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Abstract

Tissue elasticity is measured by shear wave elasticity imaging methods using acoustic radiation
force to create the shear waves. Phase aberration and tissue attenuation can hamper the generation
of shear waves for /n vivo applications. In this study effects of phase aberration and attenuation in
ultrasound focusing for creating shear waves were explored. This includes the effects of phase
shifts and amplitude attenuation on shear wave characteristics such as shear wave amplitude, shear
wave speed, shear wave center frequency and bandwidth. Two samples of swine belly tissue were
used to create phase aberration and attenuation experimentally. To explore the phase aberration
and attenuation effects individually, tissue experiments were complemented with ultrasound beam
simulations using FOCUS and shear wave simulations using Finite Element Model (FEM)
analysis. The ultrasound frequency used to generate shear waves was varied from 3.0 to 4.5 MHz.

Results—The measured acoustic pressure and resulting shear wave amplitude decreased
approximately 40% to 90% with the introduction of the tissue samples. Acoustic intensity and
shear wave displacement were correlated for both tissue samples, the resulting Pearson’s
correlation coefficients were 0.99 and 0.97. Analysis of shear wave generation with tissue samples
(Phase Aberration and Attenuation case), measured phase screen (Only Phase Aberration case)
and FOCUS/FEM model (Only Attenuation case) showed that tissue attenuation affected the shear
wave generation more than tissue aberration. Decreasing the ultrasound frequency helped maintain
a focused beam for creation of shear waves in the presence of both phase aberration and
attenuation.
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l. Introduction

Fundamental mechanical properties of soft tissues are closely related to the state of health of
the tissue and can be used as an indicator for medical diagnosis. Several acoustic radiation
force-based elasticity imaging methods have been developed to study tissue mechanical
properties noninvasively. These methods include Acoustic Radiation Force Impulse (ARFI)
imaging [1], Shear Wave Elasticity Imaging (SWEI) [2], Supersonic Shear Imaging (SSI) [3]
and Shearwave Dispersion Ultrasound Vibrometry (SDUV) [4].
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A challenge for acoustic radiation force-based shear wave methods is to quantify the tissue
mechanical properties /n vivo when both shear wave generation and detection have poor
quality. In most ultrasound imaging systems the focusing and steering time delays, which
assure that signals on all channels are in phase at the focal area, are calculated based on a
constant acoustic velocity [5]. The acoustic velocity actually varies from 1470 m/s in fat to
1665 m/s in collagen [6]. Focusing delays are usually inaccurate when tissue layers with
varying acoustic velocity lie between the transducer and the organ of interest. The
ultrasound beams become defocused due to the inhomogeneities in acoustic velocity. This
effect is commonly known as phase aberration.

The effects of inhomogeneities in acoustic velocities have been studied extensively for
conventional ultrasound B-mode imaging applications [7—11]. Krammer and Hassler [7]
have shown in vitro time-of-flight fluctuations of ultrasound pulses passing through human
abdominal wall depends on sample thickness and composition. The measured values of time
delay standard deviation of a sample composed of skin and fat was 20 ns for 14 mm
thickness and in a sample containing muscle produced a standard deviation of 74 ns for 23
mm thickness. In a similar study by Sumino, et al. [8], signals were received from a linear
array transducer and the wavefront distortions were analyzed via cross-correlation methods,
which resulted in time delay differences on the order of 29 ns in a human abdominal wall of
about 20 mm thickness. While these studies indicate significant variation in time delay of
ultrasound pulses passing through abdominal tissue samples, /7 vivo settings such as body
temperature were not evaluated. Hinkelman, et al [9, 10] reported ultrasonic pulse arrival
time by propagation of ultrasound pulses through entire abdominal wall samples and
individual layers of fat and muscle at room and body temperature. The measurements at
room temperature were 10 to 20 ns less than those made at body temperature and muscle
layers caused greater arrival time distortion but less energy and wave-front distortion than fat
layers.

In addition to conventional ultrasound imaging, ultrasound phase aberration has been studied
for static elastography imaging [12] but not extensively for shear wave elasticity imaging
[13]. For /n vivo shear wave generation, acoustic waves travel through different tissues, such
as skin, fat and muscle, before entering the tissue of interest (e.g. liver, kidney, myocardium,
vessels, breast, thyroid, prostate), and such tissue layers can decrease the magnitude of the
acoustic energy within the focal region due to phase aberration and ultrasound attenuation.
The radiation force, F (kg/cm?2s?), is proportional to the intensity of the ultrasound beam, |
(W/cm?), as given by

