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Figure 1.1—Depictions of normal and shear stress and strain, (a) Normal
stress is applied to the top of the solid block and a deformation occurs as
depicted by the dashed block which changes the height in the vertical
dimension, (b) Shear stress is applied parallel to the top surface of the block
and a shear strain results.
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Figure 1.2—Ultrasound pressure and radiation force, (a) Ultrasound pressure
signal at f0 = 1.00 MHz, (b) Ultrasound pressure at f0 + Δf = 1.10 MHz, (c)
Summed ultrasound pressure for pressure signals at f0 and f0 + Δf, (d)
Radiation force produced by ultrasound waves at Δf = 100 kHz.
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Figure 1.3—Co-focused beams producing ultrasound radiation force.
Ultrasound beams at frequencies f0 and f0 + Δf are co-focused and the
radiation force occurs in the interaction zone where the beams overlap. This
configuration provides a localized dynamic radiation force to vibrate objects
or tissue.
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Figure 2.1—Plot of θZ versus density of sphere for a sphere of radius a = 0.79
mm at Δf = 1.0 kHz.
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Figure 2.2—Plot of change in θZ versus Δf for a sphere of radius a = 0.79 mm
and varying the density from 1000-8000 kg/m3.
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Figure 2.3—Plot of θd for spheres of radius a = 0.79 mm made of different
materials.
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Figure 2.4—Velocity of spheres for different materials. (a) Normalized
magnitude and (b) phase of velocity for five spheres of different materials
with radius a = 0.79 mm.
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Figure 2.5—Feature space for simulation results in Figure 2.4. The points
within those regions depict simulation results at individual frequencies.
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Figure 2.6—Block diagram for experimental setup.
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Figure 2.7—Measurement results for large and small spheres. (a) Normalized
magnitude of the velocity for the large spheres, (b) Phase of velocity for the
large spheres, (c) Normalized magnitude of the velocity for the small spheres,
(d) Phase of velocity for the small spheres. (◊ - Acrylic, Δ - Soda lime glass,
- Silicon nitride, ο - Stainless steel, * - Brass)
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Figure 2.8—Images of large spheres. (a) Normalized magnitude image of
large spheres, (b) Phase image of large spheres. From top to bottom the
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spheres are made of acrylic, soda lime glass, silicon nitride, stainless steel and
brass. Brass is used as a reference.

34

Figure 2.9—Images of small spheres. (a) Normalized magnitude image of
small spheres, (b) Phase image of small spheres. From top to bottom the
spheres are made of acrylic, soda lime glass, silicon nitride, stainless steel and
brass. Brass is used as a reference.
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Figure 2.10—Feature spaces for large and small spheres. (a) Feature space for
measurements on large spheres for Δf = 400-1250 Hz, (b) Feature space for
small spheres for Δf = 700-1250 Hz. (Acrylic – Yellow, Soda lime glass –
Red, Silicon nitride – Green, Stainless steel and brass – Blue)
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Figure 2.11—Classification of images using feature spaces for large and small
spheres. (a) Classified image for large spheres, (b) Classified image for small
spheres.
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Figure 3.1—Plots of maximum number of components created with the
MHME implementation of the multifrequency stress field. (a) Maximum
number of components, NMM, created using the number of sinusoids, NS, and
the number of elements, NE. (b) Maximum number of components, NMM,MH,
created using the MH mechanism with NS and NE. (b) Maximum number of
components, NMM,ME, created using the ME mechanism with NS and NE. ( -NE
= 1, Δ-NE = 2, ◊-NE = 3, {-NE = 4)
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Figure 3.2—Experimental setup for PSF measurements and vibrometry
experiment. The arrows labeled x and y depict the scanning directions.
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Figure 3.3—Experimental setup for vibro-acoustography imaging. The arrows
labeled x and y depict the scanning directions.
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Figure 3.4—Normalized amplitude profiles for multifrequency PSF
components. The simulation results are solid and the experimental
measurements are dashed. (a) Δf = 5 kHz, (b) Δf = 10 kHz, (c) Δf = 15 kHz,
(d) Δf = 20 kHz, (e) Δf = 25 kHz, (f) Δf = 30 kHz.
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Figure 3.5—Combinations of experimentally measured PSF components. (a)
Combination of 5 kHz and 10 kHz components, (b) combination of 10 kHz
and 15 kHz components, (c) combination of 5 kHz, 10 kHz, and 15 kHz
components. The images are 8 mm by 8 mm with a 50 dB dynamic range.
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Figure 3.6—Normalized magnitude of sphere vibration velocity measured by
varying the difference frequency of a MH signal with NS = 2 applied to both
elements of the confocal transducer. The velocity measured with the laser
vibrometer was processed using a lock-in amplifier.
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Figure 3.7—Multifrequency velocity images of sphere near resonance. (a) Δf
= 400 Hz, (b) Δf = 800 Hz, (c) Δf = 1200 Hz, (d) Δf = 1600 Hz, (e) Δf = 2000
Hz, (f) Δf = 2400 Hz.
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Figure 3.8—Normalized magnitude of velocity from images in Figure 3.7 near
center of sphere. Squares indicate mean values and error bars indicate ±1
standard deviation.
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Figure 3.9—Curve fitting of resonance curve from multifrequency images
with simulation of sphere velocity in viscoelastic medium. The gelatin
properties were found to be μ1 = 6750 Pa, and μ2 = 3.0 Pa·s. The dotted curve
is the simulated response. The dashed curve is the response shown in Figure
3.5. The solid curve is the mean curve (Figure 3.8) obtained from the
multifrequency images shown in Figure 3.7.
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Figure 3.10—Photograph of the breast phantom and field of view used for
vibro-acoustic imaging is shown by the dotted line. The field of view has size
60 mm x 80 mm.
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Figure 3.11—Multifrequency vibro-acoustography images of breast phantom.
(a) Δf = 10 kHz, (b) Δf = 20 kHz, (c) Δf = 30 kHz, (d) Δf = 40 kHz, (e) Δf = 50
kHz, (f) Δf = 60 kHz. All images are normalized independently. A small bias
has been added to images (c)-(f) for visualization purposes.
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Figure 3.12—Combination of vibro-acoustic images, (a) Combination of 30,
40, 50, and 60 kHz components, (b) Combination of 30, 50, and 60 kHz
components. Both images are normalized independently, and a small bias has
been added for visualization purposes.
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Figure 3.13—In vivo breast vibro-acoustography images for elderly woman
with calcified fibroadenoma, (a) X-ray obtained from stereotactic X-ray
system, (b) Δf = 20 kHz created by MH mechanism, (c) Δf = 40 kHz created
by ME mechanism, (d) Δf = 50 kHz created by ME mechanism, (e) Δf = 60
kHz created by ME mechanism, (f) Δf = 70 kHz created by ME mechanism.

69

Figure 4.1—Sample simulated echo data for vibration of a scatterer with D0 =
5000 nm, φs = 0°, Nc = 5, Np = 20, and SNR = 20 dB.
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Figure 4.2—Displacement signal for data in Figure 4.1. The red curve with
the data points marked by the open circles is the displacement signal estimated
from the data and the blue dashed curve is the true displacement signal. The
estimated vibration amplitude and phase are D0 = 4990.2 nm and φs = 0.054°
while the true values are D0 = 5000 nm and φs = 0°.
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Figure 4.3—Displacement amplitude results for default parameters in Table
4.1. Each data point represents the mean of the 1000 iterations and the error
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bars represent one standard deviation. The dashed line represents the target
value of D0 = 1000 nm.
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Figure 4.4—Displacement phase results for default parameters in Table 4.1.
Each data point represents the mean of the 1000 iterations and the error bars
represent one standard deviation. The dashed line represents the target value
of φs = 0°.
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Figure 4.5—Displacement amplitude and phase bias and jitter for variation of
D0 = 100 ({), 500 (), 1000 (Δ), 5000 (◊), and 10000 (∇) nm. (a) Amplitude
bias, (b) Amplitude jitter, (c) Phase bias, (d) Phase jitter. The legend in (b)
applies to each panel.

88

Figure 4.6—Displacement amplitude and phase bias and jitter for variation of
Nc = 3 ({), 5 (), 10 (Δ), 15 (◊), and 20 (∇).(a) Amplitude bias, (b)
Amplitude jitter, (c) Phase bias, (d) Phase jitter. The legend in (b) applies to
each panel.
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Figure 4.7—Displacement amplitude and phase bias and jitter for variation of
Np = 5 ({), 10 (), 15 (Δ), 20 (◊), 25 (∇), and 30 (*).(a) Amplitude bias, (b)
Amplitude jitter, (c) Phase bias, (d) Phase jitter. The legend in (b) applies to
each panel.
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Figure 4.8—Displacement amplitude and phase bias and jitter for variation of
gate length, lg = 0.5 ({), 1.0 () mm. (a) Amplitude bias, (b) Amplitude
jitter, (c) Phase bias, (d) Phase jitter. The legend in (b) applies to each panel.
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Figure 4.9—Displacement amplitude and phase bias and jitter for variation of
sampling frequency of the ultrasound echoes, Fs = 50 ({), 100 () MHz. (a)
Amplitude bias, (b) Amplitude jitter, (c) Phase bias, (d) Phase jitter. The
legend in (b) applies to each panel.
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Figure 4.10—Displacement amplitude and phase bias and jitter for variation
of transducer bandwidth, BW = 6.5 ({) and 20.0 () %. (a) Amplitude bias,
(b) Amplitude jitter, (c) Phase bias, (d) Phase jitter. The legend in (b) applies
to each panel.
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Figure 5.1—Timing diagram for harmonic pulsed excitation and pulses used
for motion tracking. (a) Ultrasound tonebursts with length Tb and repetition
period of Tr, (b) Radiation force produced by ultrasound tonebursts, (c)
Transmission gate for ultrasound tracking pulses with an onset delay of td and
repetition period of Tprf, (d) Reception gate for echoes of transmitted tracking
pulses.
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Figure 5.2—Harmonic pulsed excitation transmission with fr = 200 Hz and Tb
= 200 μs, (a) Ultrasound pressure amplitude, (b) Radiation force function.
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Figure 5.3—Magnitude spectrum for HPE transmission with fr = 200 Hz and
Tb = 200 μs.
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Figure 5.4—Measured pressure and radiation force for HPE with fr = 500 Hz
and Tb = 200 μs, (a) Pressure amplitude, (b) Radiation force function.
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Figure 5.5—Measured and calculated normalized magnitude spectrum of
radiation force function for HPE with fr = 500 Hz μs, (a) Tb = 200 μs,
normalized to maximum value, (b) Tb = 100 μs, normalized to maximum
value measurements for Tb = 200 μs.
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Figure 5.6—Experimental setup for sphere frequency response measurements
and motion detection with Doppler laser vibrometer and ultrasound method,
(a) Block diagram for measurement of sphere frequency response. Two signal
generators produce CW ultrasound signals at f0 and f0 + Δf which are summed
together, amplified, and used to drive the transducer. The CW signals are used
as inputs to a mixer, and the resulting signal is lowpass filtered and the Δf
signal is used as a reference for the lock-in amplifier to compare against the
signal from the Doppler laser vibrometer, (b) Experimental setup for
excitation and measurement of motion of a stainless steel sphere embedded in
a gelatin phantom. The 3.0 MHz transducer creates the radiation force and in a
later experiment will also be used to track the motion ultrasonically. The
Doppler laser vibrometer provides a calibrated measurement of the sphere’s
motion.
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Figure 5.7—Experimental setup for harmonic pulsed excitation and motion
tracking. For the excitation, a pulse train with frequency fr = 100 Hz is
initiated, and each positive pulse triggers a toneburst of ultrasound at f0 = 3.0
MHz. For the tracking a pulse train at fprf is initiated with specified time delay,
td, and each positive pulse triggers a three cycle pulse at ff = 9.0 MHz to be
transmitted. The excitation and tracking signals are summed together and
amplified before being sent to the 3.0 MHz transducer. For tracking, the gated
echoes are filtered with a notch filter centered at 3.0 MHz and a bandpass
filter centered at 9.0 MHz before passing through a transmit/receive (T/R)
switch. The signal is amplified and filtered again with a bandpass filter
centered at 9.0 MHz before being sent to the digitizer (A/D).
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Figure 5.8—Frequency response of 3.0 MHz transducer excited by broadband
pulse.
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Figure 5.9—Representative received echo data from the stainless steel sphere
for HPE with fr = 100 Hz and Tb = 100 μs.
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Figure 5.10—Velocity of sphere measured by Doppler laser vibrometer and
ultrasound based motion detection, (a) Velocity measured by laser vibrometer,
(b) Velocity measured with ultrasound based motion detection.
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Figure 5.11—Influence of windowing of displacement signal and the starting
sample of the window. The results for the laser are shown in red squares and
the ultrasound based results are shown with blue circles. The black dashed
line indicates the measurement made by the laser with Fs = 100 kHz. The
rectangular windowed results are shown by solid lines, and the Hann
windowed results are shown with dash lines.
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Figure 5.12—Displacement frequency response of 1.59 mm diameter stainless
steel sphere in gelatin phantom.
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Figure 5.13—Comparison of displacement amplitude measured by laser
vibrometer and ultrasound based detection for fv = 200 Hz. Each data point
represents the average of five measurements. (a) Comparison for Tb = 50 μs.
The blue regression line has equation y = 0.9808x – 5.3618 with R2 = 0.9998,
(b) Comparison for Tb = 100 μs. The blue regression line has equation y =
1.0021x – 12.7432, R2 = 0.9989.
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Figure 5.14—Sample data measured using ultrasound method. Displacement
and phase data are plotted versus normalized force, (a) Displacement, Tb = 50
μs, (b) Phase, Tb = 50 μs, (c) Displacement, Tb = 100 μs, (d) Phase, Tb = 100
μs.
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Figure 5.15—Displacement and phase bias and jitter for Tb = 50 μs, F0 = 1,
and fv = 100 ({), 200 (), 300 (Δ), and 400 (∇) Hz, (a) Displacement bias,
(b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in (d)
applies to each panel.
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Figure 5.16—Displacement and phase bias and jitter for Tb = 100 μs, F0 = 1,
and fv = 100 ({), 200 (), 300 (Δ), and 400 (∇) Hz (a) Displacement bias, (b)
Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in (d) applies
to each panel.
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Figure 5.17—Displacement and phase bias and jitter for Tb = 50 μs, fv = 200
Hz, and F = F0 ({), F0/2 (), F0/4 (Δ), and F0/8 (∇), (a) Displacement bias,
(b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in (d)
applies to each panel.
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Figure 5.18—Displacement and phase bias and jitter for Tb = 100 μs, fv = 100
Hz, and F = F0 ({), F0/2 (), F0/4 (Δ), and F0/8 (∇), (a) Displacement bias,
(b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in (d)
applies to each panel.
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Figure 5.19—Displacement and phase bias and jitter for Tb = 50 μs, F0 = 1, fv
= 200 Hz, and fprf = 2.0 ({), 3.0 (), 4.0 (Δ), 5.0 (∇), and 6.0 (◊) kHz, (a)
Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The
legend in (d) applies to each panel.
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Figure 5.20—Displacement and phase bias and jitter for Tb = 100 μs, F0 = 1, fv
= 200 Hz, and fprf = 2.0 ({), 2.5 (), 3.0 (Δ), 4.0 (∇) kHz, (a) Displacement
bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in (d)
applies to each panel.
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Figure 5.21—Displacement and phase bias and jitter for Tb = 50 μs, F0 = 1, fv
= 200 Hz, and fprf = 2.0 ({), 3.0 (), 4.0 (Δ), 5.0 (∇), and 6.0 (◊) kHz, (a)
Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The
legend in (d) applies to each panel.
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Figure 5.22—Displacement and phase bias and jitter for Tb = 100 μs, F0 = 1, fv
= 200 Hz, and fprf = 2.0 ({), 2.5 (), 3.0 (Δ), 4.0 (∇) kHz, (a) Displacement
bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in (d)
applies to each panel.

120

Figure 5.23—Displacement and phase bias and jitter for Tb = 50 μs, F0 = 1, fv
= 200 Hz, and Ts = 30 ({), 50 (), 100 (Δ), and 150 (∇) ms, (a)
Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The
legend in (d) applies to each panel.
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Figure 5.24—Displacement and phase bias and jitter for Tb = 100 μs, F0 = 1, fv
= 200 Hz, and Ts = 30 ({), 50 (), 100 (Δ), and 150 (∇) ms, (a)
Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The
legend in (d) applies to each panel.
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Figure 5.25—Displacement and phase bias and jitter for Tb = 50 μs, F0 = 1, fv
= 200 Hz, and Ts = 30 ({), 50 (), 100 (Δ), and 150 (∇) ms, (a)
Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The
legend in (d) applies to each panel.
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Figure 5.26—Displacement and phase bias and jitter for Tb = 100 μs, F0 = 1, fv
= 200 Hz, and Ts = 30 ({), 50 (), 100 (Δ), and 150 (∇) ms, (a)
Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The
legend in (d) applies to each panel.
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Figure 6.1—Displacement results for default conditions in Table 6.1. Each
data point represents the mean and the error bars represent one standard
deviation. The black dashed line is the target value of D0 = 1000 nm.
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Figure 6.2—Phase results for default conditions in Table 6.1. Each data point
represents the mean and the error bars represent one standard deviation. The
black dashed line is the target value of φs = 0°.
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Figure 6.3— Displacement and phase bias and jitter for D0 = 100 ({), 500
(), 1000 (Δ), 5000 (◊), and 10000 (∇) nm, (a) Displacement bias, (b)
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Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in (b) applies
to each panel.
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Figure 6.4— Displacement and phase bias and jitter for Nc = 3 ({), 5 (), 10
(Δ), 15 (◊), and 20 (∇), (a) Displacement bias, (b) Displacement jitter, (c)
Phase bias, (d) Phase jitter. The legend in (b) applies to each panel.
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Figure 6.5—Displacement and phase bias and jitter for Np = 5 ({), 10 (), 15
(Δ), 20 (◊), 25 (∇), and 30 (*), (a) Displacement bias, (b) Displacement jitter,
(c) Phase bias, (d) Phase jitter. The legend in (b) applies to each panel.
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Figure 6.6—Displacement and phase bias and jitter for Ns = 11 ({), 16 (),
21 (Δ), 27 (◊), and 33 (∇), (a) Displacement bias, (b) Displacement jitter, (c)
Phase bias, (d) Phase jitter. The legend in (b) applies to each panel.
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Figure 6.7—Displacement and phase bias and jitter for lg = 0.5 ({) and 1.0
() mm, (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d)
Phase jitter. The legend in (b) applies to each panel.
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Figure 6.8—Displacement and phase bias and jitter for Fs = 50 ({) and 100
() MHz, (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d)
Phase jitter. The legend in (b) applies to each panel.
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Figure 6.9—Displacement and phase bias and jitter for BW = 6.5 ({), 20.0
(), and 40.0 (Δ) %, (a) Displacement bias, (b) Displacement jitter, (c) Phase
bias, (d) Phase jitter. The legend in (b) applies to each panel.
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Figure 6.10—Normalized displacement results for variations of Wx, Wy, and
Wz. (a) Wz = 0.1, (b) Wz = 0.5, (c) Wz = 1.0, (d) Wz = 2.18.
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Figure 6.11—Displacement jitter results for variations of Wx, Wy, and Wz. (a)
Wz = 0.1, (b) Wz = 0.5, (c) Wz = 1.0, (d) Wz = 2.18.
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Figure 6.12—Phase bias results for variations of Wx, Wy, and Wz. (a) Wz = 0.1,
(b) Wz = 0.5, (c) Wz = 1.0, (d) Wz = 2.18.
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Figure 6.13—Phase jitter results for variations of Wx, Wy, and Wz. (a) Wz = 0.1,
(b) Wz = 0.5, (c) Wz = 1.0, (d) Wz = 2.18.
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Figure 7.1—Experimental setup for harmonic pulsed excitation and motion
tracking. For the excitation, a pulse train with frequency fr = 100 Hz is
initiated, and each positive pulse triggers a toneburst of ultrasound at f0 = 3.0
MHz. For the tracking a pulse train at fprf is initiated with specified time delay,
td, and each positive pulse triggers a three cycle pulse at ff = 9.0 MHz to be
transmitted. The excitation and tracking signals are summed together and
amplified before being sent to the 3.0 MHz transducer. For tracking, the gated
xiii

echoes are filtered with a notch filter centered at 3.0 MHz before passing
through a transmit/receive (T/R) switch and then filtered with a bandpass filter
centered at 9.0 MHz. The signal is logarithmically amplified and filtered again
with a bandpass filter centered at 9.0 MHz before being sent to the digitizer
(A/D).
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Figure 7.2—Experimental setup and phantoms for scattering gelatin and beef
experiments, (a) Experimental setup with 3.0 MHz transducer and gelatin
phantom containing suspended graphite particles, (b) Photograph of bovine
muscle embedded in agar block, (c) Photograph of 3.0 MHz transducer held in
water tank above agar block with bovine muscle.
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Figure 7.3—Regression of measured ultrasound displacement versus
normalized force. The regression line was computed for the eight highest
samples and the resulting equation is y = 3492.3x – 1219.6 with R2 = 0.9778.
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Figure 7.4—Displacement and phase results for default conditions of analysis.
Data points represent the mean of five measurements and the error bars
represent one standard deviation of those measurements. (a) Displacement
results, (b) Phase results.
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Figure 7.5—Mean and standard deviations of displacement and phase
measurements for values of fv = 100 ({), 200 (), 300 (Δ), and 400 (∇) Hz,
(a) Mean of displacement (μd), (b) Standard deviation of displacement (σd),
(c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). The legend in
panel (d) applies to all panels.
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Figure 7.6—Mean and standard deviations of displacement and phase
measurements for values of F = F0 ({), 0.81F0 (), 0.64F0 (Δ), and 0.49F0
(∇), (a) Mean of displacement (μd), (b) Standard deviation of displacement
(σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ).The legend
in panel (d) applies to all panels.
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Figure 7.7—Mean and standard deviations of displacement and phase
measurements for values of fprf = 2.0 ({), 3.0 (), 4.0 (Δ), and 5.0 (∇) kHz,
(a) Mean of displacement (μd), (b) Standard deviation of displacement (σd),
(c) Mean of phase (μφ), (d) Standard deviation of phase (σφ).The legend in
panel (d) applies to all panels.
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Figure 7.8—Mean and standard deviations of displacement and phase
measurements for values of fprf = 2.0 ({), 3.0 (), 4.0 (Δ), and 5.0 (∇) kHz,
(a) Mean of displacement (μd), (b) Standard deviation of displacement (σd),
(c) Mean of phase (μφ), (d) Standard deviation of phase (σφ).The legend in
panel (d) applies to all panels.
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Figure 7.9—Mean and standard deviations of displacement and phase
measurements for values of Ts = 50 ({), 100 (), 150 (Δ), and 200 (∇) ms,
(a) Mean of displacement (μd), (b) Standard deviation of displacement (σd),
(c) Mean of phase (μφ), (d) Standard deviation of phase (σφ).The legend in
panel (d) applies to all panels.
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Figure 7.10—Mean and standard deviations of displacement and phase
measurements for values of Ts = 50 ({), 100 (), 150 (Δ), and 200 (∇) ms,
(a) Mean of displacement (μd), (b) Standard deviation of displacement (σd),
(c) Mean of phase (μφ), (d) Standard deviation of phase (σφ).The legend in
panel (d) applies to all panels.
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Figure 7.11—Mean and standard deviations of displacement and phase
measurements for values of lg = 0.5 ({) and 1.0 () mm, (a) Mean of
displacement (μd), (b) Standard deviation of displacement (σd), (c) Mean of
phase (μφ), (d) Standard deviation of phase (σφ).The legend in panel (d)
applies to all panels.

153

Figure 7.12—Mean and standard deviations of displacement and phase
measurements for values of lg = 0.5 ({) and 1.0 () mm, (a) Mean of
displacement (μd), (b) Standard deviation of displacement (σd), (c) Mean of
phase (μφ), (d) Standard deviation of phase (σφ).The legend in panel (d)
applies to all panels.
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Figure 7.13—Regression of measured ultrasound displacement versus
normalized force for Tb = 50 μs. The regression line was computed for the
nine highest samples and the resulting equation is y = 409.0482x – 75.0306
with R2 = 0.9417.
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Figure 7.14—Regression of measured ultrasound displacement versus
normalized force for Tb = 100 μs. The regression line was computed for the
eleven highest samples and the resulting equation is y = 811.5938x – 147.3434
with R2 = 0.9761.
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Figure 7.15—Regression of measured ultrasound displacement versus
normalized force for Tb = 200 μs. The regression line was computed for the
eleven highest samples and the resulting equation is y = 1653.9x – 222.1 with
R2 = 0.9721.
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Figure 7.16—Displacement and phase results for default conditions of
analysis for Tb = 100 μs. Data points represent the mean of five measurements
and the error bars represent one standard deviation of those measurements, (a)
Displacement results, (b) Phase results.
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Figure 7.17—Mean and standard deviations of displacement and phase
measurements for values of fv = 100 ({), 200 (), 300 (Δ), and 400 (∇) Hz,
(a) Mean of displacement (μd), (b) Standard deviation of displacement (σd),
(c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). Legend in panel
(d) applies to all panels.
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Figure 7.18—Mean and standard deviations of displacement and phase
measurements for values of F = F0 ({), 0.81F0 (), 0.64F0 (Δ), and 0.49F0
(∇), (a) Mean of displacement (μd), (b) Standard deviation of displacement
(σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). Legend in
panel (d) applies to all panels.
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Figure 7.19—Mean and standard deviations of displacement and phase
measurements for values of fprf = 2.0 ({), 3.0 (), 4.0 (Δ), and 5.0 (∇) kHz,
(a) Mean of displacement (μd), (b) Standard deviation of displacement (σd),
(c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). Legend in panel
(d) applies to all panels.
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Figure 7.20—Mean and standard deviations of displacement and phase
measurements for values of fprf = 2.0 ({), 3.0 (), 4.0 (Δ), and 5.0 (∇) kHz,
(a) Mean of displacement (μd), (b) Standard deviation of displacement (σd),
(c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). Legend in panel
(d) applies to all panels.
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Figure 7.21—Mean and standard deviations of displacement and phase
measurements for values of Ts = 50 ({), 100 (), 150 (Δ), and 200 (∇) ms,
(a) Mean of displacement (μd), (b) Standard deviation of displacement (σd),
(c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). Legend in panel
(d) applies to all panels.
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Figure 7.22—Mean and standard deviations of displacement and phase
measurements for values of Ts = 50 ({), 100 (), 150 (Δ), and 200 (∇) ms,
(a) Mean of displacement (μd), (b) Standard deviation of displacement (σd),
(c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). Legend in panel
(d) applies to all panels.
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Figure 7.23—Photographs of bovine muscle section. (a) Full phantom with
bovine muscle encased in agar, (b) Top surface of muscle section. The muscle
was cut in half to show the portion that was scanned. The dashed box depicts
the scan area used for imaging, (c) Bottom surface of muscle section shown in
(b). The slice has been flipped horizontally compared the image in (b). The
dashed box depicts the scan area used for imaging.
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Figure 7.24—Images of bovine muscle section. (a) Ultrasonic C-scan
performed at 9.0 MHz, (b) Vibro-acoustic image acquired with Δf = 50 kHz,
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(c) Displacement amplitude for fv = 100 Hz. The units of the colorbar are
nanometers, (d) Displacement phase for fv = 100 Hz. The units of the colorbar
are degrees.
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Figure 7.25—Displacement amplitude images of bovine muscle section at
different vibration frequencies. The units of the colorbars are nanometers. (a)
fv = 100 Hz, (b) fv = 200 Hz, (c) fv = 300 Hz, (d) fv = 400 Hz.
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Figure 7.26—Displacement phase images of bovine muscle section at
different vibration frequencies. The units of the colorbars are degrees. (a) fv =
100 Hz, (b) fv = 200 Hz, (c) fv = 300 Hz, (d) fv = 400 Hz.
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Figure 7.27—Displacement amplitude images of bovine muscle section at
different depths. The units of the colorbars are nanometers. (a) z = 0 mm, (b) z
= 4 mm, (c) z = 8 mm, (d) z = 12 mm.
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Figure 7.28—Displacement phase images of bovine muscle section at
different depths. The units of the colorbars are degrees. (a) z = 0 mm, (b) z = 4
mm, (c) z = 8 mm, (d) z = 12 mm.
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Chapter 1
Introduction

Therefore, everyone who hears these words of mine and
acts on them, may be compared to a wise man who
built his house on the rock. And the rain fell, and the floods came,
and the winds blew and slammed against that house;
and yet it did not fall, for it had been founded on the rock.
Matthew 7:24-25

1.1 Background
Medical imaging technology takes advantage of different physical properties to
form images that have contrast related to the structure and function of many different
tissues. The exploitation of new physical parameters has given rise to different imaging
modalities to explore the human body.
Elasticity imaging is an emerging medical imaging modality which uses tissue
elasticity or stiffness as its contrast mechanism. This modality incorporates techniques
from existing medical imaging techniques to obtain information about the material
characteristics of internal tissues and pathological conditions.
For hundreds of years physicians have relied on the art of palpation to identify
diseased tissue as in the case of performing a physical examination of a woman’s breast
to check for large masses. The premise of using palpation to identify pathology is that
diseased tissue feels stiffer than normal tissue. Currently, physicians perform clinical
breast examinations [1] and digital rectal examinations [2] to check for breast and
prostate cancer because diseased tissue is associated with higher stiffness. Many studies

1

have shown a positive correlation with stiffness and disease state in breast, liver, prostate,
and arterial tissues [3-9].
Some of the problems with clinical palpation are that it is subjective, dependent
on the proficiency of the clinician, and may be insensitive to small or deep lesions [1012]. The goal of any elasticity imaging modality is to noninvasively acquire high
resolution images of the spatial mapping of tissue elasticity or stiffness. The advantages
of such an elasticity image should be reproducibility and a quantitative, objective
representation of what palpation would observe.

1.2 Elasticity
To produce quantitative images, a theoretical basis of elasticity must be
understood. In material testing elasticity of a material is typically described by an elastic
modulus. To evaluate the elasticity of a material, a stress must be applied, where stress,

σ, is defined as

σ=

F
,
A

(1.1)

where F is the force applied over an area A. The stress can be applied in a direction
normal or tangent to the surface and these types of stress are called normal and shear
stresses, respectively. These types of stress are depicted in Figure 1.1.

2

σ
τ

L0

L

α

(a)

(b)

Figure 1.1—Depictions of normal and shear stress and strain, (a) Normal stress is applied to the top of the
solid block and a deformation occurs as depicted by the dashed block which changes the height in the
vertical dimension, (b) Shear stress is applied parallel to the top surface of the block and a shear strain
results.

The application of a stress will cause a deformation in the object. The resulting
strain to a normal stress is defined as

ε=

L − L0
,
L0

(1.2)

where L is the new length of the object and L0 is the original length before deformation. If
a shear stress is applied, a shear strain results that is defined as an angle α. The property
that relates the stress and the strain is the modulus. This modulus is the desired value for
display in elasticity imaging as it is the parameter that relates the applied force and
resulting deformation of the material. The Young’s and shear moduli for a Hookean
material are defined as [13]

E=

G=

σ
ε
τ

tan (α )

(1.3)

(1.4)
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In the Hookean elastic solid, the Young’s and shear modulus are related by the
following relationship
E = 2G (1 + v ) ,

(1.5)

where v is the Poisson’s ratio. If a stress is applied as in Figure 1(a), it will compress the
object in the axial direction and the object will expand in the transverse direction.
Poisson’s ratio is the ratio of the axial strain to the transverse strain in this experiment.
Soft tissue is often assumed to be nearly incompressible which yields a Poisson’s ratio of
nearly 0.5, making E ≈ 3G [13].
In tissue two types of moduli can be identified based on the type of waves that
travel through the medium. Compressional wave speed, cl, is governed by the bulk
modulus, λ, and shear wave speed, cs, is related to the shear modulus, G, also written as

μ.
cl =

E (1 − v )
λ + 2μ
=
ρ (1 + v )(1 − 2v )
ρ

(1.6)

E
(1 + v )(1 − 2v )

(1.7)

λ=

cs =

E
=
2 ρ (1 + v )

μ
ρ

(1.8)

where ρ is the mass density of the medium [14]. Sarvazyan, et al. showed that for
different tissue types, the bulk modulus does not vary significantly, whereas the shear
modulus varies over seven orders of magnitude [15, 16].
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1.3 Viscoelasticity
Human tissue is not perfectly elastic, but has a viscous component. Therefore,
tissue has been modeled as a viscoelastic material to account for the deviations from
elastic behavior. In a viscoelastic material, the stress and strain change on a timedependent basis. Characteristics of a viscoelastic material are relaxation, creep and
hysteresis [13]. Relaxation occurs when strain is maintained constant and the
corresponding stresses decrease. Creep happens when stress is maintained constant and
the strain continues to change. Hysteresis is the phenomenon in which the stress-strain
relationship is different during loading and unloading.
Different mechanical models have been proposed and adopted for the analysis of
different tissues such as the Maxwell, Voigt, and Kelvin. The Voigt model has been the
most used for analysis of tissue. This model contains a spring and a dashpot in parallel,
where the spring represents an elastic component and the dashpot represents a viscous
component [13]. In this model, the bulk and shear moduli are complex to account for
losses caused by the viscous components such that λ = λ1 + iωλ2 and μ = μ1 + iωμ2
where λ1 and λ2 are the bulk elasticity and viscosity and μ1 and μ2 are the shear elasticity
and viscosity, i is the imaginary number i = −1 and ω is the angular frequency [17].
In a viscoelastic medium, the equation for the compressional sound speed does
not change because in tissue λ2 ≈ 0 and λ >> μ, but the shear wave speed changes to [18]

cs =

(

2 ( μ12 + ωμ22 )

ρ μ1 + μ12 + ωμ22

)

.

