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Abstract. Steering abilities of a typical HIFU therapeutic array operated in linear and nonlinear regimes were compared using 
numerical simulation with the 3D Westervelt equation. The array included 256 elements of 1.2 MHz frequency and 6.6 mm 
diameter distributed in a quasi-random pattern over a spherical shell with a 130 mm aperture and a focal length of 120 mm. In the 
case of linear focusing, thermal effects are proportional to the intensity level and the criterion for safe array operation is that the 
intensity in the grating lobes should be less than 10% of the intensity in the main focus. In the case of nonlinear focusing, the 
heating effect is no longer proportional to intensity; therefore the heat deposition rate was chosen as the relevant metric, using the 
same 10% threshold for the secondary lobe in comparison with the focal maximum. When steering the focus, the same linearly 
predicted intensity level at the main focus was maintained by increasing the array power. Numerical simulations of the acoustic 
field were performed for nonlinear propagation both in water and in tissue. It was shown that for shock-forming conditions in the 
main focus, the steering range of safe electronic focusing is larger than that for linear propagation conditions. Nonlinear 
sonication regimes therefore can be used to enlarge tissue volumes that can be sonicated using electronic steering of the focus of 
HIFU arrays. 

INTRODUCTION 

Multi-element phased arrays are used in many modern high intensity focused ultrasound (HIFU) surgical systems 
[1]. Such arrays enable complex beamforming to avoid overheating of obstacles, for example ribs, and phase and 
amplitude corrections to improve focusing through inhomogeneities in soft tissues and through skull bones [2, 3]. 
Electronic steering of the focus is also used to sonicate tissue volumes without mechanical movement of the 
transducer [4]. 

The steering range is a key metric for arrays with regard to their safety and efficacy in surgical applications. 
Enlarging the safe steering volume in tissue is important clinically; in particular, the importance of this problem has 
been widely discussed for HIFU applications in brain [3]. Steering of the focus can be performed only within certain 
limits, which are determined by two main factors. The first factor is related to generation of secondary grating lobes, 
which can result in unintentional damage of intervening tissues. Formation of grating lobes strictly depends on the 
positioning scheme of the elements. For example, regular positioning results in very strong grating lobes preventing 
large displacements of the focus [5]. Arrays with a quasi-random distribution of elements have much smaller grating 
lobes, and were shown to provide focus steering up to 10-15 mm [4, 5]. The second factor is the decrease of 
intensity in the steered focus due to the directivity pattern of each array element. Smaller elements are less 
directional and thus provide better steering abilities in an array. A directivity-related decrease in the intensity of the 
steered focus can be compensated by a corresponding increase of intensity at the elements to generate the same 
intensity as in the non-steered focus. However, power output of the elements has its own technical limits (imposed 
by heating, for example), which correspondingly restrict possible intensity compensation. 
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Nonlinear propagation effects have been shown to provide various advantages for HIFU applications. For 
example, tissue is heated much more effectively when shock fronts are formed at the focus [6]. The heat deposition 
rate for waveforms with a shock front can be about one order greater than that for a linear wave of the same pressure 
amplitude. Since shock formation in the focal region of the beam requires intensities that exceed a certain amplitude 
threshold, this effect can be used to diminish thermal effects in grating lobes where the intensity remains below the 
threshold [7]. The goal of this work was to compare steering abilities of a typical array operated in linear and 
nonlinear regimes [8]. The acoustic field of the array was simulated using a nonlinear propagation model based on 
the 3D Westervelt equation [9]; peak pressure, intensity, and heat deposition power in both the focus and the grating 
lobes were compared for linear and nonlinear propagation conditions. 

 

 

FIGURE 1. (a) Distribution of radiating elements at the surface of a therapeutic array; (b) geometry of the numerical experiment: 
array focus is electronically steered within 5 cm thick tissue layer (liver) centered around the geometric focus of the spherical 
shell (z = F). 

NUMERICAL MODEL 

In this work a multi-element therapeutic array which is a part of clinical HIFU therapy system (Sonalleve V1, 3.0T, 
Philips Healthcare) was chosen to investigate focus steering under strongly nonlinear propagation conditions [8]. 
The transducer included 256 elements of 1.2 MHz frequency and 6.6 mm diameter distributed in a quasi-random 
pattern over a spherical shell with a 130 mm aperture and a focal length of 120 mm. A front view of element 
positions in the plane (x,y) is shown in Fig. 1a. The configuration of the numerical experiment is sketched in Fig.1b. 
Here the array focus is steered laterally in a 5 cm thick layer of tissue (liver), with the non-steered focus position (z = 
F) in the center of steered target locations. The space between the array and tissue layer is filled by water. 

A 3-D Westervelt equation was used to simulate the nonlinear acoustic field generated by the therapeutic array: 
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Here 0czt is the retarded time, ,/// 222222 ypxpzpp parameters 0c , , 0 and  are the 
ambient sound speed, nonlinearity coefficient, density of the medium, and the diffusivity of sound, respectively. 
Equation (1) accounts for the combined effects of nonlinearity, diffraction, thermoviscous absorption and power-law 
absorption in tissue, which is represented by the  term. 

