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Abstract— High-Intensity Focused Ultrasound (HIFU) is 
quickly becoming one of the best methods to thermally ablate 
tissue noninvasively.  Unlike RF or Laser ablation, the tissue 
can be destroyed without inserting any probes into the body 
minimizing the risk of secondary complications such as 
infections.  In this study, the heating efficiency of HIFU sources 
is improved by altering the excitation of the ultrasound source 
to take advantage of nonlinear propagation.  For ultrasound, 
the phase velocity of the ultrasound wave depends on the 
amplitude of the wave resulting in the generation of higher 
harmonics.  These higher harmonics are more efficiently 
converted into heat in the body due to the frequency 
dependence of the ultrasound absorption in tissue.  In our 
study, the generation of the higher harmonics by nonlinear 
propagation is enhanced by transmitting an ultrasound wave 
with both the fundamental and a higher harmonic component 
included.  Computer simulations demonstrated up to a 300% 
increase in temperature increase compared to transmitting at 
only the fundamental for the same acoustic power transmitted 
by the source.     

I. INTRODUCTION 

HERAPEUTIC ultrasound has shown great potential for 
improving many aspects of medical care in recent years.  

For example, the thermal ablation of tissue by High-
Intensity Focused Ultrasound (HIFU) has been used 
effectively to treat both cancer and uterine fibroids [1, 2] in 
clinical settings [3].  In addition, HIFU thermal ablation has 
shown potential for many other applications including the 
ablation of cardiac tissue [4-7], the treatment of ocular 
tumors [8-10], the ablation of nerves to treat spasticity and 
pain [11], the healing of skin grafts [12], perform hemostasis 
[13-15], occlude blood vessels for tissue necrosis [16], and 
heat regulated gene therapy [17].  Unlike other technologies 
to thermally coagulate tissue, such as RF and Laser ablation, 
HIFU is completely noninvasive reducing the risk of 
secondary complications such as infection.  
 In this study, we developed an entirely new method for 
improving the heating rate of an ultrasound source that takes 
advantage of nonlinear propagation.  It has long been 
recognized that the harmonics generated by nonlinear 
propagation increase the heating of the tissue [18, 19], but 
we have found no designs where the excitation of the 
ultrasound source was modified to enhance the nonlinear 
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propagation and subsequently the generation of the higher 
harmonics.  Unlike increasing the source power to improve 
the heating rates, which increases the risk of tissue burns 
near the surface of the transducer, using the harmonics 
generated by nonlinear propagation results in a smaller “hot 
spot” size and better spatial control of the ablation process. 

In our study, we propose transmitting sound at both the 
fundamental and the 2nd harmonic with the phase of the 2nd 
harmonic designed to enhance nonlinear propagation effects.  
While many other investigators have attempted to improve 
the effectiveness and efficiency of therapeutic ultrasound by 
altering the source design or excitation [10, 20-23], our 
approach is unique in that we attempt to directly enhance the 
heating from nonlinear propagation.  We begin by giving a 
qualitative theoretical justification for our proposed method.  
We then find the optimal phase of the 2nd harmonic in 
computer simulations and determine the increase in heating 
efficiency.   

II. THEORETICAL JUSTIFICATION 

 Nonlinear propagation of acoustic waves is due to the 
pressure dependence of sound speed [24].  As a result, the 
portions of the acoustic cycle at higher pressures will 
propagate faster than the portions at lower pressures.  For 
plane waves, this means an initially sinusoidal wave will 
develop a saw-tooth shape as the wave propagates as 
illustrated in Figure 1.  As the wave distorts, energy is 
transferred out of the fundamental and into the harmonics.   
Ultimately, a shock wave will form when the peak 
compressional and peak rarefactional pressures overtake 
each other and the amplitude of the wave will become 
independent of the source amplitude.  The coupling of 
energy into the higher harmonics results in increased heating 
efficiency due to the frequency dependence of tissue 
absorption. 