(1.9)
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1.4 Elasticity Imaging
Over the last two decades, there has been significant development of different
methods to perform elasticity imaging. However, every elasticity imaging method
involves two common elements, the application of a force or stress and the measurement
of a mechanical response.
The force or stress source can be generated in three different ways. An external
vibrating actuator can be placed on the skin and used to generate a force into superficial
and deep tissues. An internal vibration source can be created using an external or internal
acoustic or optical excitation method. The body inherently also produces endogenous
force such as from the beating heart or pulsating vessels, that can be transmitted into
surrounding tissues.
The measurement method can be performed using differing physical probes
including magnetism, acoustics, or optics. Measurements can be made with magnetic
resonance imaging (MRI), ultrasound imaging, optical and acoustic signals.
The elasticity of a material relates the stress and the resulting strain. Therefore,
different models, whether elastic or viscoelastic, must be applied to extract the elasticity
parameters. However, for some methods the stress may be unknown so the strain or some
other parameter is used as a surrogate for the elasticity because the strain is generally
inversely proportional to the elasticity given the same stress.
Each elasticity imaging method can be characterized by the methods used for
force excitation and measurement of the tissue response. The state-of-the-art in elasticity
imaging will be detailed in the following pages and can also be found in the following
review articles [19-21].
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1.5 Force Excitation
To measure the modulus of a material a force or stress must be applied to the
material and the response is measured. As detailed above, the force can originate from
three sources, external, internal or endogenous.

1.5.1 External Excitation Sources
Some of the first studies utilized external actuators in contact with the skin to
induce motion into the tissue [18, 22-24]. These actuators were driven with a harmonic
signal to induce shear waves into tissue so that shear wave speed could be measured and
used to obtain estimates for the shear moduli in (1.9). In the study described by
Krouskop, et al., a motorized actuator was placed on the medial side of the thigh to
induce shear waves into the muscle tissue and an ultrasound transducer was coupled to
the lateral side of the thigh to measure the induced motion using Doppler techniques [22].
Using this system, the elastic modulus of the muscle was measured in different
contraction states.
Lerner, et al. used an acoustic horn to induce motion into phantoms and excised
tissue and used a color Doppler system to measure the resulting motion. In the method
proposed by Yamakoshi, et al., a mechanical actuator was coupled to the surface of the
phantom or subject’s skin to induce vibration. An ultrasound transducer was placed close
to the actuator to insonify the vibrating region and measure the motion. In magnetic
resonance elastography, proposed by Muthupillai, et al. a MRI compatible actuator is
placed on the phantom surface or the skin and moves in a direction parallel to the surface
of the object or subject to induce shear waves.

7

Later, a static compression using either the face of an ultrasound transducer or a
plate attached to the transducer was used to induce a deformation that was fairly uniform
across the measurement aperture [25-28]. The transducer could be pressed harder or
softer to vary the amount of strain induced in the tissue and this compression can be
carried out by freehand pressure by the sonographer or by a motorized method [25, 28].
For this method, axial strain is the primary measured quantity, but lateral strain can also
be measured [27].
Another method called transient elastography used a vibration actuator to induce a
transient force into the tissue [29-31]. This method employs low-frequency vibration
induced by a vibrator attached to a piston or vibrating rods attached to an array transducer
to create shear waves in the tissue.
The various external excitation sources require specialized hardware to cause
vibration or static displacement of the tissue. Only elastography, in which a static
compression can be performed with the face of the transducer, requires no specialized
equipment. In a clinical setting, the use of this external hardware may affect repeatability
due to coupling to the subject and variability of compression.

1.5.2 Internal Excitation Sources
There are two primary methods used to induce a force from an external source
into tissue without an external actuator system. One method to induce a force into tissue
is using acoustic radiation force produced by ultrasonic waves [15, 32-40]. The radiation
force can be produced by pulsed or continuous wave (CW) ultrasound. The radiation
force can be induced as a static, transient force or a sustained harmonic force.
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Short tonebursts with durations typically less than 1 ms can be used push the
tissue [15, 32, 35, 36]. These tonebursts can be used to create a transient force, which is
assumed to approximate an impulse, at the focus and the motion at the focus can then be
monitored. Also, transient forces induce shear waves that move perpendicular to the
radiation force direction. The shear wave propagation can be monitored and the shear
wave speed can be estimated to solve for material properties. One method uses tonebursts
of ultrasound and moves the focal region at a speed faster than the medium shear wave
speed [40]. This supersonic shear imaging (SSI) method creates shear waves that
propagate perpendicular to the direction of the radiation force motion and these shear
waves are then measured for evaluation of elasticity parameters.
If CW ultrasound is used, the pushing force is constant and the resulting
displacement increases with time of insonification. However, if the CW ultrasound is
modulated, then a local, harmonic vibration can be created at the focal region of the
transducer at the modulation frequency [33, 34, 38].
Another method called photoacoustics is used to remotely excite tissue with a
laser source which illuminates a region of tissue. The light is absorbed by the tissue and
the tissue undergoes thermoelastic expansion and contraction. This expansion and
contraction of tissue creates a sound field and the resulting sound is measured by a
passive ultrasound transducer [41-44].
One of the advantages of using radiation force is that it can be created with the
same transducer used for motion detection; therefore, no special equipment is necessary.
For the SSI method, an ultrafast detection system that can image at a rate of 5000
frames/second is used and is not widely available because of this speed requirement. The
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photoacoustic methods require an external laser and distance to which the light can
penetrate into the body limits its applications to superficial tissues. Penetration into
internal tissues can be performed with invasive methods using catheter based systems
[45].

1.5.3 Endogenous Excitation Sources
For most elasticity imaging methods, endogenous motion of tissue is treated as a
noise source because the measurements rely on the fact that motion is small, on the order
of microns. Other researchers have used the endogenous motion of the beating heart to
provide the deformation necessary for analysis of the elasticity measurements [46]. Kanai
used measurements of the heart wall motion and a viscoelastic model to measure material
properties in the beating heart muscle.

1.6 Measurement of Deformation
With the many different methods of inducing deformation into the tissue, there
are equally as many ways and algorithms to detect the resulting motion. Different
physical probes are used including MRI, ultrasound imaging, and the measurement of
optical and acoustic signals.

1.6.1 Magnetic Resonance Imaging
Magnetic resonance imaging has been used to measure externally induced shear
waves using motion-sensitized gradients in magnetic resonance elastography (MRE). The
induced motion can be tracked for shear waves that have amplitudes down to 100 nm
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[24]. MRE can provide quantitative material property measurements in three-dimensions.
Usually, low frequency shear waves are used but specialized equipment can provide
measurements at frequencies 1-10 kHz [47]. However, acquisition of the motion data can
be slow, and the technique may not be widely available.

1.6.2 Ultrasound Imaging
Differences in the acoustic impedance, defined as Z = ρcl, provides the image
contrast which is primarily based on changes in the bulk modulus as ρ is relatively
constant. These differences in acoustic impedance cause reflections of high frequency
ultrasound waves that are transmitted by an ultrasound transducer. The basis of
ultrasound imaging is the echo-ranging principle. The echo-ranging principle provides
information about the received reflected waves, or echoes, and their depth in the tissue.
Assuming an average sound speed in soft tissue as cl = 1540 m/s, the depth of the tissue
interface giving rise to the echo can be described as

z=

cl t
,
2

(1.10)

where z is the depth, t is the time of flight from transmission to reception and the quantity

clt is divided by two to account for travel to and from the interface [48].
The echo-ranging principle works well for tissue that is stationary, but moving
tissue requires the use of Doppler principles to describe the motion. Moving ultrasound
scatterers will cause a Doppler frequency shift, fd, in the ultrasound waves described by

fd =

2 f 0 v0 cos (θ )
,
cl

(1.11)
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where f0 is the frequency of the transmitted ultrasound wave, v0 is the velocity of the
scatterers, and θ is the angle between the ultrasound beam and the direction of motion of
the scatterers.
Significant development has been done in the motion detection of small
displacements using pulse-echo ultrasound and sophisticated signal processing
algorithms. For the methods proposed by Krouskop et al., Lerner et al., and Yamakoshi,

et al., pulsed Doppler ultrasound techniques were used to track the motion that was
induced using an external actuator driven in a harmonic fashion [18, 22, 23]. This general
type of method has come to be known as sonoelasticity as Lerner and his colleagues
named it.
Ophir, et al. pioneered the method now known as elastography that uses static
compression at the surface of the phantom or subject and cross-correlation between precompression and post-compression echo signals [25]. The location of maximum of the
cross-correlation function of two echo signals is used to find the time shift between the
two signals and using the longitudinal speed of sound of the medium determine how
much motion has occurred. This method of cross-correlation was studied and has been
optimized by subsequent studies [26, 49].
One-dimensional cross-correlation has long been used to track motion. However,
with the advent of radiation force based excitation, the deformations induced are very
small, even sub-micron displacements. More sophisticated signal processing techniques
have been introduced to detect the small motion [50-55].
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1.6.3 Optical Signals

Optical signals produced by a laser source have been used to track the sinusoidal
motion induced by amplitude modulated ultrasound [56]. However, the inability of light
to penetrate limits this method to only a few applications.

1.6.4 Acoustic Signals

The photoacoustic method works by heating tissue locally and the expansion and
compression creates acoustic signals that can be detected by ultrasound transducers. The
absorption of the tissue varies the amplitude of the acoustic signals [44]. This variable
absorption can potentially be used to differentiate different types of tissue.
A method called vibro-acoustography uses ultrasound radiation force to induce
harmonic motion in tissue and the acoustic emission produced by that vibration is
measured by a nearby hydrophone [33, 34].

1.7 Vibro-acoustography

Vibro-acoustography is based on the use of dynamic ultrasound radiation force.
This dynamic radiation force is to be differentiated from the static ultrasound radiation
force induced by using short tonebursts of ultrasound. The underlying principle of
creation of dynamic radiation force is that when ultrasound waves at two frequencies f0
and f0 + Δf interfere with each other, a harmonic radiation force at Δf is produced [33, 34,
57].
This radiation force can be produced in two different ways. The two ultrasound
beams can be summed to create a double sideband suppressed carrier amplitude
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modulated (AM) wave where two ultrasound signals, f0 and f0 + Δf, are added together or
an ultrasound signal, f0, is modulated by a signal with frequency Δf as shown in Figure
1.2. The other way to create the dynamic radiation force is to generate two co-focused
ultrasound beams. Where the beams interfere with each other, the harmonic radiation
force will occur as depicted in Figure 1.3.

Figure 1.2—Ultrasound pressure and radiation force, (a) Ultrasound pressure signal at f0 = 1.00 MHz, (b)
Ultrasound pressure at f0 + Δf = 1.10 MHz, (c) Summed ultrasound pressure for pressure signals at f0 and f0
+ Δf, (d) Radiation force produced by ultrasound waves at Δf = 100 kHz.
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Figure 1.3—Co-focused beams producing ultrasound radiation force. Ultrasound beams at frequencies f0
and f0 + Δf are co-focused and the radiation force occurs in the interaction zone where the beams overlap.
This configuration provides a localized dynamic radiation force to vibrate objects or tissue.

Vibro-acoustography uses the radiation force of ultrasound to excite a small
volume of tissue causing it to vibrate at Δf. This vibration creates a sound field that can
be measured by a nearby hydrophone or microphone and that signal can be processed to
provide some quantitative measure of the acoustic emission such as its amplitude or
phase. If the excitation point is raster scanned over a volume, an image of the acoustic
emission can be formed.
This harmonically induced motion can also be tracked with ultrasonic or optical
methods [58]. This practice of inducing and then measuring motion of the vibrating
object will be referred to as vibrometry.
Vibro-acoustography is maturing as an imaging modality and has been used for
different applications. There has been a significant amount of study in beamforming for
vibro-acoustography, specifically concerning the radiation stress produced by different
transducer configurations. Many different transducer configurations including AM,

15

confocal, X-focal, sector and linear arrays have been studied extensively investigating the
point-spread function (PSF) and the optimization of this imaging modality [59-63].
Vibro-acoustography has been applied in many different types of tissue such as
breast [64, 65], calcified arteries in breast tissue [66], calcified deposits on heart valves
[67], liver [68], brachytherapy seeds [69], and bone [70]. Vibro-acoustography has also
been used for noncontact measurement of elastic parameters of metal rods [71], and
monitoring changes in materials and tissue with temperature [72, 73].
Vibrometry has been used in the generation and measurement of propagating
waves in arteries. Ultrasound radiation force is used to excite the artery wall and
propagating waves are measured at a different points along the artery to monitor pulse
wave velocity or some other parameter [58, 74, 75].
Current state-of-the-art practice of vibro-acoustography and vibrometry uses
dynamic radiation force to inspect tissues. It has been shown theoretically and
experimentally that varying the difference frequency used provides images with different
contrast [34, 68, 69]. At different values of the difference frequency, objects in the
images can be visualized in unique ways. The frequency response of the object or tissue
under investigation is usually not known a priori. Therefore, multiple frequencies
distributed over a certain bandwidth may provide images with unique contrast. However,
to acquire images at multiple difference frequencies requires scanning the same object
multiple times. This can be very tedious and is not desirable for maximizing the
information gained during a clinical scan.
Acoustic emission images can at times be difficult to interpret because the
acquired signal is a function of the ultrasonic, elastic, and acoustic parameters of the
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tissue [34]. We know that the acoustic emission is proportional to the induced motion due
to the dynamic radiation force. To understand the acoustic emission and obtain more
quantitative information about the object under inspection, motion detection of the
excited region would provide beneficial data.
This thesis will describe methods to address these two limitations of state-of-theart practice. Multifrequency radiation force excitation will provide a method to
simultaneously cause local vibration of an object at multiple frequencies. The motion
detection method proposed by Zheng, et al. [54] will be modified and optimized to
perform motion detection of the excited region of the object or tissue. Motion detection
during multifrequency excitation will also be performed to obtain quantitative motion
data at multiple frequencies.

1.8 Thesis Description

In this dissertation, the focus will be centered in two areas: development of
methods to utilize multiple ultrasound frequencies simultaneously to produce
multifrequency harmonic radiation force and development of motion detection techniques
adapted for vibrometry with simultaneous radiation force excitation.
Out of these areas of research, two hypotheses arise:
1) Using an array transducer and multiharmonic ultrasound sources with different
frequencies, a stress field with multiple low-frequency components can be
created.
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2) Simultaneous dynamic ultrasound radiation force and motion detection can be
implemented with a single transducer to harmonically vibrate tissue and measure
the resulting motion.
Chapter 2 will discuss a model of the vibration of spheres in a viscoelastic
medium and the use of excitation at multiple frequencies to extract information about the
material properties of the sphere and the material in which the sphere is embedded. This
work provides a model for calcifications in breast tissue.
Chapter 3 introduces and develops the concept of multifrequency radiation force
excitation. Beamforming for multifrequency vibro-acoustography and vibrometry will be
analyzed analytically, numerically, and experimentally. Sample applications in the fields
of vibrometry and breast imaging are shown. Also, analysis of the signal-to-noise ratio
for this method will be shown.
Chapter 4 provides a theoretical basis and a model for harmonic motion detection
of a vibrating reflective target. A parametric analysis with this model will be performed
to extensively analyze the error in terms of vibration amplitude and phase. This analysis
will provide a basis for experimental implementation and analysis.
Chapter 5 will introduce another method for multifrequency excitation called
harmonic pulsed excitation. A method using harmonic pulsed excitation and harmonic
motion detection using a single transducer will be described and experimental results on a
reflective target will be shown.
Chapter 6 will extend the model in Chapter 4 to motion detection in a vibrating
scattering medium. An analysis using this model will be performed involving parameters
specific to the experimental system that will be used.
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Chapter 7 will present experimental results from measurements of motion in a
scattering gelatin and a section of ex vivo bovine muscle. A parameterized analysis will
be performed to assess how different parameters affect the measurements. This
measurement technique will also be extended for image formation of motion amplitude
and phase.
Chapter 8 will detail the contributions of the work within this dissertation and its
impact on elasticity imaging. The chapter will summarize the multifrequency excitation
methods described in this work. A study of the motion detection of a vibrating reflective
target or a scattering medium will be discussed. Directions for future work will also be
explored. Finally, academic accomplishments of this thesis work will be listed.
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Chapter 2

Measuring the Phase of Vibration of Spheres in a Viscoelastic Medium
as an Image Contrast Modality
Imagination is more important than knowledge.
For knowledge is limited, whereas imagination
embraces the entire world, stimulating progress,
giving birth to evolution.
Albert Einstein

Content taken from [76]: Matthew W. Urban, Randall R. Kinnick, James F. Greenleaf,
“Measuring the phase of vibration of spheres in a viscoelastic medium as an image
contrast modality,” Journal of the Acoustical Society of America, 118 (6), 3465-3472.
2005.

2.1 Introduction

X-ray mammography is the standard clinical screening modality for breast cancer
because of its good sensitivity, high specificity, and relatively low cost. Screening has
been shown to reduce breast cancer mortality by 20-35% in women aged 50 to 69 and
slightly less in women of ages 40 to 49 [77]. The American Cancer Society currently
recommends that women start receiving yearly screening mammograms starting at age 40
[78].
It has been found that breast x-ray density and age are factors that decrease the
sensitivity and specificity of the mammography screening process [79]. Increased breast
density reduces contrast in mammograms making calcifications and tumors harder to
find. Women aged 40 to 49 typically have denser breast tissue than older women, making
this group susceptible to mitigated benefits from the screening process.
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The roles of medical ultrasound and magnetic resonance imaging (MRI)
techniques are actively being explored to address some of the current limitations of x-ray
mammography. Medical ultrasound is often used as an adjunct for women who have
suspicious lesions identified on the mammogram and for women with dense breast tissue.
However, medical ultrasound is not always able to detect microcalcifications due to a
number of factors including the spatial resolution of the imaging system, speckle noise,
and phase aberration [80]. MRI has shown increased sensitivity in detection of lesions in
studies of women with increased risk of breast cancer but its specificity is lower than xray mammography [77]. Also, the cost of MRI scanning and the need for injection of a
contrast agent are other reasons it has not supplanted x-ray mammography as a
widespread clinical screening modality. A recently developed ultrasound method called
vibro-acoustography is being explored as a new modality for medical imaging with
applicability to breast imaging [33, 34, 64].
Vibro-acoustography typically uses two ultrasound beams at slightly different
frequencies, f0 and f0 + Δf, where Δf is typically in the kilohertz range. When the two
sound beams interfere at the intersecting foci of the two beams, the resulting acoustic
radiation force causes the object within the intersection or focal region to vibrate at Δf.
When the object vibrates, it creates a sound field which is called acoustic emission. The
acoustic emission is measured with a low-frequency hydrophone or microphone. An
image of the acoustic emission can be formed by scanning the object in a raster pattern
with a transducer.
Vibro-acoustography has been used for various medical applications such as
imaging of mass lesions in liver tissue and calcified arteries [66, 68]. The potential use of

21

vibro-acoustography in breast imaging has been studied and there have been good results
including detection of mass lesions present in the mammogram as well as
microcalcifications as small as 100 μm in diameter [65].
Vibro-acoustography overcomes the obstacle of speckle noise that plagues
conventional medical ultrasound. Speckle noise arises from ultrasound interactions with
scatterers that are roughly the same size as the wavelength of the ultrasound. Since the
acoustic emission is at very low frequencies, the wavelength is very large compared to
the ultrasound wavelength, thereby avoiding the speckle noise from scattering. The
spatial resolution obtained using vibro-acoustography is good. Using a confocal two
element 3.0 MHz transducer with an F number of 1.55, the point-spread function in the
focal plane is about 0.7 mm wide giving an excitation that is very localized [59].
Breast microcalcifications can be associated with the presence of diseased tissue
[81, 82]. The material properties of microcalcifications are very different from those of
the surrounding soft tissue. Microcalcifications are composed of apatite, calcite, calcium
oxalate, and other materials [83]. These materials have densities ranging from 2200 to
3350 kg/m3 [84], while soft tissue has a density closer to that of water which is 1000
kg/m3. Because these materials are denser and harder than the soft tissue, an imaging
modality that is sensitive to density could be used to better detect microcalcifications.
There are two reasons to model microcalcifications as small spheres. First, using a
sphere simplifies the shape of the calcifications and the model can be extended easily for
any sized calcification. Secondly, extensive theoretical development on the motion of
spheres in a viscoelastic medium excited by acoustic radiation force has already been
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carried out [85]. We chose to model the spheres in a viscoelastic medium because soft
tissue is inherently viscoelastic.
In the vibro-acoustography studies using breast tissue, the difference frequency
ranged from 5 to 30 kHz and the magnitude of the acoustic emission signal was used to
create the images [64, 65]. As a new contrast mechanism we will explore using the phase
of the vibration using very low difference frequencies of 100-3000 Hz.

2.2 Methods
2.2.1 Dynamic Motion of a Sphere

The radiation force resulting from a plane wave incident on a sphere immersed in
a fluid is given by F = π a 2Y E where πa2 is the projected area of the sphere, Y is the
radiation force function and 〈E〉 is short-term time average of the energy density of the
ultrasound [85]. The dynamic radiation force from two interfering plane waves is given
by Fd = π a 2Y E0 cos ( (ω1 − ω2 ) t − θ d ) where E0 = 2 P02 ρ c 2 and θd is the phase shift
of the radiation force compared to the incident field. The difference frequency is defined
as Δω = ω1 - ω2. The velocity of the sphere can be calculated as

V=

Fd
.
Zr + Zm

(2.1)

The terms Zr and Zm are the radiation and mechanical impedances, respectively
given in (2.2) and (2.4), where k = ρΔω 2 ( 2μ + λ ) , h = ρΔω 2 μ , μ = μ1 + iΔωμ2 ,
and λ = λ1 + iΔωλ2 , a is the radius of the sphere, ρ is the density of the medium, c is the
speed of sound of the medium, μ1 and μ2 are the shear elasticity and viscosity of the
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medium, respectively, and λ1 and λ2 are the bulk elasticity and viscosity of the medium,
respectively [17]. Typical values for soft tissues are λ1 ~ 109 Pa, λ2 ~ 0 Pa⋅s, μ1 ~ 104 Pa
and μ2 ~ 10-2 Pa⋅s [17, 86].
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(2.2)

For a sphere with mass m vibrating with harmonic velocity VeiΔωt the force
required to overcome the inertia of the sphere is given as

F =m

dVeiΔωt
= imΔωVeiΔωt .
dt

(2.3)

The mechanical impedance is defined as the ratio of the applied force to the
resulting velocity given in the following equation, where ρs is the density of the sphere
material.

Zm =

−F
4π a 3
ω
ρ
=
−
im
Δ
=
−
i
Δω
s
3
VeiΔωt

(2.4)

Using these relationships, we can calculate the response of spheres of varying
density over a range of frequencies.

2.2.2 Phase of Vibration

Let us denote Z as the sum of Zr and Zm. Also, we introduce phasor notation for

V, Fd, Zr, Zm,
V = V ∠θV ,
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Fd = Fd ∠θ d ,
Z r = Z r ∠θ r ,

(2.5)

Z m = Z m ∠θ m ,
Z = Z ∠θ Z .

Equation (2.1) can be rewritten using the phasor notation as

V=

Fd ∠θ d
F ∠θ d
= d
.
Z r ∠θ r + Z m ∠θ m
Z ∠θ Z

(2.6)

We would like to explore how the density of the sphere changes the phase of the
velocity for the sphere. We expand the impedance in the denominator of (2.6).
Z = Z r cos (θ r ) + i Z r sin (θ r ) + Z m cos (θ m ) + i Z m sin (θ m )

(2.7)

From (2.4), we know that θm = -90° so we substitute this value in (2.7) and find the
magnitude and phase of Z.
Z = Z r cos (θ r ) + i Z r sin (θ r ) − i Z m

Z=

Z r − 2 Z r Z m sin (θ r ) + Z m
2

⎛ Z r sin (θ r ) − Z m
Z r cos (θ r )
⎝

θ Z = tan −1 ⎜⎜

(2.8)
2

⎞
⎟⎟
⎠

(2.9)

(2.10)

We can calculate the phase for a sphere of radius a = 0.79 mm, in a viscoelastic
medium modeling tissue with parameters μ1 = 6.7 × 103 Pa, μ2 = 0.5 Pa⋅s, λ1 = 109 Pa, λ2
= 0 Pa⋅s, c = 1500 m/s, ρ = 1000 kg/m3. We will vary the density of the sphere, ρs, from
1000-8000 kg/m3 and set Δf = 1.0 kHz. The resulting curve is shown in Figure 2.1 and
shows a phase change of 54.75° over the range of density given.
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To find a value for Δf in the range 0-3000 Hz that maximizes the phase change,
the phase is calculated over the given density range for different values of Δf. The
optimal point for the curve shown in Figure 2.2 is a phase change of 64.5° given at Δf =
600 Hz.

Figure 2.1—Plot of θZ versus density of sphere for a sphere of radius a = 0.79 mm at Δf = 1.0 kHz.
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Figure 2.2—Plot of change in θZ versus Δf for a sphere of radius a = 0.79 mm and varying the density from
1000-8000 kg/m3.

Now we wish to analyze the phase of the velocity, and we calculate the velocity
of the sphere using (2.6) as

V=

Fd ∠θ d
Z ∠θ Z

=

Fd
Z

∠θ d − θ Z .

(2.11)

The only parameter that can change the phase of the velocity in the force term is
the radiation force function Y which introduces phase θd. The radiation force function for
five different spheres made of acrylic, soda lime glass, silicon nitride, 440-C stainless
steel, and brass with densities of 1190, 2468, 3210, 7840, 8467 kg/m3 over a range of Δf
= 0-3000 Hz was computed, and the results are shown in Figure 2.3. The phase change of
the radiation force function is less than 0.5° for this range of Δf so it can be assumed that
any contrast between two different spheres is due to the differences in density of the
spheres. The velocity for the five different spheres mentioned above for a frequency

27

range of Δf = 0-3000 Hz was calculated. The magnitude and unwrapped phase of the
velocity is shown in Figure 2.4, where the magnitude curves are normalized by the
maximum value of the brass response.

Figure 2.3—Plot of θd for spheres of radius a = 0.79 mm made of different materials.

Figure 2.4—Velocity of spheres for different materials. (a) Normalized magnitude and (b) phase of
velocity for five spheres of different materials with radius a = 0.79 mm.
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Each sphere has a specific resonance frequency at which the magnitude of the
velocity is maximal. The resonance frequency is dependent on the values of μ1, μ2, and a.
It is important to note that for all values of Δf the phase shift is the least for the sphere of
lowest density made of acrylic and the greatest for the most dense sphere made of brass.
As density increases, the phase shift increases as shown in Figure 2.1. Therefore, the
phase shift of the vibration is proportional to density, providing a predictable density
contrast mechanism for evaluating images.
One way to view the magnitude and phase data in one plot is to use a feature
space. The magnitude is plotted on the x-axis and the phase on the y-axis for the data in
Figure 2.4. Before plotting the phase versus the magnitude, the brass response is
subtracted at each frequency to use the brass response as a reference. The frequency
range is limited from Δf = 750-3000 Hz to avoid the effects of the resonances of the
different spheres. The goal of this feature space diagram is to find a pictorial way to
separate the contributions from each sphere over a range of frequencies. In the
background different grayscales define a discrimination surface to separate the responses
from each sphere. The regions in Figure 2.5 depict the discrimination regions for the
acrylic, soda lime glass, silicon nitride, and stainless steel in decreasing levels of
brightness. The points within those regions depict simulation results at individual
frequencies. The discrimination surface adequately separates the responses of the
different spheres.
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Figure 2.5—Feature space for simulation results in Figure 2.4. The points within those regions depict
simulation results at individual frequencies.

2.3 Experiment
2.3.1 Experimental Setup

Spheres of equal diameters, either 1.5875 mm or 3.175 mm, and different
materials including acrylic, soda lime glass, silicon nitride, 440-C stainless steel, and
brass were suspended in an optically clear gelatin phantom in a line so that when
scanned, they would all be in the same focal plane. The spheres were separated by more
than 1 cm to avoid interactions of shear waves in the gelatin and the sidelobes of the
point-spread function. The spheres with diameters 1.5875 and 3.175 mm will henceforth
be referred to as the small and large spheres, respectively. The spheres were spray painted
white to provide a reflective surface for a Doppler laser vibrometer (Polytec, Waldbronn,
Germany). The gelatin phantom was made using 300 Bloom gelatin powder (Sigma-
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Aldrich, St. Louis, MO) with a concentration of 10% by volume. A preservative of
potassium sorbate (Sigma-Aldrich, St. Louis, MO) was also added with a concentration
of 5%. A confocal, two-element transducer with a nominal frequency of 3.0 MHz and Fnumber of 1.55 was used to excite each sphere. One signal generator (33120A, Agilent,
Palo Alto, CA) was set at f0 and the other was set at f0 + Δf, where f0 = 3.0 MHz. A pulse
echo technique was used to position the sphere in the focal region of the transducer. A
Doppler laser vibrometer measured the velocity of the sphere and this signal was
subsequently processed by a lock-in amplifier (Signal Recovery, Oak Ridge, TN) to
obtain the measurements of the magnitude and phase of the velocity. The phase was
computed using a sinusoidal reference signal at the vibration frequency Δf, created by
mixing the two ultrasound drive signals and passing the mixed signal through a low-pass
filter. The block diagram of the experimental setup is shown in Figure 2.6.

Figure 2.6—Block diagram for experimental setup.
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The difference frequency was varied from 100-1250 Hz in increments of 50 Hz.
The magnitude and phase of vibration at each frequency were measured while the
transducer was spatially fixed on each sphere. With the measurement data feature spaces
are formed to evaluate the ability to separate the responses of the different spheres.
A magnitude and phase image was created for each sphere at Δf = 700 Hz. This
difference frequency was chosen because it was higher than the resonance frequencies as
to avoid confounding interactions due to resonance and to provide more predictable
contrast between the spheres both in the magnitude and phase images. The laser was
focused on one sphere while the transducer was raster-scanned across the phantom with
at a resolution of 0.2 × 0.2 mm. The same field of view was scanned for each sphere to
assure registration all the images.

2.3.2 Experimental Results

The measured magnitude and unwrapped phase for the two phantoms are shown
in Figure 2.7.
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Figure 2.7—Measurement results for large and small spheres. (a) Normalized magnitude of the velocity for
the large spheres, (b) Phase of velocity for the large spheres, (c) Normalized magnitude of the velocity for
the small spheres, (d) Phase of velocity for the small spheres. (◊ - Acrylic, Δ - Soda lime glass, - Silicon
nitride, ο - Stainless steel, * - Brass)

The magnitude and phase images from each of the five scans performed at Δf =
700 Hz were combined to create composite images for the phantom. Preprocessing was
performed to reduce noise in the background of the images. The magnitude composite
images were formed by adding all five magnitude images together. The phase composite
images were created using threshold masks made from the magnitude images. The
original phase images were multiplied by the mask images and then summed together. As
a result of the threshold operation, the phase composite image had a blocky appearance
so it was spatially low-pass filtered to make the objects more resemble spheres. This
filtering did not affect the image values in terms of comparing the magnitude and phase
of the spheres. A bias was added to the background so that the relative phase differences
could be better visualized. The composite images are shown in Figures 2.8 and 2.9 for the
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large and small spheres, respectively. From top to bottom, the spheres are made of
acrylic, soda lime glass, silicon nitride, stainless steel, and brass. The brass and stainless
spheres have low image intensity values in the phase image because brass was used as the
reference for comparison and stainless steel has a phase value very close to the brass.

Figure 2.8—Images of large spheres. (a) Normalized magnitude image of large spheres, (b) Phase image of
large spheres. From top to bottom the spheres are made of acrylic, soda lime glass, silicon nitride, stainless
steel and brass. Brass is used as a reference.
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Figure 2.9—Images of small spheres. (a) Normalized magnitude image of small spheres, (b) Phase image
of small spheres. From top to bottom the spheres are made of acrylic, soda lime glass, silicon nitride,
stainless steel and brass. Brass is used as a reference.

For feature space analysis the measurement data were used for frequency ranges of Δf =
400-1250 Hz and 700-1250 Hz for the large and small spheres, respectively. The two
different lower cutoff frequencies were chosen to avoid the resonance characteristics of
the spheres. The feature spaces for the large and small spheres are shown in Figure 2.10.
The feature space results are incorporated back into the images using the discrimination
surface created with the feature spaces. In both feature spaces acrylic is identified by
yellow, soda lime glass by red, silicon nitride by green, and stainless steel and brass by
blue. The raw image data that was not biased was used for classification of the spheres
using the feature space from the measurements. The resulting classified images are
shown in Figure 2.11.
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Figure 2.10—Feature spaces for large and small spheres. (a) Feature space for measurements on large
spheres for Δf = 400-1250 Hz, (b) Feature space for small spheres for Δf = 700-1250 Hz. (Acrylic –
Yellow, Soda lime glass – Red, Silicon nitride – Green, Stainless steel and brass – Blue)

Figure 2.11—Classification of images using feature spaces for large and small spheres. (a) Classified image
for large spheres, (b) Classified image for small spheres.

2.4 Discussion

Comparing the phase responses in Figures 2.4 and 2.7, we find that the spheres
follow the same pattern that was found in the simulations, that is, the phase shift is
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proportional to the density of the sphere. The magnitude measurements provide no
predictable contrast mechanism at a single Δf. The only density contrast evident in the
magnitude measurements is the resonance frequency is inversely proportional to the
density.
If we consider the magnitude image in Figure 2.8(a), we observe that the acrylic,
stainless steel, or brass spheres have similar image intensities. Also, the soda lime glass
and silicon nitride appear similar. In the phase image, the intensity distinction between
the acrylic and stainless steel spheres is very evident. We also note a difference between
the soda lime glass and silicon nitride spheres in the phase image. The phase image in
Figure 2.8(b) illustrates the same phase shift progression as the measurements, that is,
compared to the most dense sphere made of brass, spheres of less dense material have
larger phase shifts.
For the small spheres, the magnitude image in Figure 2.9(a) would lead us to
believe that the soda lime glass, silicon nitride, and stainless steel spheres are similar and
that the acrylic and brass spheres may be similar based on image intensity. However, the
phase image in Figure 2.9(b) provides evidence of the differences between the five
spheres just as the phase image for the large spheres.
The feature space analysis in Figure 2.10 provides very good separation of the
different spheres for both sizes of spheres used. The discrimination surfaces are slightly
different for the different sized spheres due to different relationships between the
magnitude and phase for each size. The colors yellow, red, green, and blue represent the
divisions for the acrylic, soda lime glass, silicon nitride, and stainless steel and brass
spheres. All of the large and small spheres were classified correctly in Figure 2.11. This
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feature space analysis could be used for in vivo imaging to differentiate between objects
of interest in an image. We see potential in this type of analysis being useful in
classification of different types of calcifications and disease types but that requires much
more additional work.
To use this method in vivo a few points must be considered. Vibro-acoustography
uses the acoustic emission signal to form images. In this paper, we demonstrated
improved contrast from the laser measurement of the velocity of the spheres. To use
acoustic emission instead of the velocity we must develop the mathematical relationship
relating the velocity to the acoustic emission. As an alternative to measuring the acoustic
emission, we could measure the velocity of the sphere using Doppler ultrasound
techniques. Motion detection using pulsed Doppler and a Kalman filter designed for
detecting the magnitude and phase of motion due to a harmonic source has been
developed and has demonstrated that phase and displacements down to 30 nm could be
measured reliably [87].
The experiments detailed in this paper were carried out under continuous wave
(CW) driving conditions. This type of implementation in vivo could be potentially
damaging because of tissue heating effects. The method can be adapted for using tone
bursts to prevent undesirable tissue heating.
Calcifications in the breast are not necessarily spherical in shape nor are they the
same size within a sample. If the shape is close to spherical we could assume an
equivalent sphere model where we use some effective radius to analyze objects in an
image. To address size variations we can perform simulations using this equivalent
sphere concept to better understand the potential contrast in magnitude and phase images.
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The density of calcifications would probably not exceed 3500 kg/m3 so the
contrast in the phase images may only be about 30° but that should be sufficient if the
phase of the background is relatively constant. If Δf is kept in the low kilohertz range,
phase wrapping in the phase image should not be a significant issue. However, twodimensional phase unwrapping techniques have been developed and could be utilized if
the need arose [88].