2a]
F==0 (1)

where a (Np/m) is the ultrasound attenuation and ¢ (m/s) is the sound speed in the medium.
A reduction in the intensity through defocusing due to aberration and/or attenuation of the
medium will cause the radiation force and the induced motion amplitude to decrease. It has
been shown in numerous studies that displacement amplitude is a main determinant of the
error associated with shear wave speed measurements [14]. For instance, ARFI/SWEI in
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vivo studies aim for about 10 um peak displacement and require four times the push length
of phantom studies [15]. Palmeri, et al. [15], proposed that lower ultrasound frequencies for
the radiation force push beam could be used to minimize the effects of phase aberration.
Lower frequencies may be attractive because for a given amount of time delay errors in the
focusing delays imposed by sound speed inhomogeneities, beams with lower ultrasound
frequencies will be affected less because the time error is a smaller percentage of the total
ultrasound period and it will have less impact on defocusing the ultrasound beam.

In addition to phase aberration, ultrasound attenuation is another mechanism that can affect
shear wave generation; it results from the interaction of ultrasound waves with tissue
through absorption and scattering mechanisms. Ultrasound attenuation is usually modeled to
be proportional to frequency; therefore, by lowering the push beam frequency the ultrasound
attenuation is reduced. Shi, et al. [13], reported on measurements made in /7 vivo swine liver
with the overlying tissue intact and ex vivo with the tissue layers removed. They also used a
portion of swine belly tissue to explore the effects that the tissue had on the peak
displacement and shear modulus estimates and found that these parameters varied with
different areas and thicknesses of tissue investigated. One of the drawbacks of this study is
that the tissue samples were not characterized fully and did not separate the effects of
attenuation and phase aberration.

As a higher percentage of the American population becomes obese [16], the amount of
overlying tissue over organs such as the liver or kidneys will cause increasingly significant
phase aberration, affecting the ability to apply acoustic radiation force shear wave elasticity
imaging methods in these organs for noninvasive diagnostic examinations. To this end, it is
necessary to study how phase aberration and attenuation affects the ultrasound beams used
to generate shear waves using ultrasound radiation force. Although phase aberration and
attenuation affects both shear wave generation beams and shear wave detection beams, this
study is only focused in on the generation of the beams.

In this study we systematically investigated the effects of phase aberration and attenuation
on shear wave generation. Two samples of swine tissue were used to alter the ultrasound
beam used for shear wave generation (Phase Aberration and Attenuation case). The swine
tissue samples were characterized in terms of measured ultrasound pulse arrival time and
energy fluctuations by insertion loss method. To separate the effects of attenuation and
aberration individually, the tissue samples’ phase screen and attenuation were measured and
used to alter the ultrasound beam experimentally by adding the measured phase screen to the
transmit delays for the push beam transmit (Only Phase Aberration case) and through
FOCUS and FEM simulations (Only Attenuation case). Acoustic pressure, shear wave
amplitude, shear wave speed, shear wave center frequency and bandwidth at different
ultrasound push frequencies were evaluated for each case (Phase Aberration and
Attenuation, Only Phase Aberration and Only Attenuation).

[l. Materials and Methods

A homogenous custom elastic phantom and two samples of excised swine belly tissue were
used. An elastic phantom with agarose concentration (by weight) of 1% was prepared by
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dissolving agar (Sigma-Aldrich, St. Louis, MO) into distilled deionized water. The solution
was then magnetically stirred while a preservative of 1% potassium sorbate (Sigma-Aldrich,
St. Louis, MO) and 1% cellulose particles (Sigma-Aldrich, St. Louis, MO) with size 20 pm
were added to provide ultrasonic scattering. The solution was heated to 90 °C, degassed,
pouredina9x 9 x 6 cmand a9 x 9 x 4 cm containers for shear wave measurements (width
x length x height) without tissue layer and with tissue layer respectively,anda5 x5 x 1.6
cm container for speed of sound and attenuation measurements (width x length x height)
and cooled to room temperature. The tissue samples consisted of the skin, subcutaneous fat,
and muscle. Fig. 1 shows pictures of the tissue samples. The tissue samples thickness were
approximately 23.75 mm for Sample 1 and 23.25 mm for Sample 2. All experimental
measurements were obtained in saline bath close to body temperature (33 °C to 35 °C).