 Since the generation of the higher harmonics and the 
subsequent increase in heating is greatest when a shock is 
formed we hypothesized that heating can be enhanced by 
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Fig. 1.  Figure illustrating the impact of nonlinear propagation with 
propagation distance due to the amplitude dependence of wave 
velocity. 
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enhancing shock formation.  In this study, this possibility 
was investigated by simulating the temperature increase in 
tissue when transmitting at the fundamental and the 2nd 
harmonic.  Transmitting at the fundamental and 2nd 
harmonic generates an approximate saw-tooth wave when 
the ratio of the amplitude of the second harmonic, p2, to the 
fundamental, p1, is approximately ½.  In order to obtain this 
ratio, the amplitude of the second harmonic needs to be 

scaled at the source by  2 1 0.25 exp op p d f   

where d is the distance to the focal region from the aperture 
plane in cm,  is the attenuation along the propagation path 
in Np/cm-MHz, and fo is the frequency of the fundamental in 
MHz.  The factor 0.25 results from the frequency 
dependence of the focusing gain for the transducer. 

Before preceding it is critical to mention that it is not 
possible to transmit at both the fundamental and the second 
harmonic using traditional piezoelectric elements because 
they only emit sound at the odd harmonics.  While some 
have begun to develop Capacitive Micromachined 
Ultrasonic Transducers (cMUT’s) for therapy applications 
which would allow the transmission of multiple harmonics 
[25], piezoelectric transducers are still the standard.  
Therefore, some type of array arrangement is needed if both 
the fundamental and harmonic are to be present in the 
transmitted signal.  For focused sources, it may be possible 
to implement some type of annular array, but the design of 
such an array is beyond the scope of the present study.  
Currently, we only hope to demonstrate that transmitting at 
the second harmonic will dramatically improve the 
efficiency of the ultrasound therapy source.  This 
preliminary study will also lay the ground work for future 
studies such as transmitting at the fundamental and the 3rd 
harmonic (approximate square wave) which could be done 
using current piezoelectric elements. 

III. SIMULATION PARAMETERS AND RESULTS 

A. Simulation Parameters 

The simulations were conducted by appropriately 
modifying code which calculates the nonlinear pressure 
wave for spherically focused sources by solving the KZK 
equation.  The code was originally written and supplied by 
Joshua Soneson at the United Stated Food and Drug 
Administration (HIFU_Simulator_v1.0, US FDA, October 
2008).  The modifications allowed for both the fundamental 
and the second harmonic (magnitude and phase relative to 
the fundamental) to be specified in the aperture plane of the 
transducer while the original code only allowed for the 
amplitude of the fundamental to be specified.   

The ultrasound therapy source used in the simulations was 
a spherically focused source with a diameter of 5 cm and a 
focal length of 7.5 cm (f-number of 1.5) operating at a 
frequency of 1 MHz.  The total average acoustic power per 
acoustic cycle emitted by the transducer was varied from 10 
to 1000 W.  The tissue medium in the simulations had an 
attenuation of 0.5 dB/cm-MHz, a sound speed of 1540 m/s, 
a density of 1000 kg/m3, and a nonlinear parameter 

( 1 2B A   ) of 3.5.  While it is true that some tissues 

have a larger nonlinear parameter [24], we maintained the 
same value as water in these preliminary simulations.  The 
calculations for most of the acoustic powers (10-500 W) 
used a grid size of 50 points per wavelength in both the axial 
and radial directions while the grid size was increased to 75 
points per wavelength for the acoustic powers of 750 and 
1000 W.  The number of harmonics included in the 
simulations was 1024 for power levels from 10 to 250 W 
while the number of harmonics for power levels greater than 
250 was increased to 2048 in order to account for the 
increased distortion. 
 For the purpose of calculating the temperature, the heat 
capacity of the tissue was 4180 J/kg-K, the thermal 
conductivity was 0.6 W/m-K, and the perfusion rate was 20 
kg/m3-K.  The bioheat transfer equation was then solved 
using the finite element code written and  supplied by 
Joshua Soneson at the United Stated Food and Drug 
Administration (HIFU_Simulator_v1.0, US FDA, October 
2008).  The maximum temperature in the field, which 
always occurred in the focal zone, after 0.5 seconds of 
continuous sonication was then recorded.  A short exposure 
time was selected so that only heating rates would be 
compared in this initial set of simulations.  The short 
exposure time also reduced the computational load required 
for each data point. Also, in the simulations, the phase of the 
second harmonic relative to the fundamental that resulted in 
the maximum temperature increase was determined for each 
power level. 