2.5 Conclusion

The ability to distinguish between different materials in an image is of great
import in medical diagnosis. We have shown that we can provide predictable contrast
between objects of different density so that when a phase image is presented the density
of different objects in the image can be compared. Finding the magnitude and phase
responses of small spheres in a viscoelastic medium may give us more insight into how to
choose the difference frequency when imaging microcalcifications in the breast. We may
be able to provide better contrast in the phase images so that we can identify
microcalcifications among other structures in the image, which would aid in diagnosis
and treatment.
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Chapter 3
Multifrequency Vibro-acoustography and Vibrometry
Fourier’s theorem is not only one of the most beautiful results
of modern analysis, but it may be said to furnish an indispensable instrument
in the treatment of nearly every recondite question in modern physics.
Lord Kelvin

Content taken from [89]: Matthew W. Urban, Glauber T. Silva, Mostafa Fatemi, James
F. Greenleaf, “Multifrequency vibro-acoustography,” IEEE Transactions on Medical
Imaging. vol. 25, no. 10, pp. 1284-1295. 2006.

3.1 Introduction

Elasticity imaging is a burgeoning medical imaging field. Since the beginnings of
modern medicine, palpation has been an important method to examine patients. It is
known that increased tissue stiffness has been linked to different physiologic states [15].
However, some diseased tissues such as tumors may be too deep in the body for a
clinician to assess from hand palpation. Conventional medical imaging modalities often
do not detect changes in stiffness. Therefore, conventional imaging modalities have been
modified to qualitatively or quantitatively measure changes in tissue stiffness in
superficial and deep tissues. Elasticity imaging modalities have two common
components, application of a force to the tissue and measurement of the response due to
that force. The response of the object may then be used in conjunction with equations
relating motion in an elastic or viscoelastic medium to solve for material properties of the
tissue under investigation. Modalities can be characterized by their method of applying
the force or by the measurement technique utilized [19].
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Static elasticity imaging methods use an external compression of the tissue and
then use correlation or speckle tracking of echoes to measure the resulting strain [25, 26].
Some groups have used a dynamic excitation method using an external actuator to induce
vibration in the tissue and measure the vibration with Doppler ultrasound [18, 22, 23].
Another dynamic approach to imaging elasticity differences is to measure shear
wave propagation in tissue. Magnetic resonance elastography uses an external actuator to
induce shear waves in tissue and then measures the propagation using magnetic
resonance imaging [24]. A method called transient elastography also uses an external
piston to generate transient shear waves and an ultrafast ultrasonic imaging system to
measure the transient response of the tissue [90].
The ultrasound community has recently been exploring the use of static acoustic
radiation force of ultrasound to move tissue and measure shear wave propagation or
tissue motion. Shear wave elasticity imaging uses an amplitude modulated beam of
focused ultrasound to locally induce shear waves and another ultrasound transducer to
measure the shear wave propagation [15]. Supersonic shear imaging generates a local
radiation force in tissue and then moves that stress point at a supersonic speed, compared
to the shear wave, to create shear waves [40]. Acoustic radiation force impulse imaging
uses radiation force to push tissue and correlation techniques to measure the resulting
displacement [36].
Vibro-acoustography is a noninvasive method that uses the dynamic acoustic
radiation force to locally vibrate tissue [33, 34]. The radiation force is formed using
amplitude modulated ultrasound beams or multiple beams of ultrasound separated by
small frequency differences that interfere in a common focal region. The vibrating tissue
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creates a sound field, referred to as “acoustic emission,” which is measured by a nearby
hydrophone.
We define vibrometry as the use of harmonic radiation force excitation to vibrate
tissue or an object accompanied by the measurement of the velocity or displacement of
the tissue or object either by a laser vibrometer or Doppler ultrasound. Vibrometry is a
complement to vibro-acoustography in which the response of the vibrating region is
measured more directly.
Vibro-acoustography and vibrometry using radiation force induced vibration has
been applied to many areas within the medical field. Vibro-acoustography imaging of
calcifications in the breast, arterial wall, and heart valve leaflets, liver lesions, bone, and
brachytherapy seeds in the prostate has been accomplished in vitro [20, 65-70, 91, 92].
An example of vibrometry is the use of harmonic radiation force to generate waves in
arterial walls, the speed and dispersion of which result in assessment of wall stiffness [58,
74].
Typically, the radiation force is produced using a two-element confocal
transducer with ultrasound beams of two different frequencies, f0 and f0 + Δf, where f0 is
in the megahertz range and the difference frequency Δf is typically in the kilohertz range.
In vibro-acoustography, image information content is intrinsically linked to the value of

Δf. To obtain images with different spectral content, multiple scans of the object are
necessary. To more fully understand a tissue or object’s spectral characteristics, it is
desirable to obtain images at different values of Δf. In most cases the values of Δf that
provide the most useful information are not known a priori. To address this problem we
propose a multifrequency vibro-acoustography approach where the radiation stress at
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several values of Δf are simultaneously generated and used to probe the tissue.
In this chapter we present the theory of using multiple ultrasound waves with
different frequencies to create a multifrequency radiation stress. Different methods of
implementing this multifrequency stress field are analyzed. We evaluate the radiation
stress by examining the point-spread function (PSF) and experimentally validate it. We
also analyze the signal-to-noise ratio of this multifrequency method. We demonstrate
how this method can be used for vibrometry applications using a gelatin phantom with a
spherical inclusion and find the material properties of the gelatin. We also show the use
of multifrequency vibro-acoustography imaging with results from scanning a breast
phantom and from in vivo breast imaging.

3.2 Multifrequency Radiation Stress

We wish to evaluate the spatial distribution of the radiation stress field created by
the multifrequency method. It has been previously shown that the amplitude of the PSF
for vibro-acoustography is proportional to the radiation stress [34]. In this chapter, we
consider multifrequency radiation stress field formation in a lossless fluid with density ρ
and sound speed c. We describe the ultrasound waves in terms of the velocity potential,

φˆ ( r, t ) , where r is the position vector, t is time, and the hat denotes a complex variable.
The multifrequency dynamic radiation stress is formed using N intersecting ultrasound
beams focused at the same spatial location. We assume that in the focal region the
incident beams resemble plane waves. Each ultrasound beam has frequency ωi where i =

m, n, where m = 2,…,N, and n = 1, 2,…, N, and we assume that ωm > ωn when m > n. The
difference frequency between two frequencies is ωmn = ωm – ωn. Following the theory
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presented in [57], we can calculate the dynamic radiation force at ωmn on a small sphere
of radius a as

f ( r, t ) = π a 2 E0

N

∑

( m ≠ n ) =1

yˆ mnφˆm ( r ) φˆn* ( r ) e jωmnt ,

(3.1)

where E0 = ε 2 ρ c 2 2 is the energy density at the acoustic source, ε is the Mach number,

yˆ mn is the radiation force function for the sphere, and the symbol * denotes the complex
conjugate.
The force can be thought of as being created by mixing two ultrasound waves
with different frequencies, which is mathematically represented as a multiplication of the
velocity potential functions. The mixing occurs over the projected surface of the sphere,
so to obtain the radiation stress we divide the radiation force by the projected area of the
sphere

σ ( r, t ) =

N

∑

( m ≠ n ) =1

σˆ mn ( r ) e jω t ,
mn

(3.2)

where σˆ mn ( r ) = E0 yˆ mnφˆm ( r ) φˆn* ( r ) . The force on a small sphere is used to introduce the
concept of the radiation stress created by the interaction of the acoustic waves. The
spatial distribution of the force on a point target, represented here by the sphere, allows
us to examine the stress exerted by the ultrasound in terms of the point-spread function.
The PSF at each value of ωmn can be computed using the relationship from conventional
vibro-acoustography [20, 34]
hˆmn = Aφˆm ( r ) φˆn* ( r ) ,

(3.3)

where A is a normalization constant for a → 0, i.e., a point object.
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3.3 Multifrequency Implementation

We can characterize vibro-acoustography excitation implementations in a
generalized way. We can characterize vibro-acoustography systems by the number of
harmonic ultrasound signals applied to an element or group of elements and the number
of elements or groups of elements with different harmonic signals. If we have multiple,
i.e., more than two, harmonic ultrasound signals summed together and applied to a single
element transducer we would denote this configuration as multiharmonic single element
(MHSE) excitation. We can also use an array transducer and apply a different harmonic
ultrasound signal to each element or group of elements. We would denote this
configuration as single harmonic multielement (SHME), or single harmonic multigroup
(SHMG) excitation. We can also apply different multiharmonic signals to different
elements or different groups of elements, and these configurations would be denoted as
multiharmonic multielement (MHME) or multiharmonic multigroup (MHMG) excitation
modes.
We can characterize conventional vibro-acoustography methods as special cases
of the generalized implementations. Vibro-acoustography with a two-element confocal
transducer using one harmonic ultrasound signal per element could be denoted as single
harmonic multielement (SHME). We can also use a double sideband suppressed carrier
amplitude modulated signal on a single element transducer, and we denote this as
multiharmonic single element (MHSE) excitation. For previously described radiation
force methods, the application of either multiharmonic or multielement has been limited
to two harmonic signals or two different elements or groups of elements. For
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multifrequency vibro-acoustography we wish to go beyond this paradigm and use more
than two harmonic ultrasound signals and/or elements for creating the radiation stress.
When using multielement (ME) radiation force, the dynamic radiation force only
occurs where the different multiharmonic ultrasound beams intersect at the focal region
and interfere with each other. In fact, the information from components created by
intersecting beams from different elements brings out local characteristics of the
investigated object or region.
To evaluate the potential information gain from multifrequency beamforming we
must find the number of low-frequency components that could be created using each of
the aforementioned methods. A multiharmonic (MH) signal can be decomposed as the
NS

sum of multiple sinusoidal terms, x ( t ) = ∑ Gn sin (ωnt + θ n ) , where Gn is the amplitude,
n =1

ωn is the angular frequency, θn is the phase for the nth sinusoidal component. We denote
the number of sinusoids summed together to create an MH signal as NS. In vibroacoustography, we form a low-frequency radiation stress component by combining any
two ultrasound frequencies of different frequencies. To shorten the notation for
examining the number of low-frequency components created by this multifrequency
method we will use a subscript with two letters, the first denoting a single or
multiharmonic signal by S or M, respectively, and the second letter denoting the use of
single or multielements or multigroups by S or M, respectively. For multifrequency
vibro-acoustography, the maximum number of dynamic components created using the
MHSE method, NMS, with NS sinusoids is found by evaluating the number of different
combinations of pairs of the NS sources
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N MS =

NS

Ck =

NS !
,
( N S − k )!k !

(3.4)

where k is the number of ultrasound frequencies used to create one low-frequency
component so for all cases k = 2 and NS ≥ 2. For the case k = 2, NMS = NS(NS-1)/2.
The SHME case follows the MHSE case closely except that instead of using NS
we use the number of ultrasound waves of different frequencies applied to NE elements or
NE groups of elements. The maximum number of dynamic components created with the
SHME implementation is given by
N SM =

N E ( N E − 1)
,
2

(3.5)

where NE ≥ 2.
In the MHME case, we must distinguish between the maximum number of total
components created and the number of components created using the MH or ME
mechanisms. The maximum number of components created using MHME, NMM, with
different sets of NS sinusoids of different frequency on NE elements or NE groups of
elements is given by
N MM =

NS NE

Ck =

NS NE !
,
( N S N E − k )!k !

(3.6)

where k = 2 and NE ≥ 1 and NS ≥ 1. For k = 2, the relationship in (3.6) reduces to
N MM =

N S N E ( N S N E − 1)
.
2

(3.7)

The number of components that are created solely by combination of the MH
signals, NMM,MH, for vibro-acoustography are
N MM , MH = N E N MS =

N S N E ( N S − 1)
.
2

(3.8)
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The maximum number of components created by the ME mechanism, NMM,ME, is
the difference between NMM and NMM,MH
N MM , ME

N S2 N E ( N E − 1)
=
.
2

(3.9)

A summary of the different implementations and the maximum number of
components is given in Table 3.1. Figure 3.1 shows plots of the maximum number of
components for the MHME multifrequency implementation. Figure 3.1(a)-(c) provide
plots of the values of NMM, NMM,MH, and NMM,ME, respectively for NE =1-4 and varying NS
from 1-5.
Table 3.1—Summary of Multifrequency implementations

Method
Multiharmonic Single Element
(MHSE)
Single Harmonic Multielement
(SHME)
Multiharmonic Multielement
(MHME)
MHME,
Multiharmonic Mechanism
MHME,
Multielement Mechanism

Maximum Number of
Components
(NS ≥ 1, NE ≥ 1)

N S ( N S − 1)
2
N E ( N E − 1)
N SM =
2
N N ( N N − 1)
N MM = S E S E
2
N N ( N − 1)
N MM , MH = S E S
2
2
N N ( N − 1)
N MM , ME = S E E
2
N MS =

It should be noted that the maximum number of unique components may not be
reached if a difference frequency is repeated by the combination of different ultrasound
waves. For example in an MHSE implementation, we could have ultrasound signals with
frequencies 2.99, 3.00, and 3.01 MHz added together. This choice creates difference
frequencies of 10, 10, and 20 kHz. The repetition of the 10 kHz component means that
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we have not achieved the maximum number of unique components for this combination
of three sinusoids. Therefore, ultrasound frequencies have to be chosen carefully to avoid
overlapping of components to achieve the maximum number of independent vibration
frequencies.

Figure 3.1—Plots of maximum number of components created with the MHME implementation of the
multifrequency stress field. (a) Maximum number of components, NMM, created using the number of
sinusoids, NS, and the number of elements, NE. (b) Maximum number of components, NMM,MH, created using
the MH mechanism with NS and NE. (b) Maximum number of components, NMM,ME, created using the ME
mechanism with NS and NE. ( -NE = 1, Δ-NE = 2, ◊-NE = 3, {-NE = 4)

3.4 Point-spread Function Calculations

For the purposes of this paper we model an MHME implementation with NS = 2
and NE = 2. A two-element confocal transducer with central disc and annular elements is
modeled using the notation of [59]. For this case of NS and NE we will have one
component created by MH generation from each of the central disc and annular elements.
Four other components will be created using ME generation. A derivation of the radiation
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force for NS = 2 and NE = 2 is provided in Appendix 1. The velocity potential for the
central disc and annular elements in the focal plane can be written as [59]

φˆc ( r ) =

⎛ ra ⎞
u0 a12
jinc ⎜ 1 ⎟ ,
2R
⎝ λi R ⎠

(3.10)

and

φˆa ( r ) =

⎛ ra22 ⎞ 2
⎛ ra21 ⎞ ⎤
u0 ⎡ 2
⎢ a22 jinc ⎜
⎟ − a21 jinc ⎜
⎟⎥ ,
2R ⎣
⎝ λi R ⎠
⎝ λi R ⎠ ⎦

(3.11)

where u0 is the velocity of the transducer element, λi is the wavelength of the ultrasound
wave with frequency ωi, r is radial distance to the field point represented on a Cartesian
coordinate system as r = x 2 + y 2 where x and y are the azimuthal and elevational
coordinates, and R is the focal length of the transducer. The function jinc(x) = J1(2πx)/πx
where J1(⋅) is the first order Bessel function of the first kind. The geometric parameters
a1, a21, and a22 represent the radius of the central disc element, the inner radius of the

annular element, and the outer radius of the annular element, respectively. We then use
appropriate combinations of (3.10) and (3.11) and substitute into (3.3) to find the PSF for
the radiation stress for different components.

3.5 Image Formation

In vibrometry, we can make images of the velocity response of an object excited
by the multifrequency stress field. Consider an object such as a sphere that is spatially
represented by the real function s(r), we can model the magnitude, M, and phase, P,
images of the object given the PSF and the frequency response of the object, V(ω), using
the following relationships [20]
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{

}

(3.12)

{

}

(3.13)

M ( r, ωmn ) = Re V (ωmn ) hˆmn ( r ) ⊗ s ( r ) ,
P ( r, ωmn ) = Re ∠V (ωmn ) hˆmn ( r ) ⊗ s ( r ) ,

where |V(ωmn)| and ∠V(ωmn) are the magnitude and phase of the velocity at ωmn, ⊗
denotes a spatial convolution, and the operator Re{⋅} takes the real part of the argument.
For vibro-acoustography, the acoustic emission, Φ(r,ωmn) measured by the
hydrophone can be modeled by [34]

{

}

Φ ( r, ωmn ) = Re H mn ( l ) Qmn hˆmn ⊗ s ( r ) ,

(3.14)

where Hmn(l) is the medium transfer function that describes the wave propagation of the
acoustic emission from the excitation point to the hydrophone and Qmn is the total
acoustic outflow by the object per unit force where acoustic outflow is the volume of the
medium in front of the surface of the object that is displaced by the vibrating object [34].

3.6 Signal-to-Noise Ratio Analysis

The implementation of multifrequency vibro-acoustography in biological systems
requires a limited root-mean-square (rms) intensity to be used. This limit should not be
exceeded in order to prevent excessive heating of tissue. However, since the intensity
delivered is limited, the number of multifrequency components generated using
multifrequency vibro-acoustography will affect the quality of resulting images. More
components will require a fractioning of the limited intensity which will decrease the
amount of force produced at any low-frequency and thereby reduce the amount of
induced motion and acoustic emission.
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3.6.1 Dynamic Radiation Force and its Effects

We will analyze the choice of the number of multifrequency components
produced and the effects that they have on the SNR in measurements made to construct
images. We start with the general definition of the radiation force, F, [34]
F = dr S E ,

(3.15)

where dr is the drag coefficient, S is the intercepting surface area of the ultrasound waves,
and 〈E〉 is the short-term time average of the energy density.
The

radiation

force

of

an

amplitude

modulated

wave

given

by

p ( t ) = PSF ,ω0 cos ( (ω0 + Δω 2 ) t ) + PSF ,ω0 cos ( (ω0 − Δω 2 ) t ) and the resulting radiation

force is
FSF ,Δω = PSF2 ,ω0 d r S ρ c 2 ,

(3.16)

where FSF,Δω is the radiation force at the modulation frequency Δω, PSF ,ω0 is the pressure
amplitude of the ultrasound waves, ρ is the density of the medium, and c is the sound
speed of the medium. To study the effects of this dynamic radiation force we can assume
that the force is applied to a solid disk with a mechanical impedance ZΔω and the resulting
motion, USF,Δω, is described as

U SF ,Δω = FSF ,Δω Z Δω .

(3.17)

The acoustic emission, PSF,Δω, resulting from this motion can be modeled as
PSF ,Δω = ρ c 2 H Δω ( A ) QΔω FSF ,Δω ,

(3.18)

where HΔω is the medium transfer function and QΔω is the total acoustic outflow by the
object per unit force.
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The important points to make in this derivation are that the radiation force
induced motion and the acoustic emission amplitude is proportional to the radiation force.
Secondly, the radiation force is proportional to the square of the pressure of the
ultrasound waves. Lastly, the intensity is proportional to the square of the pressure of the
ultrasound waves as well.

3.6.2 Multifrequency Vibro-acoustography

The methods to form the multifrequency radiation force are characterized by the
number of different ultrasonic harmonic signals, NS, added together per array element or
group of array elements applied to NE elements or groups of elements. The MHME
configuration is the most general case and the MHSE case occurs when NE = 1 and the
SHME case occurs when NS = 1.
With the implementation of multiple frequencies, the total force will be divided
by the total number of different ultrasound frequencies used which is calculated as the
product NSNE. Therefore, the total force is divided by NSNE. Since the force is
proportional to the square of the pressure, the new pressure for the multifrequency
implementation is given by
FMF ,Δω =

FSF ,Δω
NS NE

PMF ,ω0 ∝ FMF ,Δω =

∝

PSF2 ,ω0
NS NE

FSF ,Δω
NS NE

∝

,

PSF ,ω0
NS NE

(3.19)

,

(3.20)

where FMF,Δω is the multifrequency radiation force and PMF ,ω0 is the pressure needed to
produce FMF,Δω.
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3.6.3 Signal-to-Noise (SNR) Ratio Analysis

The SNR of a signal is defined as the ratio of the signal power to the noise power
and given by [93]
SNR =

xrms
,
nrms

(3.21)

where the root-mean-square (rms) metric is defined by
T

yrms =

1 2
y ( t ) dt .
T ∫0

(3.22)

We will not be able to calculate the noise directly but we can identify its potential
sources. We will assume the presence of white noise associated with thermal fluctuations
over the bandwidth Fs/2 where Fs is the sampling frequency used in the experiment.
Noise will also be introduced by the digitization process and is dependent on the number
of bits used.
The signal power for a pure tone is given as A2/2 where A is the amplitude of the
signal. The induced velocity or the acoustic emission is proportional to the dynamic
radiation force used. The radiation force for multifrequency excitation is reduced by a
factor of NSNE. Therefore, the velocity signal resulting from one component of the
multifrequency excitation at a specific frequency, Δω is given as
U MF ,Δω =

FMF ,Δω
Z Δω

=

FSF ,Δω
N S N E Z Δω

.

(3.23)

The SNR for the multifrequency and single frequency vibro-acoustography
systems can be derived by calculating the signal power for each case. The single
frequency case is found be setting NS = 2 and NE = 1 or NS = 1 and NE = 2 such that NSNE
= 2.
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SNR MF ,Δω

⎛ FSF ,Δω ⎞
=⎜
⎟
⎝ N S N E Z Δω ⎠

SNR SF ,Δω

2

2nrms

⎛ F
⎞
= ⎜ SF ,Δω ⎟
⎝ ( 2 ) Z Δω ⎠

2
⎡ 1 ⎛ 1 ⎞2 ⎛ F
⎤
SF , Δω ⎞
=⎢ ⎜
⎟ ⎜
⎟ ⎥ nrms
⎢⎣ 2 ⎝ N S N E ⎠ ⎝ Z Δω ⎠ ⎥⎦

2

2nrms

2
⎡1 ⎛ F
⎤
SF , Δω ⎞
=⎢ ⎜
⎟ ⎥ nrms
⎢⎣ 8 ⎝ Z Δω ⎠ ⎥⎦

(3.24)

(3.25)

The ratio of SNR for the multifrequency and single frequency implementations is

4 ( N S N E ) . For NS = 2 and NE = 2 the SNR of each multifrequency signal will be ¼ that
2

of a signal acquired with the same ultrasound pressure in single frequency vibroacoustography. This derivation applies similarly to the SNR analysis of acoustic
emission.
Some of this SNR loss could be regained if the signals from different components
could be combined through an additive process. When adding these components together,
a weighting must be performed based on the frequency response of the object being
inspected and other factors such as parametric amplification of radiation force at higher
values of Δω [94].

3.6.4 Chirp Multifrequency Implementation

Multifrequency interrogation could also be implemented by changing Δω linearly
with time essentially making the excitation function a linear frequency modulated (FM)
or chirp signal. Provided that the bandwidth of the FM signal is small compared to the
bandwidth of the transducer, the radiation force will have constant amplitude and the
power for the resulting velocity or acoustic emission signals will be A2/2 [93].
The disadvantage of using a chirp is that the energy at any given frequency is very
low unless the chirp time is slow or the bandwidth of the chirp is very small. The
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multifrequency implementation provides energy at distinct frequencies but may not cover
the same bandwidth during the course of the excitation.

3.7 Multifrequency Experiments
3.7.1 Point-spread Function Simulation

We wish to validate the theoretical PSF calculations with experimental results.
Using (3.3), (3.10), and (3.11), we can compute the PSF components in the focal plane.
We will use a different MH signal on the central disc and annular elements. The MH
NS

signal applied to the central disc element is xc ( t ) = ∑ Gc ,n sin (ωc ,n t + θ c , n ) and the MH
n =1

NS

signal applied to the annular element is xa ( t ) = ∑ Ga ,n sin (ωa ,nt + θ a ,n ) , where the center
n =1

element has frequencies fc,1 = 2.9975 MHz and fc,2 = 3.0025 MHz and the annular
element has frequencies fa,1 = 3.0175 MHz, and fa,2 = 3.0275 MHz. The MH signals on
the central disc and annular elements create components at 5 kHz and 10 kHz,
respectively. The ME components are created at frequencies of 15, 20, 25, and 30 kHz.
The transducer has center frequency of 3.0 MHz with a focal length of R = 70 mm. The
geometric parameters for the transducer are a1 = 14.8 mm, a21 = 16.8 mm, and a22 = 22.5
mm.

3.7.2 Point-spread Function Experimental Validation

A custom-made confocal transducer with the geometric parameters given in the
previous section was used for all experiments. Experiments were performed in a large
water tank (1.01 m x 0.64 m x 0.37 m) of degassed water. Synchronized waveform
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generators (Agilent, Palo Alto, CA) were used to create the sinusoidal signals. The MH
signals were created by summing the output of two waveform generators using a hybrid
junction (M/A-COM, Inc., Lowell, MA). The MH signals were amplified and applied to
the appropriate elements of the transducer. The target for the PSF measurements was a
440-C stainless steel sphere with diameter of 0.51 mm. The sphere was embedded in
gelatin phantom made from 300 Bloom gelatin powder (Sigma-Aldrich, St. Louis, MO)
with a concentration of 10% by volume. A Doppler laser vibrometer [95] (Polytec,
Waldbronn, Germany) was used to measure the velocity of the sphere. We measure the
velocity because it is proportional to the stress imparted on the sphere. The transducer
was scanned across the sphere at an increment of 0.05 mm using a computer controlled
motion control system. The signal from the laser vibrometer was digitized (Alazartech,
Montreal, QC, Canada) and filtered in custom software in MATLAB (The Mathworks,
Inc., Natick, MA). The experimental setup is shown in Figure 3.2. Since the PSF is
circularly symmetric for all components, we compared the simulated and measured
profiles of the PSF components. The spatial distribution, mainlobe width at the -6 dB
level, also known as the full-width half maximum (FWHM), and sidelobe levels were
also evaluated.
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Figure 3.2—Experimental setup for PSF measurements and vibrometry experiment. The arrows labeled x
and y depict the scanning directions.

3.7.3 Vibrometry Experiment

First, the frequency response of the sphere embedded in the gelatin was measured.
A single continuous wave MH signal was applied to both of the transducer elements and
the difference frequency was varied from 100-21,000 Hz. The velocity signal measured
by the laser was processed by a lock-in amplifier (Signal Recovery, Oak Ridge, TN).
Using the same experimental setup as for the PSF measurements, the values of the
ultrasound frequencies were changed to fc,1 = 2.9998 MHz, fc,1 = 3.0002 MHz, fa,1 =
3.0014 MHz, and fa,2 = 3.0022 MHz. This configuration created MH components at 400
and 800 Hz. The ME components had frequencies of 1200, 1600, 2000, and 2400 Hz. A
field of view of 10 mm x 10 mm was used, and the scanning increment of the transducer
position was 0.1 mm in both dimensions.

3.7.4 Vibro-acoustography Experiment

Using the same transducer, a urethane breast phantom (ATS Laboratories,
Bridgeport, CT) was scanned. The breast phantom has dimensions 17 cm x 10 cm x 7 cm.
The frequencies used were fc,1 = 2.995 MHz, fc,2 = 3.005 MHz, fa,1 = 3.035 MHz, and fa,2
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= 3.055 MHz. This configuration created MH components at 10 and 20 kHz. The ME
components had frequencies of 30, 40, 50 and 60 kHz. Acoustic emission signals were
measured by a nearby hydrophone (International Transducer Corporation, Santa Barbara,
CA). The signals were bandpass filtered (Stanford Research Systems, Sunnyvale, CA)
with a passband from 5-65 kHz and digitized. The signals were then filtered with zerophase Butterworth filters using MATLAB software. A diagram of the experimental setup
is shown in Figure 3.3. A field of view of 60 mm x 80 mm was used, and the scanning
increment of the transducer position for the breast phantom images was 0.5 mm in both
dimensions.

Figure 3.3—Experimental setup for vibro-acoustography imaging. The arrows labeled x and y depict the
scanning directions.

3.7.5 In Vivo Breast Imaging

In vivo breast imaging with multifrequency vibro-acoustography is performed
with the system described by Alizad et al., [96]. The system combines a stereotactic
mammography system with a vibro-acoustography system. Both X-ray and vibroacoustic images of the same region of breast tissue can be acquired with this system. The
multifrequency vibro-acoustography stress field was created using a transducer similar in
geometry as used in the vibrometry and vibro-acoustography experiments.
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The frequencies used were fc,1 = 2.995 MHz, fc,2 = 3.005 MHz, fa,1 = 3.045 MHz,
and fa,2 = 3.065 MHz. This configuration created MH components at 10 and 20 kHz. The
ME components had frequencies of 40, 50, 60 and 70 kHz. Acoustic emission signals
were measured by a hydrophone (International Transducer Corporation, Santa Barbara,
CA) coupled to the breast using ultrasound gel. The signals were bandpass filtered with a
passband from 10-100 kHz and digitized. The signals were then filtered with zero-phase
Butterworth filters using MATLAB software.

3.8 Multifrequency Experimental Results

The simulated and measured amplitude profiles of the PSF components are shown
in Figure 3.4. Each of the profiles have been normalized by the value at x = 0. Table 3.2
provides quantitative comparisons of the FWHM resolution and sidelobe levels. The
resolution and sidelobe levels for the two MH generated components at 5 and 10 kHz are
very different while those created using ME are very similar. The MH components have
different resolution and sidelobe levels because the apertures used are different whereas
for the ME images, the beamforming is the same. In a few cases, the sidelobe levels in
the experimental results are slightly better than the simulation results. Qualitatively and
quantitatively, there is good agreement between simulated and measured profiles.
Table 3.2—Comparison of PSF Simulation and Experimental Results
Frequency
(kHz)
5
10
15
20
25
30

FWHM Resolution (mm)
Simulation
Experiment
1.21
1.18
0.62
0.68
0.77
0.80
0.77
0.80
0.76
0.79
0.77
0.80

Sidelobe levels (dB)
Simulation
Experiment
-35.2
-29.5
-16.7
-16.4
-17.6
-19.6
-17.2
-19.1
-17.1
-18.7
-17.1
-16.7
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Figure 3.4—Normalized amplitude profiles for multifrequency PSF components. The simulation results are
solid and the experimental measurements are dashed. (a) Δf = 5 kHz, (b) Δf = 10 kHz, (c) Δf = 15 kHz, (d)
Δf = 20 kHz, (e) Δf = 25 kHz, (f) Δf = 30 kHz.

Note from Figures 3.4(a)-(b) that for the MH components the mainlobe is in phase
with the sidelobes and that in Figures 3.4(c)-(f) the ME components have sidelobes that
are out of phase with the mainlobe. Because of this phenomenon it is possible to combine
different components by addition to improve resolution and sidelobe levels because the
positive and negative sidelobes may cancel when added. To combine the different
components we must compute the amplitude images that have both magnitude and phase
information. It has been shown [20] that for a confocal source (SHME) the amplitude of
the normalized PSF can be positive or negative, but its residual phase (in excess of the
180° phase jumps when amplitude sign changes) is approximately zero. Under this
condition,

an

amplitude

image

can

be

formed

by
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{

}

A ( r, ωmn ) = M ( r, ωmn ) sign sin ⎡⎣ P ( r, ωmn ) ⎤⎦ . Before combining, each component was
normalized.
Figure 3.5 shows three examples of combining different components with
experimental profiles and PSF images formed by the combinations. Figure 3.5(a) shows
the combination of the two MH components at 5 and 10 kHz which has a FWHM
resolution of 0.95 mm and sidelobes at -30.5 dB. Figure 3.5(b) shows the combination of
one MH component and one ME component, in this case the 10 and 15 kHz components.
The FWHM resolution is 0.77 mm and the sidelobe levels, compared to the ME
components, have been reduced to -29.8 dB which are less than the measured sidelobe
levels of any of the low-frequency components. In Figure 3.5(c) the 5, 10, and 15 kHz
components were combined. This combination made the amplitude of the PSF entirely
positive with FWHM resolution of 0.92 mm and the sidelobe levels were measured at
-30.5 dB which are lower than any of the measured sidelobe levels of any single
component.
To examine the properties of a gelatin phantom we employed a vibrometry
experiment. Figure 3.6 shows the magnitude of the velocity frequency response of the
sphere embedded in the gelatin phantom obtained by varying the vibration frequency and
processing the laser signal with the lock-in amplifier. The plot in Figure 3.6 shows a clear
resonance present at 1200 Hz. We use this measurement method and curve fitting of the
resonance curve using an established model [85] to measure the viscoelastic parameters
of a medium. This measurement will be used as our gold standard for the material
properties of the gelatin.
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Figure 3.5—Combinations of experimentally measured PSF components. (a) Combination of 5 kHz and 10
kHz components, (b) combination of 10 kHz and 15 kHz components, (c) combination of 5 kHz, 10 kHz,
and 15 kHz components. The images are 8 mm by 8 mm with a 50 dB dynamic range.

Figure 3.6—Normalized magnitude of sphere vibration velocity measured by varying the difference
frequency of a MH signal with NS = 2 applied to both elements of the confocal transducer. The velocity
measured with the laser vibrometer was processed using a lock-in amplifier.
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Figure 3.7 shows the images of the stainless steel sphere obtained near its
resonance. The resonance is determined by the sphere material properties and the
surrounding viscoelastic medium. The brightness of the sphere in the multifrequency
images varies depending on the frequency of the component. The sphere is brightest in
the 1200 Hz image and decreases in brightness as the frequency increases or decreases.
Since these images have information about the resonance characteristic of the sphere, we
extracted pixel values from a 5 x 5 window centered on the sphere for all six images and
computed the mean and standard deviation of those values. A plot of these mean and
standard deviation values is given in Figure 3.8. The error bars show ±1 standard
deviation from the mean value.