A. Tissue phase screen and tissue attenuation measurements

Measurements of the time delay of ultrasound pulses passing through a tissue sample were
performed with a loss-insertion method. An unfocused single element transducer (V382,
Olympus Panametrics NDT., Waltham, Massachusetts) with a diameter of 12.7 mm and a
center frequency of 3.5 MHz was used to transmit a 1 ps ultrasound pulse. The ultrasound
pulse traveled through either saline or a saline-tissue complex before being received by a
needle hydrophone (PVDF TNUOOL1A, NTR Systems, Inc., Seattle, WA). The saline
temperature was controlled to be close to body temperature (33 °C to 35 °C). Fig. 2(a)
illustrates the experimental set up, the tissue samples were attached to a plate that was
moved in two dimensions (z—x plane) by a motor every 0.25 mm over an area of 20 mm x 40
mm orthogonal to the transmitter-hydrophone positions. The ultrasound echoes were
digitized at 100 MHz, interpolated to 200 MHz and processed by a cross-correlation method
described by Hinkelman, et al. [9] to estimate the tissue phase screen time delays and root-
mean-square (rms) arrival time for each tissue sample.

Attenuation measurements were obtained by spectral analysis of insertion-loss
measurements, where Pg(J) is the received pulse by the hydrophone with the saline path only
and P(J) is the received pulse when the tissue sample is inserted [17]. The attenuation, a(#
(dB/cm/MHz), is computed by equation (2):

a(f):%ln {%ﬂ @

where A{#) and A[ 7 are the amplitude spectra of P{# and P, respectively, and L (cm) is
the thickness of the tissue sample. The computed attenuation, a(#, is then fit to a power-law
relation, equation (3), by a least squares fit:

a(f)=8f" (3)

where f(MHz) is frequency, £ (dB/cm) and 77 are material-dependent parameters.
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B. Acoustic field measurements

The acoustic pressure field from the L7-4 probe (Phillips Healthcare, Andover, MA) push
beam driven by a Verasonics system (V1, Verasonics, Inc. Kirkland, WA) was measured
using a needle hydrophone (PVDF TNUOO1A, NTR Systems, Inc., Seattle, WA), Fig. 2(b)
illustrates the experimental set up. The ultrasound signal was digitized at 50 MHz. The push
beam frequencies were 3.00, 3.46, 4.09 and 4.50 MHz. Two-dimensional scans were
performed with a spatial resolution of 0.3 mm in the mid-elevation plane (x~z plane) of the
L7-4 transducer. Measurements were performed in a tank filled with saline close to body
temperature (33 °C to 35 °C) where the transducer repeatedly transmitted the push pulse
while the hydrophone was translated by step motors to scan the pressure field. The L7-4 was
focused at 40 mm depth from the transducer surface. All measurements were made with 128
elements used for push beam transmission and in a 20 x 40 mm area centered at z= 40 mm
and the center of the transducer.

C. Shear wave generation and detection

Two Verasonics ultrasound systems, each equipped with a 128 element linear array
transducer (L7-4), were used in this study. The two probes were placed opposed to each
other on opposite sides of the phantom. One probe (Push transducer) was used to transmit a
40 mm depth focused push beam at 3.00, 3.46, 4.09 and 4.50 MHz with 128 elements and
600 s duration (Verasonics 1). The other probe (Detect transducer) was used to detect the
shear wave motion using flash imaging technique [18] at a frame rate of 10 kHz with 3 angle
compounding (Verasonics 2). The Verasonics ultrasound system uses parallel channel
processing to generate one complete two-dimensional (2D) ultrasound image for one
transmission [3]. The center frequency for image reconstruction was 5 MHz and the spatial
resolution in x-direction (4x) and zdirection (42) were one wavelength (1). Each tissue
sample was placed on top of the phantom and below the push probe (Merasonics 1), as
shown in Fig. 2(c). The push and detection from the two systems were synchronized by
trigger signals; refer to Fig. 2(d). Saline solution close to body temperature (33 °C to 35 °C)
was poured between the tissue sample and the phantom surface to ensure acoustic coupling.

Shear wave displacements were calculated by a two-dimensional (2D) in-phase/quadrature
(1Q) data autocorrelation method [19]. Shear wave particle velocity was estimated from the
time derivative of displacement and then band pass filtered from 50 Hz to 950 Hz. To
improve signal-to-noise (SNR) ratio, the shear wave displacement at the focal depth of push
beam was averaged over 5 mm along the beam axis (zaxis in Fig. 2(c)).

D. Shear wave speed measurement and frequency analysis

The speeds of the generated shear waves were measured as well as the center frequencies
and bandwidths of the shear waves. Shear wave speed (group velocity, ¢,) was estimated
using a Radon transform algorithm [20—22]. The shear wave center frequency (7)), a
parameter that describes the frequency content of shear wave, in the frequency-domain was
calculated from the peak energy in the two-dimensional fast Fourier transform (2D FFT) of
shear wave particle velocity. Similarly, the bandwidth was estimated from the upper -12 dB
frequency relative to the center frequency on the 2D FFT space (k-space) [23]. All
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processing methods were performed in customized MATLAB (The MathWorks, Inc.,
Natick, MA) code.

