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Newer imaging and therapeutic ultrasound technologies may benefit from in situ pressure levels

higher than conventional diagnostic ultrasound. One example is the recently developed use of ultra-

sonic radiation force to move kidney stones and residual fragments out of the urinary collecting sys-

tem. A commercial diagnostic 2.3 MHz C5-2 array probe has been used to deliver the acoustic

pushing pulses. The probe is a curvilinear array comprising 128 elements equally spaced along a

convex cylindrical surface. The effectiveness of the treatment can be increased by using higher

transducer output to provide a stronger pushing force; however nonlinear acoustic saturation can be

a limiting factor. In this work nonlinear propagation effects were analyzed for the C5-2 transducer

using a combined measurement and modeling approach. Simulations were based on the three-

dimensional Westervelt equation with the boundary condition set to match low power measure-

ments of the acoustic pressure field. Nonlinear focal waveforms simulated for different numbers of

operating elements of the array at several output power levels were compared to fiber-optic hydro-

phone measurements and were found to be in good agreement. It was shown that saturation effects

do limit the acoustic pressure in the focal region of a diagnostic imaging probe.
VC 2017 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4979261]
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I. INTRODUCTION

Among new imaging and therapeutic ultrasound techni-

ques there are applications that may safely benefit from

higher in situ pressure levels compared to conventional diag-

nostic values.1 These applications generally use acoustic

radiation force to induce displacements of tissue or calculi

in vivo. Localized displacements of tissue are used in shear

wave elasticity imaging2 to determine elastic moduli that are

associated with pathological tissues. Displacements of solid

concretions are used in the recently developed method of

kidney stone propulsion.3–5

Kidney stone disease (nephrolithiasis) is a common uro-

logical condition that afflicts about 10% of the population

during their lifetimes.6 All stone surgeries can leave residual

fragments that are expected to pass naturally but may not in

a substantial number of cases. Shock wave lithotripsy (SWL)

is the medical procedure that is widely used for extracorpo-

real removal of kidney stones. It utilizes high-energy focused

shock pulses to break stones into small fragments that can

pass from the body naturally.7 However, persistence of resid-

ual stone fragments in the lower pole of the kidney is a com-

mon problem confronted by urologists and documented in

21%–59% of patients who underwent SWL.8 Residual stones

remain after ureteroscopy in the lower pole about 35% of the

time.9

Ultrasonic propulsion is a new technology to reposition

kidney stones noninvasively—either to aid passage or to

relieve obstruction and pain.3,4 It can be used to remove

small kidney stones by pushing them toward the ureter, or as

an effective method to facilitate passage of stone fragments

after surgery. The first clinical prototype of this technology

includes a diagnostic ultrasound probe to create a real-time

B-mode image and to generate a pulse for moving the kidney

stone with acoustic radiation force (see Fig. 1).10

Preliminary investigative clinical results obtained using this

prototype have been successful; 4 of 6 post surgery subjects

collectively passed over 30 fragments following ultrasonic

propulsion.11 Although these trials were conducted at essen-

tially diagnostic levels, many of the issues discussed in the

current paper were observed while developing and testing

the system; potentially, the efficacy of the procedure may be

increased by using higher in situ pressure to generate greater

radiation force. For example, stones as large as 10 mm were

moved in the clinical trial, but perhaps the procedure could

benefit from higher pressure and radiation force such as

moving larger stones from an obstructing location or from

the lower pole before surgery.

In calibration measurements of the field generated by

the ultrasonic propulsion probe in water, it was observed that

at some output level an increase in power did not result in an

increase in the focal pressure. The hypothesis was that shock

formation and nonlinear acoustic saturation in the ultrasound
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beam was the limiting factor.12,13 The goal of this paper was

to test this hypothesis and to evaluate the degree of these

strong nonlinear effects at operational power outputs.

Previously, nonlinear propagation of diagnostic ultra-

sound pulses was investigated to study the spatial distribution

of fundamental and second harmonic frequencies for applica-

tion to tissue harmonic imaging (THI).14–16 However, in THI,

weakly nonlinear regimes are used, while in ultrasonic propul-

sion research we found that an unmodified convex imaging

probe driven at conventional diagnostic voltages could be

focused to generate shocks in the imaging field of view. The

presence of a shock front changes the pressure field structure

and complicates the field characterization of the probe. Such

strong nonlinear effects in the fields of diagnostic transducers

have not been studied in detail. In addition, most previous

studies were performed for flat rectangular-shaped clinical

scanners.14–16 In this paper, the more complicated case of a

curvilinear array is considered.