Figure 3.7—Multifrequency velocity images of sphere near resonance. (a) Δf = 400 Hz, (b) Δf = 800 Hz, (c)
Δf = 1200 Hz, (d) Δf = 1600 Hz, (e) Δf = 2000 Hz, (f) Δf = 2400 Hz.

We can estimate the properties of the gelatin using the vibration of the sphere in
the following way. Knowing the sphere’s material properties, we can vary parameters
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related to the gelatin’s material properties to fit the curve in Figure 3.8 [85]. Figure 3.9
shows the results of the curve fitting procedure. The dotted curve is the result from a
simulated response. The dashed curve is an overlay of the magnitude response curve in
Figure 3.6. The solid curve is the mean curve from Figure 3.8. The theoretical prediction,
the measured magnitude response and the response obtained from image analysis all
agree very well. The gelatin’s viscoelastic material properties found with the curve
fitting were the shear modulus, μ1 = 6750 Pa and the shear viscosity, μ2 = 3.0 Pa·s. The
material properties found using this vibrometry method agree well with previously
reported results [76], and slight differences in the viscoelastic parameters between the
results reported in this paper and those previously published can be attributed to slightly
different phantom makeup and age of the phantom at the time of the experiment.

Figure 3.8—Normalized magnitude of velocity from images in Figure 3.7 near center of sphere. Squares
indicate mean values and error bars indicate ±1 standard deviation.
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Figure 3.9—Curve fitting of resonance curve from multifrequency images with simulation of sphere
velocity in viscoelastic medium. The gelatin properties were found to be μ1 = 6750 Pa, and μ2 = 3.0 Pa·s.
The dotted curve is the simulated response. The dashed curve is the response shown in Figure 3.5. The
solid curve is the mean curve (Figure 3.8) obtained from the multifrequency images shown in Figure 3.7.

A photograph of the breast phantom used for vibro-acoustography imaging is
shown in Figure 3.10. The multifrequency vibro-acoustic images of the breast phantom
are shown in Figure 3.11. The transducer was positioned so that the top two lesions were
placed in the focal plane. Figure 3.11(a)-(b) show the images using the two MH
components and Figure 3.11(c)-(f) show the images formed using the ME components.
All images have been independently normalized. Images in Figure 3.11 (c)-(f) have a
small bias added for visualization purposes. The images created using the MH
mechanism were observed to have a near uniform gray background. The lesions in the
phantom show up but detail is lost. The images created using ME mechanism show
different contrast and depict the lesions with different degrees of detail.
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Figure 3.10—Photograph of the breast phantom and field of view used for vibro-acoustic imaging is shown
by the dotted line. The field of view has size 60 mm x 80 mm.

Figure 3.11—Multifrequency vibro-acoustography images of breast phantom. (a) Δf = 10 kHz, (b) Δf = 20
kHz, (c) Δf = 30 kHz, (d) Δf = 40 kHz, (e) Δf = 50 kHz, (f) Δf = 60 kHz. All images are normalized
independently. A small bias has been added to images (c)-(f) for visualization purposes.
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The ME components were combined by incoherent summation of the nonnormalized versions of the images to create a composite images shown in Figure 3.12.
The 30, 40, 50, 60 kHz components were combined for Figure 3.12(a), and the 30, 50, 60
kHz components were combined for Figure 3.12(b). These images are independently
normalized and have a small bias added for visualization purposes. Some of the images in
Figure 3.11 show patterns of dark and bright areas in the background which we believe to
be associated with acoustic reverberation in the phantom and the effects of this
reverberation have been reduced in the images in Figure 3.12. Both images show an
increase in lesion contrast and a suppression of the strong background present in the
upper portion of the image. The combination in Figure 3.12(b) seems to provide better
contrast due to the exclusion of the 40 kHz component.

Figure 3.12—Combination of vibro-acoustic images, (a) Combination of 30, 40, 50, and 60 kHz
components, (b) Combination of 30, 50, and 60 kHz components. Both images are normalized
independently, and a small bias has been added for visualization purposes.
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Figure 3.13 shows the results of in vivo breast vibro-acoustography for an elderly
woman with a calcified fibroadenoma in her left breast. The X-ray image and the 20, 40,
50, 60, and 70 kHz components are shown. The 20 kHz component was created by the
MH mechanism and the other components were created by the ME mechanism. The
images made at different frequencies provide different contrast for the fibroadenoma and
the surrounding tissue. Also, tissue structures such as a blood vessel are observed in the
images.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.13—In vivo breast vibro-acoustography images for elderly woman with calcified fibroadenoma,
(a) X-ray obtained from stereotactic X-ray system, (b) Δf = 20 kHz created by MH mechanism, (c) Δf = 40
kHz created by ME mechanism, (d) Δf = 50 kHz created by ME mechanism, (e) Δf = 60 kHz created by ME
mechanism, (f) Δf = 70 kHz created by ME mechanism.

3.9 Discussion

The PSF is formulated in a lossless fluid, however for radiation force formation
requires some loss in the medium or object and in the experimental setting this loss is
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present in the phantoms used. The presence of absorption serves to decrease the
amplitude of the ultrasound waves used, but will not change the shape of the PSF because
there is not disparate frequency dependent attenuation of the ultrasound waves because
they are separated by small changes in frequency (< 2%).
The different methods of implementing the multifrequency stress field afford the
user a great deal of flexibility depending on the application. For vibrometry applications,
using a MH signal on a single element transducer or using the same MH signal on all the
elements of an array transducer will insure that the PSF has the same resolution for all
low-frequency components generated. The ME implementation may be optimal for vibroacoustography applications. However, one is limited by the number of elements in the
array and all components may have a different PSF shape. For the MHME configuration
the maximum number of components increases proportional to square of the product

NSNE as shown in Figure 3.1. The increased number of images to be gained using
multifrequency methods can be substantial, a convincing reason to use this method. The
information gain for this method depends on the object being investigated. If the object
has many features in its frequency response, the information gain from multifrequency
inspection could be considerable. A very important advantage is that the information gain
comes with no substantial increase in scanning time compared to conventional vibroacoustography with one difference frequency. This advance could decrease patient scan
time and increase patient throughput in a clinical setting.
However, with an increase in information, the signal-to-noise ratio, SNR, in the
images obtained will be less than if only one value of Δf was used for the scan, but that
SNR loss may be partially regained by combining images. The increase in number of

70

images must be balanced against maintaining image resolution and contrast.

For

industrial applications, the power may be increased to gain the SNR back while using this
multifrequency approach. In medical applications, the power to be deposited is limited,
so the number of components gained must be weighed against a loss in SNR. However,
by choosing frequencies such that a few difference frequencies are repeated will assist in
regaining SNR at the expense of the number of low-frequency components in the
multifrequency excitation.
Another way to obtain multifrequency information is by encoding a chirp signal
into the radiation force. A spectral data set would be obtained but the SNR at any one
frequency would be very low. To obtain images with better SNR the response could be
integrated over some frequency band and used for image formation. This process serves
to reduce the spectral resolution and may be disadvantageous. Also, a short chirp may not
be able to excite a high Q object because of the relatively long time it takes to induce
resonant vibration, and the information gained from the scan may not be as insightful. It
may be advisable to perform a preliminary scan using a chirp excitation and then use the
multifrequency method for closer inspection of a certain frequency band that may be of
interest.
Figure 3.4 shows that qualitatively the simulated and measured PSF components
agree very well. Quantitatively, the resolution and sidelobe levels of the PSF components
also agree. This result is important because now we can reliably apply this
multifrequency approach to any type of array transducer. Stress field calculations can be
performed for confocal transducers, X-focal transducer arrangements, linear array
transducers, and sector array transducers before implementation to insure optimization of
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the stress field and the transducer parameters using previously published theory [59, 60,
62].
Figure 3.6 shows the magnitude response of the sphere embedded in gelatin and a
resonance is observed at 1200 Hz. Figure 3.7 is a manifestation of (3.12) in which the
PSF components have been spatially convolved with the sphere and multiplied by
discrete points on the magnitude frequency response curve. We showed in Figure 3.8 that
this resonance characteristic could be extracted from the brightness of the images and that
we could use this response to estimate the material properties of the medium as shown in
Figure 3.9.
In the data obtained using the lock-in amplifier and the multifrequency images,
there is an increase in the velocity magnitude at a frequency lower than the resonance.
This trend is not predicted by the theory which assumes an infinite homogeneous
medium. The trend found in the experiment may be due to resonance behavior of the
gelatin phantom held in a plastic fixture. The curve fitting process operates on the
matching of the resonance frequency which depends most on the sphere size and the
shear elasticity, μ1, and the width of the response depends on the shear viscosity, μ2. The
data point at 400 Hz obtained from the images does not significantly change the curve
fitting results if it is included or excluded from the analysis because the curve fitting is
less sensitive to viscosity effects at frequencies below resonance as opposed to those
frequencies above resonance.
A previous study [85] has shown that obtaining this resonance curve and finding
parameters for the material properties of the gel is very accurate. We are confident in the
result obtained with the images since it matches closely with the curve from Figure 3.6
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and the simulation result. It has also been shown that phase images, modeled by (13),
could be used to tell different materials from each other, particularly in imaging of small
spheres, which could be used as a model of breast calcifications [76].
The vibrometry example shown in this paper relies on a model of vibration of a
sphere in a viscoelastic medium based on a Voigt material. This model requires
information about the sphere including density and size and could be extended to breast
imaging of calcifications by measurement of the density of a calcification from
ultrasound or and X-ray based modality, and the size of the calcification even if not
spherical in shape could be used in a model and an equivalent sphere shape could be used
to estimate surrounding material properties. This multifrequency approach could be used
in other vibrometry applications coupled with modeling for assessment of different
organs or systems such as the vasculature.
The curve that was extracted from the images shown in Figure 3.8 was crude
because only six frequencies were used, but this could be improved by performing
subsequent scans by shifting the multifrequency components by a small increment such
as 100 Hz. This would provide more points on the resonance curve to make the fit more
accurate and precise.
In this vibrometry experiment, the velocity of the sphere was measured with a
laser vibrometer. Because tissue is opaque except at small depths, another method would
have to be used to measure motion such as methods based on the Doppler shift,
correlation methods, or phase shift measurements [39, 55, 87].
The vibro-acoustography images in Figure 3.11 show different contrast in the
various lesions present in the image. The images at 30, 50, and 60 kHz had the best SNR.

73

These three images underscore another subtlety of the multifrequency approach. The
frequency response of tissue and other objects may be completely unknown, so imaging
at multiple frequencies can provide images with differing SNR and contrast. Acquiring
these multiple image datasets allows the user to more efficiently and effectively image
and understand the tissue or object under investigation. For inspecting an object without
any a priori knowledge of its frequency response, a standard protocol could be
introduced that covers different frequencies over a fairly large bandwidth like that
detailed in this paper where six frequencies were inspected over a bandwidth of 50 kHz.
This will provide for comparison within a given bandwidth and between different patients
or samples if the same frequencies are used. This protocol may change based on the
application to inspect different frequency bands to obtain the most useful images and
information. Multifrequency vibro-acoustography imaging produces images with contrast
based on the material properties of the object or tissue and is suitable for medical
applications, as most medical imaging methods that are not quantitative. Further research
is necessary to solve the inverse problem to quantitatively estimate material properties
based on the acoustic emission signal.
Figure 3.13 shows results for in vivo breast vibro-acoustography. The calcified
fibroadenoma was detected in each of the multifrequency images. The interesting thing is
that the contrast varies in the different images. When the MH mechanism is utilized in the
20 kHz image, a shadow image is produced where the surrounding tissue is bright
compared to the fibroadenoma. In the other images formed by the ME mechanism, the
background tissue is darker than the fibroadenoma except in the 60 kHz image. The
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differences in contrast are not completely understood and could be attributed to
reverberation or the frequency response of the tissue.
The multifrequency images could also prove useful in artifact reduction in vibroacoustography. Mitri, et al. [97] described a method to remove the ultrasound standing
wave artifact caused by continuous wave exposure by adding images that were formed
using different ultrasound frequencies while keeping the difference frequency constant.
Since multifrequency images are formed with different ultrasound frequencies these
images could be used in a similar way by adding them together to reduce this artifact to
improve image contrast as well as potentially increasing SNR. Another artifact that is
often present is reverberation of acoustic emission inside the object causing patterns of
bright and dark regions in the image. The reverberation artifact manifests itself as a low
spatial frequency variation in the image. This reverberation pattern is strongly dependent
on the temporal frequency of the acoustic emission. Combining images made at different
low-frequencies could also reduce this artifact and improve image contrast as shown in
Figure 3.12. The contrast was improved in Figure 3.12(b) by the exclusion of the 40 kHz
component mostly because the phantom itself seemed to be more reverberant at that
frequency and introduced a more uniform background and reduced the contrast of the
lesions.
Using different combinations of the multifrequency images provides different
levels of contrast and image detail. Which images to combine will depend on the object
and the low-frequencies used to create the images. Certain images may have better SNR
due to being near a resonance of the object and may be better for use in combination with
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other images. Application specific protocols may arise if different combinations are
found to improve contrast or detail in images.
Using images made at different frequencies or combinations of multifrequency
images in a clinical setting may lead the scientist or clinician to visualize and investigate
different tissues and objects in a new and insightful manner. If one particular image is
interesting or important a certain frequency band may be examined more carefully with
subsequent scans with a set of multifrequency images centered around that particular
frequency, much like was done in the vibrometry example to examine the resonance.
Multispectral image processing techniques such as principal component analysis and
classification algorithms could also potentially be used to extract more information from
the multifrequency datasets.

3.10 Conclusion

Visualization of objects of different stiffness and tissue composition is vitally
important in elasticity imaging. This may allow the clinician to better assess the patient,
as well as diagnose and treat that patient. The multifrequency method proposed here can
be used for vibro-acoustography or vibrometry imaging applications. The substantial
information gain with no increase in scanning time is a compelling advantage of this
method over conventional vibro-acoustography. We have shown that using this
multifrequency radiation force can provide very rich datasets that can be used to estimate
material properties of a tissue-like medium. Also, the use of multiple frequencies
provides varying vibro-acoustography image contrast that could be clinically useful for
visualization, diagnosis, and treatment planning.
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Chapter 4
Harmonic Motion Detection of a Vibrating Reflective Target
Knowledge advances by steps, and not by leaps.
Lord Macaulay

4.1 Introduction

The premise of vibro-acoustography is to measure the acoustic emission resulting
from radiation force induced vibration. It has been shown that the acoustic emission is
proportional to the velocity of the vibrating object [34]. Other ultrasound elasticity
imaging methods use the measured displacement after a perturbation to create images of
strain, elastic modulus or some other parameter based on a mechanical response [25, 36].
Some applications of vibrometry have used the dynamic ultrasound radiation
force excitation such as measurement of propagating waves in tubes and arteries [58, 98],
shear wave propagation [99], and monitoring therapeutic ultrasound applications [38, 39].
The measurements reported by Zhang, et al. [58, 98] and Chen, et al. [99] were
made using a transducer to produce the dynamic radiation force and the velocity was
measured by either a laser vibrometer or a separate transducer operating in a pulse-echo
mode to measure the echoes from the moving object. Konofagou, et al. [38, 39] also used
two transducers to create the radiation force and track the resulting motion. It would be
desirable to measure the motion using a single transducer and with high accuracy and
precision. Some methods that use radiation force use a single transducer to excite the
tissue and measure the resulting motion including acoustic radiation force impulse
(ARFI) imaging [36] and supersonic shear imaging (SSI) [40]. However, neither of these
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methods creates a harmonic radiation force, so to date harmonic radiation force excitation
and motion detection with a single transducer has not been reported.
Motion detection would provide complementary information to the acoustic
emission information obtained during vibro-acoustic imaging. Information about the
velocity or displacement could be used in conjunction with models to extract information
about material properties of the object or tissue under inspection.
Vibration phase information can also be used for differentiating between different
materials as was demonstrated in Chapter 2. Another area in which the vibration phase
can be used is in shear wave speed measurement. Chen, et al. [99] demonstrated that
shear wave speed, cs, can be measured by measuring the phase difference in the
propagating shear wave at two different locations

cs =

ωs Δφ
Δr

,

(4.1)

where Δφ = φ(r1) – φ(r2) is the difference in phase at two different locations, r1 and r2 and

Δr = r1 – r2 is the distance between measurement points. The shear wave speed measured
at different frequencies can be used to find the shear elasticity and viscosity of the tissue
using (1.9).
This chapter will present the theory and signal processing methods to perform
motion detection of a harmonically vibrating target. A model of a vibrating reflective
target will be used to validate theory and optimize the parameters involved in the motion
detection scheme. The method is applicable for vibrating reflective targets that may be
found in nondestructive testing or use in tracking motion of an artery wall which is often
a reflective target compared to surrounding tissue.
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4.2 Theory

Previous studies have examined the Doppler spectrum of backscattered echoes
produced by a harmonically vibrating target [100-102]. Huang, et al. describes that if the
scatterer is vibrating with a velocity much lower than the wave speed of the backscattered
waves and the vibration frequency much lower than the interrogating acoustic waves,
then the spectrum of the detected motion can be modeled as a frequency modulated (FM)
spectrum [101].
Ultrasonic waves at frequency ωf are used to interrogate scatterers vibrating with
frequency ωs, where ωs << ωf. According to the notation introduced by Zheng, et al., the
subscript “f” will refer to fast time corresponding to ultrasonic time scale and the
subscript “s” will refer to slow time corresponding to the vibration time scale [87]. The
displacement and the velocity of the vibrating scatterer is modeled as
D ( t ) = D0 sin (ωs t + φs ) ,

(4.2)

v ( t ) = v0 sin (ωs t + φs ) ,

(4.3)

where D0 is the displacement amplitude, φs is the vibration phase, and v0 is the velocity
amplitude (v0 = D0ωs). If an ultrasonic pulse at frequency ωf is used, the echo from the
vibrating scatterer can be modeled as [87]

r ( t f , ts ) = A ( t f , ts ) cos (ω f t f + φ f + β sin (ωs ts + φs ) ) ,

(4.4)

where tf is fast time, ts is slow time, A is the echo amplitude, φf is the initial phase of the
ultrasound signal, and β is defined as

β=

2v0ω f cos (θ )

ωs c

,

(4.5)
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where θ is the Doppler angle, which will always be assumed to be 0°, and c is the
longitudinal sound speed of the medium.
The parameters that are to be determined by measurements are D0 and φs but both
variables are embedded in the phase of the ultrasound echoes. Many groups have
approached this problem from the standpoint that a phase shift produces a time shift
between consecutive echoes. Therefore, if the time shift can be estimated, the
displacement amplitude and vibration phase could also be estimated.
Two early methods used a two-dimensional autocorrelation approach [50, 51].
The one striking difference between the algorithm proposed by Loupas, et al. and Kasai,

et al. is that the Loupas method corrects for the mean ultrasound echo center frequency
whereas the Kasai method assumes the transmitted ultrasound center frequency. For
applications where displacement occurs as a result of impulsive radiation force excitation
or static compression, cross-correlation combined with interpolation and spline
estimation techniques have been used [26, 49, 52, 53, 103-105]. The interpolation and
especially the spline based methods can be computationally expensive.
In the method proposed by Zheng, et al. quadrature demodulation is used to
obtain the signal y(ts) = β sin(ωsts + φs). However, for the short echo signals the low-pass
filtering step in the quadrature demodulation can introduce artifacts because of transient
effects of the filters. A different method was used in these studies to obtain the y(ts)
signal.
Hasegawa and Kanai have proposed a cross-spectrum method that corrects for the
center frequency of the ultrasonic echo [55]. If we denote the nth and (n+1)-th received
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echoes as r(n) and r(n+1) and their corresponding frequency spectrums as Rn(f) and

Rn+1(f) then we can calculate the cross-spectrum as
Rn* ( f ) Rn +1 ( f ) = Rn ( f ) Rn +1 ( f ) e

j Δθ n ( f )

,

(4.6)

where Δθn(f) is the phase shift between the two echoes and * represents complex
conjugation. The motion of the vibrating scatterers can then be extracted by performing
this cross-spectral analysis for all echoes after each echo was windowed using a Hann
window. The velocity can be estimated by
vn =

c ⋅ Δθ n ( f )
2ω f Tprf

,

(4.7)

f = f0

where the phase shift is evaluated at the center frequency, f0, of the cross-spectrum, and

Tprf is the pulse repetition period of the pulse-echo interrogation. The center frequency of
the echo is estimated by finding the frequency at which the maximum occurs in the crossspectrum. The correction for the center frequency is performed because attenuation can
downshift the center frequency of the received echo from the transmitted pulse.
Hasegawa showed that if no correction is performed for the center frequency the results
can be biased [55]. Since the vibration is harmonic at ωs, the displacement signal can be
obtained by Dn = vn/ωs.
Once Dn has been found, a Kalman filter designed to extract amplitude and phase
of the displacement is used [54]. The Kalman filter only requires the vibration frequency,

ωs, as an input. The Kalman filter is a state space based filter that recursively estimates
the state variables using a least mean squared error criteria [54]. The Kalman filter is
implemented in a digital form and is computationally efficient.
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4.3 Parameterized Model

There are many parameters that enter into modeling the motion detection of a
vibrating reflective target. First, it is assumed that there will be only one scatterer that
acts similar to a point reflector. The parameters that are expected to most affect
performance of this method are the displacement amplitude, D0, signal-to-noise ratio,
SNR, of the ultrasound echoes, the number of cycles of vibration used, Nc, and the
number of points sampled per vibration cycle, Np. Other parameters that may affect
performance such as bandwidth, gate length, and sampling frequency will also be
explored.
Displacement amplitude is determined by the radiation force amplitude. Since
radiation force is proportional to the ultrasound intensity, this parameter is limited in
practice because of bioeffect concerns. The intensities that lie within the limits of the
Food and Drug Administration produce small displacements, <10 μm, in tissue.
Therefore, the lower limit of displacement amplitude necessary to obtain good results
needs to be determined.
The SNR of the ultrasound echoes will primarily be determined by scatterer
backscatter strength and the electronic noise introduced in the pulse-echo system. For a
reflective target the SNR should be 30 dB or higher. In a scattering medium, it could be
lower.
The number of vibration cycles sampled over will directly affect acquisition time
for a measurement, T = Nc/fv, where T is the acquisition time and fv is the vibration
frequency. For static point measurements, this may not have much impact, but if this
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method is employed for imaging, the acquisition time for the image will be governed by

Nc. Also, increasing Nc will increase the processing time for the displacement estimate.
The number of points sampled per vibration cycle, Np, will reflect on the pulse
repetition frequency, fprf, used in the experiment as Np = fprf/fv. To satisfy the Shannon
sampling theorem, Np ≥ 3. The value of fprf is limited by the distance of the vibrating
scatterer from the transducer, where fprf,m = c/2z where c is the sound speed of the
medium and z is the axial depth of the vibrating scatterer from the transducer. Increasing
the value of Np will also increase processing time for the displacement estimate.
Since Nc and Np are dimensionless, the results of this model can be extended for
any value of fv and fprf within the limits described above.
For this parameter study, D0 will vary from 100-10,000 nm, SNR will vary from
0-60 dB, Nc will vary from 3-20, and Np will vary from 5-30. Default parameters for the
study are given in Table 4.1. A default value of D0 = 1000 nm was chosen because this is
a typical value seen in experimentation. In vibrometry experiments, low frequency
vibration on the order of a few hundred Hertz is used so fv = 200 Hz. The values of Nc = 5
and Np = 20 give values of T = 25 ms and fprf = 4.0 kHz. The interrogating pulses have
been windowed with a Gaussian window to reflect the bandwidth of the transducer, BW.
The gate length, lg, is the spatial extent used for comparison of consecutive echoes and
phase shift calculation. The sampling frequency, Fs, is the fast time sampling frequency
for the ultrasound echoes.
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Table 4.1 – Parameter Study Default Parameters
D0

φs

Nc
Np
fv
ff
Fs
BW
lg
c
N

Displacement amplitude
Vibration phase
Cycles of vibration
Sampled points per vibration cycle
Vibration frequency
Ultrasound frequency
Sampling frequency
Transducer bandwidth
Gate length
Speed of sound
Iterations

1000 nm
0°
5
20
200 Hz
9.0 MHz
100 MHz
6.5 %
1.0 mm
1480 m/s
1000

To evaluate the performance of the method, we will introduce two metrics, bias
and jitter. These metrics originate from estimating time delays. The bias, xB, is the mean
of the error, and the jitter, σJ, is the standard deviation of the error and they are calculated
as

xB =

σJ =

1
N

N

∑( x
n =1

n

− xT ) ,

1 N
2
( xn − xT − x ) ,
∑
N − 1 n =1

(4.7)

(4.8)

where N is the number of data samples, xT is the true value, and x is the mean of the data
samples [49]. Minimal bias and jitter is desired. The bias reflects on the accuracy of the
motion detection, and the jitter reflects on the precision of the motion detection. Bias and
jitter measures will be evaluated on both displacement amplitude and phase for 1000
iterations with different initial conditions for the noise added to adjust the SNR. The
added noise was normally distributed.
Figure 4.1 shows sample data for D0 = 5000 nm, φs = 0°, Nc = 5, Np = 20, SNR =
20 dB, f0 = 9.0 MHz, BW = 6.5 %, lg = 1.0 mm, and Fs = 100 MHz.
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Figure 4.1—Sample simulated echo data for vibration of a scatterer with D0 = 5000 nm, φs = 0°, Nc = 5, Np
= 20, and SNR = 20 dB.

The displacement signal after the phase estimation is shown in Figure 4.2. The
dashed line represents the true displacement signal. The estimates for the vibration
amplitude and phase for this case were D0 = 4990.2 nm and φs = 0.054° which are very
close to the true values.
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Figure 4.2—Displacement signal for data in Figure 4.1. The red curve with the data points marked by the
open circles is the displacement signal estimated from the data and the blue dashed curve is the true
displacement signal. The estimated vibration amplitude and phase are D0 = 4990.2 nm and φs = 0.054°
while the true values are D0 = 5000 nm and φs = 0°.

4.4 Parameterized Model Results

Figures 4.3 and 4.4 show the displacement amplitude and phase results,
respectively, for the default conditions in Table 4.1. Each data point represents the mean
of the 1000 iterations and the error bars represent one standard deviation. The dashed
lines in these figures show the target values.
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Figure 4.3—Displacement amplitude results for default parameters in Table 4.1. Each data point represents
the mean of the 1000 iterations and the error bars represent one standard deviation. The dashed line
represents the target value of D0 = 1000 nm.

Figure 4.4—Displacement phase results for default parameters in Table 4.1. Each data point represents the
mean of the 1000 iterations and the error bars represent one standard deviation. The dashed line represents
the target value of φs = 0°.
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Figure 4.5 shows the displacement amplitude and phase bias and jitter while
varying D0. As SNR of the ultrasonic echoes increases the bias and jitter stabilize to
certain value. For the amplitude and phase jitter, increasing SNR yields lower jitter
values. The amplitude bias increases as D0 increases, but as a percent of D0 it remains
relatively low. The amplitude jitter does not seem to change significantly with increasing
values of D0. As D0 increases, the phase bias and jitter decrease. The phase bias is very
low for all cases except D0 = 100 nm. The phase jitter requires higher values of D0 to
decrease to levels comparable to the bias.

Figure 4.5—Displacement amplitude and phase bias and jitter for variation of D0 = 100 ({), 500 (), 1000
(Δ), 5000 (◊), and 10000 (∇) nm. (a) Amplitude bias, (b) Amplitude jitter, (c) Phase bias, (d) Phase jitter.
The legend in (b) applies to each panel.

Figure 4.6 shows the results of the amplitude and phase bias and jitter for varying
Nc. The amplitude bias does improve with increasing Nc but not to a significant degree.
Increasing Nc does serve to decrease the amplitude bias at low SNR values but does not
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have a large effect at higher SNR. The phase bias is consistently small for all values of
Nc, while the phase jitter does decrease with increasing values of Nc.

Figure 4.6—Displacement amplitude and phase bias and jitter for variation of Nc = 3 ({), 5 (), 10 (Δ), 15
(◊), and 20 (∇).(a) Amplitude bias, (b) Amplitude jitter, (c) Phase bias, (d) Phase jitter. The legend in (b)
applies to each panel.

Figure 4.7 shows the results for amplitude and phase bias and jitter for varying Np.
The value of Np has a significant effect on decreasing the amplitude bias, and has a less
dramatic effect on decreasing the amplitude jitter. The phase bias is consistently low, but
increasing Np does serve to decrease the phase jitter.
Figure 4.8 shows the results of varying the gate length on the amplitude and phase
bias and jitter. The gate length was set to 0.5 and 1.0 mm. This corresponds to 3λ and 6λ
of 9.0 MHz ultrasound waves. Increasing gate length does not drastically affect either the
amplitude or phase bias. The amplitude and phase jitter is reduced by using a longer gate
length.
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Figure 4.9 provides the results of the amplitude and phase bias and jitter for
varying the sampling frequency of the ultrasound echoes, Fs. Increasing Fs had similar
effects as using a longer gate length. Amplitude and phase bias was largely unaffected,
but amplitude and phase jitter were decreased by an increased value of Fs.

Figure 4.7—Displacement amplitude and phase bias and jitter for variation of Np = 5 ({), 10 (), 15 (Δ),
20 (◊), 25 (∇), and 30 (*).(a) Amplitude bias, (b) Amplitude jitter, (c) Phase bias, (d) Phase jitter. The
legend in (b) applies to each panel.
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Figure 4.8—Displacement amplitude and phase bias and jitter for variation of gate length, lg = 0.5 ({), 1.0
() mm. (a) Amplitude bias, (b) Amplitude jitter, (c) Phase bias, (d) Phase jitter. The legend in (b) applies
to each panel.

Figure 4.9—Displacement amplitude and phase bias and jitter for variation of sampling frequency of the
ultrasound echoes, Fs = 50 ({), 100 () MHz. (a) Amplitude bias, (b) Amplitude jitter, (c) Phase bias, (d)
Phase jitter. The legend in (b) applies to each panel.
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Figure 4.10 gives the results of varying the transducer bandwidth, BW, on the
amplitude and phase bias and jitter. Increasing bandwidth has no effect on the results.

Figure 4.10—Displacement amplitude and phase bias and jitter for variation of transducer bandwidth, BW
= 6.5 ({) and 20.0 () %. (a) Amplitude bias, (b) Amplitude jitter, (c) Phase bias, (d) Phase jitter. The
legend in (b) applies to each panel.

4.5 Discussion

When varying the displacement amplitude it was found that increasing amplitude
yielded lower jitter values and served to decrease phase bias. The absolute value of the
amplitude bias increased as D0 increased, but if the bias was considered as a fraction of
D0, then the error can be considered small. The bias and jitter at D0 = 100 nm are large
enough to cause considerable error for that measurement to be trusted. The phase bias
and jitter are only considerable for SNR < 20 and D0 < 500 nm.
Increasing the value of Nc minimizes the amplitude and phase bias and jitter
almost universally. This occurs because the Kalman filter acts as an averaging filter and

92

as the results show, the extraction of the correct values improves as the filter is given
more data to work with because of its recursive nature.
By increasing Np, the results show a decrease in errors; however, for a given
increase in Np the bias or jitter does not decrease as much as in the case of increasing Nc.
By sampling more points per vibration cycle, the harmonic function becomes more
sinusoidal in shape and the Kalman filter can operate on the improved data set to extract
the amplitude and phase with better accuracy and precision.
In almost all results, for a given value of SNR, and varying any parameter besides
transducer bandwidth, the amplitude or phase jitter had larger values than the
corresponding amplitude or phase bias.
The results from this parametric model study are useful for serving to optimize
the implementation of this method in an experimental setting. The results show that to
decrease displacement bias, D0 should decrease and Nc, Np, SNR, Fs, and lg should
increase. To minimize displacement jitter and the phase bias and jitter, all parameters
should be increased.
However, in an experimental setting, maximizing all of the parameters will have
to be weighed against tradeoffs associated with each parameter. To maximize D0, the
maximum safe ultrasonic intensity should be used to achieve maximal radiation force.
The increase of Nc will need to be weighed against time constraints of the experiment. If
point measurements are being performed, then it may worthwhile to use 10-20 cycles of
vibration, but in an imaging situation for a biological subject, 5 cycles may be sufficient.
Increasing the value of Np will not affect acquisition time but will increase data size and
processing time. However, increasing Np above 15 does not change the results
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significantly. Increasing the gate length will require sampling over more of the echoes in
fast time and will affect the data size. Increasing sampling frequency will also increase
the size of the data taken. For a reflective target, transducer bandwidth had no effect on
the results.
The dimensionless nature of Nc and Np allow this analysis to be extended to
different values of fv. If a value of fv is chosen, based on desired specifications for
allowable bias and jitter, proper values of Nc and Np can be chosen.
The use of the method proposed by Hasegawa and Kanai for phase shift
estimation with cross-spectral analysis is fast and does not suffer from finding false peaks
in a cross-correlation function. This method also avoids the errors introduced by low-pass
filter transient effects in quadrature demodulation. The method also corrects for the
center frequency of the ultrasound echo that may change due to attenuation processes
during wave propagation. This correction reduces potential bias errors.
The Kalman filter based on harmonic vibration at a known frequency, ωs, is very
powerful and provides a robust estimate even in the face of high noise as shown in Figure
4.2. Another advantage of the Kalman filter is that it could be used to process
multifrequency vibration data by processing the same data with different values of ωs
used as an input.
These simulations on a reflective target provide a model for motion detection in
applications such detecting wave motion on vessels [58], for phase aberration correction
methods based on tissue vibration[106], nondestructive evaluation, and model-based
calculations for objects or tissue regions that are ultrasonically reflective.
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This model also provides a method to analyze the vibration phase and the
associated error in measurements when the phase measurements are used to estimate
shear wave speed as discussed in Chapter 1.
In the next chapter, this technique will be extended to experimental practice and
its performance will be assessed and compared with the results in this chapter.