E. Speed of sound measurements

The speed of sound of the phantom was calculated using the set up described for the tissue
phase screen and tissue attenuation measurements (Fig. 2(a)). A single element transducer
transmitted an ultrasound pulse. The ultrasound pulse traveled through either saline or
saline-phantom-saline complex before received by the hydrophone. The acoustic velocity
(speed of sound) through saline was estimated according to Duck, et. al. [24] with salt
concentration of 9 g/1000 cm?3 and saline temperature of 33 °C to 35 °C.

The time, t,, needed for the pulse to go through the saline-phantom-saline complex is
described by:

tiotal :tphuntom Fsaline (4)

d D—d

Cphantom  Csaline (5)

tiotal=

where d'is the phantom thickness, cszine IS the speed of sound in saline and Dis the distance
between the transducer and the hydrophone. Solving Eq. (5) for ¢ppantom, the speed of sound
in the phantom is described by:

d
Cphantom = 7D7d)

tiotal — (Csaline (6)

F. Experiments and simulations

Both experiments and simulations that were used in this study are organized in three cases:
Phase Aberration and Attenuation case, Only Phase Aberration case, and Only Attenuation
case. The diagram in Fig. 3 summarized each case. For the experiments (Phase Aberration
and Attenuation case, Only Phase Aberration case) the linear array transducer that was used
had approximately 60% bandwidth. To minimize the effects of such finite bandwidth the
measured acoustic pressure and shear wave displacements were normalized with respect to
when there was no phase screen or no tissue sample(s).

1) Phase Aberration and Attenuation case—/n vivo shear wave generation is affected
by both phase aberration and tissue attenuation. To understand phase aberration and tissue
attenuation, excised pork belly tissue samples were used. First, the tissue samples phase
aberration (arrival time) and attenuation were measured in a two-dimensional area as
described in section I1.A. Second, the push beam acoustic pressure field was measured when
focusing through only saline (control case) and then when focusing through the tissue
samples, as described in section 11.B. Finally, shear wave propagation was measured when
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focusing through only saline (control case) and then when focusing through the tissue
samples, as described in section 11.C. From the tissue phase aberration measurement, the
tissue sample’s arrival time characteristics such as phase screen (arrival time as a function of
spatial distance) and the root-mean-square (rms) of each measured phase screen were
calculated. The acoustic pressure field measurements were normalized to the saline (control
case) scan to minimize the effects of transducer bandwidth, then a 5 x 5 mm?2 window
centered at the focus was used to calculate the average pressure. The shear wave propagation
measurements were characterized by the shear wave temporal peak displacement averaged
in a5 x 5 mm?2 window centered at the focus and normalized to the saline (control case) to
minimize the transducer bandwidth effect. Additionally shear wave group velocities and
center frequency were calculated as described in section 11.D.

2) Only Phase Aberration case—To characterize the phase aberration effect without the
tissue attenuation component in shear wave generation, the measured tissue phase screen
was used instead of the tissue samples. First, the push beam acoustic pressure field was
measured when focusing through only saline (control case) and then when focusing through
the measured phase screen, as described in section 11.B. Similarly, shear wave propagation
was measured as described in section I1.C when focusing through only saline (control case)
and then when focusing through the measured tissue phase screen. Transmit geometrical
delays calculated by the Verasonics 1 system were modified by adding the measured phase
screen delays for each tissue sample.

3) Only Attenuation case—To characterize the tissue attenuation effect without the
phase aberration component in shear wave generation, the measured tissue attenuation was
used instead of the tissue samples. The push beam acoustic pressure field was obtained
through FOCUS and the shear wave propagation was obtained through Finite Element
Model (FEM).

a) Radiation force field simulation using FOCUS: The simulation program FOCUS [25—
27] was used to simulate the acoustic radiation force field generated by a focused beam from
a linear array transducer. The simulated transducer had 128 elements with element size of
7.0 x 0.3 mm (height x width). The center frequency of the push pulses were 3.00, 3.46,
4.09 and 4.50 MHz.

The pressure field was calculated in a 40 x 10 x 40 mm space (lateral x elevation x axial,
represented by x, y, and 2) with a spatial resolution of 0.1 mm. The pressure field was
calculated in a two layered medium, the first layer from the transducer face to 2 cm depth
represented the tissue sample with frequency dependent attenuation shown in Table I; the
second layer from 2 cm depth to 4 cm depth represented the phantom with frequency
dependent attenuation of 0.4 dB/MHz/cm. These attenuation values were selected from
preliminary studies.

b) Finite Element shear wave model: A three-dimension FE model with the size of 100 x
20 x 20 mm (represented by x, y, and 2) was constructed using Abaqus/CAE 6.01-EF1
(Dassault Systemes S.A.; Velizy-Villacoublay, France). The model was meshed with 5
million 8-node linear elements with the size of 0.2 x 0.2 x 0.2 mm? each. The material
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properties where described by Voigt model with g; =9 kPa and g = 0.1 Pa-s, mass density
of 1000 kg/m3 and Poisson’s ratio of 0.49. The time sampling rate was 10 kHz. One side of
the model (J~zplane at x= 100 mm) was fixed through the simulation.