B. Simulation Results 

The percent increase in temperature following the 0.5 
second exposure relative to a source transmitting at only the 
fundamental with the same acoustic power level is shown in 
Figure 2.   

 
Notice that the percent increase in temperature is ~300% 
when the time-average acoustic power over a single cycle is 
300 W indicating a dramatic increase in source efficiency.  
The optimal phase of the second harmonic relative to the 
fundamental is -2.7 rad at this peak with only a minimal 

 
Fig. 2.  Percent increase in temperature, (a), and corresponding 
optimal phase for the second harmonic at the source, (b), for each 
acoustic power level. 
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dependence on acoustic power.   
Before proceeding, it is important to clarify that decrease 

in source efficiency for power levels greater than 300 W 
(Figure 2a) does not correspond to a decrease in temperature 
increase.  The temperature continues to increase as the 
source power is increased.  However, the temperature 
increase when transmitting only at the fundamental begins to 
increase dramatically for power levels greater than 300 W.  
As a result, the percent increase when transmitting at both 
the fundamental and the second harmonic relative to a 
source transmitting at only the fundamental drops.   

IV. DISCUSSION 

Our simulation results indicated a clear increase in 
heating rate efficiency when transmitting at both the 
fundamental and the second harmonic when the time-
average acoustic power over a single cycle was 300 W.  In 
order to understand the reason for this peak, we looked at 
the ratio of the various harmonics to the fundamental for the 
different acoustic power levels (Figure 3). 

 
Notice that the optimal improvement in efficiency (i.e., 

300%) which occurs at a time-average acoustic power over a 
single cycle of 300 W corresponds to when the amplitudes 
of the higher harmonics relative to the fundamental begin to 
saturate.  This saturation results from the formation of a 
shock wave in the focal region as is illustrated by the time 
domain waveforms shown in Figure 4.  A shock wave has 
not yet formed when transmitting only at the fundamental 
and as a result, the amplitudes of the harmonics relative to 
the fundamental have not yet saturated (Figure 3a).  The 
shock wave appears sooner when transmitting at both the 
fundamental and the 2nd harmonic because the negative peak 
is closer in time to the positive peak at the source (Figure 
4a).  As a result, the positive peak will overtake the negative 
peak sooner as the wave propagates to the focal zone.  Also, 
since the increased heating is due to shock formation, it was 
confined to a smaller region, as shown in Figure 5, than the 

heating produced when transmitting only at the fundamental 
(-3 dB “hot spot” volume of 1.9 mm3 as compared to 17.6 
mm3).   

 

 
Therefore, transmitting at both the fundamental and the 
second harmonic provides better spatial control over the 
ablation procedure than transmitting only at the fundamental 
for the same acoustic power.    

V. CONCLUSIONS 

In this study, we demonstrated that the heating efficiency 
of a high-intensity focused ultrasound source can be 
improved by over 300% by designing the excitation to 
enhance nonlinear propagation.  Specifically, we showed 
that when transmitting at both the fundamental and the 
second harmonic, a shock wave can be formed in the focal 
region that would not normally occur in the absence of the 
second harmonic.  This shock wave dramatically increases 
tissue heating.  It is critical that the 2nd harmonic have the 
correct phase otherwise, the second harmonic could delay 

 
Fig. 3.  Ratio of harmonic amplitudes to the amplitude of the 
fundamental for each acoustic power when transmitting at (a) only the 
fundamental and (b) the fundamental and the second harmonic at 
optimal phase. 

 
Fig. 5.  A spatial map of the temperature increase in dB relative to the 
maximum temperature increase illustrating the size of the “hot spot” 
when (a) transmitting at both the fundamental and (b) when 
transmitting only at the fundamental for a time-average acoustic 
power over a single cycle of 300 W. 

 
Fig. 4.  Time domain waveforms at (a) aperture plane and (b) location 
of maximum acoustic intensity in the focal zone when transmitting at 
only the fundamental (Reference), and when transmitting at both the 
fundamental and the second harmonic when the phase of the second 
harmonic is optimized for maximum heating for a source power of 
300 W. 
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rather than enhance shock wave formation.  The observed 
increase in efficiency can be translated to lower acoustic 
powers in HIFU applications by operating the transducer in 
pulsed mode and selecting the appropriate duty cycle.   