4.6 Conclusion

The theory and model for motion detection on a vibrating reflective target were
presented. Results from a parametric study show that the method works well and these
results can be used for optimization of the method. It was shown that by maximizing
displacement amplitude, SNR, Nc, and Np will provide results that have low bias and jitter
in estimation of the vibration amplitude and phase.
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Chapter 5
Harmonic Pulsed Excitation and
Experimental Motion Detection of a Vibrating Reflective Target
When he was six, he believed that the moon overhead followed him.
By nine, he deciphered the illusion, trading magic for fact, no trade-backs.
So this is what it's like to be an adult?
If he only knew now what he knew then.
Pearl Jam

5.1 Introduction

In the previous chapter the theory and algorithm for motion detection of a
vibrating reflective scatterer was introduced. Also, a parameterized model was used to
explore how different parameters affected the performance of this method. In this
chapter, a new excitation method that uses repetitive pulses of ultrasound to generate
radiation force is presented. Also, experimental results of motion detection on a reflective
target will be presented.

5.2 Background

The motion of a harmonically vibrating scatterer causes a Doppler shift in
interrogating ultrasonic waves [101]. The Doppler spectrum can be modeled as a puretone frequency modulated process. Many groups have used this model to estimate motion
with knowledge about the measured spectrum [100-102, 107, 108] using continuous
wave (CW) ultrasound. However, it was noted that nonlinear propagation of CW
ultrasound could produce effects that mimic motion in the Doppler spectrum and confuse
the results [102, 107, 108]. Because the nonlinear propagation produces effects similar to
96

harmonic motion, the frequency range for which motion detection is possible is limited.
This problem can largely be alleviated by using pulse-echo ultrasound and comparison
between consecutive echoes to detect the motion of harmonically vibrating scatterers.
Ultrasound radiation force can be characterized as either static or dynamic. A
static radiation force can be generated with continuous wave ultrasound. In the acoustic
radiation force impulse imaging method (ARFI), a quasi-static radiation force can be
generated using toneburst of ultrasound [36] where the tissue is pushed in a static manner
and then the tissue relaxes. Dynamic radiation force can be produced by using an
amplitude modulated ultrasound wave or by the interaction of two ultrasound beams
separated by a small frequency difference [34, 57]. Another method to produce dynamic
radiation force is to use gated tonebursts of amplitude modulated ultrasound [109].
To perform motion detection in the ARFI method, the radiation force “push”
pulse is transmitted and then the scanner switches to B-mode imaging using pulse-echo
ultrasound [36]. The raw radiofrequency (RF) data is then used to perform crosscorrelation to estimate the displacement of the tissue. The push pulse is then repeated at
other positions and the motion tracking ensues from the corresponding radiation force
application. The pushing pulse never occurs while motion tracking is being performed.
Localized harmonic motion imaging, proposed by Konofagou, et al., uses either
amplitude modulated ultrasound or the interaction of two ultrasound beams to produce
dynamic radiation force and a separate transducer confocal with the transducer(s)
producing the radiation force is used to perform pulse-echo ultrasound for motion
detection [38]. Since motion detection is performed simultaneously with radiation force
excitation, the radiation force is produced using ultrasound at 2.27 MHz and the pulse-
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echo motion detection is performed at 1.1 MHz so that signals from the radiation force
could be separated from those used for motion tracking.
Michishita, et al., proposed using gated tonebursts of amplitude modulated
ultrasound to produce dynamic radiation force. In between these excitation tonebursts,
pulse-echo ultrasound was performed to detect the induced motion. In their study,
separate 5.0 MHz transducers were used for radiation force excitation and motion
detection [109].

5.3 Harmonic Pulsed Excitation

Harmonic pulsed excitation (HPE) is a new method that combines attributes of
ARFI and the method proposed by Michishita and his colleagues. In this method, gated
tonebursts of ultrasound are applied in a repetitive manner to produce a dynamic
radiation force. In between the tonebursts, pulse-echo ultrasound is performed to obtain
radio-frequency (RF) data to be used for motion detection. This method does not require
amplitude modulation of the ultrasound which eliminates the need for a modulating
signal. Another, attribute is that radiation force excitation and motion detection can be
performed with the same transducer as in the ARFI method.
A timing diagram of the method is shown in Figure 5.1. The transmission of the
ultrasound tonebursts for radiation force excitation is shown in Figure 5.1(a) and the
radiation force waveform is shown in Figure 5.1(b). The gates for the transmitted and
received pulses for motion tracking are Figures 5.1(c)-(d). The excitation tonebursts have
length Tb and are repeated at a rate of fr, where fr = 1/Tr. The motion detection pulses are
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transmitted with a pulse repetition frequency of fprf where fprf = 1/Tprf. There may also be
a delay, td, for the onset of the transmission of the motion detection pulses.

Tr

Tb
(a)

(b)
td

Tprf
(c)

(d)

Figure 5.1—Timing diagram for harmonic pulsed excitation and pulses used for motion tracking. (a)
Ultrasound tonebursts with length Tb and repetition period of Tr, (b) Radiation force produced by
ultrasound tonebursts, (c) Transmission gate for ultrasound tracking pulses with an onset delay of td and
repetition period of Tprf, (d) Reception gate for echoes of transmitted tracking pulses.

The radiation force function for this type of excitation is proportional to a lowpass filtered version of the square of the ultrasound pressure, so the function becomes a
rectified rectangular pulse train as shown in Figure 5.2 for fr = 200 Hz and Tb = 200 μs.
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Figure 5.2—Harmonic pulsed excitation transmission with fr = 200 Hz and Tb = 200 μs, (a) Ultrasound
pressure amplitude, (b) Radiation force function.

Using Bracewell’s conventions, we can describe this radiation force function, f(t),
as the convolution of an impulse train, III(t), with a time-offset rectangle function, II(t),
[110]
⎛ t − Tb / 2 ⎞
f ( t ) = f r III ( f r t ) ⊗ a II ⎜
⎟,
⎝ Tb ⎠

(5.1)

where a is the radiation force amplitude, which for this derivation will be unity and ⊗
indicates convolution. The radiation force function can be simplified as
F ( f ) = af rTb

∞

∑e

n =−∞

− iπ Tb nf r

sinc (Tb nf r ) δ ( f − nf r ) ,

(5.2)

and a full derivation of the radiation force function is found in Appendix 2.
A few things should be noted about the spectrum described in (5.2). First, there
are components at all multiples of fr. Therefore, this method is a multifrequency
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excitation method. The velocity or displacement at vibration frequencies fv = nfr can be
analyzed with the method detailed in Chapter 4 by processing the data with the Kalman
filter and choosing an appropriate vibration frequency input. Secondly, the magnitude of
those components is modulated by a sinc shaped envelope with zeros at frequencies that
are multiples of 1/Tb. The magnitude spectrum for the radiation force function in Figure
5.2(b) is shown in Figure 5.3.

Figure 5.3—Magnitude spectrum for HPE transmission with fr = 200 Hz and Tb = 200 μs.

5.3.1 Harmonic Pulsed Excitation Experiment

To verify the shape of the radiation force function and its spectrum, an experiment
was performed. The ultrasonic pressure from the transducer was measured from a twoelement confocal 3.0 MHz transducer with outer diameter of 45 mm and a focal length of
70 mm. The two elements were driven with the same signal. The pressure was measured
using a needle hydrophone (NTR Systems, Seattle, WA) in a large water tank. The needle
hydrophone was placed at the focus of the transducer for these pressure measurements.
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A HPE sequence was used with fr = 500 Hz and Tb = 200 μs. The radiation force
is proportional to the intensity of the ultrasound beam which is proportional to the square
of the pressure. To find the low-frequency radiation force, the squared pressure waveform
was low-pass filtered and its frequency spectrum was calculated. These waveforms are
shown in Figure 5.4. The spectrum of the measured radiation force function is compared
with a theoretical calculation using the given parameters, fr and Tb. Figure 5.5 shows the
differences in the spectrum of using tonebursts with Tb = 100 μs. The two spectra are
normalized with respect to the maximum value in the spectrum for the Tb = 200 μs.

Figure 5.4—Measured pressure and radiation force for HPE with fr = 500 Hz and Tb = 200 μs, (a) Pressure
amplitude, (b) Radiation force function.
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Figure 5.5—Measured and calculated normalized magnitude spectrum of radiation force function for HPE
with fr = 500 Hz μs, (a) Tb = 200 μs, normalized to maximum value, (b) Tb = 100 μs, normalized to
maximum value measurements for Tb = 200 μs.

5.3.2 Harmonic Pulsed Excitation Experimental Results

The results in Figure 5.4 show that there is some reverberation between the
transducer and needle hydrophone, extending the toneburst length to be longer than
specified. However, the amplitude is reduced during the reverberation. There is the
presence of a standing wave that increases the amplitude of the pressure slightly for the
second 100 μs of the toneburst. Figures 5.4 and 5.5 show that the measured results match
very well with the theoretical calculations of the radiation force function. Figure 5.5
shows that when the toneburst length is decreased by a factor of two, the magnitude of
the radiation force function is reduced by a factor of two as (5.4) predicts. Also, the zero
positions of the sinc function occur at different frequency positions. For Tb = 200 μs, the
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zeros occur at multiples of 5.0 kHz, and in the case of Tb = 100 μs, the zeros occur at
multiples of 10.0 kHz.

5.4 Motion Detection Experiment

To assess the performance of the HPE and motion detection methods, an
experiment was performed. The target for this experiment was a 440-C stainless steel
sphere of diameter 1.59 mm embedded in a gelatin phantom made using 300 Bloom
gelatin powder (Sigma-Aldrich, St. Louis, MO) with a concentration of 10% by volume.
A preservative of potassium sorbate (Sigma-Aldrich, St. Louis, MO) was also added with
a concentration of 10 g/L.
The first part of the experiment included measuring the frequency response of the
sphere in the gelatin phantom. To perform this measurement, two signal generators
(33120A, Agilent, Palo Alto, CA) were used to create continuous wave signals of
frequency f0 and f0 + Δf where f0 = 3.0 MHz and Δf was varied in increments of 50 Hz
over the range 50-1200 Hz. These signals were added together and amplified and applied
to the transducer described in the HPE experiment. The two ultrasound signals were also
mixed, which serves to multiply the signals, and lowpass filtered (fc = 100 kHz) to
provide a reference signal of Δf for a lock-in amplifier (Signal Recovery, Oak Ridge,
TN). The sphere was placed in the focal region of the transducer. The resulting motion
was detected with a Doppler laser vibrometer (Polytec, Waldbronn, Germany) and the
lock-in amplifier. A block diagram of this experimental setup is shown in Figure 5.6.
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Figure 5.6—Experimental setup for sphere frequency response measurements and motion detection with
Doppler laser vibrometer and ultrasound method, (a) Block diagram for measurement of sphere frequency
response. Two signal generators produce CW ultrasound signals at f0 and f0 + Δf which are summed
together, amplified, and used to drive the transducer. The CW signals are used as inputs to a mixer, and the
resulting signal is lowpass filtered and the Δf signal is used as a reference for the lock-in amplifier to
compare against the signal from the Doppler laser vibrometer, (b) Experimental setup for excitation and
measurement of motion of a stainless steel sphere embedded in a gelatin phantom. The 3.0 MHz transducer
creates the radiation force and in a later experiment will also be used to track the motion ultrasonically. The
Doppler laser vibrometer provides a calibrated measurement of the sphere’s motion.

The HPE method was initiated using a trigger signal from a signal generator
producing one cycle of a TTL pulse. This master trigger signal initiated a signal generator
to produce a 20 cycle rectangular pulse train with a frequency of fr = 100 Hz. This pulse
train triggered a signal generator that produced a toneburst of length Tb = 50 or 100 μs.
The voltage amplitude of this toneburst was varied to change the radiation force
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amplitude. The master trigger was also applied to another signal generator (33250A,
Agilent, Palo Alto, CA) to produce a rectangular pulse train with a frequency of fprf. The
value of the fprf was varied during the experiment to assess its effects on the results. For
Tb = 50 μs, fprf = 2.0, 3.0, 4.0, 5.0, and 6.0 kHz, and for Tb = 100 μs, fprf = 2.0, 2.5, 3.0,
4.0, and 5.0 kHz. This pulse train was used as a trigger input to the analog-to-digital
converter (ADC) board in a personal computer. The ADC produced a trigger signal for
every pulse in the pulse train and this triggered a signal generator to generate a three
cycle pulse at 9.0 MHz. The radiation force toneburst and tracking pulse were added
together using a hybrid junction (M/A-COM, Inc., Lowell, MA) and this signal was
amplified with a 40 dB amplifier. This signal passed through a diode bridge to eliminate
low-level noise from the amplifier and through a matching transformer to the transducer.
The echoes were received and filtered with a 3.0 MHz notch filter with a 50% bandwidth
and a 9.0 MHz bandpass filter with 33% bandwidth. The echoes then passed through a
transmit/receive (T/R) switch, amplified by a broadband amplifier and finally filtered by
another 9.0 MHz bandpass filter before being digitized at a sampling frequency of 100
MHz. A block diagram of the experimental setup of HPE and motion detection is shown
in Figure 5.7.
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Figure 5.7—Experimental setup for harmonic pulsed excitation and motion tracking. For the excitation, a
pulse train with frequency fr = 100 Hz is initiated, and each positive pulse triggers a toneburst of ultrasound
at f0 = 3.0 MHz. For the tracking a pulse train at fprf is initiated with specified time delay, td, and each
positive pulse triggers a three cycle pulse at ff = 9.0 MHz to be transmitted. The excitation and tracking
signals are summed together and amplified before being sent to the 3.0 MHz transducer. For tracking, the
gated echoes are filtered with a notch filter centered at 3.0 MHz and a bandpass filter centered at 9.0 MHz
before passing through a transmit/receive (T/R) switch. The signal is amplified and filtered again with a
bandpass filter centered at 9.0 MHz before being sent to the digitizer (A/D).

The pulse-echo motion detection is performed at 9.0 MHz to separate the motion
detection signals from the excitation in frequency. This is possible because the transducer
is air-backed and therefore responds well at its third harmonic. The frequency response,
shown in Figure 5.8, of the transducer was measured using the needle hydrophone after
excitation from a broadband pulser (5050PR, Panametrics, Waltham, MA). With
reference to the peak at 3.0 MHz, the 9.0 MHz frequency component is only attenuated
by 16 dB. This provides enough sensitivity to perform the pulse-echo measurements.
Also, it is advantageous to perform the motion detection using a higher ultrasound
frequency because small displacements can be detected without interpolation or other
computationally expensive signal processing. Another group has reported performing a
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similar technique using a phased array and performed radiation force excitation at 1.1
MHz and tracked the motion near the fifth harmonic (4.86 MHz) [111].

Figure 5.8—Frequency response of 3.0 MHz transducer excited by broadband pulse.

A representative sample of the echo data is shown in Figure 5.9. The vibration
signal derived from the data in Figure 5.9 is shown in Figure 5.10. It is observed that the
displacement response has a very short rise time, the sphere oscillates and the amplitude
decays to rest until another excitation pulse is applied. Also, there is a 180° change
between the measurements made by the laser and the ultrasound method because the
phase is being measured on opposite sides of the sphere. This relationship will be used to
assess phase bias.
For each toneburst length and each voltage level for the excitation toneburst, the
laser vibrometer signal was digitized at sampling frequency Fs = 100 kHz preceded by an
anti-aliasing filter with a cutoff frequency of 20 kHz. This measurement was performed
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because in the experiment the laser vibrometer signal will be sampled at the fprf used for
the ultrasound based measurements. At these values of fprf, aliasing may occur in the
measurements, so the measurements with a sampling frequency of 100 kHz insures
minimal to no aliasing.
It was found through experimentation that a bandpass filter implemented before
the Kalman filter was beneficial in obtaining better results.

Figure 5.9—Representative received echo data from the stainless steel sphere for HPE with fr = 100 Hz and
Tb = 100 μs.
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Figure 5.10—Velocity of sphere measured by Doppler laser vibrometer and ultrasound based motion
detection, (a) Velocity measured by laser vibrometer, (b) Velocity measured with ultrasound based motion
detection.

To process, the data a windowed version of the displacement signal is used as the
input to the Kalman filter. However, when a rectangular window is used, the starting
sample of the window can cause large amounts of variation in the answer. Therefore, a
Hann window has been employed to window the processing window. The use of the
Hann window decreases the strength of the signal by a factor of two as given by the
equation for a Hann window,
⎧1 ⎡
⎛ 2π n ⎞ ⎤
⎪ ⎢1 + cos ⎜
⎟⎥ ,
w [ n] = ⎨ 2 ⎣
⎝ 2M + 1 ⎠ ⎦
⎪
0
,
⎩

−M ≤n≤ M

.

(5.3)

otherwise

As a result the final displacement result acquired after the Kalman filter is multiplied by
two. An example of the variation of the results with rectangular and Hann windowing is
shown in Figure 5.11 for Tb = 100 μs, fv = 100 Hz, and fprf = 2.0 kHz.
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Figure 5.11—Influence of windowing of displacement signal and the starting sample of the window. The
results for the laser are shown in red squares and the ultrasound based results are shown with blue circles.
The black dashed line indicates the measurement made by the laser with Fs = 100 kHz. The rectangular
windowed results are shown by solid lines, and the Hann windowed results are shown with dash lines.

5.4.1 Parameter Analysis

To assess the effects of different parameters on the results, different variations of
experimental parameters were performed. Results for the two different values of Tb will
be shown and compared. Since different values of applied voltage for the excitation
toneburst were used, the results can be compared versus the radiation force applied. For
the purposes of reporting the results, the radiation force will be normalized based on the
maximum force produced by the highest voltage setting used and denoted as F0. For each
value of Tb, the value of fprf was varied to explore the differences in the results. Also, for
each value of Tb, the value of Ts, the length of the temporal window used for analysis in
slow time was varied, such that the product NcNp was constant where Nc is the number of
cycles analyzed and Np is the number of samples per vibration cycle. For example if Ts =
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50 ms, fv = 100 Hz, fprf = 4.0 kHz, then Nc = 5 and Np = 40 and NcNp = 200. If fv is
increased to 200 Hz, and all other values are not changed, Np = 20 but Nc = 10 because
twice as many cycles of vibration will occur in the same slow time window and NcNp =
200. With this understanding of the parameter analysis, we can compare the results from
the experiment with the simulation results in Chapter 4. For the parameter analysis, the
default values for analysis are F0 = 1, fv = 200 Hz, fprf = 4.0 kHz.

5.5 Motion Detection Experimental Results

The displacement frequency response of the sphere is shown in Figure 5.12. The
response shows a resonance at 300 Hz, and exhibits a bandpass nature as the
displacement magnitude decreases with higher frequencies. Figure 5.13 compares the
ultrasound based displacement versus the measured laser displacement for Tb = 50, 100
μs. Regression lines were calculated for each case and the slopes were 0.9808 and 1.0021
for Tb = 50, 100 μs, respectively. These slopes indicate good correlation between the
values measured with the ultrasound method and the gold standard provided by the laser
vibrometer. The regression lines appear to have a knee only because of the logarithmic
plotting scales. At around the 100 nm, the data points start to deviate from the regression
line. This represents a lower threshold for accurate measurement.
Sample data plotted versus normalized force for the default cases of analysis are
shown in Figure 5.14, where the data points are the average of five measurements and the
error bars represent one standard deviation. The error bars in the phase plots only
increase for low values of force indicating a loss in the ability to make repeatable
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measurements. This provides a good metric to assess the lower threshold of accurate
detectability.
The phase estimates had to be corrected for a frequency dependent phase shift
because of the constant time delay associated with wave propagation between the
transducer and sphere.

Figure 5.12—Displacement frequency response of 1.59 mm diameter stainless steel sphere in gelatin
phantom.
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Figure 5.13—Comparison of displacement amplitude measured by laser vibrometer and ultrasound based
detection for fv = 200 Hz. Each data point represents the average of five measurements. (a) Comparison for
Tb = 50 μs. The blue regression line has equation y = 0.9808x – 5.3618 with R2 = 0.9998, (b) Comparison
for Tb = 100 μs. The blue regression line has equation y = 1.0021x – 12.7432, R2 = 0.9989.

Figure 5.14—Sample data measured using ultrasound method. Displacement and phase data are plotted
versus normalized force, (a) Displacement, Tb = 50 μs, (b) Phase, Tb = 50 μs, (c) Displacement, Tb = 100
μs, (d) Phase, Tb = 100 μs.
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Figures 5.15 and 5.16 show the displacement and phase bias and jitter for Tb = 50,
100 μs, respectively. The results are plotted versus measured laser displacement for fv =
100, 200, 300, 400 Hz. The results show that displacement bias decreases in
measurements with large displacement amplitudes. The displacement jitter does not
change significantly for Tb = 50 μs but decreases as D0 increases for Tb = 100 μs. The
displacement jitter is on the same order of the displacement bias across all values of
measured displacement amplitude. The phase bias is nearly constant for varying
displacement amplitude for a given vibration frequency. The phase jitter decreases to
very small values as displacement amplitude increases.
Figures 5.17 and 5.18 show the displacement and phase results for Tb = 50, 100
μs, respectively, while varying the normalized radiation force. For Tb = 50 μs, the
displacement bias is larger for larger radiation force, probably because the displacement
is larger. The displacement jitter, phase bias, and phase jitter do not change significantly
for different levels of applied force. The phase bias exhibits a negative linear trend with
increasing frequency. This increase may be due to decreased motion amplitude at higher
frequencies and a time delay that may not have been accounted for. The phase jitter
increases with increasing frequency. When Tb = 50 μs, the displacement bias and jitter
decrease with lower values of applied radiation force, but the phase bias and jitter do not
change very much.
The value of fprf was varied in Figures 5.19-5.22. As a function of displacement
amplitude, the value of fprf did not significantly affect the results. As a function of
frequency, the use of fprf = 2.0 kHz yielded results with larger displacement and phase
bias for both lengths of the excitation toneburst. In the case where Tb = 100 μs, the
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increase in fprf provided graded differences in the displacement and phase bias. However,
the use of fprf = 4.0 kHz, gave much higher displacement and phase jitter values. This
may be due to interference between the excitation and tracking pulses.
Figures 5.23-5.26 show the results of varying the length of the slow time
processing window. The length of the window was varied to be Ts = 30, 50, 100, 150 ms.
As a function of the displacement amplitude, the displacement and phase bias and jitter
do not vary significantly. Only for the case of Ts = 30 ms, the displacement bias and jitter
was higher compared to the other three values of Ts. When compared over frequency, Ts
= 30 ms yields larger values of displacement bias. There is graded decrease in the
displacement and phase jitter as the value of Ts increases. Phase bias seems unaffected by
varying this parameter at low frequencies but shows graded differences at higher
vibration frequencies.

Figure 5.15—Displacement and phase bias and jitter for Tb = 50 μs, F0 = 1, and fv = 100 ({), 200 (), 300
(Δ), and 400 (∇) Hz, (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The
legend in (d) applies to each panel.

116

Figure 5.16—Displacement and phase bias and jitter for Tb = 100 μs, F0 = 1, and fv = 100 ({), 200 (),
300 (Δ), and 400 (∇) Hz (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The
legend in (d) applies to each panel.

Figure 5.17—Displacement and phase bias and jitter for Tb = 50 μs, fv = 200 Hz, and F = F0 ({), F0/2 (),
F0/4 (Δ), and F0/8 (∇), (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The
legend in (d) applies to each panel.
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Figure 5.18—Displacement and phase bias and jitter for Tb = 100 μs, fv = 100 Hz, and F = F0 ({), F0/2
(), F0/4 (Δ), and F0/8 (∇), (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter.
The legend in (d) applies to each panel.

Figure 5.19—Displacement and phase bias and jitter for Tb = 50 μs, F0 = 1, fv = 200 Hz, and fprf = 2.0 ({),
3.0 (), 4.0 (Δ), 5.0 (∇), and 6.0 (◊) kHz, (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d)
Phase jitter. The legend in (d) applies to each panel.
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Figure 5.20—Displacement and phase bias and jitter for Tb = 100 μs, F0 = 1, fv = 200 Hz, and fprf = 2.0 ({),
2.5 (), 3.0 (Δ), 4.0 (∇) kHz, (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter.
The legend in (d) applies to each panel.

Figure 5.21—Displacement and phase bias and jitter for Tb = 50 μs, F0 = 1, fv = 200 Hz, and fprf = 2.0 ({),
3.0 (), 4.0 (Δ), 5.0 (∇), and 6.0 (◊) kHz, (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d)
Phase jitter. The legend in (d) applies to each panel.
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Figure 5.22—Displacement and phase bias and jitter for Tb = 100 μs, F0 = 1, fv = 200 Hz, and fprf = 2.0 ({),
2.5 (), 3.0 (Δ), 4.0 (∇) kHz, (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter.
The legend in (d) applies to each panel.

Figure 5.23—Displacement and phase bias and jitter for Tb = 50 μs, F0 = 1, fv = 200 Hz, and Ts = 30 ({),
50 (), 100 (Δ), and 150 (∇) ms, (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase
jitter. The legend in (d) applies to each panel.
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Figure 5.24—Displacement and phase bias and jitter for Tb = 100 μs, F0 = 1, fv = 200 Hz, and Ts = 30 ({),
50 (), 100 (Δ), and 150 (∇) ms, (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase
jitter. The legend in (d) applies to each panel.

Figure 5.25—Displacement and phase bias and jitter for Tb = 50 μs, F0 = 1, fv = 200 Hz, and Ts = 30 ({),
50 (), 100 (Δ), and 150 (∇) ms, (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase
jitter. The legend in (d) applies to each panel.
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Figure 5.26—Displacement and phase bias and jitter for Tb = 100 μs, F0 = 1, fv = 200 Hz, and Ts = 30 ({),
50 (), 100 (Δ), and 150 (∇) ms, (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase
jitter. The legend in (d) applies to each panel.

5.6 Discussion

Harmonic pulsed excitation is an effective method to provide multifrequency
radiation force excitation. With an analytic description, the method can be tailored to
experimental situations and the radiation force function can be accurately estimated as
shown by the results in Figures 5.4 and 5.5.
The HPE method could also be used to produce images acquired using the ARFI
method by evaluating the response for the first pulse of the pulse sequence. However, this
assumes that fr is low enough to provide relaxation of the object or tissue so that analysis
of the relaxation may be performed.
Along with the newly characterized excitation method, motion detection has been
performed at multiple frequencies with the same data. This provides the prospect for
dispersive measurements for applications that require such measurements. Figure 5.13
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shows that the results from the ultrasound based method provide results close to those
measured by a laser vibrometer. This comparison provides confidence in the
measurements made in the rest of the experiment.
A parameterized analysis of the method with experimental data was performed. A
few general conclusions can be made from this analysis. The displacement bias and phase
jitter decreased with increased value of displacement amplitude. The displacement bias
seemed to be sensitive to the amount of radiation force used. An increased value of fprf
led to decreases in the displacement and phase bias and jitter. The use of longer slow time
processing windows lowered the displacement and phase jitter values in a graded fashion,
but overall, the error was not sensitive to this parameter. These conclusions agree with
those made in Chapter 4 in that an increase in D0 lowered the phase jitter, an increase in
Np decreased the displacement and phase bias and jitter, and an in increase in Nc caused a
decreased in the displacement and phase jitter values.
There are a few sources of error that may be encountered using HPE and
ultrasound based motion detection on a reflective target. First, there is the risk of aliasing.
If there is significant motion at high frequencies and the value of fprf is low, then motion
information from frequencies above the Nyquist sampling limit, fprf/2, could alias down to
corrupt the information at frequencies of interest. This can be prevented by increasing fprf
and/or reducing the radiation force used. When varying the value of fprf, it was found that
fprf = 2.0 kHz yielded results much different from those with higher values of fprf. Aliasing
errors may have been a factor since the Nyquist frequency in this case would only by 1.0
kHz. For most cases in biomedical applications, there is a viscous component to the tissue
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that acts as a low-pass filter, which essentially makes the tissue a physical anti-aliasing
filter.
McAleavey, et al., have reported that in ARFI imaging measurement bias of the
displacement can occur because of beam shapes used for excitation and motion detection
[112]. They model the beam shapes with Gaussian functions and describe how only an
average displacement estimate will be gained based on how much of the tracking beams
intercepts the excitation beam. If the tracking beam is wide with respect to the excitation
beam, then more decorrelation or bias will result in the measurements. Ideally, the
tracking beam should be much thinner with respect to the excitation beam so that the
tracking beam only intercepts the peak displacement of the scatterer(s). In this
experiment, the full width at half maximum (FWHM) of the excitation beam is 0.80 mm
and the FWHM of the tracking beam is 0.365 mm. These differences in the FWHM are
accomplished with the same aperture, but the excitation beam is created using 3.0 MHz
ultrasound while the tracking beam uses 9.0 MHz ultrasound, resulting in the decrease in
the size of the beam.
Using, the results from McAleavey, et al., with a ratio of excitation to tracking
width of Wx = Wy = 2.19, we should expect that the best results attainable would be
tracking 92% of the peak displacement or would have at the least an 8% error [112].
However, the results presented in this chapter show that the motion detection method can
obtain errors less than this theoretical threshold. The reflective spherical target serves to
scatter the ultrasound from the tracking pulses directly back to the transducer and
effectively decreases the tracking FWHM such that the motion detected using the
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ultrasound method is closer to the peak displacement as measured by the laser
vibrometer.
One glaring error is the large phase bias that occurs with increasing frequency.
The fact that the bias increases with frequency, linearly in most cases, leads us to believe
that some systematic error in processing or data acquisition may be present. The laser
signal was filtered with a low-pass Bessel filter with a cutoff frequency of 20.0 kHz,
which would produces a linear phase shift with a 5.7° bias at 1.0 kHz, [113]. The linear
nature of the remaining phase bias may indicate a constant time delay in the processing
electronics that could not be identified.

5.7 Conclusion

Harmonic pulsed excitation was introduced as a multifrequency radiation force
excitation method that allows motion detection tracking to be implemented easily
between excitation tonebursts. Motion detection results show that motion can measured
with low displacement and phase bias and jitter. A parameterized analysis provided
insight on how to optimize acquisition of the displacement data for minimization of
errors.
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Chapter 6
Harmonic Motion Detection in a Vibrating Scattering Medium
If I have seen further it is by standing on the shoulders of giants.
Isaac Newton

6.1 Introduction

For the development of dynamic radiation force excitation and motion detection
for biomedical applications, implementation in a scattering medium must be considered.
Chapters 4 and 5 demonstrated a theoretical model, signal processing methods, and the
use of harmonic pulsed excitation (HPE) and simultaneous motion detection using pulseecho ultrasound to measure the motion of a vibrating reflective target. While this may be
a good model for applications such as vessels and nondestructive evaluation, it is not
adequate for analysis of most soft tissues. Therefore, the motion detection model for a
single reflective target is extended to accommodate a volume of diffuse scatterers.

6.2 Background

There has been significant study in the ultrasound field in understanding how
scatterers in tissue give rise to the signature speckle seen in diagnostic ultrasound images
[114, 115]. To understand this process, algorithms have been devised to simulate the
speckle that results from insonification of a group of scatterers [115, 116]. For the
purposes of the presented model, the scatterers are uniformly distributed within a volume
with unity reflectivity. The density of the scatterers is specified as scatterers per
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resolution cell, where the resolution cell of the ultrasound beam is defined as the volume
encompassed by the ultrasound beam that has magnitude -6 dB below the peak value.
To achieve fully developed speckle, that is, speckle with a signal-to-noise ratio of
1.91, Palmeri, et al., demonstrated that a minimum of 11 scatterers/resolution cell volume
was necessary [103].
As was mentioned in Chapter 5, McAleavey, et al., have reported that in acoustic
radiation force impulse (ARFI) imaging measurement bias of the displacement can occur
because of the beam shapes used for excitation and motion detection [112]. McAleavey
and his colleagues modeled the beam shapes as two-dimensional Gaussian functions, and
made the argument that the tracking beam samples a finite amount of the motion created
by the excitation beam. However, because this distribution is not uniform, some
averaging will occur and measured result will be less than the peak displacement. When
the tracking beam is wide with respect to the excitation beam, then more decorrelation or
negative bias will result in the measurements. Ideally, the tracking beam would be much
thinner with respect to the excitation beam so that the tracking beam only intercepts the
peak displacement of the scatterer(s).
In this model, the beam shape dimensions in the azimuthal and elevation or x- and
y-directions are considered. They assume that axially, or in the z-direction, the excitation,
and therefore the motion will be constant. This however, will not be the case in practice
as the excitation beam’s magnitude will vary with axial distance.
The beam shapes can be characterized by the full width at half maximum
(FWHM) in each dimension for both the excitation and tracking beams. The FWHM of
the excitation beam is scaled to fit a Gaussian model. In the x-, y-, and z-directions, the
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excitation beam parameters will be denoted as Ex, Ey, and Ez. Likewise, tracking beam
parameters in the x-, y-, and z-directions will be denoted as Tx, Ty, and Tz. McAleavey, et
al., compares the size of the excitation and tracking beams using a ratio where Wi = Ei/Ti,
and i = x, y, or z. For the circular, 3.0 MHz transducer used for experiments with 45 mm
diameter and focal length of 70 mm, Ex = Ey = 0.17 mm and Ez = 1.80 mm, which
correspond to FWHM values of 0.80, 0.80, and 8.48 mm in the x-, y-, and z-directions.
Since tracking pulses are transmitted at 9.0 MHz using the same transducer, Tx = Ty =
0.078 mm and Tz = 0.83 mm, which corresponds to FWHM values of 0.365, 0.365, and
3.89 mm in the x-, y-, and z-directions. For these beam shape parameters, Wx = Wy = 2.19
and Wz = 2.18.
McAleavey, et al., derived an analytic formula describing the effects of different
values of Wx and Wy on the ability to track the peak displacement caused by a radiation
force excitation toneburst. With the values for this transducer, the best results attainable
would be tracking 92% of the peak displacement or at the least an 8% error [112]. With
the addition of the axial beam shape, the error should increase although the error should
only be represented as a displacement bias. The inclusion of the beam shape weighting in
the z-direction is important to completing the model.

6.3 Model of Vibrating Scattering Medium

We can extend the model presented in Chapter 4 to calculate the motion and
resulting echoes obtained from vibrating scatterers where the motion and tracked motion
is weighted by the beam shapes of the excitation and tracking ultrasound beams. Keeping
with the conventions from Chapter 4 concerning fast time, tf, and slow time, ts, we can
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model the first received echo from a volume with N scatterers and the nth scatterer has
position (xn, yn, zn) as
r1 ( t f , ts ) = ∑ I ( xn , yn , zn ) cos (ω0t f + φ f ) ,
N

(6.1)

n =1

where I(xn, yn, zn) is the weighting function for the tracking beam focused at an axial
distance of zF defined as
I ( xn , yn , zn ) = e

−

xn2
y2 ( z − z )
− n − n 2F
2Tx2 2Ty2
2Tz

2

.