Accurate characterization of nonlinear ultrasound fields

generated by various high intensity focused medical devices

has recently been performed using a combined measurement

and modeling approach.17–20 This approach uses numerical

modeling for detailed analysis of spatial and temporal struc-

tures of nonlinear fields while measurements are used to set

a boundary condition and to validate modeling results. Both

axially symmetric single element sources17–19 and multi-

element arrays20 with approximate axial symmetry have

been characterized. Here, the combined measurement and

modeling approach is first implemented for nonlinear acous-

tic fields generated by a diagnostic curvilinear array. The

modeling part is based on the three-dimensional (3D)

Westervelt equation which accounts for the combined effects

of nonlinearity, diffraction, and thermoviscous absorption.

The boundary condition in simulations was set to match

axial beam scans of the acoustic pressure field acquired at

low power in water. Nonlinear focal waveforms were mea-

sured by fiber-optic hydrophone for various output power

levels of the probe to validate results of the simulations.

The content of the paper is organized as described here.

The experimental setup is described first (Sec. II A). Then,

the numerical model and details of the combined measure-

ment and modeling approach for field characterization are

presented (Sec. II B), followed by the procedure of setting a

boundary condition to the model (Sec. II C). Next, linear

simulation results are reported and compared with low

power measurements performed for a variable number of

operating elements (Sec. III A). Finally, nonlinear modeling

data validated against measurements collected at the focus

over a wide range of clinically relevant output power levels

are presented and discussed (Secs. III B and III C). The spa-

tial structures of the peak positive pressure, peak negative

pressure, and intensity are analyzed including the ultrasound

field structure at the highest operational level of the probe.

The results are summarized in Sec. IV.

II. MATERIALS AND METHODS

A. Experimental arrangement and transducer array
details

The experimental setup used to measure pressure fields

generated by an abdominal imaging probe (Philips C5-2,

Bothell, WA) is depicted in Fig. 2. The imaging probe was

driven by a V-1 Verasonics ultrasound engine with extended

transmit burst capabilities (Verasonics, Kirkland, WA); the

Verasonics was controlled through a personal computer (HP

Z820, Palo Alto, CA) using custom MATLAB programs

(Mathworks, Natick, MA). The probe axis was directed verti-

cally in a large water tank, facing downwards. Water was

degassed to about 10% dissolved oxygen. The axes of the

probe were aligned to those of a 3-axis positioner (Velmex,

Bloomfield, NY). A hydrophone was mounted to the posi-

tioner by a custom L-shaped fixture so that the fiber was par-

allel to the ultrasound beam axis.

The transmit signals were 75 cycles at 2.3 MHz fre-

quency with a pulse repetition rate of 20 Hz. A trigger signal

FIG. 1. (Color online) Ultrasonic propulsion system (on left) and illustration

of the new method to push kidney stones (on right).

FIG. 2. (Color online) Diagram of the experimental arrangement for acous-

tic field measurements in water. A FOPH was used for high-amplitude meas-

urements while low-amplitude measurements were performed using a

capsule hydrophone.
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was generated by the Verasonics at the beginning of the

transmission to synchronize oscilloscope acquisition.

The C5-2 curvilinear array probe comprises 128 single

elements and has a cylindrical shape with radius of curvature

R, aperture angle 2h, height ly, and two focal lengths, Fx and

Fy (see Fig. 3). Steering of the focus Fx in the scanning plane

xz is performed electronically by changing the voltage phase

over the probe elements. A cylindrical acoustic lens focuses

the field at a constant depth Fy to reduce the divergence of

the beam in the elevation plane yz. Field measurements were

performed with 16, 32, 40, 64, and 128 active elements; the

centermost elements were used for each configuration.

Nominal dimensions of the probe were measured by a

ruler: radius of curvature R � 38 mm, aperture angle 2h
� 40�, and height ly � 12 mm (see Fig. 3). While these val-

ues are not exact, they provided an initial approximation for

identifying the parameters of an equivalent source in numeri-

cal modeling. The product specification sheet from the man-

ufacturer provided nominal values of the width of each

element (0.37 mm) and the gap between them (0.05 mm). In

experiments, delays to each of the elements of the probe

were programmed by a time of flight calculated using the

values of the speed of sound in water as 1486 m/s and a focal

position of z¼Fx¼ 50 mm along the axis of the probe.

The hydrophone measurements included two steps. First,

low-amplitude measurements of pressure waveforms were

performed using a capsule hydrophone in conjunction with a

preamplifier (HGL-0085 and AH-2010, Onda, Sunnyvale,

CA). The sensitive surface of the hydrophone was a polyviny-

lidene difluoride membrane of 85 lm diameter; the calibrated

frequency range spans from 1 to 20 MHz. Pressure amplitude

distributions were measured along the beam axis z and in two

perpendicular directions x and y in the focal plane at

z¼ 50 mm. These measurements were carried out at the low-

est possible voltage (2 V) applied to the probe and were used

for setting a boundary condition to the numerical model. The

step size along the z axis was 0.5 mm while transverse scans

were done with steps of 0.1 and 0.05 mm along the x axis and

y axis, respectively.

