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Abstract.  Fast heat deposition during high-intensity focused ultrasound (HIFU) therapy is often 
accompanied by acoustic cavitation. In vivo and in vitro experiments have shown that with 
cavitation the heating rate is greatly enhanced and HIFU efficacy can be favorably improved. 
However uncontrolled cavitation usually results in irregular lesions and other undesirable 
effects. This work studies the interaction between the ultrasound pressure, cavitation and 
temperature field in a medium containing cavitation bubbles, with size distribution  estimated by 
stability criteria and number density estimated from empirical observations. Treating the bubbly 
mixture as an effective medium with effective sound speed and attenuation coefficient 
determined from bubble dynamics, iterative computations on acoustic propagation and 
subsequent cavitation and thermal effects can be performed. The thermal lesion development is 
then simulated in a tissue-like medium exposed to 1-MHz HIFU in CW with MPa pressure 
amplitudes, and compared with experiment. 
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INTRODUCTION 

Acoustic cavitation is often the result of the application of high-intensity ultrasound 
in biological structures. Characterized by the efficient and highly nonlinear conversion 
of acoustic energy to mechanical motion, cavitation brings both undesirable and 
desirable effects to ultrasound therapy. Cavitation bubbles formed in the propagation 
path scatter and absorb much of the delivered energy before it reaches the target area, 
which induce tissue damage in unwanted areas [1, 2]. On the other hand, bubbles 
greatly enhance the heating effects from HIFU in the focal zone [3], which is attractive 
to therapeutic procedures requiring efficient large-scale energy deposition. Recent 
studies [4, 5] indicate that bubble-assisted HIFU therapy protocols can be designed, 
provided cavitation works effectively in and only in target areas.  To understand more 
about the bubble-mediated HIFU we present here a tractable effective medium model 
for including the effect of bubbles on both the acoustic and thermal fields. 

 

PHYSICAL CONSIDERATIONS 

We employ the Westervelt nonlinear wave equation to model the acoustic pressure 
propagation in an homogeneous, absorptive tissue [6]. Once the pressure field is 
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known, the heat source from sound absorption can be calculated and the Pennes bio-
heat equation [7] can be solved for the temperature field. The result thermal dose TD43 
can be calculated [8] and by defining lesions with TD43 greater than 240min the 
thermal lesion development can be simulated. The presence of acoustic cavitation 
however, introduces significant complexities. It is generally intractable to account for 
bubble effects by a linear summation of contributions from individual bubbles. Instead 
we consider the multi-scale structure of cavitation activity in HIFU. The time scale for 
bubble oscillations is 10-6 s, whereas that for bubble field dynamics is 10-3 s and the 
thermal time scale is 1 s. The relevant spatial scale for individual bubbles is 10-6 m, 
while the acoustic wave length and size of the cavitation field are on the order of 10-3 
m. This well-separated multi-scale feature makes it possible to treat the bubbly 
mixture as an effective medium and compute the acoustic propagation in this medium 
with averaged acoustic parameters, essentially the effective speed of sound and the 
effective attenuation coefficient, which are obtained from bubble dynamics. 

For cavitation bubbles in HIFU, small ones will dissolve away under surface 
tension; bubbles surviving surface tension will grow by rectified diffusion until 
reaching diffusion equilibrium or breaking upon shape instability. The remnants from 
broken bubbles can serve as new cavitation nuclei. The medium properties, including 
surface tension, viscosity, dissolved gas content, compressibility, and the bubble 
dynamics including dissolution, rectified diffusion, break-up, together have placed 
stability boundaries for possible size distributions (for details see ref.[9]). For 1-MHz 
MPa HIFU, the allowed initial radius of cavitation bubbles is of order 0.1-1µm. The 
rectified diffusion growth rate is extremely large for 0.1µm bubble and considerably 
smaller for bubbles near 1µm. We further let the bubble initial size be 1 µm averaged 
over the bubble field dynamics time scale. Taking these considerations into account, 
we compute the time averaged sound speed and attenuation for a HIFU bubbly 
medium containing 1 µm bubbles at number density n=5 mm-3. The number density is 
chosen to be on the order of optimal bubble enhanced heating effect estimations [10].         