G. Statistical analysis

Univariate ANOVA was used to evaluate for each experiment if there was a significance
difference between the measured mean variable (acoustic pressure and shear wave peak
displacement) among the studied push beam frequencies. Because the acoustic pressure field
scans were laborious, they were not repeated and the reported values are from a 5 x 5 mm?
region centered at the focus with 200 total samples. On the other hand, the shear wave
propagation measurements were repeated 4 times by placing the linear array transducer to
different locations on the tissue layers, therefore the total number of samples was 4.
Statistical significance for all results was accepted for o< 0.05. Results of measurements
from different push beam frequencies are reported as mean with margin error as the 95%
confidence interval (95% CI). Other measurements are reported as mean + standard
deviation (SD).

lll. RESULTS

The measured arrival time of the two tissue samples are shown in Fig. 4. The measured
arrival times were averaged along the zaxis (refer to Fig. 2(a)) and results are shown as a
mean over 80 samples.

The measured speed of sound in saline water at temperature of 33 °C and 35 °C was 1525.2
+ 1.5 m/s (mean = standard deviation, n = 80) and 1529.1 + 0.9 m/s (mean * standard
deviation, n = 80) respectively. The speed of sound in the phantom placed in saline
temperature bath of 33 °C and 35 °C, according to Eq. (6) was 1521.9 + 3.4 m/s (mean %
standard deviation, n = 80) and 1525.7 + 2.8 m/s (mean * standard deviation, n = 80)
respectively.

Table I shows the results of the tissue samples characterization of measured time of arrival
and insertion loss values.

The measured acoustic pressure using a 4.09 MHz push frequency for all three study cases
(Phase Aberration and Attenuation, Only Phase Aberration, and Only Attenuation) are
shown in Fig. 5. The scale is normalized with respect to the saline measurement (control
case), from 0 to 1.

The mean normalized acoustic pressure at the focal area for all frequencies and study cases
(Phase Aberration and Attenuation, Only Phase Aberration, Only Attenuation) on Samples 1
and 2 are summarized in Fig. 6, the error bars represent the 95% confidence interval (n =
200). Univariate ANOVA tests were performed to evaluate if there was significance
difference in normalized acoustic pressure among the studied frequencies in each tissue
sample. The univariate ANOVA test null hypothesis was defined as equal means of acoustic
pressure at each frequency. The normalized acoustic pressure was significantly different (o <
0.01) among the studied push frequencies for the Phase Aberration and Attenuation case and
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for the Only Attenuation case for both tissue samples. On the other hand, the normalized
acoustic pressure was not significantly different for Sample 1 (p = 0.92) but significantly
different for Sample 2 (p = 0.02) among the studied push frequencies for the Only Phase
Aberration case.

The effects of varying push beam frequency on the L7-4 transducer are shown in Fig. 7. The
shear wave displacements at the specified focal depth of 40 mm are plotted as images with
dimensions of lateral distance, x; versus time, ¢ for Sample 1. The images in the top row
represent the shear wave propagation when using a 4.50 MHz push beam frequency. The
images in the bottom row represent the shear wave propagation when using a 3.46 MHz
push beam frequency. The scale is normalized with respect to the saline measurement
(control case), from O to 1. It can be seen that lowering the push beam frequency results in
shear waves with higher displacement. Certainly to maintain reliable displacement amplitude
the push beam frequency must remain within the bandwidth of the transducer used.

The normalized temporal peak displacement from pushing with all push beam frequencies
through four locations of Sample 1 and Sample 2 are shown in Fig. 8. Results are shown as
the mean and the error bars represent the 95% confidence interval (n = 4).