ACKNOWLEDGMENT 

We would also like to thank Joshua Soneson at the United 
Stated Food and Drug Administration for providing code 
that could be modified for the simulations 
(HIFU_Simulator_v1.0, US FDA, October 2008). 

REFERENCES 
[1] X.-L. Ren, X.-D. Zhou, J. Zhang, G.-B. He, Z.-H. Han, M.-J. Zheng, 

L. Li, M. Yu, and L. Wang, "Extracorporeal Ablation of Uterine 
Fibroids With High-Intensity Focused Ultrasound: Imaging and 
Histopathologic Evaluation," J Ultrasound Med, vol. 26, pp. 201-212, 
February 1, 2007 2007. 

[2] S. L. Hokland, M. Pedersen, R. Salomir, B. Quesson, H. Stodkilde-
Jorgensen, and C. T. W. Moonen, "MRI-guided focused ultrasound: 
methodology and applications," Medical Imaging, IEEE Transactions 
on, vol. 25, pp. 723-731, 2006. 

[3] F. Wu, Z.-B. Wang, W.-Z. Chen, J.-Z. Zou, J. Bai, H. Zhu, K.-Q. Li, 
F.-L. Xie, C.-B. Jin, H.-B. Su, and G.-W. Gao, "Extracorporeal 
focused ultrasound surgery for treatment of human solid carcinomas: 
early Chinese clinical experience," Ultrasound in Medicine & Biology, 
vol. 30, pp. 245-260, 2004. 

[4] R. Otsuka, K. Fujikura, K. Hirata, T. Pulerwitz, Y. Oe, T. Suzuki, R. 
Sciacca, C. Marboe, J. Wang, D. Burkhoff, R. Muratore, F. L. Lizzi, 
and S. Homma, "In vitro ablation of cardiac valves using high-
intensity focused ultrasound," Ultrasound in Medicine & Biology, vol. 
31, pp. 109-114, 2005. 

[5] K. Fujikura, R. Otsuka, A. Kalisz, J. A. Ketterling, Z. Jin, R. R. 
Sciacca, C. C. Marboe, J. Wang, R. Muratore, E. J. Feleppa, and S. 
Homma, "Effects of Ultrasonic Exposure Parameters on Myocardial 
Lesions Induced by High-Intensity Focused Ultrasound," J Ultrasound 
Med, vol. 25, pp. 1375-1386, November 1, 2006 2006. 

[6] S. H. Wong, G. C. Scott, S. M. Conolly, G. Narayan, and D. H. Liang, 
"Feasibility of noncontact intracardiac ultrasound ablation and 
imaging catheter for treatment of atrial fibrillation," Ultrasonics, 
Ferroelectrics and Frequency Control, IEEE Transactions on, vol. 53, 
pp. 2394-2405, 2006. 

[7] Y. Abe, R. Otsuka, R. Muratore, K. Fujikura, K. Okajima, K. Suzuki, 
J. Wang, C. Marboe, A. Kalisz, J. A. Ketterling, F. L. Lizzi, and S. 
Homma, "In Vitro Mitral Chordal Cutting by High Intensity Focused 
Ultrasound," Ultrasound in Medicine & Biology, vol. 34, pp. 400-405, 
2008. 

[8] F. L. Lizzi, J. Driller, B. Lunzer, A. Kalisz, and D. J. Coleman, 
"Computer model of ultrasonic hyperthermia and ablation for ocular 
tumors using b-mode data," Ultrasound in Medicine & Biology, vol. 
18, pp. 59-73, 1992. 

[9] F. L. Lizzi, M. Astor, T. Liu, C. Deng, D. J. Coleman, and R. H. 
Silverman, "Ultrasonic spectrum analysis for tissue assays and therapy 
evaluation," International Journal of Imaging Systems and 
Technology, vol. 8, pp. 3-10, 1997. 

[10] F. L. Lizzi, "Influence of beam geometry and tissue boundaries on 
thermal ultrasonic lesions," The Journal of the Acoustical Society of 
America, vol. 106, p. 2228, 1999. 

[11] J. L. Foley, J. W. Little, F. L. Starr III, C. Frantz, and S. Vaezy, 
"Image-guided HIFU neurolysis of peripheral nerves to treat spasticity 
and pain," Ultrasound in Medicine & Biology, vol. 30, pp. 1199-1207, 
2004. 