The second step of measurements was carried out by

increasing the voltage applied to the array across the range

from 5 to 90 V. Nonlinear pressure fields were measured

using a fiber optic hydrophone (FOPH 2000, RP Acoustics,

Leutenbach, Germany) with a fiber tip of 100 lm in diame-

ter, nominal sensitivity of 2 mV/MPa, bandwidth of

100 MHz, and a noise floor level of about 2 MPa.18,21 The

location of the maximum of the peak positive pressure on

the beam axis was determined using a transmit sequence

with 128 elements at 50 V. The FOPH was translated

through the region close to the focus first along the axis and

then in the transverse directions with a step size of 25 lm to

identify the location of the pressure maximum. At this loca-

tion that corresponded to z¼ 50 mm, all the waveforms were

collected at increasing voltage levels for different numbers

of operating elements. Averages of the pressure waveform

(128) were used at each acquisition point with the FOPH

bandwidth set at 100 MHz and a sampling rate of 320 MHz.

The averaged waveform then was deconvolved using the

time-domain impulse response supplied by the manufacturer

for the FOPH.18,21,22 Mean and standard deviation values for

peak positive and negative pressure were taken between the

50th and 74th cycles so that a steady state level of peak pres-

sure was reached in the waveform. These measurements

were compared with nonlinear modeling results.

B. Numerical model

A 3D numerical model based on the Westervelt equa-

tion23 was used to simulate the nonlinear acoustic field gen-

erated in water by the diagnostic probe at different output

levels and for different numbers of operating elements. The

model is described in detail in the earlier studies in Refs. 20

and 24. Here we briefly summarize the main concepts of the

numerical algorithm and its implementation.

The Westervelt equation written in a retarded time coor-

dinate is given as

@2p

@s@z
¼ c0

2
Dpþ b

2q0c3
0

@2p2

@s2
þ d

2c3
0

@3p

@s3
: (1)

Here p is pressure, s ¼ t� z=c0 is the retarded time, and

Dp ¼ @2p=@z2 þ @2p=@y2 þ @2p=@x2: Parameters of the

propagation medium, c0, q0, b, and d are the ambient sound

speed, the density, the coefficient of nonlinearity, and the

thermoviscous absorption, respectively. The values of the

parameters were chosen to represent the experimental mea-

surement conditions in water at room temperature:

q0¼ 998 kg/m3, c0¼ 1486 m/s, b¼ 3.5, d¼ 4.33� 106 m2/s.

The Westervelt Eq. (1) accounts for the combined effects of

nonlinearity, diffraction, and thermoviscous absorption. This

is a full-diffraction nonlinear model that does not require a

narrow focusing angle of the field.

Simulations of Eq. (1) were performed using the method

of fractional steps with an operator splitting procedure of

second-order accuracy both in time and space.18 The diffrac-

tion operator was calculated in the frequency domain for

each harmonic component using the angular spectrum

method. The absorption was calculated also in the frequency

domain using an exact solution for each harmonic. The non-

linear operator was calculated in the frequency domain using

the fourth-order Runge-Kutta method at small distances

FIG. 3. (Color online) Geometry of the C5-2 diagnostic curvilinear probe.
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from the probe and using a conservative time-domain

Godunov-type scheme at greater distances. The switch to the

Godunov-type scheme was made at a distance z where the

amplitude of the tenth harmonic exceeded 1% of the ampli-

tude of the fundamental frequency f. Parameters of the

numerical scheme were: longitudinal step dz¼ 0.075 mm,

transverse steps dx¼ dy¼ 0.02 mm. The maximum number

of harmonics was 750. Following a recently proposed

method, the formation of a fully developed shock in the sim-

ulated focal waveform corresponded to the situation when

the bottom of the shock coincided with the zero pressure

level.25

C. Setting the boundary condition using low-amplitude
beam scans

To ensure accurate simulation of experimental condi-

tions, it was necessary to set an appropriate boundary condi-

tion to the Westervelt equation [Eq. (1)] at the initial plane

(x, y, z¼ 0). A simplified source model that corresponds to

the geometry of the C5-2 array probe and produces the same

(“equivalent”) acoustic field was developed. Toward this

end, continuous wave conditions at frequency f¼ 2.3 MHz

were simulated by setting a uniform amplitude of normal

velocity over the cylindrical surface of the equivalent source.