Normalized peak displacements are useful to identify the optimal push beam frequency for
the transducer depending on the amount of phase screen or tissue sample. Univariate
ANOVA tests were performed to evaluate if there was significance difference in normalized
shear wave peak displacement among the studied frequencies in each tissue sample. The
univariate ANOVA test null hypothesis was defined as equal means of normalized shear
wave peak displacement at each frequency. By inspection, in the case of Only Phase
Aberration there was a slight increase in normalized shear wave displacement as the push
beam frequency decreased from 4.50 MHz to 3.00 MHz for Sample 1, however there was
not a statistically significant difference in normalized shear wave peak displacement with
different push frequencies for Sample 1 (o= 0.44). On the other hand, there was a visible
increase and a statistically significant difference in the mean normalized shear wave
displacement as the push beam frequency decreased from 4.50 MHz to 3.00 MHz for
Sample 2 (p=0.02). For the case of Phase Aberration and Attenuation and the case of Only
Attenuation, there was a statistically significant increase in the normalized shear wave
displacement as the push beam frequency decreased from 4.50 MHz to 3.00 MHz for
Sample 1 (p< 0.01 and p< 0.01) and Sample 2 (p=0.03 and p< 0.01).

Fig. 9 illustrates representative shear wave propagation motion and k-space analysis of the
right-side propagating wave from a 4.09 MHz push beam frequency on Sample 1 for the
Phase Aberration and Attenuation case and Only Attenuation case.

The shear wave group velocities for all cases and Mean Absolute Percentage Error (MAPE)
are shown in Table 1. Eq. (7) describes the MAPE, where the True Value is the shear wave
group velocities when no tissue sample or phase screens were used.

Recorded Value — True Value

MAPE=100
% True Value (7
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Tables 111 and IV summarize the shear wave center frequency (£ and shear wave
bandwidth, respectively, for all cases as well as the MAPE.

IV. DISCUSSION

The measured tissue sample phase screen resembles the real tissue samples and adds insight
regarding the characteristics and causes of push beam focusing distortion through /n vivo
tissue samples. The tissue samples used in this study were similar to what have been used in
previous studies that used human tissues. For instance, Hinkelman, et al. [10], have reported
arrival time fluctuations of muscle layer of 7 to 10 mm thickness with rms of 28.5 and 61.9
ns and fat layers of 9.5 and 17.8 mm with rms of 21.9 and 21.5 ns. In contrast, the measured
rms of our samples were 27.73 ns and 193.62 ns for a 23.75 mm and 23.25 mm tissue
samples thickness. The tissue samples studied in this investigation were composites of skin,
fat, and muscle which may explain the large differences between the two samples that have
similar thicknesses.

As shown in Figs. 5 and 6, focusing an ultrasound beam through tissue samples (Phase
Aberration and Attenuation case) hampered the ability of the acoustic radiation force
necessary to generate shear waves providing less energy to be deposited in the focal area
producing a weak shear wave. When analyzing these results it is important to distinguish
between the two mechanisms that can reduce the shear wave displacement amplitude,
ultrasound attenuation and phase aberration. If pure attenuation was the only mechanism
then there would be no defocusing and only a reduction in the beam intensity, which would
reduce the radiation force (Eg. (1)) and induced motion as illustrated in the results when
Only Attenuation was used to alter the push beam, acoustic pressure (Figs. 5 and 6) and
shear wave displacement (Fig. 8) were as reduced as in the case of focusing through the
tissue samples (Phase Aberration and Attenuation case). The second mechanism that can
reduce the shear wave displacement amplitude is phase aberration, which serves to defocus
the beam and effectively attenuate the beam and reduce the shear wave motion amplitude.
The results from the case where Only Phase Aberration was used to alter the push beam, it
can be seen that acoustic pressure (Figs. 5 and 6) and shear wave displacement (Fig. 8) were
minimally affected. This provides an insight that phase aberration is not the only mechanism
that affects the push beam, and most importantly the result implies that the attenuation
reduces the displacement amplitude more significantly than aberration. The latter statement
is reinforced by the results from the Phase Aberration and Attenuation case, where the
ultrasound acoustic pressure (Figs. 5 and 6) and shear wave displacement (Fig. 8) are
reduced to similar levels as in the Only Attenuation case. The reduction in ultrasound
acoustic pressure when focusing through tissue due to ultrasound attenuation could be
minimized by lowering the push frequencies, therefore less reduction in peak motion
amplitude could be encountered, as shown in Fig 7.

A linear correlation (with zero intercept) comparing normalized acoustic intensity (square of
acoustic pressure) with normalized shear wave displacement for each case and tissue sample
is shown in Fig. 10. Each data point represents a separate case (Phase Aberration and
Attenuation case, Only Phase Aberration case and Only Attenuation case) from the acoustic
pressure squared (intensity) and shear wave peak displacement over the four push
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frequencies. The intercept was forced to 0 to account for the condition that zero force should
yield zero displacement. The Pearson’s correlation coefficients were 0.99 for Sample 1 and
0.97 for Sample 2. The correlation coefficients were similar and large for the studied tissue
samples, which confirm the linear relationship that exists between acoustic intensity and
shear wave displacement. Moreover, the shear wave peak displacement could be used to
assess the strength of the generated shear wave through tissue in clinical applications with
the use of a control phantom.