(6.2)

The kth echo in the sequence can be written as

(

)

rk ( t f , ts ) = ∑ I ( xn , yn , zn ) cos ω0 ( t f − tk ,n ) + φ f ,
N

n =1

(6.3)

where
tk , n =

2u z ,k ( xn , yn , zn )
c

u z ,k ( xn , yn , zn ) = A ( kts ) e

−

xn2
2 Ex2

,

−

(6.4)
yn2

2 E y2

−

( zn − z F )2
2 Ez2

,

A ( kts ) = D0 sin ( kωs ts + φs ) .

(6.5)
(6.6)

Equation (6.4) describes the time delay of the kth echo encountered for the nth
scatterer and c is the longitudinal speed of sound in the medium. The function uz,k(xn, yn,
zn) is the weighting function for the excitation and A(kts) is the vibration amplitude with
displacement amplitude D0, phase φs, at frequency ωs for the kth echo.
The cross-spectral analysis proposed by Hasegawa and Kanai [55] and the
Kalman filter for harmonic motion described by Zheng, et al. [87] is used for analysis of
the echoes and extraction of the displacement amplitude and phase.
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6.4 Parameterized Model Analysis

To evaluate the effects of different parameters on the results of motion detection
in a scattering medium, a parameterized analysis was performed. The default parameters
for the parameter study are listed in Table 6.1. The displacement amplitude will varied to
values of D0 = 100, 500, 1000, 5000, 10000 nm. The number of cycles of vibration used
in the analysis will be varied to values of Nc = 3, 5, 10, 15, 20. The number of points
sampled per vibration cycle will be varied to values of Np = 5, 10, 15, 20, 25, 30. The
number of scatters/resolution cell volume was varied to values of Ns = 11, 16, 21, 27, 33.
The gate length was varied to lg = 0.5, 1.0 mm. The sampling frequency of the echoes
was varied to Fs = 50, 100 MHz. The bandwidth of the tracking beam was varied to BW
= 6.5, 20.0, 40.0%. The beam shape parameters, Wx, Wy, were varied from 0.1-10 and Wz,
were varied to Wz = 0.1, 0.5, 1.0, and 2.18.
Table 6.1 – Parameter Study Default Parameters
D0

φs

Nc
Np
fv
ff
Fs
BW
lg
c
Ns
Ex
Ey
Ez
Tx
Ty
Tz
xv
yv
zv
N

Displacement amplitude
Vibration phase
Cycles of vibration
Sampled points per vibration cycle
Vibration frequency
Ultrasound frequency
Sampling frequency
Transducer bandwidth
Gate length
Speed of sound
Scatterers/resolution cell volume
Excitation beam width in x direction
Excitation beam width in y direction
Excitation beam width in z direction
Tracking beam width in x direction
Tracking beam width in y direction
Tracking beam width in z direction
x dimension of scattering volume
y dimension of scattering volume
z dimension of scattering volume
Iterations

1000 nm
0°
5
20
200 Hz
9.0 MHz
100 MHz
6.5%
1.0 mm
1540 m/s
11
0.17 mm
0.17 mm
1.80 mm
0.078 mm
0.078 mm
0.83 mm
1.0 mm
1.0 mm
5.0 mm
1000
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6.5 Parameterized Model Results

Figures 6.1 and 6.2 show the displacement and phase results for the default
conditions in Table 6.1, respectively. Each data point represents the mean and the error
bars represent one standard deviation. The black dashed line is the target value. As SNR
increases the displacement estimates level out to a constant value and the error bar height
decreases. For the phase, the same occurs, but no bias is evident in the results.
Figure 6.3 shows the results of varying the displacement amplitude. The
displacement bias and jitter decrease as D0 decreases. The phase bias and jitter decrease
as the displacement amplitude increases. Figure 6.4 shows the effects of varying the
number of vibration cycles used for the motion detection. Displacement bias and jitter
decrease as Nc increases. The phase bias and jitter is not affected significantly by this
parameter. In Figure 6.5, the variation of the number of points sampled per vibration
cycle shows that an increase in Np decreases the displacement bias but increases the
displacement jitter while having minimal effects on changing the phase bias and jitter.
As the results in Figure 6.6 show that increasing the number of scatterers
contained in a resolution cell volume decreases the error in the displacement and phase
estimates. Figure 6.7 shows that lengthening the processing gate improves the
displacement and phase results. Increasing the sampling frequency of the echoes also
improves the displacement and phase results as shown in Figure 6.8. Figure 6.9 shows
that increasing the bandwidth of the tracking beam increases the error significantly for
both the displacement and phase.
Figures 6.10-6.13 show the normalized displacement, displacement jitter, phase
bias, and phase jitter while varying Wx, Wy, and Wz. An 11 x 11 grid of Wx and Wy was
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simulated with 100 iterations for each point. The results were interpolated to a 101 x 101
grid for display purposes. The normalized displacement is referenced to D0 = 1000 nm.
As was shown by McAleavey, et al. [112], as Wx and Wy increase the normalized
displacement increase and the displacement jitter, phase bias, and phase jitter decrease. It
was also shown that as Wz increases, the same trends occur as for increases in Wx and Wy.
For the case Wx = Wy = 2.19, which describe the parameters for the experimental
implementation, the normalized displacement is approximately 0.73, which is very close
to the results found through the other simulations. The phase bias and jitter are less than
5° for values of Wz as low as 0.5.

Figure 6.1—Displacement results for default conditions in Table 6.1. Each data point represents the mean
and the error bars represent one standard deviation. The black dashed line is the target value of D0 = 1000
nm.
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Figure 6.2—Phase results for default conditions in Table 6.1. Each data point represents the mean and the
error bars represent one standard deviation. The black dashed line is the target value of φs = 0°.

Figure 6.3— Displacement and phase bias and jitter for D0 = 100 ({), 500 (), 1000 (Δ), 5000 (◊), and
10000 (∇) nm, (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in
(b) applies to each panel.
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Figure 6.4— Displacement and phase bias and jitter for Nc = 3 ({), 5 (), 10 (Δ), 15 (◊), and 20 (∇), (a)
Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in (b) applies to each
panel.

Figure 6.5—Displacement and phase bias and jitter for Np = 5 ({), 10 (), 15 (Δ), 20 (◊), 25 (∇), and 30
(*), (a) Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in (b) applies
to each panel.
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Figure 6.6—Displacement and phase bias and jitter for Ns = 11 ({), 16 (), 21 (Δ), 27 (◊), and 33 (∇), (a)
Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in (b) applies to each
panel.

Figure 6.7—Displacement and phase bias and jitter for lg = 0.5 ({) and 1.0 () mm, (a) Displacement bias,
(b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in (b) applies to each panel.
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Figure 6.8—Displacement and phase bias and jitter for Fs = 50 ({) and 100 () MHz, (a) Displacement
bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in (b) applies to each panel.

Figure 6.9—Displacement and phase bias and jitter for BW = 6.5 ({), 20.0 (), and 40.0 (Δ) %, (a)
Displacement bias, (b) Displacement jitter, (c) Phase bias, (d) Phase jitter. The legend in (b) applies to each
panel.
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Figure 6.10—Normalized displacement results for variations of Wx, Wy, and Wz. (a) Wz = 0.1, (b) Wz = 0.5,
(c) Wz = 1.0, (d) Wz = 2.18.

Figure 6.11—Displacement jitter results for variations of Wx, Wy, and Wz. (a) Wz = 0.1, (b) Wz = 0.5, (c) Wz
= 1.0, (d) Wz = 2.18.
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Figure 6.12—Phase bias results for variations of Wx, Wy, and Wz. (a) Wz = 0.1, (b) Wz = 0.5, (c) Wz = 1.0, (d)
Wz = 2.18.

Figure 6.13—Phase jitter results for variations of Wx, Wy, and Wz. (a) Wz = 0.1, (b) Wz = 0.5, (c) Wz = 1.0,
(d) Wz = 2.18.
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6.6 Parameterized Model Discussion

The variation of displacement amplitude showed that as D0 increases, the
displacement bias and jitter increased. This agrees with expected results as the
decorrelation due to different beam shapes dictated that the maximum detected amplitude
would be less than 92% of the peak value. In these simulations at high SNR, the percent
error turned out to be 26.6 ± 13.2 %. If we just take into account the bias, the inclusion of
the weighting of the excitation and tracking beam in the z-direction provides amplitude
estimates that are 73.4 % of the peak amplitude. Palmeri, et al., reported that in studies
involving finite element simulations of displacement induced by radiation force, that
ultrasonic tracking of the motion could only achieve displacement estimates that were
between 50-75% of the maximum amplitude [103]. The results from this simulation study
fall at the higher range of those results which holds promise for this method being
implemented in a scattering medium such as tissue.
As in the results in Chapter 4 for the reflective target, increasing Nc served to
decrease the displacement bias and jitter. However, in the scattering medium increasing
Np decreased the displacement bias but increased the displacement jitter whereas in the
model for the reflective target, both the bias and jitter decreased.
As the density of the scatterers was increased, the error decreased for both the
displacement and phase. Experimentally, this means that tissues with increased density of
scatterers will provide a better medium for motion tracking. However, this increase in
scatterer density may increase the attenuation, leading to lower radiation force for
inducing motion.
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Increasing parameters such as the processing gate length and sampling frequency
decreased the error in the results. The longer processing gate takes into account the
contributions from more scatterers and a longer section of the echoes to perform the
cross-spectral analysis. Other studies have shown that lengthening the processing gate for
motion detection can improve the displacement bias and jitter [49, 103, 105]. The
increased sampling frequency also provides for higher temporal resolution for correlative
analysis between consecutive echoes. A study by Pinton and Trahey showed that
increasing the sampling rate through interpolation and then using cross-correlation could
decrease the displacement bias and jitter [53].
The increase in the transducer bandwidth increased the error present in the results.
This may be due to increased resolving of the scatterers, providing echoes that were not
suitable for use in tracking motion. Another explanation is that the larger bandwidth
allows more noise into the signal and corrupts the phase shift estimation and ultimately
the amplitude and phase results.
The analysis of variation of the beam shapes can apply to any transducer that
produces point-spread functions that can be modeled as three-dimensional Gaussian
function. It was found that even as Wz increased, the normalized displacement could only
achieve at most 73% of the peak value whereas with McAleavey’s theoretical
development that ignored the variation of Wz predicted that 92% of the peak displacement
could be obtained with Wx = Wy = 2.19. It was found but not shown that as Wz was
increased to 5 and 10, that the results did not change significantly from those with Wz =
2.18. The phase bias and jitter were not as sensitive to Wz and remained relatively
constant for Wz greater than or equal to 0.5.
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This simulation model provided insights into implementing motion detection for
use in tissue after radiation force excitation. Accurate displacement results will not be
possible due to the weighting of the beam shapes. However, displacement could still be
used in model-based approaches with this limitation taken into account.
In applications involving shear wave speed estimation, this model can also be
useful. Shear wave speed of a harmonic shear wave can be calculated after measuring the
phase at two different locations. This model provides insights on how to minimize the
phase bias and jitter in the estimates. The most important parameter for optimizing phase
estimation is to increase the displacement amplitude.
The simulation model at present assumes a stationary system. However, in an in
vivo setting there will be physiological motion due to the beating heart, pulsatile blood
flow in tissue, and breathing. These gross motions are much larger than the small motion
that we are trying to detect. Zheng, et al. has proposed modifications to the Kalman filter
used to address these concerns and even with large gross motion and acceleration, the
small displacement amplitude and the vibration phase was recovered [117].

6.7 Conclusion

The model of a vibrating scattering medium has direct application to modeling
motion detection in tissue. A parameterized analysis was performed to assess the effects
of different parameters had on the vibration displacement and phase results. The use of
excitation and tracking beam shapes introduced a bias in the displacement results. The
phase errors were decreased by increasing the displacement amplitude. This model
provides a platform for testing different experimental settings with different parameters.
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Chapter 7
Experimental Harmonic Motion Detection
in a Vibrating Scattering Medium
The true worth of a researcher lies in pursuing what
he did not see in his experiment as well as what he sought.
Claude Bernard

7.1 Introduction

Chapter 6 provided a model for harmonic motion detection in a scattering
medium. Harmonic pulsed excitation will be used to induce motion in a scattering
medium and the same transducer will be used to track the motion. Experimental results
from implementation of the HPE method in a scattering gelatin and a section of bovine
muscle will be shown. A parameter analysis using these experimental results will be
performed to assess which parameters of the motion detection method provide optimal
results.

7.2 Background

Many research groups that use radiation force or some other excitation method
have used different methods for tracking of the motion induced by a deforming force.
Phase shift [50, 51, 55] and time delay estimation [26, 49, 52, 53] methods have been
utilized in analyzing small amplitude motion in tissue.
In this chapter, we will use the motion detection method described in Chapter 4 to
perform motion detection in tissue and tissue-like phantoms. Experimental evaluation of
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the results found in Chapter 6 will assess how well the model of the vibrating scattering
medium resembles the results obtained in practice.

7.3 Motion Detection Experimental Setup

To assess the performance of the HPE and motion detection methods, two
experiments were performed with different media. The media for the first experiment was
a scattering gelatin phantom made using 300 Bloom gelatin powder (Sigma-Aldrich, St.
Louis, MO) with a concentration of 8% by volume. A preservative of potassium sorbate
(Sigma-Aldrich, St. Louis, MO) was also added with a concentration of 10 g/L. Graphite
scatterers (Sigma-Aldrich, St. Louis, MO) with size < 45 μm were added with a
concentration of 5% by volume.
The media for the second experiment was a piece of beef roast that was cut into
6.5 x 7.0 x 2.5 cm section. The beef muscle was embedded in an agar mixture (BactoTM
Agar, Becton, Dickinson Company, Sparks, MD) made with a concentration of 3% by
volume. Agar was used so that the water temperature in the water tank could be raised to
approximately 37°C to mimic body temperature. Gelatin was not used because of its
lower boiling point.
The HPE method was initiated using a trigger signal from a signal generator
producing one cycle of a TTL pulse. This master trigger signal triggered a signal
generator to produce a 20 cycle rectangular pulse train with a frequency of fr = 100 Hz.
This pulse train triggered a signal generator that would produced a toneburst of length Tb
= 50 or 100 μs. The voltage amplitude of this toneburst was varied to change the
radiation force amplitude. The master trigger was also applied to another signal generator
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(33250A, Agilent, Palo Alto, CA) that produced a rectangular pulse train with a
frequency of fprf. The value of the fprf was varied during the experiment to assess its
effects on the results. For Tb = 50 μs, fprf = 2.0, 3.0, 4.0, and 5.0 kHz, and for Tb = 100 μs,
fprf = 2.0, 2.5, 3.0, and 4.0 kHz. This pulse train was used as a trigger input to the analogto-digital (A/D) converter board in a personal computer. The A/D converter produced a
trigger signal for every pulse in the pulse train and this triggered a signal generator to
generate a three cycle pulse at 9.0 MHz. The radiation force toneburst and tracking pulse
were added together using a hybrid junction (M/A-COM, Inc., Lowell, MA) and this
signal was amplified with a 40 dB amplifier. This signal passed through a diode bridge to
eliminate low-level noise from the amplifier and through matching transformer to the
transducer. The echoes were received and filtered with a 3.0 MHz notch filter with a 50%
bandwidth. The echoes then passed through a transmit/receive (T/R) switch, filtered with
a 9.0 MHz bandpass filter with 33% bandwidth, amplified by a logarithmic amplifier and
finally filtered by another 9.0 MHz bandpass filter before being digitized at a sampling
frequency of 100 MHz. A block diagram of the experimental setup of HPE and motion
detection is shown in Figure 7.1. Diagrams and pictures of the phantoms are shown in
Figure 7.2.
The cross-spectral analysis proposed by Hasegawa and Kanai was applied to the
measured echoes [55]. A bandpass filter was used in software to isolate the information at
the frequency of interest. A Hann windowed version of the displacement signal is used as
the input to the Kalman filter [54]. The use of the Hann window decreases the strength of
the signal by a factor of two so the final displacement result acquired after the Kalman
filter is multiplied by two as was described in Chapter 5.
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Figure 7.1—Experimental setup for harmonic pulsed excitation and motion tracking. For the excitation, a
pulse train with frequency fr = 100 Hz is initiated, and each positive pulse triggers a toneburst of ultrasound
at f0 = 3.0 MHz. For the tracking a pulse train at fprf is initiated with specified time delay, td, and each
positive pulse triggers a three cycle pulse at ff = 9.0 MHz to be transmitted. The excitation and tracking
signals are summed together and amplified before being sent to the 3.0 MHz transducer. For tracking, the
gated echoes are filtered with a notch filter centered at 3.0 MHz before passing through a transmit/receive
(T/R) switch and then filtered with a bandpass filter centered at 9.0 MHz. The signal is logarithmically
amplified and filtered again with a bandpass filter centered at 9.0 MHz before being sent to the digitizer
(A/D).
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Figure 7.2—Experimental setup and phantoms for scattering gelatin and beef experiments, (a)
Experimental setup with 3.0 MHz transducer and gelatin phantom containing suspended graphite particles,
(b) Photograph of bovine muscle embedded in agar block, (c) Photograph of 3.0 MHz transducer held in
water tank above agar block with bovine muscle.

7.4 Parameter Analysis in Scattering Gelatin Phantom

To assess the effects of different parameters on the results, different variations of
experimental parameters were performed. Because different values of applied voltage for
the excitation toneburst were used, the results can be compared versus the radiation force
applied. For the purposes of reporting the results, the radiation force will be normalized
based on the maximum force produced by the highest voltage setting used and denoted as
F0. The value of fprf was varied to explore the differences in the results. Also, the value of
Ts, the length of the temporal window used for analysis in slow time was varied, such that
the product NcNp was constant where Nc is the number of cycles of vibration and Np is the
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number of samples taken for each vibration cycle. For example if Ts = 100 ms, fv = 100
Hz, fprf = 4.0 kHz, then Nc = 10 and Np = 40 and NcNp = 400. If fv is increased to 200 Hz,
and all other values are not changed, Np = 20 but Nc = 20 because twice as many cycles of
vibration will occur in the same slow time window and NcNp = 400. For the parameter
analysis, the default values for analysis are Tb = 50 μs, F0 = 1, fv = 200 Hz, fprf = 4.0 kHz,
and Ts = 100 ms.

7.5 Scattering Gelatin Phantom Results

Figure 7.3 shows the regression of measured displacement versus normalized
force. The regression was performed for the eight highest samples and yielded the
regression equation, y = 3492.3x – 1219.6 with R2 = 0.9778. The samples below 0.4F0 are
results of noise because of low amplitude motion. This provides a lower threshold
between 100 and 200 nm for display of future results.
Figure 7.4 shows the displacement and phase for the default conditions. The data
points represent the mean of five measurements and the error bars represent one standard
deviation of those measurements.
The phase estimates had to be corrected for a frequency dependent phase shift
because of the constant time delay associated with wave propagation between the
transducer and focal region of the transducer.
Figure 7.5 shows the mean and standard deviation of the displacement and phase
measurements for fv = 100, 200, 300, 400 Hz. The mean and standard deviation of the
measurements are reported because there is no reference to compare with for estimates of
bias and jitter. The mean displacement, μd, varies linearly with the normalized force. The
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standard deviation of the displacement, σd, remains relatively constant versus the
normalized force. To evaluate measurement limits, the σd must compared to the value of

μd because when the two metrics are nearly equal, the accuracy of the measurement may
be compromised. The mean of phase, μφ, remains constant versus normalized force for
different values of fv. The mean value of phase is determined by the frequency response
of the gelatin. The standard deviation of phase, σφ, decreases to a constant level as
normalized force increases.
Figure 7.6 shows the mean and standard deviation of the displacement and phase
versus vibration frequency for different values of F = F0, 0.81F0, 0.64F0, 0.49F0. The
mean displacement decreases almost monotonically as frequency increases. For each
frequency, the mean phase measured for different values of F was very close. There is
also a negative trend with frequency for μφ. The σd and σφ remain relatively constant
versus frequency; however, σφ decreases as F increases.
Figures 7.7 and 7.8 shows results for variation of the fprf with values fprf = 2.0, 3.0,
4.0 and 5.0 kHz. The μd, μφ, and σφ results match well for all values of fprf except fprf =
2.0 kHz. This discrepancy may be due to aliasing effects of higher frequency information
being aliased down to lower frequencies. The σd remains fairly constant for all values of
fprf..
Figures 7.9 and 7.10 provide results for variation of the slow time processing
window, Ts = 50, 100, 150, 200 ms. The results for Ts > 100 ms do not vary significantly
indicating that above this threshold, the minimization of error may not be sensitive to this
parameter. Though even for Ts = 50 ms, the results are not drastically different from those
for Ts > 100 ms, but there is some improvement above this threshold.
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Figures 7.11 and 7.12 show results of using different processing gate lengths. The
shorter gate length causes only a slight difference in the results for σd and σφ.

Figure 7.3—Regression of measured ultrasound displacement versus normalized force. The regression line
was computed for the eight highest samples and the resulting equation is y = 3492.3x – 1219.6 with R2 =
0.9778.

Figure 7.4—Displacement and phase results for default conditions of analysis. Data points represent the
mean of five measurements and the error bars represent one standard deviation of those measurements. (a)
Displacement results, (b) Phase results.
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Figure 7.5—Mean and standard deviations of displacement and phase measurements for values of fv = 100
({), 200 (), 300 (Δ), and 400 (∇) Hz, (a) Mean of displacement (μd), (b) Standard deviation of
displacement (σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). The legend in panel (d)
applies to all panels.

Figure 7.6—Mean and standard deviations of displacement and phase measurements for values of F = F0
({), 0.81F0 (), 0.64F0 (Δ), and 0.49F0 (∇), (a) Mean of displacement (μd), (b) Standard deviation of
displacement (σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ).The legend in panel (d)
applies to all panels.
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Figure 7.7—Mean and standard deviations of displacement and phase measurements for values of fprf = 2.0
({), 3.0 (), 4.0 (Δ), and 5.0 (∇) kHz, (a) Mean of displacement (μd), (b) Standard deviation of
displacement (σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ).The legend in panel (d)
applies to all panels.

Figure 7.8—Mean and standard deviations of displacement and phase measurements for values of fprf = 2.0
({), 3.0 (), 4.0 (Δ), and 5.0 (∇) kHz, (a) Mean of displacement (μd), (b) Standard deviation of
displacement (σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ).The legend in panel (d)
applies to all panels.
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Figure 7.9—Mean and standard deviations of displacement and phase measurements for values of Ts = 50
({), 100 (), 150 (Δ), and 200 (∇) ms, (a) Mean of displacement (μd), (b) Standard deviation of
displacement (σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ).The legend in panel (d)
applies to all panels.

Figure 7.10—Mean and standard deviations of displacement and phase measurements for values of Ts = 50
({), 100 (), 150 (Δ), and 200 (∇) ms, (a) Mean of displacement (μd), (b) Standard deviation of
displacement (σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ).The legend in panel (d)
applies to all panels.
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Figure 7.11—Mean and standard deviations of displacement and phase measurements for values of lg = 0.5
({) and 1.0 () mm, (a) Mean of displacement (μd), (b) Standard deviation of displacement (σd), (c) Mean
of phase (μφ), (d) Standard deviation of phase (σφ).The legend in panel (d) applies to all panels.

Figure 7.12—Mean and standard deviations of displacement and phase measurements for values of lg = 0.5
({) and 1.0 () mm, (a) Mean of displacement (μd), (b) Standard deviation of displacement (σd), (c) Mean
of phase (μφ), (d) Standard deviation of phase (σφ).The legend in panel (d) applies to all panels.
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7.6 Scattering Gelatin Phantom Discussion

Motion detection was performed in a gelatin phantom with graphite scatterers a
multiple frequencies. The gelatin had a low-pass characteristic, which served to decrease
errors due to aliasing. Only the data obtained at fprf = 2.0 kHz was much different than
data acquired at higher values of fprf which indicates that aliasing artifacts may have
entered the signals.
A level of the normalized force was established for analysis because the
displacement values did not change below this threshold. A parameterized analysis was
performed with the data to compare with the results in Chapter 6 and optimize
experimental implementation of measurements.
An increase in normalized force increased the mean displacement and reduced the
variations in the phase measurements. As was previously mentioned, the value of fprf did
not change the results significantly except in the case of fprf = 2.0 kHz. The slow time
processing window length served to reduce the standard deviations in the displacement
and phase measurements. Lengthening the processing gate length provided a slight
reduction in the displacement and phase standard deviation.
The displacement standard deviations were relatively constant at different levels
of the normalized force and frequency, and some points were on the same order as the
mean displacement values. The phase standard deviations were fairly low for vibration
with large amplitudes and processed with high fprf and Ts. For these acquisition
parameters, the standard deviation was usually less than 20°.
The results for motion detection in the scattering gelatin phantom agree well with
the results in Chapter 6. The results in Chapter 6 show that by decreasing fprf and
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increasing Ts, which correspond to Np and Nc would decrease the variation or jitter in the
displacement measurements. However, in the scattering gelatin phantom, the σd remains
constant versus normalized force and frequency. In most cases except fprf = 2.0 kHz, the
mean phase values agree across parameter variation which indicates that phase bias is
relatively low. However, this can not be quantified because no reference measurement is
available to compare against as in the measurements with the Doppler laser vibrometer in
Chapter 5. The σφ decreases as the normalized force increases and as frequency decreases
since a lower vibration frequency correlates with larger displacement amplitudes. The
increase of fprf or Ts did not show a consistent trend towards decreasing σφ.

7.7 Bovine Muscle Section Results

Figures 7.13-7.15 shows the regression for Tb = 50, 100, and 200 μs, respectively.
For Tb = 50, 100, and 200 μs, fprf = 4.0, 4.0, and 2.5 kHz, respectively, while F = F0, fv =
200 Hz, and Ts = 100 ms. Regressions were performed with the 9, 11, and 13 highest
samples for Tb = 50, 100, and 200 μs, respectively. When the toneburst length doubled,
the slope of the regression line fitting the data also nearly doubled as expected with
slopes of 409, 812, and 1654 for Tb = 50, 100, and 200 μs, respectively. The threshold at
which the data points level off was between 100 and 200 nm for each toneburst length.
The data points level off because the displacement signal contains too much noise to
make a reliable measurement. The normalized force at which this threshold was reached
decreased as the toneburst length was increased, but the threshold represents a nearly
constant value of force and resulting motion amplitude.
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For a parameterized analysis, the data for Tb = 100 μs was analyzed and
parameters such as normalized force, vibration frequency, fprf, and Ts were varied. Figure
7.16 shows the displacement and phase results for the default conditions with each data
point representing the mean of five measurements and the error bars representing one
standard deviation of the measurements. The phase estimates were corrected for a
frequency dependent phase shift because of the constant time delay associated with wave
propagation between the transducer and focal region of the transducer.
Figure 7.17 shows mean and standard deviations of the displacement and phase
measurements for fv = 100, 200, 300, 400 Hz. The mean displacement, μd, varies linearly
with the normalized force. The displacement amplitude decreases with increasing
frequency, indicating a low-pass filter characteristic. The standard deviation of the
displacement, σd, remains relatively constant versus the normalized force and is reduced
by almost an order of magnitude compared to the scattering gelatin phantom. That
reduction also comes with motion amplitudes that are more than a factor of two less. The
mean phase, μφ, remains at a stable value versus normalized force for different values of
fv. The standard deviation of phase, σφ, decreases as normalized force increases and never
rises above 25°.
Figure 7.18 shows the mean and standard deviation of the displacement and phase
versus vibration frequency for different values of F = F0, 0.81F0, 0.64F0, 0.49F0. The
mean displacement decreases monotonically as frequency increases, indicating that the
beef acts as a low-pass filter for motion. For each frequency, the mean phase measured
for different values of F was very close, except at fv = 1000 Hz. There is also a negative
trend with frequency for μφ. The σd remained relatively constant versus frequency;
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however, σφ increases as frequency increases probably because μd is simultaneously
decreasing to the threshold for accurate detection.
Figures 7.19 and 7.20 shows results for variation of the fprf with values fprf = 2.0,
2.5, 3.0, and 4.0 kHz. The μd results match well for all values of fprf which indicates no
aliasing. The μφ varied with fprf with the results for fprf = 3.0 and 4.0 kHz matching well
while fprf = 2.0 and 2.5 kHz either underestimated or overestimated the mean phase
values, respectively, assuming that increasing fprf provides better estimates. The σd
remains fairly constant for all values of fprf.. The σφ results match fairly well, showing a
decreasing trend as F increases and an increasing trend as frequency increases.
Figures 7.21 and 7.22 provide results for variation of the slow time processing
window, Ts = 50, 100, 150, 200 ms. The μd and μφ do not seem to change whereas a
noticeable decreases in the σd and σφ were observed as Ts increased.

Figure 7.13—Regression of measured ultrasound displacement versus normalized force for Tb = 50 μs. The
regression line was computed for the nine highest samples and the resulting equation is y = 409.0482x –
75.0306 with R2 = 0.9417.
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Figure 7.14—Regression of measured ultrasound displacement versus normalized force for Tb = 100 μs.
The regression line was computed for the eleven highest samples and the resulting equation is y =
811.5938x – 147.3434 with R2 = 0.9761.

Figure 7.15—Regression of measured ultrasound displacement versus normalized force for Tb = 200 μs.
The regression line was computed for the eleven highest samples and the resulting equation is y = 1653.9x
– 222.1 with R2 = 0.9721.
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Figure 7.16—Displacement and phase results for default conditions of analysis for Tb = 100 μs. Data points
represent the mean of five measurements and the error bars represent one standard deviation of those
measurements, (a) Displacement results, (b) Phase results.

Figure 7.17—Mean and standard deviations of displacement and phase measurements for values of fv = 100
({), 200 (), 300 (Δ), and 400 (∇) Hz, (a) Mean of displacement (μd), (b) Standard deviation of
displacement (σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). Legend in panel (d) applies
to all panels.
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Figure 7.18—Mean and standard deviations of displacement and phase measurements for values of F = F0
({), 0.81F0 (), 0.64F0 (Δ), and 0.49F0 (∇), (a) Mean of displacement (μd), (b) Standard deviation of
displacement (σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). Legend in panel (d) applies
to all panels.

Figure 7.19—Mean and standard deviations of displacement and phase measurements for values of fprf =
2.0 ({), 3.0 (), 4.0 (Δ), and 5.0 (∇) kHz, (a) Mean of displacement (μd), (b) Standard deviation of
displacement (σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). Legend in panel (d) applies
to all panels.
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Figure 7.20—Mean and standard deviations of displacement and phase measurements for values of fprf =
2.0 ({), 3.0 (), 4.0 (Δ), and 5.0 (∇) kHz, (a) Mean of displacement (μd), (b) Standard deviation of
displacement (σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). Legend in panel (d) applies
to all panels.

Figure 7.21—Mean and standard deviations of displacement and phase measurements for values of Ts = 50
({), 100 (), 150 (Δ), and 200 (∇) ms, (a) Mean of displacement (μd), (b) Standard deviation of
displacement (σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). Legend in panel (d) applies
to all panels.
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Figure 7.22—Mean and standard deviations of displacement and phase measurements for values of Ts = 50
({), 100 (), 150 (Δ), and 200 (∇) ms, (a) Mean of displacement (μd), (b) Standard deviation of
displacement (σd), (c) Mean of phase (μφ), (d) Standard deviation of phase (σφ). Legend in panel (d) applies
to all panels.

7.8 Bovine Muscle Section Discussion

Results for excitation and measurement of motion in a section of bovine muscle
were shown. The results indicate that small harmonic motion can be measured with good
precision. The standard deviations of the displacement are nearly an order of magnitude
less than encountered in the scattering gelatin phantom, and the mean displacements in
the beef were less than half in the muscle tissue. This provides confidence in the
displacement measurements.
The phase measurements also exhibited high precision. As the acquisition
parameters were optimized towards large amplitude vibration and high fprf, the σφ could
be reduced to less than 5°. When varying fprf, the mean phase values do not agree and
indicates that phase bias may be about ±10°.
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The decrease in the variations of the displacement and phase measurements
compared to those made in the scattering gelatin phantom could be due to the density of
scatterers. As was shown in Chapter 6, as the density of scatterers/resolution cell volume
increases, the jitter for the displacement and phase decreased dramatically. The same
trend was seen when comparing the results in the gelatin phantom and muscle tissue
which indicates that the muscle had more ultrasonic scatterers per resolution cell than the
gelatin phantom.
The results for motion detection in the bovine muscle also agree well with the
results in Chapter 6. In Chapter 6, it was shown that by decreasing fprf and increasing Ts,
which correspond to Np and Nc would decrease the variation or jitter in the displacement
measurements. As in the scattering gelatin phantom, the results in the muscle show that

σd remains constant versus normalized force and frequency. The σφ decreases as the
normalized force increases and as frequency decreases since a lower vibration frequency
correlates with larger displacement amplitudes. The increase of fprf did not show a
consistent trend towards decreasing σφ, whereas increasing Ts did show a decrease in σφ.

7.9 Imaging of Bovine Muscle Section

The same experimental system described for the point measurements in the
scattering gelatin and bovine muscle phantoms was used for imaging another phantom
containing bovine muscle. This phantom and dissected muscle are shown in Figure 7.23.
A dashed box depicts the region displayed in the images,
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(b)
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Figure 7.23—Photographs of bovine muscle section. (a) Full phantom with bovine muscle encased in agar,
(b) Top surface of muscle section. The muscle was cut in half to show the portion that was scanned. The
dashed box depicts the scan area used for imaging, (c) Bottom surface of muscle section shown in (b). The
slice has been flipped horizontally compared the image in (b). The dashed box depicts the scan area used
for imaging.

The muscle was scanned at a resolution of 0.2 mm x 0.2 mm. Four different
constant depth scans (C-scans) were performed with 4 mm between each plane. An
ultrasonic C-scan and a vibro-acoustic image were acquired for each imaging plane. The
ultrasonic C-scan was acquired at 9.0 MHz and the vibro-acoustic image was formed
using a SHME formation with NS = 1 and NE = 2 and Δf = 50 kHz. Figure 7.24 shows the
ultrasonic C-scan, the vibro-acoustic image, and images of the displacement amplitude
and phase at fv = 100 Hz. The ultrasonic C-scan and vibro-acoustic images were
independently normalized and the motion detection images have units of nanometers and
degrees for the amplitude and phase. The motion detection images were median filtered
with a 3 x 3 window because there was some impulsive noise due to some pixels having
noisy estimations of the motion.
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Figure 7.24—Images of bovine muscle section. (a) Ultrasonic C-scan performed at 9.0 MHz, (b) Vibroacoustic image acquired with Δf = 50 kHz, (c) Displacement amplitude for fv = 100 Hz. The units of the
colorbar are nanometers, (d) Displacement phase for fv = 100 Hz. The units of the colorbar are degrees.