The phase was changed continuously over this surface in the

y and h directions to provide focusing, thereby defining the

surface velocity of the transducer as

u R; h; yð Þ ¼ p0

q0c0

sin 2pftþ k Dxþ y2=2Fy

� �� �
; (2)

with uðR; h; yÞ ¼ 0 beyond the vibrating surface. Here, (R, h, y)

is a cylindrical coordinate system with its origin at the center

of curvature of the probe, p0 is the characteristic source pres-

sure amplitude, k ¼ 2pf=c0 is the wavenumber, and t is

time. Note that Dx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR sin hÞ2 þ ðR� R cos hþ FxÞ2

q
�Fx is the difference between the propagation distances to the

focus from the apex of the probe with coordinates (R, h¼ 0)

and a selected point on the probe surface at position (R, h) (see

Fig. 3). Changing the number of operating elements was

accounted for in the model by changing the aperture angle h.

The solution in the form of the Rayleigh integral26 was

used for calculating the linear acoustic field generated by the

probe at a given location~r ,

p ~r; tð Þ ¼ �iq0f

ð
S

u0 ~r 0ð Þexp ikj~r �~r 0j
� �

j~r �~r 0j
dS0; (3)

where u0ð~r 0Þ is the complex magnitude of the vibration

velocity at the surface S0 of the probe.

A boundary condition [Eq. (2)] to the Westervelt equa-

tion [Eq. (1)] was set by varying the geometrical parameters

of the probe to determine the best fit between measurements

at low outputs and linear calculations [Eq. (3)]; distributions

of pressure amplitude were considered on the beam axis and

in the transverse focal plane.

Since only estimates of the parameters R, h, ly, p0, Fx,

and Fy of the probe were initially known, simulations of the

linear field were carried out in several iterations. First, the

axial pressure distribution [Eq. (3)] was calculated for approx-

imate nominal values of R, h, and ly given above in Sec. II A

assuming Fx¼Fy¼ 50 mm. Then, each of the five parameters

R, h, ly, Fx, and Fy was varied individually so that the pressure

amplitude distribution normalized by its maximum matched

the experimental beam scanning results measured on the

beam axis and in the focal plane. Note that each of the param-

eters determines a specific feature in the distributions and

therefore can be determined independently. For example, the

parameter ly has a predominant effect on the pressure distribu-

tion in the focal plane along the y axis but has almost no effect

on the axial distribution along the z axis. Specifically, ly deter-

mines a position of the side lobes in the distribution along the

y axis while the amplitude of these side lobes is determined

by the parameter Fy. Parameter Fx was found by fitting the

position of maxima in the measured and modeled pressure

distributions along the z axis. Angle h has a strong influence

on the position of the side lobes in distributions along both

the z and x axes. Finally, radius R determines the width of the

focal lobe along the z axis. After finding the best fit values of

the parameters R, h, ly, Fx, and Fy for configurations of 16, 32,

40, 64, and 128 active elements, the effective source pressure

amplitude p0 was determined by matching pressure ampli-

tudes at the focus, simulated and measured with a capsule

hydrophone at the output voltage V0¼ 2 V.

After parameters of the equivalent source were deter-

mined at the cylindrical surface, the boundary condition for

modeling the 3D nonlinear field of the probe was set on the

plane (x, y, z¼ 0) at the apex of the probe. To avoid a singu-

larity of the kernel in the Rayleigh integral [Eq. (3)], the

acoustic pressure was calculated first in the plane z¼ 2 mm.

Then, the angular spectrum method was used to linearly

back-propagate the pressure distribution the apex plane

z¼ 0. The resulting distribution was used as a boundary con-

dition to the 3D nonlinear ultrasound field modeling. The

pressure amplitude p0 of the initial harmonic wave was

scaled proportionally to the voltage V0 applied to the probe

assuming a linear dependence between voltage and pressure.

III. RESULTS

In this section, modeling results are presented to provide

detailed information of spatial distributions of peak pressures

and intensity in the acoustic field generated by the probe

over a wide range of clinically relevant output power levels

and for different numbers of operating elements. Modeling

results are validated by comparing acoustic waveforms simu-

lated and measured at the focus for a range of output settings

which include levels that produced saturation.

A. Validation of the boundary condition in simulations

The best-fit parameters of the equivalent source are

listed in Table I. The radius of curvature R of the probe

along with the height ly were found to be the same for all

configurations while the focal depth of the acoustic lens Fy

was dependent on the number of active elements. This length

was shorter when 64 or 128 elements were excited, which

may be explained by the curved surface of the transducer,
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which makes the distance from the focal point to the side

elements larger than that to the central elements. For the

same voltage applied to the probe elements, the source pres-

sure amplitude p0 was greater for smaller numbers of ele-

ments due to less directivity and a shorter path in the

absorptive lens to the focus from the central elements.