We studied the shear wave group velocity and frequency characteristics of the resulting shear
waves as a function of the phase aberration and attenuation associated with the phase screens
and tissue samples. The group velocity estimates for all cases were successfully estimated.
There are several effects that can be appreciated in Table 11 that summarized the Mean
Absolute Percentage Error (MAPE) of shear wave group velocity. First, in all cases (Phase
Aberration and Attenuation, Only Phase Aberration and Only Attenuation), the MAPE was
lower in Sample 1 compared to Sample 2, which agrees with the fact that Sample 1 has less
phase aberration and attenuation (Table I). Secondly, at high push frequencies the MAPE of
the Only Attenuation case was higher than the Only Phase Aberration case, contrary to the
lower push frequencies where the MAPE of the Only Attenuation case was lower than the
Only Phase Aberration Case, which suggests that ultrasound attenuation dominates the
MAPE at high frequencies and phase aberration dominates the MAPE at low frequencies.
Overall, the Radon transform method was able to estimate the shear wave group velocity
with a MAPE less than 11% for Sample 1 and 31% for Sample 2, the latter being a stronger
aberrator and attenuator.

The shear wave frequency content was studied by estimating the shear wave center
frequency (£,) and shear wave bandwidth. A higher fc value will correspond to a shear wave
with a sharper wave front. The 7, value is also important to note when calculating the group
velocity in a viscoelastic medium because dispersion causes the shear wave speed to depend
on frequency. It was shown that the £,and bandwidth values were most affected when both
phase aberration and attenuation are present and changed depending on the level of phase
aberration and attenuation (higher MAPE of Sample 2 compared to Sample 1 in most cases).
As shown in Tables 11l and IV, in the Phase Aberration and Attenuation case and Only
Attenuation case the 95% confidence interval (95%CI) and MAPE of the measurements
were larger than the Only Phase Aberration case at higher frequencies in both samples.
Moreover, the mean shear wave center frequency and bandwidth were lower in Sample 2
with respect to Sample 1 for all push frequencies for the Phase Aberration and Attenuation
case and Only Phase Aberration case, but only at higher frequencies for the Only
Attenuation case. These results indicate that center frequency and bandwidth of shear waves
produced through an aberrator would not be as affected as if they were produced through an
attenuator layer, the latter having more uncertainty in center frequency and bandwidth
estimation due to lower motion signal as depicted in Fig. 9. Although the agar phantom is a
very elastic material, the implications of these measurements are more important when this
transducer is used for measurements in viscoelastic soft tissues.

There are a few limitations of this study. First, the acoustic pressure measurements are
limited to the size of the hydrophone. For instance, although the scans were measured with
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0.3 mm spatial resolution, the hydrophone active element size was approximately 1 mm,
therefore there were smoothing effects. Moreover because a F/1.0 focal configuration was
used and with higher ultrasound frequencies the focus would be considerably small
compared to the hydrophone, which would cause discrepancies when comparing the
measured acoustic pressures from the Phase Aberration and Attenuation case to the
simulation from the Only Attenuation case, as well as not being able to detect much
difference in the measured acoustic pressure fields for each push beam frequency. Second,
when comparing shear wave displacement measurements to acoustic pressure measurements
the ultrasound field of view (FOV) was different, which implies the phase screen and
attenuation was also different, but within the tissue sample variation, because it is difficult to
position the transducer in the same pathway two consecutively times. Third, in the
experimental set-up where two transducers are facing each other, the push from one
transducer could create ultrasound reflections that alter the measured displacement. Most
likely these ultrasonic reflections would depend highly in the distance between the
transducer, the angle of the reflective face and the fact the transducer could not be perfectly
aligned, consequently producing lower shear wave motion. We did not observe any obvious
reflections in the data with this configuration. Although the limitation of the studies show
high variability in the measurements, the study served to demonstrate how phase aberration
and attenuation can diminish shear wave motion amplitude and cause considerable variations
in shear wave speed measurements, center frequency and bandwidth. This approach provides
a reasonable estimate of the effects of attenuation as compared to phase aberration.

There are a few notable contributions of this study for the field of elasticity imaging. It was
proposed that phase aberration can affect shear wave speed estimation [15], but this problem
has only been addressed by a single small study [13]. We sought to explore the individual
effects that phase aberration and attenuation have on the generation of shear waves in a
laboratory setting. Phase screen and excised tissue samples were used to explore these
effects. It was empirically shown that lower frequency could be used to improve shear wave
generation in the face of phase aberration and attenuation, which was alluded to by Palmeri,
et al. [15], but not systematically addressed with a formal study. We studied the effects of
phase aberration and attenuation in shear wave generation with an F/1.0 focal configuration
push beam, which produced a fairly tight focus that was mostly affected by attenuation. This
framework may be used with other focal configurations.