The resonant frequency for a 1 µm bubble is approximately 3MHz, which is greater 
than the HIFU frequency; this enables us to employ Wood’s equation [11] for the 
sound speed c of the bubbly mixture with time averaged void fraction given by 
n<4πR3/3> where R is the time dependent bubble radius. The primary mechanisms by 
which an oscillating bubble dissipates incident acoustic energy are viscous damping 
and acoustic radiation. Having obtained the dissipation powers from bubble motions 
R(t), we calculate the extinction cross section σext [12], which characterizes the total 
energy removal from the incident beam by one single bubble. The effective 
attenuation coefficient of the bubbly mixture can be obtained from the summation of 
the attenuation from medium and bubbles αeff=αm+nσext. Both calculation of the 
effective sound speed and attenuation are based upon bubble dynamics and thus both 
are pressure-dependent. 

As the surrounding temperature increases during the HIFU insonation, there will be 
increasingly strong effects on the bubble dynamics. Assuming tissue properties 
respond to temperature elevation similarly as water, the surface tension and viscosity 
will decrease while vapor pressure increases when medium temperature increases. 
Consequently the effective medium parameters computed via the bubble dynamics 
become temperature dependent, which will be included in the current model. 
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Figure 1.  The effective attenuation coefficient and the effective sound speed for local pressure 
amplitudes ranging from 1.5 to 10 MPa and for temperatures from 20 ºC to 80 ºC. 

 
Figure 1 shows that the effective bubbly medium attenuation increases strongly, 

while the effective sound speed decreases strongly with increasing pressure amplitude. 
We note that the local minimum at 2.3MPa for αeff is the result of single bubble 
nonlinear behavior. It will be smoothed by the uncertainties in initial bubble sizes and 
their paths to equilibrium in most clinical conditions. The bubbly medium attenuation 
approaches the original medium attenuation as the temperature increases, while the 
sound speed remains well below the normal value. 

SIMULATION, RESULTS AND DISCUSSION 

With pressure-temperature dependent effective medium c and αeff at hand, we 
compute HIFU propagation and the resulting temperature field in the presence of 
bubbles by solving the coupled Westervelt and Pennes equations. The calculation was 
constructed on a finite-difference time-domain (FDTD) scheme [6] in 2-D axi-
symmetric cylindrical coordinates assuming quasi-steady field parameters. Since the 
pressure, temperature and effective medium parameters interact with each other and 
evolve with time, the computation was performed in an iterative fashion. In spatial 
locations where the pressure exceeded the cavitation threshold, effective values for c 
and αeff were computed and used. The acoustic propagation was then re-calculated 
using effective parameters and the cavitation fields were re-allocated in space 
according to the new pressure fields. The pressure, cavitation and temperature fields 
were calculated every 100ms in the first second and then every 1s until 5s. This was 
done in order to mimic the experimentally observed phenomena that cavitation fields 
migrated very fast initially and tended to be stabilized later [13]. The cavitation 
threshold and the bubble population density in the cavitation zones, however, were 
kept constant in all computations. The thermal dose and lesion areas were calculated 
every second through the entire simulation time.  

Figure 2 summarizes the results of one simulation in which the cavitation threshold 
was set to 1.7MPa and the HIFU focal pressure amplitude was 2.5MPa. Asymmetric 
“tadpole” shaped lesions can be identified (A1-A5) as early as 1s after HIFU begins 
(no boiling was induced in these simulations). Within the first second, active 
cavitation fields migrated towards the transducer and shielded acoustic energy from 
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further penetration, which can be inferred from the fact that less cavitation activity 
was seen in the focal region within the first second (B1-B10). The observation of local 
sound speed (C1) and attenuation (C2) yielded a similar conclusion, in that the 
position of largest attenuation and lowest sound speed (signature of active cavitation) 
moves from the HIFU focal zone to the prefocal zone. We simulated the lesions under 
the same conditions but without the local pressure and/or temperature dependences on 
sound speed and attenuation in E and F. A comparison of the results (lesions A5,E,F) 
to a typical lesion observed in experiments (lesion D) qualitatively showed that 
simulations with both pressure and temperature effects match experiment somewhat 
better.  Neglecting both effects under-predicts the resulting lesioned area, while 
neglecting only temperature dependences results in a slight over-prediction of the 
lesion size. 