Linear simulation results for acoustic pressure amplitude

in comparison with measurements are presented in Fig. 4 both

along the z axis (left column) and in the focal plane along the

x and y axes (two right columns). The comparison shows that

simulated and measured pressures agree well; therefore the

equivalent source model does provide a reasonable represen-

tation of the acoustic field generated by the probe.

The number of active elements of the C5-2 probe deter-

mines the width of the probe in the x direction and signifi-

cantly influences the structure of the acoustic field. With an

increasing number of active elements, the dimensions of the

focal region along the x and z axes become smaller. For a set

of 16 active elements, the focal region at the �3 dB level of

the pressure maximum is 6� 4� 45 mm along the x, y, and z
axes. For 128 elements the focal region is smaller, only

1� 4� 10 mm in size. In addition to better spatial localiza-

tion, for the same voltage applied to the probe, a fivefold

increase in the pressure amplitude at the focus is observed

with an increase from 16 to 128 elements.

Shown in Fig. 5 are two-dimensional (2D) distributions

of the pressure amplitude modeled linearly for different num-

bers of active elements. The upper series of frames shows dis-

tributions of pressure amplitude in a plane transverse to the

beam axis and located at a distance of 2 mm from the apex of

the probe. Regions of the active surface of the probe are

clearly visible as bright areas in the distributions; white

dashed contours depict the area of the entire array. Note that

interference of waves emitted by each single element of the

probe individually provides a different nearfield structure

depending on the number of excited elements. For the sets of

16, 32, and 40 elements the nearfield has a non-uniform struc-

ture typical for the interference pattern observed for plane

rectangular sources: minima and maxima alternate periodi-

cally with the same amplitudes along the active surface of the

source. The cylindrical shape of the surface becomes crucial

when 64 or 128 elements are excited. In these cases, waves

emitted by the side elements of the probe are aligned almost

tangential to the propagation direction leading to constructive

interference of the waves irradiated by these elements and

therefore to a pressure increase at the beam edges in the x
direction. This effect is most clearly noticeable for the set of

128 elements (Fig. 5, upper series), where the pressure ampli-

tude in front of the central part of the active surface of the

probe is half of that close to the edges.

Distributions of pressure amplitude in the plane xz of

the electronic focus and in the elevation plane yz (middle

and bottom rows in Fig. 5, respectively) illustrate more

effective focusing with more active elements. The active sur-

face with 16 excited elements is larger in the y-direction

than in the x-direction; thus, the beam is focused in the yz
plane more effectively than in the xz plane. The set of 32 ele-

ments has a square shaped active surface and therefore simi-

lar pressure distributions are observed in both the xz and yz
planes. The structure of the focal regions becomes very dif-

ferent when at least half of the elements are excited. The

fully active array (128 elements) creates a highly focused

acoustic beam with a distinct X-shaped structure in the xz
plane near the focus. This structure forms because of con-

structive interference of waves emitted by the side elements

that provides high pressure amplitude close to the edge of

the beam.

B. Experimental validation of nonlinear modeling

This section presents the results for nonlinear wave-

forms simulated at the focus for different source outputs and

TABLE I. Parameters of the equivalent source that provided the best fit

between linear simulation results and measurements.

Number of elements 16 32 40 64 128

Angle of aperture h, rad� 10�2 8.421 16.842 21.053 33.684 67.368

Source pressure

amplitude p0, kPa

56.0 56.0 48.0 45.6 37.6

Focal depth of acoustic

lens Fy, mm

85 86 86 70 70

Other parameters Fx¼ 50 mm, R¼ 38 mm, ly¼ 12.5 mm

FIG. 4. (Color online) Comparison of simulated and measured acoustic pres-

sure amplitude distributions at the lowest probe output of 2 V (linear propa-

gation). Axial pressure distributions are depicted in the left column while

the two right columns depict distributions in two transverse directions in the

focal plane at z¼ 50 mm. Results are presented for 16, 32, 40, 64, and 128

active elements of the probe.
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numbers of operating elements. To validate the accuracy of

the modeling, focal waveforms obtained in simulations are

compared with direct FOPH measurements at the focus in

water for applied voltages ranging from 5 to 90 V.

Examples of the measured and calculated waveforms

are shown in Fig. 6 for configurations of 16, 32, 40, 64, and

128 active elements at the applied voltage of 20 V (left col-

umn) and 60 V (right column). The waveforms obtained in

simulations are in good agreement (within 3%) with the

experimental data for all configurations except for some dis-

crepancy in the values of the peak positive pressure for 128

active elements. In this case of using the full aperture of the

probe, good agreement was observed for voltages less than

25 V while for higher voltages modeling predicted higher

peak positive pressure than was measured (Fig. 6, the case of

60 V for 128 elements). This discrepancy observed is possi-

bly caused by the experimental challenge in accurate posi-

tioning of the hydrophone because the beamwidth for the

peak positive pressure pþ in the focal plane becomes even

smaller than the diameter of the fiber of the FOPH (100 lm).