[12] A. da Costa Goncalves, C. H. Barbieri, N. Mazzer, S. B. Garcia, and J. 
A. Thomazini, "Can Therapeutic Ultrasound Influence the Integration 
of Skin Grafts?," Ultrasound in Medicine & Biology, vol. 33, pp. 
1406-1412, 2007. 

[13] R. W. Martin, S. Vaezy, P. Kaczkowski, G. Keilman, S. Carter, M. 
Caps, K. Beach, M. Plett, and L. Crum, "Hemostasis of punctured 

vessels using Doppler-guided high-intensity ultrasound," Ultrasound 
in Medicine & Biology, vol. 25, pp. 985-990, 1999. 

[14] V. Zderic, A. A. Brayman, S. R. Sharar, L. A. Crum, and S. Vaezy, 
"Microbubble-enhanced hemorrhage control using high intensity 
focused ultrasound," Ultrasonics, vol. 45, pp. 113-120, 2006. 

[15] S. Burgess, V. Zderic, and S. Vaezy, "Image-guided acoustic 
hemostasis for hemorrhage in the posterior liver," Ultrasound in 
Medicine & Biology, vol. 33, pp. 113-119, 2007. 

[16] M. Ichihara, K. Sasaki, S.-I. Umemura, M. Kushima, and T. Okai, 
"Blood Flow Occlusion Via Ultrasound Image-Guided High-Intensity 
Focused Ultrasound and Its Effect on Tissue Perfusion," Ultrasound 
in Medicine & Biology, vol. 33, pp. 452-459, 2007. 

[17] Y. Liu, T. Kon, C. Li, and P. Zhong, "High intensity focused 
ultrasound-induced gene activation in solid tumors," The Journal of 
the Acoustical Society of America, vol. 120, pp. 492-501, 2006. 

[18] D. R. Bacon and E. L. Carstensen, "Increased heating by diagnostic 
ultrasound due to nonlinear propagation," The Journal of the 
Acoustical Society of America, vol. 88, pp. 26-34, 1990. 

[19] V. A. Khokhlova, M. R. Bailey, J. A. Reed, B. W. Cunitz, P. J. 
Kaczkowski, and L. A. Crum, "Effects of nonlinear propagation, 
cavitation, and boiling in lesion formation by high intensity focused 
ultrasound in a gel phantom," The Journal of the Acoustical Society of 
America, vol. 119, pp. 1834-1848, 2006. 

[20] D. Arora, M. Skliar, and R. B. Roemer, "Minimum-time thermal dose 
control of thermal therapies," Biomedical Engineering, IEEE 
Transactions on, vol. 52, pp. 191-200, 2005. 

[21] M. Lu, M. Wan, F. Xu, X. Wang, and H. Zhong, "Focused beam 
control for ultrasound surgery with spherical-section phased array: 
sound field calculation and genetic optimization algorithm," 
Ultrasonics, Ferroelectrics and Frequency Control, IEEE 
Transactions on, vol. 52, pp. 1270-1290, 2005. 

[22] A. H. Aitkenhead, J. A. Mills, and A. J. Wilson, "The Design and 
Characterization of an Ultrasound Phased Array Suitable for Deep 
Tissue Hyperthermia," Ultrasound in Medicine & Biology, vol. 34, pp. 
1793-1807, 2008. 

[23] J. Civale, R. Clarke, I. Rivens, and G. ter Haar, "The use of a 
segmented transducer for rib sparing in HIFU treatments," Ultrasound 
in Medicine & Biology, vol. 32, pp. 1753-1761, 2006. 

[24] M. F. Hamilton and D. T. Blackstock, Nonlinear Acoustics. San 
Diego, CA: Academic Press, 1998. 

[25] S. H. Wong, R. D. Watkins, M. Kupnik, K. B. Pauly, and B. T. Khuri-
Yakub, "Feasibility of MR-Temperature Mapping of Ultrasonic 
Heating from a CMUT," Ultrasonics, Ferroelectrics and Frequency 
Control, IEEE Transactions on, vol. 55, pp. 811-818, 2008. 

 
 

3396


	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order
	Themes and Tracks