Optimal settings for a specific transducer were found, but this study provides a general
methodology for assessing the optimal settings for a given transducer and ultrasound system
either with an artificial phase screen or ex vivotissue samples. These results can be extended
to tests in humans for particular applications.

V. CONCLUSIONS

This study systematically studied the effects of phase aberration and ultrasound attenuation
on shear wave generation using acoustic radiation force. Two tissue samples were used and
the time delays through the tissue samples and attenuation of the tissue samples were
characterized with ultrasonic measurements. This study showed experimentally that
decreasing the push beam frequency when generating shear waves with acoustic radiation
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force can decrease the effects of overlying tissue phase aberration and attenuation. We
evaluate the shear wave displacement, group velocity, center frequency, and bandwidth. The
shear wave displacement can be used as a feedback to optimize the push beam frequency.
Experiments with phase screens and swine tissue samples showed that shear wave
displacement is decreased mostly by attenuation but can be optimized by varying push beam
frequencies.
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(b)

Fig. 1.
Individual excised pork belly tissue (a) Sample 1, (b) Sample 2.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2017 February 01.

Page 15



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Amador et al.

| Hydrephane #
: - 2
g L
L i
(c)
(d)
s | i
1
Push Transducer Push Tramducer Psh pokie i
1

. - m
w T hgger out fo Verassais 7 > Time

—— g [[[]] .

Detection pulses

Fig. 2.

Page 16

Experimental set up, (a) Tissue phase screen and attenuation measurements, (b) Acoustic

field measurements, (c) Shear wave generation and (d) Pulse sequence for shear wave

generation and detection, adapted from [20].
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Fig. 4.
Measured average arrival time and ultrasound attenuation of tissue samples, (a)—(c) Sample

1 and (b)—(d) Sample 2. Dashed lines represent the standard deviation over 80 samples.
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Measured and simulated normalized acoustic pressure. The images in Panel A are from
Phase Aberration and Attenuation case, Panel B are from Only Phase Aberration case and
Panel C are from Only Attenuation case. Images in the top row figures are measured without
tissue samples, images in the middle row are measured on Sample 1 and images in the
bottom row are measured on Sample 2. Images in Panels A and B are from measurements
and the images in Panel C are from simulations.
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scan for tissue Sample 1 and Sample 2. (a) Phase Aberration and Attenuation case, (b) Only
Phase Aberration case and (c) Only Attenuation case. The error bars represent the 95%

confidence interval (n = 200).

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2017 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Amador et al. Page 21

A - Phase Aberration B - Only Phase C - Only Attenuation
and Attenuationcase Aberration case case
4 50 MHz 4.50 MHz
450 MHz . % a.
. ‘ i :
o
40010 ° 2 10010 =
100 10 X, mm X, mm
SMMHz 34am-|z a4amuz .
02g ?‘L R =
=] E 4 50 0.058
E 4 P g E o s ‘ - :
=]
0010 ©° 2 0010 = 0010 0 2
X, mm X, mm

Fig. 7.

Mgeasured and simulated normalized shear wave peak displacement at focus. Images in Panel
A show results from the Phase Aberration and Attenuation case, Panel B shows results from
the Only Phase Aberration case and Panel C shows results from the Only Attenuation case.
Images in the top row represent the push beam frequency of 4.50 MHz, images in the bottom
row represent the push beam frequency of 3.46 MHz. Images in Panels A and B are from
measurements and the images in Panel C are from simulations of tissue Sample 1.
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locations of tissue Sample 1 and Sample 2. (a) Phase Aberration and Attenuation case, (b)
Only Phase Aberration case and (c) Only Attenuation case. The error bars represent the 95%

confidence interval (n = 4).
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Measured and simulated normalized shear wave peak displacement at focus and k-space of
the right-side propagating wave from a push beam frequency of 4.50 MHz in Sample 1.
Images in Panel A show results from the Phase Aberration and Attenuation case, Panel B
shows results from the Only Attenuation case. The shear wave center frequency is
represented with a white circle and white line, the shear wave bandwidth is represented with
a red dashed line in the k-space images.
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Table |

Tissue samples characteristics

Sample  Thickness, mm RMS Delay, ns Attenuation, dB/cm/MHz
(mean £ SD, n = 80) (mean + SD, n = 80)

1 23.75 27.73 £ 8.48 1.75+0.27
2 23.25 193.62 + 56.93 2.23+0.34
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