This problem of measuring a peak pressure in highly focused

shock wave fields has been observed previously in the cali-

bration of nonlinear fields produced by a high-power multi-

element array of a clinical MR-guided high intensity focused

ultrasound (HIFU) therapy system.20

Focal waveforms measured and modeled at the applied

voltage of 20 V (left column in Fig. 6) are already strongly

asymmetric and contain nearly shocked sections. However,

the formation of fully developed shocks occurs at higher vol-

tages: at 22 V for set of 128 elements, then at 23 V for 64

active elements, at 25 V for 40 operating elements, and

finally at 30 V for 16 elements. Developed shock fronts with

peak positive pressure equal to the shock amplitude therefore

FIG. 5. (Color online) Spatial distributions of the pressure amplitude obtained in the linear simulations for 16, 32, 40, 64, and 128 active elements. White

dashed curves in the upper row represent the entire surface of the array.

FIG. 6. (Color online) Comparison of the pressure waveforms measured

(dashed line) and modeled (solid line) at the distance of z¼ 50 mm on the

beam axis in water. The left column of frames corresponds to the waveforms

measured with an excitation voltage of 20 V and the right column with a

voltage of 60 V.
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are present at the focus for all configurations of operating

elements once the applied voltage reaches about 30 V, which

is one-third of the highest operational level (90 V) of the

probe used in experiments.

At an output of 60 V (right column in Fig. 6), the wave-

forms are similar in shape for different sets of operating ele-

ments. However, the shock amplitudes differ strongly

ranging from 7.7 MPa when operating with 16 elements to

54.9 MPa for 128 elements, with corresponding peak posi-

tive pressures of 5.6 and 46.1 MPa and peak negative pres-

sures of �2.1 and �8.8 MPa. For these high power settings,

the waveform is close to a symmetric sawtooth wave, and

the shock amplitude at the focus is almost equal to the pres-

sure jump between the peak positive and peak negative

pressures.

The values of the peak positive pþ and negative p- pres-

sures achieved at the focus over the range of all available

output levels of the probe are plotted in Fig. 7 for configura-

tions of 16, 32, 40, 64, and 128 active elements. An increase

of the applied voltage up to about 20 V leads to a significant

increase in the peak positive pressure pþ, but with further

increase, especially above 50 V, the peak positive pressure

pþ begins to saturate due to excess absorption at shock

fronts developed on the way to the focus. Previously, the

definition of the saturation level was introduced as a 5%

threshold of the maximum value of the slope in a saturation

curve.27 Following this definition, the peak positive pressure

pþ saturates at 45, 60, 70, 80, and 90 V for the sets of 128,

64, 40, 32, and 16 active elements of the probe.

The limiting values of the peak positive pressure pþ at

the focus predicted in the modeling at the highest operational

level of 90 V are ranging from 6.2 MPa (16 elements) to

47.5 MPa (128 elements). For 40 elements the peak positive

pressure pþ is limited to 13.1 MPa in water; the sets of 32

and 64 elements give corresponding values of 10.5 and

21.6 MPa.

The absolute value of the peak negative pressure jp�j
increases monotonically within the whole range of the

applied voltages and does not reach saturation. The maxi-

mum value of jp�j at the focus is achieved for the case of

128 active elements and reaches 10 MPa in water. Excitation

of 16, 32, 40, and 64 active elements at the highest opera-

tional level of 90 V provide peak negative pressures jp�j of

2.9, 4.7, 5.2, and 7.2 MPa.

C. Numerical data for nonlinear ultrasound fields at
different output voltages

Depicted in Figs. 8 and 9 are the results of nonlinear

modeling obtained on a numerical grid one-fifth the size of

the FOPH tip and with three times finer time resolution than

that provided by the FOPH bandwidth.

Evolution of focal waveforms simulated at increasing

applied voltage is shown in Fig. 8 for the configuration of 40

active elements. An initially harmonic waveform at low

amplitude (at 5 V) exhibits nonlinear distortion and finally

turns into a sawtooth wave containing a shock of increasing

amplitude up to 18.3 MPa (profile at 90 V). In the saturation

regime, the waveforms do not change significantly with the

source output, and the peak pressure values for different

applied voltages are only slightly different (profiles at 60

and 90 V).

When nonlinear effects are present, the differences in

spatial structure of the acoustic field depend on the element

number more strongly than for linearly focused beams.

Figure 9 illustrates how the nonlinear acoustic field changes

with increasing numbers of active elements.

Initially, when only 16 active elements are excited [Figs.