 

 
Figure 2. A1-A5 are computed lesions from 1 to 5 sec in 1sec increments; B1-B10 are the computed 
cavitation zones (pressure amplitude exceeds threshold) from 0.1 to 1 sec in 0.1 sec increments; C1 and 
C2 show sound speed and attenuation versus time at the HIFU focus, -1,-2 and -3 mm pre-focal; D is a 
binarized-photo of a typical lesion obtained in experiments. Lesions E and F are computed results 
neglecting the local pressure/temperature, and the local temperature only, respectively. 

SUMMARY AND OUTLOOK  

Based upon interactive bubble dynamics in an evolving pressure and temperature 
field, we have constructed a numerical model that can compute bubble-enhanced 
temperature profiles given HIFU transducer conditions and acoustic inputs. The 
ultrasound propagation and absorption are considered in an effective bubble medium 
whose acoustic properties are controlled by the pressure-temperature dependent 
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bubble dynamics in a tissue-like medium, taking into account cavitation mechanisms 
of nucleation, dissolution, rectified diffusion and shape instability. The model may be 
a starting point for treatment planning and dosimetric simulations when cavitation is 
present during therapy.        

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the financial support of The U.S. Army (award 
number DAMD17-02-2-0014) and The Center for Subsurface Sensing and Imaging 
Systems, under the Engineering Research Centers Programs of the National Science 
Foundation (award number EEC-9986821). We also thank Charles R. Thomas and 
Caleb H. Farny for their assistances. 

REFERENCES 

1. R.L. Clarke and G.R. terHaar, Temperature rise recorded during lesion formation by high-intensity 
focused ultrasound. Ultrasound Med Biol, 1997. 23(2): pp. 299-306. 

2. F. Chavrier, et al., Modeling of high-intensity focused ultrasound-induced lesions in the presence of 
cavitation bubbles. J Acoust Soc Am, 2000. 108(1): pp. 432-440. 

3. R.G. Holt and R.A. Roy, Measurements of bubble-enhanced heating from focused, MHz-frequency 
ultrasound in a tissue-mimicking material. Ultrasound Med Biol, 2001. 27(10): pp. 1399-1412. 

4. S.D. Sokka, R. King, and K. Hynynen, MRI-guided gas bubble enhanced ultrasound heating in in 
vivo rabbit thigh. Phys Med Biol, 2003. 48(2): pp. 223-241. 

5. B.C. Tran, et al., Microbubble-enhanced cavitation for noninvasive ultrasound surgery. IEEE T 
Ultrason Ferr, 2003. 50(10): pp. 1296-1304. 

6. I.M. Hallaj and R.O. Cleveland, FDTD simulation of finite-amplitude pressure and temperature 
fields for biomedical ultrasound. J Acoust Soc Am, 1999. 105(5): pp. L7-L12. 

7. H.H. Pennes, Analysis of tissue and arterial blood temperatures in the resting human forearm. 
Journal of Applied Physics, 1948: pp. 93-122. 

8. S.A. Sapareto and W.C. Dewey, Thermal dose determination in cancer therapy. International 
Journal of Radiation Oncology Biology Physics, 1984. 10: pp. 780-800. 

9. X.M. Yang, R.A. Roy, and R.G. Holt, Bubble dynamics and size distributions during focused 
ultrasound insonation. Journal of the Acoustical Society of America, 2004. 116(6): pp. 3423-3431. 

10. R.G. Holt, et al. Bubbles and HIFU: The good, the bad and the ugly. in International symposium on 
therapeutic ultrasound. 2002. Seattle, WA USA. 

11. A.B. Wood, A textbook of sound; being an account of the physics of vibrations with special 
reference to recent theoretical and technical developments. [3d rev. ed. 1955, New York,: 
Macmillan. 

12. S. Hilgenfeldt, D. Lohse, and M. Zomack, Sound scattering and localized heat deposition of pulse-
driven microbubbles. Journal of the Acoustical Society of America, 2000. 107(6): pp. 3530-3539. 

13. C.R. Thomas, et al., Dynamics and control of cavitation during high-intensity focused ultrasound 
application. Acoust Res Lett Onl, 2005. 6(3): pp. 182-187. 

 
 

337

Downloaded 23 May 2006 to 24.218.153.58. Redistribution subject to AIP license or copyright, see http://proceedings.aip.org/proceedings/cpcr.jsp


	INTRODUCTION
	PHYSICAL CONSIDERATIONS

	SIMULATION, RESULTS AND DISCUSSION
	SUMMARY AND OUTLOOK 
	ACKNOWLEDGMENTS
	REFERENCES

	copyright: 


