pressure.
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harmonic component, 3rd harmonic component and
composed pressures shift forward about 2.2, 4.2, 6.8
and 6.0 mm respectively. This phenomenon is ex-
plained by the thermo-acoustic lens effect due to the
temperature dependence of sound speed.[15,16] In ad-
dition, the peak pressure amplitudes for the harmonic
components decrease during the ultrasonic heating be-
cause the absorption coefficient increases with tem-
perature. The higher harmonic component exhibits
larger peak amplitude loss, for example, at 28 s the 1st,
2nd and 3rd harmonic components fall about 4.2%,
17.1% and 30.1%, respectively. It is explained by the
fact that the absorption coefficient is proportional to
fu. Noted that during the initial ultrasound heating,
the peak pressure amplitude of the 1st component in-
creases slightly because the temperature changes are

not so significant enough to cause the variation of
absorption coefficient, while the non-inhomogeneous
sound speed distribution makes the peak pressure in-
crease slightly.

Figure 3 simulates the evolution of axial temper-
ature during 2–14 s and 18–28.06 s with a time inter-
val of 4 s. During 2–14 s, the peak temperature in-
creases from 43◦C to 67◦C. During 18–28.06 s, the
peak temperature increases from 77◦C to 100◦C. It is
observed that the location of peak temperature does
not shift forward the surface of the transmitter unlike
the behaviour of the peak pressure. Noted that the
behaviour of the liver tissue is different from that of
the fat tissue,[13] in which the peak temperature also
shifts forward.

Fig.3. Evolution of axial temperature in 2–14 s and 18–28.06 s.

After 28.06 s ultrasound heating, the tempera-
tures within some axial regions reach 100◦C, so vapour
bubbles is generated. Once the vapour bubble is gen-
erated, the reflecting sound is produced by the reflect-
ing sound waves on the surface of vapour bubble and
the heat source term is generated by the linear sum-
mation of energy of incident sound field and reflecting
sound field.

Figure 4 describes the axial transmitting waves
and reflecting wave from 28.0 s to 29.0 s, where
Fig.4(a) shows the transmitting wave and Fig.4(b)
shows the reflecting wave. We select 4 axial trans-
mitting wave profiles during 28.06 s to 28.96 s to illus-
trate the change of transmitting waves. In Fig.4(a), at

28.06 s, the acoustic pressure at the interface between
tissue and bubble falls down about 45% but not zero
because of sound diffraction. As the bubble region in-
creases in axial and radial directions with time, the
axial pressure within the bubble region falls down to
nearly zero, and decreases sharply beyond the bubble
region. In Fig.4(b), the reflecting waves produced by
vapour bubbles are attenuated quickly. In the begin-
ning of bubble generation, the region of vapour bub-
ble is very small, and as the vapour bubble region
increases, the reflecting sound field is enhanced. Al-
though the reflecting waves attenuate quickly, the re-
flecting energy near the reflecting surface contributes
a lot to the generating of vapour bubble region.
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Fig.4. Evolution of axial transmitting wave after bubble generation.

Figure 5 describes the evolution of vapour bub-
bles region from ultrasonic heating 28 s to 32 s, where
Fig.5(a) shows the change of axial locations of bub-
ble region, and Fig.5(b) plots the change of radial
length. It is observed from Fig.5(a) that the axial
length of boiling region increases with time, and the
start point shifts toward transducer surface as a result
of reflecting sound wave. However, the end position
of the boiling region keeps unchanged between 28 s
and 30 s,and after 30 s, the end position shifts forward
slightly because the transmitting energy through the
boiling region attenuate sharply as seen in Fig.4. On
the other hand, the radial change of the boiling region
is almost axis-symmetrical, Fig.4(b) plots the change
of the maximum radial radius of the bubble region.

During the initial 0.3 s after bubble generates (28.06–
28.36 s), the maximum radius grows fast from 0.12 to
0.48mm. From 28.36.0 to 31.0 s, the maximum ra-
dius changes slowly from 0.48 to 0.72 mm. From 31
to 31.8 s, the maximal radius almost does not change.
The reason is that most energy is focused in the focal
region, the temperature beyond the focal region in-
creases slowly. Previously, Chen et al experimentally
observed the formation process of cavitation bubbles
in HIFU.[7] They found that in the initial process, bub-
ble region develops along the axial direction, and that
the bubble region shifts forward owing to the reflec-
tion of the bubbles. Although the vapour bubbles are
different from the cavitation bubble, their developing
processes exhibit some similar behaviour.

Fig.5. Evolution of axial and radial bubble region from 28.0 s to 32 s.
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4. Conclusion

In this paper, we study the influence of vapour
bubbles on acoustic field and temperature distribu-
tion of therapeutic ultrasound. The nonlinear KZK
equation and the Pennes equation are employed to de-
scribe nonlinear sound propagation and thermal effect,
respectively. Especially, an acoustic-thermo coupling
algorithm is used to include the temperature depen-

dences of sound speed and attenuation in tissues. Re-
sults demonstrate that 1) the position of peak pres-
sure shifts towards the transducer surface, and the
peak pressure amplitude decreases during ultrasonic
heating; 2) the position of peak temperature changes
little in pure liver tissue; 3) the vapour bubble region
enlarges towards the surface of transducer in axial di-
rection, and grows slowly along radial direction about
1.3 s after the generation of bubbles.
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