9(a) and 9(b)], the beam is weakly focused. In this case the

strength of the nonlinear effects in the nearfield and in the

focal zone of the beam is comparable; therefore, shocks can

form in the prefocal lobe leading to excess absorption effects.

This results in the sudden shift of the axial maxima of the

peak pressures, pþ and p�, and intensity I from the main focal

to the prefocal diffraction lobe. For the peak positive

pressure pþ this shift of the maximum occurs at the voltage of

80 V while the maximum of the peak negative pressure p�

occurs prefocally above 15 V [Fig. 9(a)]. The intensity I cal-

culated as a sum of intensities of all harmonics becomes

higher in the prefocal lobe starting from the voltage of 50 V

[Fig. 9(b)].

For the greater number of active elements, the focusing is

stronger and the maximum values of the acoustic field

FIG. 7. (Color online) Comparison of the peak positive and peak negative

pressures in a focal waveform measured (markers) and modeled (solid

curves) at increasing source output in water at z¼ 50 mm for configurations

of 16, 32, 40, 64, and 128 active elements.

FIG. 8. (Color online) Waveforms at the focus of the probe (z¼ 50 mm)

obtained in numerical simulations for 40 active elements.
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parameters, pþ, p�, and I, are achieved in the focal lobe at all

applied voltages [Figs. 9(c)–9(h)]. However, displacements of

the axial maxima of the peak pressures, pþ and p�, and inten-

sity I are observed inside the focal lobe for all sets of elements

when changing the voltage [Figs. 9(a)–9(h)]. This effect is the

strongest for the set of 40 elements [shown by dots in Figs.

9(c) and 9(d)]. For this configuration, with an increase of the

source output, the maximum of pþ first shifts away from the

probe even beyond the depth of electronic focusing, Fx; then,

at voltages greater than 15 V, the maximum shifts toward the

probe [Fig. 9(c)]. Such non-monotonic shifts of the spatial

maximum of the peak positive pressure pþ has been observed

previously in axially symmetric focused high power ultra-

sound beams.13,24,28,29 An explanation of this phenomenon

involves two competing nonlinear effects: nonlinear refraction

and nonlinear absorption. At lower outputs, before shocks are

formed, a nonlinear refraction effect caused by the higher

propagation speed of higher pressures close to the beam axis

results in defocusing of the beam and shifts the pressure peak

away from the source up to 5 mm from the electronic focus

z¼Fx. At higher outputs, when the shock fronts are devel-

oped prefocally, nonlinear absorption at the shocks leads to

rapid decay of the beam energy and, as a result, maximal

pressure levels are achieved closer to the source. For fully

developed shocks, nonlinear absorption is the dominant effect

and the pressure maximum shifts toward the source. At the

highest output of 100 V used in simulations, the maximum of

the peak positive pressure pþ is shifted 11 mm from the elec-

tronic focus z¼Fx. On the contrary, the maximum of the

absolute value of the peak negative pressure jp�j moves

monotonically toward the probe for increasing voltage levels

[Fig. 9(c)], with shifts up to 15 mm from the electronic focus

z¼Fx. The intensity maximum I, similar to that of the peak

positive pressure pþ, shifts first away from the probe and then

toward the probe [Fig. 9(d)]; however, it is always reached

before the electronic focus z¼Fx (Fig. 9, right column) for all

FIG. 9. (Color online) Axial distributions of peak positive and negative

pressures (left column) and intensity (right column) obtained in numerical

simulations for variable numbers of active elements and voltage levels. The

curve in bold corresponds to the applied voltage of 30 V when the developed

shock forms at the focus for the 16 element configuration; dashed vertical

lines demonstrate the location of the geometrical focus, z¼ 50 mm.

FIG. 10. (Color online) Comparison of

2D spatial distributions of the peak

positive pressure (a), peak negative

pressure (b), and intensity (c) at

applied voltages of 15 V (left column),

30 V (column in the middle), and 80 V

(right column) in the case of 40 active

elements.
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applied voltages. Such displacements of peak pressure and

intensity maxima from the electronic focus are smaller for the

larger numbers of active elements; for the set of 128 elements

this shift does not exceed 1 mm for all parameters, pþ, p�,

and I.
An interesting nonlinear phenomenon is observed in the

saturation regime as illustrated in the inset of Fig. 9(c): the

axial distribution of peak positive pressure pþ contains a nar-

row peak in the prefocal region. Formation of such structure

is typical when two shock fronts form and collide in one

period of the pressure waveform.30,31 The shock at a higher

pressure that corresponds to the edge wave overtakes the

leading shock at a lower pressure in the direct wave. When

two shock fronts collide, the absorption increases sharply

causing a rapid decrease of the peak positive pressure.