The boundary condition for the Westervelt equation was set at the plane (x, y, z = 0) at the apex of the spherical 
shell of the array. This was accomplished in two steps. First, the Rayleigh integral was used to calculate acoustic 
pressure at the plane (x, y, z = 40 mm): 
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Here },,,{ zyxr )(ru is the complex amplitude of the vibration velocity on the surface S of the radiating 
elements, and k = ω/c0 is the wave number. Then the angular spectrum method was used to linearly back propagate 
the pressure distribution from the plane (x, y, z = 40 mm) to the plane (x, y, z = 0). The numerical algorithm is 
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described in detail in earlier publications [8, 9]. The intensity of the acoustic field radiated by each element of the 
array was set to 5 W/cm2, which is sufficient to generate high amplitude waveforms with shocks at the focus [8]. 
The array focus was moved in the transverse direction from the center of curvature (0,0,120 mm) to the position 
(Fx,0,120 mm), where Fx is the focus shift by applying different phase delays to each element in the initial Rayleigh 
integral calculations. 

Parameters of the numerical scheme were set as follows: longitudinal step dz = 0.075 mm, transverse steps 
dx = dy = 0.025 mm. The maximum number of harmonics retained in calculations was limited to 800. The values of 
the physical constants in Eq. (1) were chosen to represent typical conditions in water and liver at room temperature 
(20° C): 0  = 998 kg/m3, 0c  = 1485 m/s,  = 3.5,  = 4.33·10-6 m2/s for water and 0  = 1050 kg/m3, 0c
 = 1580 m/s,  = 4.0,  = 4.33·10-6 m2/s for liver. The coefficient in the power law absorption in liver was 8.4 m-1 at 
1.2 MHz and linear growth of the absorption with frequency was assumed. 

 

FIGURE 2. (a) Focal peak pressure (solid line) and intensity (dashed line) when the focus is steered to the position (Fx, 0, 
120 mm), with values normalized relative to those at the non-steered focus; (b) increase of the peak pressure and intensity in 
grating lobes relative to the peak pressure and intensity in the steered focus. 

RESULTS 

Array steering capabilities in the case of linear propagation are summarized in Fig. 2. Decrease of the focal peak 
pressure (solid line) and intensity (dashed line) relative to peak pressure and intensity in non-steered focus is shown 
in the Fig. 2a and increase of the peak pressure and intensity in grating lobes relative to peak pressure and intensity 
in the steered focus is shown in the Fig. 2b. It is seen that focal pressure relative to the non-steered focal maximum 
decreases to 0.7 (-3 dB) at 12 mm steering and to 0.5 (-6 dB) at 17 mm. Thus, to steer the focus at 12 mm the array 
must be capable to increase power by a factor of 2 and to steer at 17 mm by a factor of 4 to compensate focal 
intensity decrease. In the case of linear focusing, thermal effects are proportional to the intensity levels. It is 
commonly accepted that the criterion for safe array operation is that the intensity in the grating lobes should be less 
than 10% of the intensity in the main focus. In our case this criterion is met for focus displacements up to 15 mm 
(Fig.2b). At greater focus displacements the intensity in grating lobes grows rapidly and at 23 mm it becomes equal 
to the intensity in the steered focus. 

Nonlinear propagation effects resulted in a strongly distorted focal waveform with 70 MPa peak positive 
pressure and shock-front amplitude of 50 MPa. In the modeling, it was verified that parameters of nonlinear 
waveforms remained almost the same when the focus was steered and array power was compensated to maintain the 
same amplitudes in steered and non-steered foci. Peak positive pressure, intensity, and heat sources in grating lobes 
relative to the corresponding values in the steered focus are compared in Fig. 3 for linear and nonlinear propagation 
regimes. It is seen that in the nonlinear regime the peak positive pressure in grating lobes is much smaller in 
comparison to the linear propagation case (Fig. 3a). This result is caused by nonlinear amplification of the peak 
positive pressure at the focus of nonlinear ultrasound beams [9]. The intensity in grating lobes does not change too 
much between nonlinear and linear regimes (Fig. 3b). Note, that when nonlinear propagation effects are taken into 
account, the heating effect is no longer proportional to intensity. Also, when the shock front is formed, the heat 
deposition rate is about one order of magnitude higher than in the case of a linear wave with the same amplitude [6]. 

 

040005-3 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

93.180.51.14 On: Thu, 29 Oct 2015 16:16:06



Accordingly, significant differences are predicted for heating in grating lobes in linear and nonlinear regimes 
relative to those in the main foci (Fig. 3c). At 15 mm steering linear heat sources in grating lobes are about 10 % of 
the focal values (similar to intensity) while nonlinear heat sources are still very low (about 2%). At 17.5 mm steering 
heat sources in the nonlinear regime remain the same (2 %); however, in the linear regime heat sources are higher 
than 15 %. 

 

 
FIGURE 3. (a) Increase of the peak pressure in grating lobes relative to the peak pressure in the steered focus in linear (solid 
line, circle markers) and nonlinear (dashed line, triangle markers) propagation cases; (b) same for intensity; (c) same for heat 
sources. 

CONCLUSIONS 

In this work, the steering abilities of a typical therapeutic array were investigated in linear and nonlinear regimes 
using numerical simulations with the 3D Westervelt equation. It was shown that for shock forming conditions in the 
main focus, the steering range of safe electronic focusing is larger than that for linear propagation conditions. 
Nonlinear regimes therefore can be used to enlarge tissue volumes that can be sonicated using electronic steering of 
the focus of HIFU arrays. 
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