Figures 7.25 and 7.26 show the displacement amplitude and phase images for
acquisition of images of the same plane scanned in Figure 7.23 for of fv = 100, 200, 300,
and 400 Hz. Figures 7.27 and 7.28 show the displacement amplitude and phase images
for acquisition of images at different depths for fv = 100 Hz and depths z = 0, 4, 8, and 12
mm.
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Figure 7.25—Displacement amplitude images of bovine muscle section at different vibration frequencies.
The units of the colorbars are nanometers. (a) fv = 100 Hz, (b) fv = 200 Hz, (c) fv = 300 Hz, (d) fv = 400 Hz.

Figure 7.26—Displacement phase images of bovine muscle section at different vibration frequencies. The
units of the colorbars are degrees. (a) fv = 100 Hz, (b) fv = 200 Hz, (c) fv = 300 Hz, (d) fv = 400 Hz.
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Figure 7.27—Displacement amplitude images of bovine muscle section at different depths. The units of the
colorbars are nanometers. (a) z = 0 mm, (b) z = 4 mm, (c) z = 8 mm, (d) z = 12 mm.

Figure 7.28—Displacement phase images of bovine muscle section at different depths. The units of the
colorbars are degrees. (a) z = 0 mm, (b) z = 4 mm, (c) z = 8 mm, (d) z = 12 mm.
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7.10 Bovine Muscle Section Imaging Discussion

Figure 7.24 shows motion of greater than 5 μm along what appears to be two
muscle fibers running vertically. The fibers are partially resolved in the ultrasonic C-scan
but not in the vibro-acoustic image. It should be noted that the vibro-acoustic image was
acquired using 3.0 MHz ultrasound waves so the resolution is different. The vibration
phase is relatively uniform across the whole plane. This is not largely unexpected because
the tissue is fairly homogenous except for the anisotropy of the muscle fibers.
When the vibration frequency was varied, the displacement amplitude decreased
as frequency increased, indicating a low-pass filter characteristic. The displacement phase
is relatively constant for a given frequency, but the mean value decreases at higher
frequencies.
When the depth of focus was moved deeper into the muscle, the displacement
amplitude decreased. This reduction of motion can be attributed to attenuation of the
ultrasound waves used for excitation. The displacement phase is fairly constant but does
have more variation at deeper depths.
The images are able to show features that the ultrasonic C-scan and vibro-acoustic
images can not. This added motion information may aid in understanding the tissue
structure and complement the information contained in the other two images.
One limitation to scanning with motion detection is the time that it takes to
acquire the data. Each pixel took 50 ms to acquire so for an image of 100 x 100 pixels,
the total acquisition time was 500 seconds plus overhead for transferring and storing data
and controlling the motors that moved the transducer. This acquisition could be sped up
by using a higher value of fr and scanning at coarser resolution so that the motor speed
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could be increased. The motor speed was limited to prevent motion artifacts within a
pixel.

7.11 Conclusion

Experimental multifrequency radiation force excitation and motion detection was
performed. A parameterized analysis of motion detection in a scattering gelatin phantom
and a section of bovine muscle were performed. As in Chapter 6, it was found that having
vibration with larger amplitudes reduces the variation in both displacement and phase
measurements. The motion detection results in the bovine muscle showed much less
variation in the measurements for lower values of displacement amplitude as compared to
results in the gelatin phantom. These experimental results provide confidence in
measuring displacement and phase with high precision in tissue. Lastly, this measurement
technique has been extended to an imaging method for displacement amplitude and phase
at multiple frequencies.
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Chapter 8
Discussion and Summary of Thesis

We are drowning in information, while starving for wisdom.
The world henceforth will be run by synthesizers,
people able to put together the right information at the right time,
think critically about it, and make important choices wisely.
E.O. Wilson

8.1 Introduction

This chapter will discuss and summarize the work presented in this thesis. The
discussion will center on the advances made in this work and what these advances mean
for current practice in ultrasound research and elasticity imaging. The discussion will also
present future directions for the techniques presented. The summary will address how the
advances affect current and future applications of ultrasound in medicine and
engineering.

8.2 Discussion

The main advances in this thesis work have been contributions to performing
vibro-acoustography and vibrometry in a new, multiplexed manner. This work has
produced techniques and tools for excitation and measurement of small amplitude
harmonic motion. Also, models for simulating vibration responses have been presented,
which serve to further understanding of current and future applications.
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8.3 Multifrequency Radiation Force Excitation

Multifrequency radiation force excitation provides a method to induce motion
with multiple frequency components simultaneously. The acoustic emission or motion
information can be acquired and filtered properly to obtain the information at each of the
frequency components that were excited. This multiplexing of frequency information into
one measurement can provide more information about an object that would otherwise
require multiple excitations or scans to acquire the same information.
Because the motion has very small amplitude, it is reasonable to assume that the
force and motion are linear. Because of this linearity, Fourier based methods may be
utilized to extract information at different frequencies.
Four different unique methods have been presented to perform multifrequency
ultrasound radiation force excitation. The first three methods were presented in Chapter 3
and involved the application of sums of harmonic signals and use of different transducer
apertures. Multiharmonic single element (MHSE) excitation can be performed by adding
ultrasound signals of slightly different frequencies together and applying this signal to a
single element transducer. Single harmonic multielement (SHME) excitation is produced
by using ultrasound signals of slightly different frequencies on different elements or
groups of elements in an array transducer. Multiharmonic multielement (MHME)
excitation is performed when different sums of ultrasound signals of slightly different
frequencies are applied to different elements or groups of elements of an array transducer.
The other method used to produce multifrequency radiation force is the harmonic
pulsed excitation (HPE) method in which tonebursts of ultrasound are repeated at
frequency fr, which produces radiation force at harmonics of fr. These frequency
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components are weighted by a sinc function that depends on the length of the ultrasound
toneburst.
There are certain advantages for each of these methods which make them more
attractive for different applications. MHSE and HPE create a multifrequency radiation
force that has the same point-spread function (PSF) for each low-frequency component.
These methods are most useful for measurements and imaging based on the velocity or
displacement of the radiation force induced motion because using the whole aperture of a
transducer will provide the smallest beam width, the lowest sidelobe levels, and the
highest radiation force.
The MHSE and HPE methods will produce radiation force in the path from the
transducer to the focus of the transducer. This may not be desirable for vibroacoustography because acoustic emission may be created from objects along the path.
Also, in the HPE method the ultrasound is turned on and off very quickly at the
beginning and end of the toneburst which may create acoustic noise that can corrupt or
overwhelm acoustic emission signals.
The SHME method provides localized dynamic radiation force where the
different elements or regions of the transducer that are being excited with different
ultrasound signals are co-focused. This provides the optimal way to perform
multifrequency vibro-acoustography because the radiation force is localized and acoustic
emission signals should only originate from vibration occurring in that local region.
However, this method requires a transducer with multiple elements or enough elements
that can be split into regions. The low-frequency components produced will have
different PSF’s because different apertures are used to form each component.
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The MHME method is a combination of MHSE and SHME and therefore
combines some of the advantages and disadvantages of each method. For the MHSE,
SHME, and MHME methods, multiple ultrasound generators are necessary and hardware
constraints may prevent applicability in some circumstances. However, these methods
allow the most flexibility in create different low-frequency components provided that
ultrasound signals are carefully chosen.
In most cases in medical imaging, the ultrasonic intensity that can be deposited is
limited, so that intensity must be fractionated to produce different low-frequency
components. The more low-frequency components produced comes with a loss in signalto-noise ratio (SNR). However, information from different components may be combined
to regain some of the SNR loss. The hydrophones used are very sensitive so fractioning
can be done without severe degradation of the images [33].
The HPE method has direct potential to move quickly from an experimental
method to implementation in a commercial scanner without significant reconfiguration of
the scanner. The method alternates between transmitting excitation tonebursts and
tracking pulses. However, the vibration frequencies that the method produces are
restricted to multiples of fr. As was mentioned previously, HPE is really only suitable for
vibrometry and not vibro-acoustography because of the acoustic noise produced by the
switching on and off of the tonebursts.
It could be argued that multifrequency excitation is performed with acoustic
radiation force impulse (ARFI) imaging since the entire frequency response of an object
subjected to an impulsive force can be measured. However, the SNR of this frequency
response may be very low. The multifrequency methods introduced in this thesis provides
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samples of the frequency response, but each of the components that are excited and
measured have very high SNR because the detection methods are very sensitive if the
vibration frequency is known.
These multifrequency methods have been used in both vibrometry and vibroacoustography and can be used in point measurements and imaging. The increase in
information in the same time for a single scan is very attractive for improving
visualization. Models based on dispersive quantities would most benefit from these
excitation methods as measurements can be made at many different frequencies
simultaneously. Analysis methods that involve using this multifrequency data are key to
realizing the method’s full potential. However, the analysis may be very application
specific and data would have to be obtained to create a method that would extract
important information about the object or tissue under investigation.

8.4 Harmonic Motion Detection

Many methods have been proposed for motion detection using ultrasound. The
methods proposed by Zheng, et al., [87] and Hasegawa and Kanai [55] were combined to
make a hybrid method. This new method was used in models for motion detection of a
harmonically vibrating reflective target and a harmonically vibrating scattering medium.
These models provide platforms for optimization of the motion detection methods. The
models were parameterized to provide a basis for dimensionless analysis so that results
could be extended to different values of vibration frequency. Lastly, experiments were
performed to evaluate the conclusions of the models and the implementation of the
motion detection for real applications.
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The new hybrid method uses the fast phase shift detection method from Hasegawa
and Kanai that corrects for the center frequency of the echo. This technique provides an
estimate of the motion. The Kalman filter proposed by Zheng, et al. is a very powerful
filter that extracts the amplitude and phase information from a harmonic signal. The
power of this filter lies in knowing the vibration frequency as it acts as a narrowband
phase-locked loop. Because the filter is tuned to the vibration frequency, it is robust and
sensitive to the information at the vibration frequency. With a multifrequency radiation
force, multifrequency motion is produced assuming a linear system. The same data can
be processed with different values of vibration frequency to extract amplitude and phase
information at those frequencies.
This method was implemented in a model that tracked the motion of a single
reflective scatterer and a group of vibrating scatterers. The results from the single
reflective target model can be used in applications with very reflective targets such as an
artery wall, calcifications, or in nondestructive evaluation with materials that have large
acoustic impedance differences from the surrounding medium.
The creation and analysis of propagating waves in the artery for evaluation of
stiffness is an emerging area of research. Motion detection has been performed using both
a laser vibrometer and Doppler ultrasound. The use of the pulse-echo method with the
Kalman filter has demonstrated that sensitive measurements can be made [54]. The
motion detection model for a reflective target could be useful in optimization of this
method.
The vibrating scattering medium model provides a platform for optimization of
the motion detection in soft tissue. Analysis of the parameters that lead to better results
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was performed. The results corresponded well with the results from the model with a
vibrating reflective target.
The parameters that were found to have the most effect on minimizing error were
increasing the values of the displacement amplitude, the number of vibration cycles
sampled, signal-to-noise ratio of the ultrasound echoes, and the number of points sampled
per vibration cycle. However, optimizing each of these parameters is limited in practice.
The displacement amplitude is limited by the allowable ultrasound intensity to comply
with safety regulations. An increase in the number of vibration cycles used will increase
acquisition time of the measurements or images. For point measurements, this may not be
critical, but for imaging, this may become substantial. The SNR is limited by the
echogenecity of the material and the noise of the motion detection system. The number of
points sampled per vibration cycle is limited by focal depth and increasing this parameter
will increase the data size and processing time. Performance specifications for different
applications can be established and parameters to meet these specifications could be
found using the results of the simulation studies or future studies.
Experimental results for excitation and motion detection of the stainless steel
sphere, the scattering gelatin phantom, and the bovine muscle phantom confirm some of
the conclusions found in the models. The most consistent findings in the experimental
results were that increasing the displacement amplitude and slow time sampling time was
found to decrease variation and error in the displacement and phase measurements. These
findings were also predicted by the model results. The effects of the pulse repetition
frequency for the tracking pulses was more ambiguous and only when this parameter was
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very low were the results significantly different, which may be attributed to aliasing
artifacts.

8.4 Modeling

With the new multifrequency radiation force excitation and harmonic motion
detection methods, we have the ability to make measurements at multiple frequencies
simultaneously. This amplitude and phase data could be coupled with different models of
involving stiffness, viscosity, relaxation, and resonance to extract material properties and
understand the object or tissue of interest.
Vibrometry of targeted calcifications coupled with the model and results from
Chapter 2 could be used for local stiffness and viscosity measurements. Acquisition of
the data could be performed with multifrequency excitation and the motion could be
processed with the method proposed in this thesis.

8.5 Future Directions

The use of multifrequency radiation force and accompanying motion detection
could be used in a number of applications.
Shear wave speed is dispersive in viscoelastic materials, and it has been
demonstrated that phase measurements can be used to measure the local shear wave
speed [99]. With the ability to measure phase in tissue with excellent precision as
demonstrated by the results in Chapter 7, we could make multifrequency shear wave
speed measurements using a multifrequency radiation force and motion detection at
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offset locations to measure shear wave propagation. This would allow quantitative
estimation of the local shear elasticity and viscosity of different tissues.
Phase aberration of ultrasound beams results in media with inhomogeneities of
tissue sound speed. Recently, a method has been proposed to use radiation force and
vibrometry optimization to focus an ultrasonic beam [106]. Future development of this
method will rely on the use of a model of a vibrating scattering medium presented in
Chapter 6 and the motion detection method described in Chapter 4.
Recently, there has been a large amount of growth in the prospects for delivering
therapeutic doses of ultrasound to ablate cancerous lesions. However, a monitoring
strategy has not been well established. Evidence has been shown that as the tissue
coagulates it becomes stiffer and as result moves less when probed with radiation force or
deformed with some other stress source [118-120]. The multifrequency excitation and
motion detection methods could be used to monitor this therapy with appropriate
modeling.
Transducer modeling could be further utilized to simulate and explore the use of
multifrequency excitation fields in emerging applications for vibro-acoustography and
vibrometry.
Signal processing methods for use in motion detection methods are constantly
being introduced and refined. Future study in the implementation and testing of these
methods could provide even more sensitive amplitude and phase measurements.
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8.6 Significant Academic Achievements

This thesis work has produced significant academic achievements including three
published peer-reviewed papers, seven conference proceedings papers on which I was an
author, six conference abstracts on which I was an author, an invention disclosure, and
various student awards. These accomplishments are listed below.

8.6.1 Peer-reviewed Papers

The peer reviewed papers encompass the material presented in Chapters 2 and 3
and an application related to this thesis work.
Matthew W. Urban, Miguel Bernal, James F. Greenleaf, “Phase aberration correction
using ultrasound radiation force and vibrometry optimization,” IEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control. In press.
Matthew W. Urban, Glauber T. Silva, Mostafa Fatemi, James F. Greenleaf,
Multifrequency vibro-acoustography. IEEE Transactions on Medical Imaging. vol. 25,
no. 10, pp. 1284-1295. 2006.
Matthew W. Urban, Randall R. Kinnick, James F. Greenleaf, Measuring the phase of
vibration of spheres in a viscoelastic medium as an image contrast modality. Journal of
the Acoustical Society of America. 118 (6), 3465-3472. 2005.

8.6.2 Conference Proceedings

I was first author on four of the seven conference proceedings of which I was an
author.
Matthew W. Urban, Miguel Bernal Restrepo, James F. Greenleaf, Phase aberration
correction using ultrasound radiation force and vibrometry optimization. 2006 IEEE
Ultrasonics Symposium. p. 132-135. 2006.
James F. Greenleaf, Mostafa Fatemi, Silva, Glauber T., Matthew W. Urban, Vibroacoustography: the most promising approaches and inferred needs for transducers and
arrays. 2006 IEEE Ultrasonics Symposium. p. 2322-2324. 2006.
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Randall R. Kinnick, Matthew W. Urban, James F. Greenleaf, Sum frequency imaging
during vibro-acoustography of tissue. 2006 IEEE Ultrasonics Symposium. p. 1-4. 2006.
Matthew W. Urban, Glauber T. Silva, Randall R. Kinnick, Mostafa Fatemi, James F.
Greenleaf, Stress field formation for multifrequency vibro-acoustography. 2005 IEEE
Ultrasonics Symposium. p. 2275-2278. 2005.
Matthew W. Urban, James F. Greenleaf, Dynamic signal arrival correction for vibroacoustography image formation. 2005 IEEE Ultrasonics Symposium. p. 26-29. 2005.
Glauber T. Silva, Matthew W. Urban, Image formation of multifrequency vibroacoustography: Theory and computational simulations. Brazilian Symposium on
Computer Graphics and Image Processing (SIBGRAPI), p. 5-12. 2005.
Matthew W. Urban, Randall R. Kinnick, James F. Greenleaf, Measuring the phase of
vibration of spheres in a viscoelastic medium using vibrometry. Acoustical Imaging 28.
Springer: Dordrecht, The Netherlands. p. 119-126. 2007.

8.6.3 Conference Abstracts

I was first author on five of the six conference abstracts of which I was an author.
Matthew W. Urban, James F. Greenleaf, Phase aberration correction for a linear array
transducer using ultrasound radiation force and vibrometry optimization: simulation
study. Journal of the Acoustical Society of America. 120 (5) Pt. 2, p. 3271. 2006. 152nd
Meeting of the Acoustical Society of America, Honolulu, HI. 2006.
Azra Alizad, Dana H. Whaley, Matthew W. Urban, Randall R. Kinnick, James F.
Greenleaf, Mostafa Fatemi, Spectral characteristics of breast vibro-acoustography
images. Journal of the Acoustical Society of America. 120 (5) Pt. 2, p. 3269. 2006. 152nd
Meeting of the Acoustical Society of America, Honolulu, HI. 2006.
Matthew W. Urban, James F. Greenleaf, Motion detection for vibro-acoustography.
Journal of the Acoustical Society of America. 119 (5) Pt. 2, p. 3465. 2006. 151st Meeting
of the Acoustical Society of America, Providence RI. 2006.
Matthew W. Urban, Mostafa Fatemi, James F. Greenleaf, Multifrequency vibroacoustography: theory and imaging applications. Ultrasonic Imaging. vol. 28, (1), p. 59.
Jan. 2006. 31st International Symposium on Ultrasonic Imaging and Tissue
Characterization. Arlington, VA. 2006.
Matthew W. Urban, James F. Greenleaf, Coded excitation for identification of
reverberant environment and vibro-acoustography spectral measurements. 2006 AIUM
Annual Convention, Washington, D.C. 2006
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Matthew W. Urban, Mostafa Fatemi, James F. Greenleaf, Stress field formation for
multifrequency vibro-acoustography: a simulation study. Journal of the Acoustical
Society of America. 118 (3) Pt. 2, p. 2006. 2005. 150th Meeting of the Acoustical Society
of America, Minneapolis, MN. 2005.

8.6.4 Invention Disclosure

An invention disclosure was submitted to Mayo Medical Ventures for a method
that utilized portions of this thesis work.
Phase aberration correction using ultrasound radiation force and vibrometry optimization.
Urban, Matthew W. Urban, Miguel Bernal, James F. Greenleaf, Mayo Medical Ventures.
Jan. 2006.

8.6.5 Academic Awards

In conjunction with presenting portions of this thesis work, I was awarded a
Student Travel Award and was a Student Paper Competition Winner at the 2005 IEEE
International Ultrasonics Symposium. The paper was on multifrequency vibroacoustography and is the fourth reference in section 8.6.2. I was also the recipient of a
Best Student Paper Award given by the Biomedical Ultrasound/Bioresponse to Vibration
Technical Committee at the 151st Meeting of the Acoustical Society of America. The
paper was about motion detection and is the third reference in section 8.6.3.

8.7 Summary

The multifrequency radiation force excitation and harmonic motion detection
methods presented in this thesis provide tools that can be extended to many different
applications for flexible spectroscopic studies of materials and tissues. The
multifrequency excitation can save time in acquiring data that would have required
multiple measurements or scans. The motion detection method is very sensitive in
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extracting amplitude and phase of small amplitude harmonic motion and could be utilized
in a wide range of medical and engineering applications. The methods presented in this
thesis offer advances in the area of elasticity imaging with a new way to deform tissue
with a multifrequency radiation force and techniques to perform sensitive measurements
of the induced motion. The ability to make these measurements coupled with
sophisticated models could aid in the diagnosis and understanding of material properties
in viscoelastic soft tissues.
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Appendix 1
Multifrequency Radiation Stress Field Derivation

The purpose of this appendix is to derive how the frequency components of
multifrequency radiation force are determined. This analysis will take the case of NS = 2
and NE = 2 used in Chapter 3. The results can be extended to other combinations of NS
and NE with appropriate considerations.
We will consider using four different ultrasound signals with frequencies ω1, ω2,

ω3, and ω4 that have associated starting phases φ1, φ2, φ3, and φ4 such that a = ω1t + φ1, b
= ω2t + φ2, c = ω3t + φ3, and d = ω4t + φ4. Using these defined arguments we can define
two pressure signals produced by adding two ultrasound signals of different frequencies
p1 ( t ) = A cos ( a ) + B cos ( b ) ,

(A1.1)

p2 ( t ) = C cos ( c ) + D cos ( d ) ,

(A1.2)

where the coefficients A, B, C, and D are dependent on the geometry of the transducer.
The total pressure experienced at the focus is a sum of p1(t) and p2(t),
p ( t ) = p1 ( t ) + p2 ( t ) .

(A1.3)

The dynamic radiation force, F, produced by these waves can be computed using
[34]
F = dr S E ,

(A1.4)

where dr is the drag coefficient, S is the projected area of the ultrasound waves and 〈E〉 is
the short-term time average of the energy density. The energy density is given as
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p2 (t )
E=
,
ρ c02

(A1.5)

where ρ is the density of the medium and c0 is the sound speed of the medium and the
short-term time average can be computed as [34]

ξ (t )

t +T 2
T

=

∫ ξ (τ ) dτ ,

(A1.6)

t −T 2

where T is chosen such that 2π/ω1 << T << 4π/(ω2-ω1). Essentially, the short-term time
average acts as a low-pass filter function to extract the low-frequency components from
the energy density. So to find the multifrequency radiation force we must find 〈E〉. We
start by evaluating
p 2 ( t ) = ( p1 ( t ) + p2 ( t ) ) = p12 ( t ) + 2 p1 ( t ) p2 ( t ) + p22 ( t ) ,

(A1.7)

p12 ( t ) = A2 cos 2 ( a ) + 2 AB cos ( a ) cos ( b ) + B 2 cos 2 ( b ) ,

(A1.8)

2

Using the property that cos(a)cos(b) = 1/2[cos(a – b) + cos(a + b)], the first and
third terms of (A1.7) are
p12 ( t ) = A2 cos 2 ( a ) + AB cos ( a − b ) + AB cos ( a + b ) + B 2 cos 2 ( b ) ,

(A1.9)

p22 ( t ) = C 2 cos 2 ( c ) + CD cos ( c − d ) + CD cos ( c + d ) + D 2 cos 2 ( d ) ,

(A1.10)

The second term of (A1.7) can be written and then expanded as
2 p1 ( t ) p2 ( t ) = 2 ( A cos ( a ) + B cos ( b ) ) ( C cos ( c ) + D cos ( d ) ) ,
2 p1 ( t ) p2 ( t ) = 2 ⎡⎣ AC cos ( a ) cos ( c ) + AD cos ( a ) cos ( d ) +
BC cos ( b ) cos ( c ) + BD cos ( b ) cos ( d ) ⎤⎦

,

(A1.11)

(A1.12)
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⎛1⎞
2 p1 ( t ) p2 ( t ) = 2 ⎜ ⎟ ⎡⎣ AC cos ( a − c ) + AC cos ( a + c ) + AD cos ( a − d ) +
⎝2⎠
,
AD cos ( a + d ) + BC cos ( b − c ) + BC cos ( b + c ) +

(A1.13)

BD cos ( b − d ) + BD cos ( b + d ) ⎤⎦

2 p1 ( t ) p2 ( t ) = ⎡⎣ AC cos ( a − c ) + AC cos ( a + c ) + AD cos ( a − d ) +
AD cos ( a + d ) + BC cos ( b − c ) + BC cos ( b + c ) +

,

(A1.14)

BD cos ( b − d ) + BD cos ( b + d ) ⎤⎦
The full expansion of (A1.7) is given as
p 2 ( t ) = A2 cos 2 ( a ) + AB cos ( a − b ) + AB cos ( a + b ) + B 2 cos 2 ( b )
+ C 2 cos 2 ( c ) + CD cos ( c − d ) + CD cos ( c + d ) + D 2 cos 2 ( d )
+ ⎡⎣ AC cos ( a − c ) + AC cos ( a + c ) + AD cos ( a − d ) + AD cos ( a + d )

,

(A1.15)

+ BC cos ( b − c ) + BC cos ( b + c ) + BD cos ( b − d ) + BD cos ( b + d ) ⎤⎦
Using the property cos2(a) = (1 + cos(2a))/2, (A1.15) can be further expanded as
⎛ 1 + cos ( 2a ) ⎞
2 ⎛ 1 + cos ( 2b ) ⎞
p 2 ( t ) = A2 ⎜
⎟ + AB cos ( a − b ) + AB cos ( a + b ) + B ⎜
⎟
2
2
⎝
⎠
⎝
⎠
⎛ 1 + cos ( 2c ) ⎞
2 ⎛ 1 + cos ( 2d ) ⎞
+ C2 ⎜
⎟ + CD cos ( c − d ) + CD cos ( c + d ) + D ⎜
⎟ , (A1.16)
2
2
⎝
⎠
⎝
⎠
+ ⎡⎣ AC cos ( a − c ) + AC cos ( a + c ) + AD cos ( a − d ) + AD cos ( a + d )
+ BC cos ( b − c ) + BC cos ( b + c ) + BD cos ( b − d ) + BD cos ( b + d ) ⎤⎦

Performing the short-term time average eliminates all terms with a sum frequency
or a doubling of any particular frequency, reducing them to zero. This elimination occurs
because the average of a high frequency signal over the time course of a cycle of one of
the difference frequencies, tends towards zero. The short-term time average of the energy
density is
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E =

1 ⎛ A2 + B 2 + C 2 + D 2 ⎞ 1
⎜
⎟ + 2 ⎡⎣ AB cos ( a − b ) + CD cos ( c − d ) +
2
ρ c02 ⎝
,
⎠ ρ c0

(A1.17)

AC cos ( a − c ) + AD cos ( a − d ) + BC cos ( b − c ) + BD cos ( b − d ) ⎤⎦
This can be substituted into (A1.4) to find the dynamic radiation force along with
the expressions for a, b, c, and d
F=

d r S ⎛ A2 + B 2 + C 2 + D 2 ⎞ d r S
⎜
⎟ + 2 AB cos ⎡⎣(ω1 − ω2 ) t + φ1 − φ2 ⎤⎦ +
ρ c02 ⎝
2
⎠ ρ c0

{

CD cos ⎡⎣(ω3 − ω4 ) t + φ3 − φ4 ⎤⎦ + AC cos ⎡⎣(ω1 − ω3 ) t + φ1 − φ3 ⎤⎦ +

, (A1.18)

AD cos ⎡⎣(ω1 − ω4 ) t + φ1 − φ4 ⎤⎦ + BC cos ⎡⎣(ω2 − ω3 ) t + φ2 − φ3 ⎤⎦ +

}

BD cos ⎡⎣(ω2 − ω4 ) t + φ2 − φ4 ⎤⎦

This radiation force equation would be the same if NS = 4 and NE = 1 or NS = 1
and NE = 4 and only the coefficients A, B, C, and D would change because of the different
configurations used for the transducer. Also, the expression for dynamic radiation force
with NS = 1 and NE = 2 could be found by setting C = D = 0. This would reduce (A1.18)
to
⎞
d r S ⎛ A2 + B 2
+ AB cos ⎡⎣(ω1 − ω2 ) t + φ1 − φ2 ⎤⎦ ⎟ ,
F= 2⎜
ρ c0 ⎝ 2
⎠

(A1.19)
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Appendix 2
Harmonic Pulsed Excitation Radiation Force Function Derivation

Working with Bracewell’s notation and conventions, the radiation force function
can be modeled as a time convolution of a impulse train, III(t), with a time-shifted
rectangular function, II(t) [110].
The time-shifted rectangular function can be modeled as
⎛ t − Tb 2 ⎞
g ( t ) = a II ⎜
⎟ ,
⎝ Tb ⎠

(A2.1)

where a is the amplitude of the rectangular function, Tb is the width of the rectangular
function, and the time shift is half the width of the function. The impulse train, repeated
with period Tr, or at a rate fr = 1/Tr, with unit height can be written as
h (t ) =

1 ⎛ t ⎞
III ⎜ ⎟ = f r III ( f r t ) ,
Tr ⎝ Tr ⎠

(A2.2)

The radiation force function is f(t) = g(t)⊗h(t)
⎛ t − Tb 2 ⎞ 1 ⎛ t
f ( t ) = a II ⎜
⎟ ⊗ III ⎜
⎝ Tb ⎠ Tr ⎝ Tr

⎞
⎟,
⎠

(A2.3)

The following Fourier properties will be used in solving this problem, where f(x)
is the function of x and F(s) is the Fourier transform of f(x) and if g(x) is a function of x
then G(s) is the Fourier transform of g(x). Equations (A2.4) and (A2.5) provide Fourier
transforms of II(x) and III(x) where ℑ is the symbol over the double arrow is used to
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denote a Fourier transform. Equations (A2.6)-(A2.8) are known as the similarity, shift,
and convolution theorems.
ℑ
II( x) ←⎯
→ sinc ( s ) ,

(A2.4)

ℑ
III( x) ←⎯
→ III ( s ) ,

(A2.5)

ℑ
→
f ( ax ) ←⎯

1 ⎛s⎞
F ⎜ ⎟,
a ⎝a⎠

(A2.6)

ℑ
f ( x − a ) ←⎯
→ e − i 2π as F ( s ) ,

(A2.7)

ℑ
f ( x ) ⊗ g ( x ) ←⎯
→ F (s)G (s) ,

(A2.8)

The function III(x) can also be written as
∞

∑ δ ( x − n) .

III ( x ) =

(A2.9)

n =−∞

If we use the similarity theorem,
III ( ax ) =

1
a

∞

⎛

n⎞

∑ δ ⎜⎝ x − a ⎟⎠ .

(A2.10)

n =−∞

To find the Fourier transform of g(t), G(f), we will use the transform of II(x), the
similarity theorem, and the shift theorem.
g1 ( t ) = a II ( t ) ,
g 2 ( t ) = g1 ( t − Tb 2 ) ,
⎛ t
g3 ( t ) = g 2 ⎜
⎝ Tb

⎞
⎟,
⎠

G1 ( f ) = a sinc ( f ) ,

G2 ( f ) = e

− i 2π

Tb
f
2

G1 ( f ) = e −iπ Tb f G1 ( f ) ,

(A2.11)
(A2.12)

(A2.13)

(A2.14)

(A2.15)
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G3 ( f ) = TbG2 (Tb f ) ,

(A2.16)

G3 ( f ) = TbG2 (Tb f )
= Tb e− iπ Tb f G1 (Tb f )

.

(A2.17)

= aTb e− iπ Tb f sinc (Tb f )
To find the Fourier transform of h(t), H(f), we will use the transform of III(x) and
the similarity theorem,
1 ⎛ t ⎞
III ⎜ ⎟ ,
Tr ⎝ Tr ⎠

(A2.18)

Tr
III (Tr f ) = III (Tr f ) ,
Tr

(A2.19)

h (t ) =

H(f )=

H ( f ) = III (Tr f ) =

1
Tr

∞

⎛

n =−∞

⎝

n⎞
⎟,
r ⎠

∑ δ ⎜ f −T

(A2.20)

To calculate F(f), we use the convolution theorem and multiply the Fourier
transforms of g(t) and h(t)
F ( f ) = G( f )H ( f ).

(A2.21)

The III(f) function acts as a sampling function. When multiplying any function

Y(f) with III(f) yields a sampling of Y(f).
F ( f ) = aTb e − iπ Tb f sinc (Tb f ) III (Tr f ) ,
F( f )=

aTb
Tr

∞

∑e

− iπ Tb n Tr

n =−∞

F ( f ) = af rTb

∞

∑e

n =−∞

− iπ Tb nf r

(A2.22)

⎛ T ⎞ ⎛
n⎞
sinc ⎜ n b ⎟ δ ⎜ f − ⎟ ,
Tr ⎠
⎝ Tr ⎠ ⎝

(A2.23)

sinc (Tb nf r ) δ ( f − nf r ) ,

(A2.24)

This function in the frequency domain will be a set of impulses located at integral
multiples of fr and modulated by af rTb e −iπ Tb nfr sinc (Tb nf r ) .