Spatial structure of the peak pressures and intensity in

the scanning plane xz is illustrated in Fig. 10 at increasing

outputs for a set of 40 active elements. The left column cor-

responds to the quasi linear regime (15 V) when the wave-

form is not greatly distorted (Fig. 8); the middle one shows

distributions for stronger levels of nonlinear distortion

(30 V) when the waveform contains a developed shock (Fig.

8); and the right column corresponds to the saturation regime

(80 V). In all regimes, the focal regions of peak pressure and

intensity are highly elongated along the z axis of the probe.

With increasing applied voltage, focal regions become nar-

rower in both the x and z directions. Note that changes in pþ

and intensity distributions with the increase in applied volt-

age are more pronounced than for the p� distribution.

When nonlinear effects are present, the acoustic field

structure for different numbers of operating elements differs

very strongly. 2D distributions of the peak positive pressure

pþ, peak negative pressure p�, and intensity I have fairly

complicated spatial patterns (Fig. 11). In addition, the

acoustic field structure in the scanning and elevation planes

(xz and yz, respectively) are very different. Dimensions of

the focal areas of pþ, p�, and I dramatically reduce along the

x axis and z axis for greater numbers of active elements but

remain constant along the y axis.

Similar to the case of linear focusing (Fig. 5), the maxi-

mum values of peak pressures and intensity in the nonlinear

beam are not necessarily reached at the probe axis. For exam-

ple, when 16 elements are active and the beam is weakly

focused, these maxima are reached off the axis in the eleva-

tion plane yz prefocally, at distances z< 40 mm (Fig. 11).

As in the case of linear focusing (Fig. 5), X-shaped struc-

tures are observed in the scanning plane xz of the nonlinear

field of fully active array of 128 elements (Fig. 11). In the

nonlinear beam, a narrow region of very high peak positive

pressure in the X-shaped structure, much higher than the peak

negative one, identifies locations of the shock front presence,

where a strong increase in waveform asymmetry occurs. In

such a field, shocks first form at the edge of the beam prefo-

cally, and then, on the axis in the focal lobe of the beam.

Note that a very specific structure of the focal zone is

observed for the set of 128 active elements (Fig. 11). In this

case, the width of the focal volume of the peak positive pres-

sure along the x axis is only 50 lm, half the diameter of the

FOPH tip (100 lm), while it is 4 mm� 4 mm along the y and

z axes. Such a small dimension of the focal volume for pþ in

the x-direction makes it challenging to measure and is likely

the reason of the significant difference (35%) between the

simulated and experimental data (Figs. 6 and 7).

IV. CONCLUSION

In this work, strong nonlinear propagation effects were

analyzed in the field generated by a standard abdominal

FIG. 11. (Color online) Comparison of

2D spatial distributions of the peak

positive pressure (a), peak negative

pressure (b), and intensity (c) in a non-

linear regime with an applied voltage

of 60 V for configurations of 16, 40,

and 128 active elements.

J. Acoust. Soc. Am. 141 (4), April 2017 Karzova et al. 2335



imaging probe (Philips C5-2) using a combined measure-

ment and modeling approach. Linear field measurements in

water were used to set a boundary condition to the model.

Nonlinear simulations were performed in a wide range of the

operational source voltages to analyze in detail the 3D distri-

butions of the peak positive and peak negative pressures, and

the intensity of the field. FOPH measurements were used to

validate the results of nonlinear modeling.

It was shown that nonlinear waveform distortion, forma-

tion of shocks, and even saturation effects were strongly pro-

nounced for the array probe at output levels achievable with

the probes and voltages available on diagnostic machines.

Formation of fully developed shocks occurred in water at

acoustic outputs about one third (30 V) of the highest opera-

tional level of the system (90 V) used in the feasibility test of

repositioning kidney stones in humans. Saturation of the

peak positive pressure was observed at 45 V when all 128

elements were excited and at the highest operational level of

90 V in the case of 16 active elements. A significant shift (up

to 1 cm) of the axial locations of the maxima of the peak

pressures and intensity was observed for 40 active elements.

For the set of all 128 active elements, the focusing occurred

in a very localized (tens of microns) region in the array scan-

ning plane.

Accurate acoustic characterization of the diagnostic

probe performed in this study showed strong nonlinear prop-

agation and shock formation effects that occur in water at

outputs relevant to therapeutic technologies currently under

development. Note that recent modeling and experimental

studies for nonlinear HIFU fields have shown that formation

of shocks and saturation effects observed in water also occur

in situ at a higher output of the source scaled to compensate

for the attenuation losses in tissue.32,33 The study of the cur-

rent paper for the diagnostic probe is therefore important as

the first step in estimating in situ fields in the human body

for ensuring safety of imaging and therapy applications, and

may help to optimize kidney stone propulsion.
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