189

Appendix 3
List of Acronyms

MRI

Magnetic resonance imaging

CW

Continuous wave

SSI

Supersonic shear imaging

MRE

Magnetic resonance elastography

AM

Amplitude modulated

PSF

Point-spread function

F number

Focal number

MHSE

Multiharmonic single element

SHME

Single harmonic multielement

SHMG

Single harmonic multigroup

MHME

Multiharmonic multielement

MHMG

Multiharmonic multigroup

ME

Multielement

MH

Multiharmonic

S

Single

M

Multi

rms

root-mean-square

SNR

Signal-to-noise ratio

FM

Frequency modulated
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FWHM

Full-width half maximum

ARFI

Acoustic radiation force impulse

RF

Radiofrequency

HPE

Harmonic pulsed excitation

TTL

Transistor-transistor logic

T/R

Transmit/receive

BPF

Bandpass filter

A/D

Analog-to-Digital

C-scan

Constant depth scan
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Appendix 4
List of Symbols

Symbols are listed in the order of their appearance

Chapter 1

σ

Normal stress, Pa

F

Force, N

A

Area, m2

ε

Normal strain, %

L0

Original length, m

L

Deformed length, m

τ

Shear stress, Pa

α

Shear strain, rad

E

Elastic or Young’s Modulus, Pa

G

Shear Modulus, Pa

v

Poisson’s ratio

cl

Longitudinal sound speed, m/s

λ

Bulk modulus, Pa

cs

Shear wave speed, m/s

μ

Shear modulus, Pa

ρ

Mass density, kg/m3

λ1

Bulk elasticity, Pa
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λ2

Bulk viscosity, Pa⋅s

ω

Angular frequency, rad/s

i

Imaginary number,

μ1

Shear elasticity, Pa

μ2

Shear viscosity, Pa⋅s

Z

Acoustic impedance, Rayl

t

Time, s

z

Axial depth, m

fd

Doppler frequency shift, Hz

f0

Center frequency, Hz

v0

Velocity, m/s

θ

Doppler angle, rad

Δf

Difference frequency, Hz

−1

Chapter 2

f0

Center frequency, Hz

Δf

Difference frequency, Hz

F

Force, N

a

Radius of sphere, m

Y

Radiation force function

E

Energy density, J/m3

〈⋅〉

Short-term time average

E0

Energy density of incident pressure field, J/m3
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P0

Incident pressure, Pa

ρ

Mass density, kg/m3

c

Longitudinal sound speed, m/s

Fd

Dynamic radiation force, N

θd

Phase shift of the radiation force compared to the incident field, rad

Δω

Angular difference frequency, rad/s

ω1

Angular frequency of wave 1, rad/s

ω2

Angular frequency wave 2, rad/s

V

Velocity, m/s

Zr

Radiation impedance, kg/s

Zm

Mass impedance, kg/s

k

ρΔω 2 ( 2μ + λ )

h

ρΔω 2 μ

λ1

Bulk elasticity, Pa

λ2

Bulk viscosity, Pa⋅s

i

Imaginary number,

μ1

Shear elasticity, Pa

μ2

Shear viscosity, Pa⋅s

t

Time, s

m

Mass, kg

ρs

Mass density of the sphere, kg/m3

Z

Total impedance, kg/s

−1
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|⋅|

Absolute value

∠

Angle operator

θV

Phase of velocity, rad

θr

Phase of radiation impedance, rad

θm

Phase of mass impedance, rad

θZ

Phase of total impedance, rad

Chapter 3

f0

Center frequency, Hz

Δf

Difference frequency, Hz

ρ

Mass density, kg/m3

c

Longitudinal sound speed, m/s

φ

Velocity potential

r

Position vector, m

t

Time, s

^

Complex variable

N

Number of ultrasound beams

ωi

Angular frequency of the ith wave, rad/s

ωmn

Difference frequency between wave m and wave n, rad/s

ωm

Angular frequency of wave m, rad/s

ωn

Angular frequency wave n, rad/s

a

Radius of sphere, m

ymn

Radiation force function for ωmn
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E0

Energy density of incident field, J/m3

〈⋅〉

Short-term time average

ε

Mach number

*

Complex conjugate

σ

Radiation stress, Pa

σmn

Radiation stress for ωmn, Pa

hmn

Point-spread function for ωmn

A

Normalization constant

Gn

Amplitude of nth sinusoidal component

θn

Phase for the nth sinusoidal component, rad

NS

Number of sinusoidal signals summed together

NMS

Number of low-frequency components created using MHSE

NE

Number of elements in transducer array

NSM

Number of low-frequency components created using SHME

NMM

Number of low-frequency components created using MHME

NMM,MH

Number of low-frequency components created by multiharmonic
mechanism using MHME

NMM,ME

Number of low-frequency components created by multielement
mechanism using MHME

φc

Velocity potential from center element

φa

Velocity potential from annular element

u0

Velocity of the transducer element, m/s

λi

wavelength of the ultrasound wave with frequency ωi, m
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r

Radial distance to the field point represented on a Cartesian coordinate system, m

x

Azimuthal coordinate, m

y

Elevational coordinate, m

R

Focal length of the transducer, m

J1(⋅)

First order Bessel function of the first kind

a1

Radius of the central disc element, m

a21

Inner radius of the annular element, m

a22

Outer radius of the annular element, m

s

Spatial function of object

M

Magnitude of point-spread function

P

Phase of point-spread function, rad

V(ω)

Frequency response of object, m/s

⊗

Convolution operator

Re{⋅} Real part of argument
|⋅|

Absolute value

∠

Angle operator

Φ

Acoustic emission, Pa

Hmn

Medium transfer function for path length l

l

Path length of acoustic propagation, m

Qmn

Total acoustic outflow by the object per unit force

SNR

Signal-to-noise ratio, dB

F

Radiation force, N

dr

Drag coefficient
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S

Intercepting surface area of the ultrasound waves, m2

p

Pressure, Pa

PSF ,ω0 Pressure for single frequency vibrometry at ω0, Pa
FSF,Δω Radiation force for single frequency vibrometry at Δω, N
ZΔω

Radiation impedance at Δω, kg/s

USF,Δω Velocity for single frequency vibrometry at Δω, m/s
HΔω

Medium transfer function at Δω

QΔω

Acoustic outflow at Δω

FMF,Δω Multifrequency radiation force at Δω, N
PMF ,ω0 Pressure for multifrequency vibrometry at ω0, Pa
xrms

rms value for signal x(t)

nrms

rms value for noise signal n(t)

yrms

rms value for signal y(t)

T

Averaging time, s

Fs

Sampling frequency, Hz

A

Amplitude of signal

xc

Multiharmonic signal applied to center element

Gc,n

Amplitude of nth wave applied to center element

ωc,n

Angular frequency of nth wave applied to center element, rad/s

fc,n

Frequency of nth wave applied to center element, Hz

θc,n

Phase of nth wave applied to center element, rad

xa

Multiharmonic signal applied to annular element

Ga,n

Amplitude of nth wave applied to annular element
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ωa,n

Angular frequency of nth wave applied to annular element, rad/s

fa,n

Frequency of nth wave applied to annular element, Hz

θa,n

Phase of nth wave applied to annular element, rad

A(r,ωmn)

Amplitude image

sign{⋅}

Sign function

μ1

Shear elasticity, Pa

μ2

Shear viscosity, Pa⋅s

Chapter 4

cs

Shear wave speed, m/s

ωs

Shear wave frequency, rad/s

Δφ

Difference in phase at two different locations, rad

Δr

Distance between measurement points r1 and r2, m

r1

Position of first phase measurement, m

r2

Position of second phase measurement, m

ωf

Fast time angular frequency of ultrasound waves, rad/s

ωs

Slow time angular vibration frequency, rad/s

D

Displacement, m

D0

Displacement amplitude, m

tf

Fast time, s

ts

Slow time, s

φs

Slow time vibration phase, rad

v

Velocity, m/s
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v0

Velocity amplitude, m/s

A

Echo amplitude

r

Echo function

φf

Phase of the fast time ultrasound signal, rad

β

Dimensionless amplitude functional

θ

Doppler angle, rad

c

Longitudinal sound speed, m/s

R

Frequency domain representation of r

Δθn

Phase shift between the two echoes, rad

*

Complex conjugation

f0

Center frequency, Hz

Tprf

Pulse repetition period of the pulse-echo interrogation, s

SNR

Signal-to-noise ratio of the ultrasound echoes, dB

Nc

Number of cycles of vibration

Np

Number of points sampled per vibration cycle

T

Acquisition time, s

fv

Vibration frequency, Hz

fprf

Pulse repetition frequency of the pulse-echo interrogation, Hz

z

Axial depth of the vibrating scatterer from the transducer, m

BW

Bandwidth of the transducer, %

lg

Fast time gate length, m

Fs

Sampling frequency, Hz

ff

Fast time ultrasound frequency, Hz
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xB

Measurement bias

σJ

Measurement jitter

N

Number of data samples

xT

True measurement value

x

Mean of the data samples

λ

Wavelength of fast time ultrasound wave, m

Chapter 5

Tb

Toneburst length in harmonic pulsed excitation, s

fr

Repetition rate of ultrasound tonebursts in harmonic pulsed excitation, Hz

Tr

Repetition period of ultrasound tonebursts in harmonic pulsed excitation, s

Tprf

Pulse repetition period of the pulse-echo interrogation, s

fprf

Pulse repetition frequency of the pulse-echo interrogation, Hz

td

Time delay for onset of the transmission of the motion detection pulses, s

t

Time, s

f(t)

Radiation force function, N

III(t)

Impulse train

II(t)

Rectangular function

a

Amplitude

⊗

Convolution operator

δ

Impulse function

F(f)

Frequency domain representation of radiation force function, N

f0

Center frequency, Hz
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Δf

Difference frequency, Hz

Fs

Sampling frequency, Hz

w[n]

Hann window function

F0

Normalized force

R

Regression goodness of fit coefficient

Wx

Beam shape parameter in x-direction

Wy

Beam shape parameter in y-direction

Chapter 6

Ex

Excitation beam width in the x-direction, m

Ey

Excitation beam width in the y-direction, m

Ez

Excitation beam width in the z-direction, m

Tx

Tracking beam width in the x-direction, m

Ty

Tracking beam width in the y-direction, m

Tz

Tracking beam width in the z-direction, m

Wx

Beam shape parameter in x-direction

Wy

Beam shape parameter in y-direction

Wz

Beam shape parameter in z-direction

tf

Fast time, s

ts

Slow time, s

N

Number of scatterers

r1

First measured echo

rk

kth measured echo
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xn

Position of nth scatterer in x-direction, m

yn

Position of nth scatterer in y-direction, m

zn

Position of nth scatterer in z-direction, m

zF

Axial focal depth of transducer, m

I

Weighting function for tracking beam

k

Number of echoes

ω0

Fast time angular frequency of ultrasound waves, rad/s

φf

Phase of the fast time ultrasound signal, rad

tk,n

Time delay of nth scatterer of the kth echo, s

uz,k

Displacement in z-direction measured at the kth echo, m

A

Displacement amplitude, m

D0

Displacement amplitude, m

φs

Slow time vibration phase, rad

ωs

Slow time angular vibration frequency, rad/s

SNR

Signal-to-noise ratio of the ultrasound echoes, dB

Nc

Number of cycles of vibration

Np

Number of points sampled per vibration cycle

Ns

Number of scatterers/resolution cell

BW

Bandwidth of the transducer, %

lg

Fast time gate length, m

Fs

Sampling frequency, Hz

N

Iterations

c

Longitudinal sound speed, m/s
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Tb

Toneburst length in harmonic pulsed excitation, s

fr

Repetition rate of ultrasound tonebursts in harmonic pulsed excitation, Hz

fprf

Pulse repetition frequency of the pulse-echo interrogation, Hz

F0

Normalized force

Ts

Slow time processing window, s

Nc

Number of cycles of vibration

Np

Number of points sampled per vibration cycle

R

Regression goodness of fit coefficient

fv

Vibration frequency, Hz

μd

Mean displacement, m

σd

Standard deviation of displacement, m

μφ

Mean phase estimates, rad

σφ

Standard deviation of phase estimates, rad

F

Radiation force, N

z

Axial depth, m

Chapter 8

fr

Repetition rate of ultrasound tonebursts in harmonic pulsed excitation, Hz

Appendix 1

NS

Number of sinusoidal signals summed together

NE

Number of elements
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ω1

Angular frequency of ultrasound wave 1, rad/s

ω2

Angular frequency of ultrasound wave 2, rad/s

ω3

Angular frequency of ultrasound wave 3, rad/s

ω4

Angular frequency of ultrasound wave 4, rad/s

φ1

Phase of ultrasound wave 1, rad/s

φ2

Phase of ultrasound wave 2, rad/s

φ3

Phase of ultrasound wave 3, rad/s

φ4

Phase of ultrasound wave 4, rad/s

p1

Pressure signal 1, Pa

p2

Pressure signal 2, Pa

t

Time, s

A

Coefficient for ultrasound wave 1, Pa

B

Coefficient for ultrasound wave 2, Pa

C

Coefficient for ultrasound wave 3, Pa

D

Coefficient for ultrasound wave 4, Pa

a

Argument for ultrasound wave 1, rad

b

Argument for ultrasound wave 2, rad

c

Argument for ultrasound wave 3, rad

d

Argument for ultrasound wave 4, rad

p

Total pressure, Pa

F

Radiation force, N

dr

Drag coefficient

S

Intercepting surface area of the ultrasound waves, m2
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E

Energy density, J/m3

〈⋅〉

Short-term time average

c0

Longitudinal sound speed, m/s

ρ

Mass density, kg/m3

Appendix 2

Tb

Toneburst length in harmonic pulsed excitation, s

fr

Repetition rate of ultrasound tonebursts in harmonic pulsed excitation, Hz

Tr

Repetition period of ultrasound tonebursts in harmonic pulsed excitation, Hz

t

Time, s

g(t)

Time-shifted rectangular function

h(t)

Scaled impulse train

f(t)

Radiation force function, N

III(t)

Impulse train

II(t)

Rectangular function

a

Amplitude

⊗

Convolution operator

ℑ

Fourier transform

δ

Impulse function

G(f)

Frequency domain representation of time-shifted rectangular function

H(f)

Frequency domain representation of scaled impulse train

F(f)

Frequency domain representation of radiation force function, N

206

Bibliography
1.

Green BB, Taplin SH. Breast cancer screening controversies. J Am Board Fam
Pract 16 (3):233-241, 2003.

2.

Gray M, Sims T. Prostate cancer: prevention and management of localized
disease. Nurse Pract 31 (9):14-29, 2006.

3.

Krouskop TA, Wheeler TM, Kallel F, Garra BS, Hall T. Elastic moduli of breast
and prostate tissues under compression. Ultrason Imaging 20 (4):260-274, 1998.

4.

Garra BS, Cespedes EI, Ophir J, Spratt SR, Zuurbier RA, Magnant CM, Pennanen
MF. Elastography of breast lesions: initial clinical results. Radiology 202 (1):7986, 1997.

5.

Yeh WC, Li PC, Jeng YM, Hsu HC, Kuo PL, Li ML, Yang PM, Lee PH. Elastic
modulus measurements of human liver and correlation with pathology.
Ultrasound Med Biol 28 (4):467-474, 2002.

6.

Sandrin L, Fourquet B, Hasquenoph JM, Yon S, Fournier C, Mal F, Christidis C,
Ziol M, Poulet B, Kazemi F, Beaugrand M, Palau R. Transient elastography: a
new noninvasive method for assessment of hepatic fibrosis. Ultrasound Med Biol
29 (12):1705-1713, 2003.

7.

Rouviere O, Yin M, Dresner MA, Rossman PJ, Burgart LJ, Fidler JL, Ehman RL.
MR elastography of the liver: preliminary results. Radiology 240 (2):440-448,
2006.

8.

Huwart L, Peeters F, Sinkus R, Annet L, Salameh N, ter Beek LC, Horsmans Y,
Van Beers BE. Liver fibrosis: non-invasive assessment with MR elastography.
NMR Biomed 19 (2):173-179, 2006.

9.

Schaar JA, de Korte CL, Mastik F, Baldewsing R, Regar E, de Feyter P, Slager
CJ, van der Steen AF, Serruys PW. Intravascular palpography for high-risk
vulnerable plaque assessment. Herz 28 (6):488-495, 2003.

10.

Vahabi M. Breast cancer screening methods: a review of the evidence. Health
Care Women Int 24 (9):773-793, 2003.

11.

McKnight AL, Kugel JL, Rossman PJ, Manduca A, Hartmann LC, Ehman RL.
MR elastography of breast cancer: preliminary results. AJR Am J Roentgenol 178
(6):1411-1417, 2002.

12.

Wilt TJ, Thompson IM. Clinically localised prostate cancer. BMJ 333
(7578):1102-1106, 2006.

207

13.

Fung YC. Biomechanics : Mechanical Properties of Living Tissues. Second ed.
New York, NY: Springer-Verlag, 1993.

14.

Landau LD, Lifshitz EM. Theory of Elasticity. Third ed. Oxford, UK:
Butterworth Heinemann, 1986.

15.

Sarvazyan AP, Rudenko OV, Swanson SD, Fowlkes JB, Emelianov SY. Shear
wave elasticity imaging: a new ultrasonic technology of medical diagnostics.
Ultrasound Med Biol 24 (9):1419-1435, 1998.

16.

Duck FA. Physical Properties of Tissue. London: Academic Press, 1990.

17.

Oestreicher HL. Field and impedance of an oscillating sphere in a viscoelastic
medium with an application to biophysics. J Acoust Soc Am 23 (6):707-714,
1951.

18.

Yamakoshi Y, Sato J, Sato T. Ultrasonic imaging of internal vibration of soft
tissue under forced vibration. IEEE Trans Ultrason Ferroelectr Freq Control 37
(2):45-53, 1990.

19.

Greenleaf JF, Fatemi M, Insana M. Selected methods for imaging elastic
properties of biological tissues. Annu Rev Biomed Eng 5:57-78, 2003.

20.

Fatemi M, Manduca A, Greenleaf JF. Imaging elastic properties of biological
tissues by low-frequency harmonic vibration. Proc. IEEE 91 (10):1503-1519,
2003.

21.

Parker KJ, Taylor LS, Gracewski S, Rubens DJ. A unified view of imaging the
elastic properties of tissue. J Acoust Soc Am 117 (5):2705-2712, 2005.

22.

Krouskop TA, Dougherty DR, Vinson FS. A pulsed Doppler ultrasonic system for
making noninvasive measurements of the mechanical properties of soft tissue. J
Rehabil Res Dev 24 (2):1-8, 1987.

23.

Lerner RM, Huang SR, Parker KJ. "Sonoelasticity" images derived from
ultrasound signals in mechanically vibrated tissues. Ultrasound Med Biol 16
(3):231-239, 1990.

24.

Muthupillai R, Lomas DJ, Rossman PJ, Greenleaf JF, Manduca A, Ehman RL.
Magnetic resonance elastography by direct visualization of propagating acoustic
strain waves. Science 269 (5232):1854-1857, 1995.

25.

Ophir J, Cespedes I, Ponnekanti H, Yazdi Y, Li X. Elastography: a quantitative
method for imaging the elasticity of biological tissues. Ultrason Imaging 13
(2):111-134, 1991.

208

26.

O'Donnell M, Skovoroda AR, Shapo BM, Emelianov SY. Internal displacement
and strain imaging using ultrasonic speckle tracking. IEEE Trans Ultrason
Ferroelectr Freq Control 41 (3):314-325, 1994.

27.

Ophir J, Garra B, Kallel F, Konofagou E, Krouskop T, Righetti R, Varghese T.
Elastographic imaging. Ultrasound Med Biol 26 Suppl 1:S23-29, 2000.

28.

Itoh A, Ueno E, Tohno E, Kamma H, Takahashi H, Shiina T, Yamakawa M,
Matsumura T. Breast disease: clinical application of US elastography for
diagnosis. Radiology 239 (2):341-350, 2006.

29.

Catheline S, Wu F, Fink M. A solution to diffraction biases in sonoelasticity: the
acoustic impulse technique. J Acoust Soc Am 105 (5):2941-2950, 1999.

30.

Sandrin L, Tanter M, Gennisson JL, Catheline S, Fink M. Shear elasticity probe
for soft tissues with 1-D transient elastography. IEEE Trans Ultrason Ferroelectr
Freq Control 49 (4):436-446, 2002.

31.

Sandrin L, Tanter M, Catheline S, Fink M. Shear modulus imaging with 2-D
transient elastography. IEEE Trans Ultrason Ferroelectr Freq Control 49 (4):426435, 2002.

32.

Sugimoto T, Ueha S, Itoh K. Tissue hardness measurement using the radiation
force of focused ultrasound. In 1990 IEEE International Ultrasonics Symposium.
p. 1377-1380, 1990.

33.

Fatemi M, Greenleaf JF. Ultrasound-stimulated vibro-acoustic spectrography.
Science 280 (5360):82-85, 1998.

34.

Fatemi M, Greenleaf JF. Vibro-acoustography: An imaging modality based on
ultrasound-stimulated acoustic emission. Proc Natl Acad Sci U S A 96 (12):66036608, 1999.

35.

Walker WF, Fernandez FJ, Negron LA. A method of imaging viscoelastic
parameters with acoustic radiation force. Phys Med Biol 45 (6):1437-1447, 2000.

36.

Nightingale KR, Palmeri ML, Nightingale RW, Trahey GE. On the feasibility of
remote palpation using acoustic radiation force. J Acoust Soc Am 110 (1):625634, 2001.

37.

Nightingale K, Soo MS, Nightingale R, Trahey G. Acoustic radiation force
impulse imaging: in vivo demonstration of clinical feasibility. Ultrasound Med
Biol 28 (2):227-235, 2002.

38.

Konofagou EE, Hynynen K. Localized harmonic motion imaging: theory,
simulations and experiments. Ultrasound Med Biol 29 (10):1405-1413, 2003.

209

39.

Konofagou EE, Ottensmeyer M, Agabian S, Dawson SL, Hynynen K. Estimating
localized oscillatory tissue motion for assessment of the underlying mechanical
modulus. Ultrasonics 42 (1-9):951-956, 2004.

40.

Bercoff J, Tanter M, Fink M. Supersonic shear imaging: a new technique for soft
tissue elasticity mapping. IEEE Trans Ultrason Ferroelectr Freq Control 51
(4):396-409, 2004.

41.

Beard PC, Mills TN. Characterization of post mortem arterial tissue using timeresolved photoacoustic spectroscopy at 436, 461 and 532 nm. Phys Med Biol 42
(1):177-198, 1997.

42.

Kruger RA, Reinecke DR, Kruger GA. Thermoacoustic computed tomographytechnical considerations. Med Phys 26 (9):1832-1837, 1999.

43.

Ishihara M, Sato M, Sato S, Kikuchi T, Mochida J, Kikuchi M. Usefulness of
photoacoustic measurements for evaluation of biomechanical properties of tissueengineered cartilage. Tissue Eng 11 (7-8):1234-1243, 2005.

44.

Xu MH, Wang LHV. Photoacoustic imaging in biomedicine. Rev Sci Instruments
77 (4), 2006.

45.

Emelianov SY, Aglyamov SR, Karpiouk AB, Mallidi S, Park S, Sethuraman S,
Shah J, Smalling RW, Rubin JM, Scott WG. Synergy and Applications of
Combined Ultrasound, Elasticity, and Photoacoustic Imaging. In 2006 IEEE
International Ultrasonics Symposium. p. 405-415, 2006.

46.

Kanai H. Propagation of spontaneously actuated pulsive vibration in human heart
wall and in vivo viscoelasticity estimation. IEEE Trans Ultrason Ferroelectr Freq
Control 52 (11):1931-1942, 2005.

47.

Lopez O, Amrami KK, Manduca A, Rossman PJ, Ehman RL. Developments in
dynamic MR elastography for in vitro biomechanical assessment of hyaline
cartilage under high-frequency cyclical shear. J Magn Reson Imaging 25 (2):310320, 2007.

48.

Szabo TL. Diagnostic Ultrasound Imaging: Inside Out. Amsterdam: Elsevier
Academic Science, 2004.

49.

Walker WF, Trahey GE. A Fundamental Limit on Delay Estimation Using
Partially Correlated Speckle Signals. IEEE Trans Ultrason Ferroelectr Freq
Control 42 (2):301-308, 1995.

210

50.

Kasai C, Namekawa K, Koyano A, Omoto R. Real-time two-dimensional blood
flow imaging using an autocorrelation technique. IEEE Trans Son Ultrason SU-32
(3):458-464, 1985.

51.

Loupas T, Peterson RB, Gill RW. Experimental Evaluation of Velocity and Power
Estimation for Ultrasound Blood-Flow Imaging, by Means of a 2-Dimensional
Autocorrelation Approach. IEEE Trans Ultrason Ferrorelectr Freq Control 42
(4):689-699, 1995.

52.

Viola F, Walker WF. A spline-based algorithm for continuous time-delay
estimation using sampled data. IEEE Trans Ultrason Ferroelectr Freq Control 52
(1):80-93, 2005.

53.

Pinton GF, Trahey GE. Continuous delay estimation with polynomial splines.
IEEE Trans Ultrason Ferroelectr Freq Control 53 (11):2026-2035, 2006.

54.

Zheng Y, Chen SG, Tan W, Kinnick R, Greenleaf JF. Detection of tissue
harmonic motion induced by ultrasonic radiation force using pulse-echo
ultrasound and Kalman filter. IEEE Trans Ultrason Ferroelectr Freq Control 54
(2):290-300, 2007.

55.

Hasegawa H, Kanai H. Improving accuracy in estimation of artery-wall
displacement by referring to center frequency of RF echo. IEEE Trans Ultrason
Ferroelectr Freq Control 53 (1):52-63, 2006.

56.

Devi CU, Vasu RM, Sood AK. Application of ultrasound-tagged photons for
measurement of amplitude of vibration of tissue caused by ultrasound: theory,
simulation, and experiments. J Biomed Opt 11 (3):34019, 2006.

57.

Silva GT, Chen S, Greenleaf JF, Fatemi M. Dynamic ultrasound radiation force in
fluids. Phys Rev E Stat Nonlin Soft Matter Phys 71 (5 Pt 2):056617, 2005.

58.

Zhang X, Greenleaf JF. Noninvasive generation and measurement of propagating
waves in arterial walls. J Acoust Soc Am 119 (2):1238-1243, 2006.

59.

Chen S, Fatemi M, Kinnick R, Greenleaf JF. Comparison of stress field forming
methods for vibro-acoustography. IEEE Trans Ultrason Ferroelectr Freq Control
51 (3):313-321, 2004.

60.

Silva GT, Chen S, Frery AC, Greenleaf JF, Fatemi M. Stress field forming of
sector array transducers for vibro-acoustography. IEEE Trans Ultrason Ferroelectr
Freq Control 52 (11):1943-1951, 2005.

61.

Silva GT, Frery AC, Fatemi M. Image formation in vibro-acoustography with
depth-of-field effects. Comput Med Imaging Graph 30 (5):321-327, 2006.

211

62.

Silva GT, Greenleaf JF, Fatemi M. Linear arrays for vibro-acoustography: a
numerical simulation study. Ultrason Imaging 26 (1):1-17, 2004.

63.

Heikkila J, Hynynen K. Investigation of optimal method for inducing harmonic
motion in tissue using a linear ultrasound phased array--a simulation study.
Ultrason Imaging 28 (2):97-113, 2006.

64.

Fatemi M, Wold LE, Alizad A, Greenleaf JF. Vibro-acoustic tissue
mammography. IEEE Trans Med Imaging 21 (1):1-8, 2002.

65.

Alizad A, Fatemi M, Wold LE, Greenleaf JF. Performance of vibroacoustography in detecting microcalcifications in excised human breast tissue: a
study of 74 tissue samples. IEEE Trans Med Imaging 23 (3):307-312, 2004.

66.

Alizad A, Fatemi M, Whaley DH, Greenleaf JF. Application of vibroacoustography for detection of calcified arteries in breast tissue. J Ultrasound Med
23 (2):267-273, 2004.

67.

Alizad A, Fatemi M, Nishimura RA, Kinnick RR, Rambod E, Greenleaf JF.
Detection of calcium deposits on heart valve leaflets by vibro-acoustography: an
in vitro study. J Am Soc Echocardiogr 15 (11):1391-1395, 2002.

68.

Alizad A, Wold LE, Greenleaf JF, Fatemi M. Imaging mass lesions by vibroacoustography: modeling and experiments. IEEE Trans Med Imaging 23
(9):1087-1093, 2004.

69.

Mitri FG, Trompette P, Chapelon JY. Improving the use of vibro-acoustography
for brachytherapy metal seed imaging: a feasibility study. IEEE Trans Med
Imaging 23 (1):1-6, 2004.

70.

Calle S, Remenieras JP, Bou Matar O, Defontaine M, Patat F. Application of
nonlinear phenomena induced by focused ultrasound to bone imaging. Ultrasound
Med Biol 29 (3):465-472, 2003.

71.

Fatemi M, Greenleaf JF. Application of radiation force in noncontact
measurement of the elastic parameters. Ultrason Imaging 21 (2):147-154, 1999.

72.

Konofagou E, Thierman J, Hynynen K. The use of ultrasound-stimulated acoustic
emission in the monitoring of modulus changes with temperature. Ultrasonics 41
(5):337-345, 2003.

73.

Konofagou E, Thierman J, Hynynen K. A focused ultrasound method for
simultaneous diagnostic and therapeutic applications - a simulation study. Phys
Med Biol 46 (11):2967-2984, 2001.

212

74.

Zhang X, Kinnick RR, Fatemi M, Greenleaf JF. Noninvasive method for
estimation of complex elastic modulus of arterial vessels. IEEE Trans Ultrason
Ferroelectr Freq Control 52 (4):642-652, 2005.

75.

Zhang X, Greenleaf JF. Measurement of wave velocity in arterial walls with
ultrasound transducers. Ultrasound Med Biol 32 (11):1655-1660, 2006.

76.

Urban MW, Kinnick RR, Greenleaf JF. Measuring the phase of vibration of
spheres in a viscoelastic medium as an image contrast modality. J Acoust Soc Am
118 (6):3465-3472, 2005.

77.

Elmore JG, Armstrong K, Lehman CD, Fletcher SW. Screening for breast cancer.
JAMA 293 (10):1245-1256, 2005.

78.

American Cancer Society. Cancer Facts and Figures 2005. Atlanta, GA.

79.

Carney PA, Miglioretti DL, Yankaskas BC, Kerlikowske K, Rosenberg R, Rutter
CM, Geller BM, Abraham LA, Taplin SH, Dignan M, Cutter G, Ballard-Barbash
R. Individual and combined effects of age, breast density, and hormone
replacement therapy use on the accuracy of screening mammography. Ann Intern
Med 138 (3):168-175, 2003.

80.

Anderson ME, Soo MS, Bentley RC, Trahey GE. The detection of breast
microcalcifications with medical ultrasound. J Acoust Soc Am 101 (1):29-39,
1997.

81.

Kumar V, Abbas AK, Fausto N. Robbins and Cotran Pathologic Basis of
Diseases. Seventh ed. Philadelphia, PA: Elsevier Saunders, 2005.

82.

Ikeda DM. Breast Imaging--The Requisites. Philadelphia, PA: Elsevier Saunders,
2004.

83.

Fandos-Morera A, Prats-Esteve M, Tura-Soteras JM, Traveria-Cros A. Breast
tumors: composition of microcalcifications. Radiology 169 (2):325-327, 1988.

84.

Lide DR, editor CRC Handbook of Chemistry and Physics, 72nd edn. Boca
Raton: CRC Press, 1991.

85.

Chen S, Fatemi M, Greenleaf JF. Remote measurement of material properties
from radiation force induced vibration of an embedded sphere. J Acoust Soc Am
112 (3 Pt 1):884-889, 2002.

86.

Frizzell LA, Carstensen EL. Shear properties of mammalian tissues at low
megahertz frequencies. J Acoust Soc Am 60 (6):1409-1411, 1976.

213

87.

Zheng Y, Chen S, Tan W, Greenleaf JF. Kalman filter motion detection for vibroacoustography using pulse echo ultrasound. In 2003 IEEE International
Ultrasonics Symposium. p. 1812-1815, 2003.

88.

Ghiglia DC, Pritt MD. Two-Dimensional Phase Unwrapping--Theory,
Algorithms, and Software. New York, NY: John Wiley & Sons, Inc., 1998.

89.

Urban MW, Silva GT, Fatemi M, Greenleaf JF. Multifrequency vibroacoustography. IEEE Trans Med Imaging 25 (10):1284-1295, 2006.

90.

Sandrin L, Catheline S, Tanter M, Hennequin X, Fink M. Time-resolved pulsed
elastography with ultrafast ultrasonic imaging. Ultrason Imaging 21 (4):259-272,
1999.

91.

Fatemi M, Greenleaf JF. Probing the dynamics of tissue at low frequencies with
the radiation force of ultrasound. Phys Med Biol 45 (6):1449-1464, 2000.

92.

Greenleaf JF, Kinnick RR, Fatemi M, Davis BJ. Imaging prostate brachytherapy
seeds with pulse-echo ultrasound and vibro-acoustography. In, translator and
editor Acoustical Imaging. Vol. 27. Enschede, The Netherlands: Kluwer; 2004; p.
555-561.

93.

Carlson AB. Communication Systems, An Introduction to Signals and Noise in
Electrical Communication. Third ed. Boston, MA: Irwin McGraw-Hill, 1986.

94.

Silva GT, Chen S, Viana LP. Parametric amplification of the dynamic radiation
force of acoustic waves in fluids. Phys Rev Letters 96 (23), 2006.

95.

Johansmann M, Siegmund G, Pineda M. Targeting the limits of laser Doppler
vibrometry. In Technical Seminar, Data Storage Week. p. 2005.

96.

Alizad A, Whaley DH, Greenleaf JF, Fatemi M. Critical issues in breast imaging
by vibro-acoustography. Ultrasonics 44 Suppl 1:e217-220, 2006.

97.

Mitri FG, Greenleaf JF, Fatemi M. Chirp imaging vibro-acoustography for
removing the ultrasound standing wave artifact. IEEE Trans Med Imaging 24
(10):1249-1255, 2005.

98.

Zhang XM, Fatemi M, Kinnick RR, Greenleaf JF. Noncontact ultrasound
stimulated optical vibrometry study of coupled vibration of arterial tubes in fluids.
J Acoust Soc Am 113 (3):1249-1257, 2003.

99.

Chen S, Fatemi M, Greenleaf JF. Quantifying elasticity and viscosity from
measurement of shear wave speed dispersion. J Acoust Soc Am 115 (6):27812785, 2004.

214

100.

Holen J, Waag RC, Gramiak R. Representations of rapidly oscillating structures
on the Doppler display. Ultrasound Med Biol 11 (2):267-272, 1985.

101.

Huang S-R, Lerner RM, Parker KJ. On estimating the amplitude of harmonic
vibration from the Doppler spectrum of reflected signals. J Acoust Soc Am 88
(6):2702-2712, 1990.

102.

Mujica N, Wunenburger R, Fauve S. Scattering of a sound wave by a vibrating
surface. Eur Phys J B 33 (2):209-213, 2003.

103.

Palmeri ML, McAleavey SA, Trahey GE, Nightingale KR. Ultrasonic tracking of
acoustic radiation force-induced displacements in homogeneous media. IEEE
Trans Ultrason Ferroelectr Freq Control 53 (7):1300-1313, 2006.

104.

Viola F, Walker WF. A comparison of the performance of time-delay estimators
in medical ultrasound. IEEE Trans Ultrason Ferroelectr Freq Control 50 (4):392401, 2003.

105.

Pinton GF, Dahl JJ, Trahey GE. Rapid tracking of small displacements with
ultrasound. IEEE Trans Ultrason Ferroelectr Freq Control 53 (6):1103-1117,
2006.

106.

Urban MW, Bernal M, Greenleaf JF. Phase aberration correction using ultrasound
radiation force and vibrometry optimization. IEEE Trans Ultrason Ferroelectr
Freq Control in press, 2007.

107.

Matar OB, Remenieras JP, Bruneel C, Roncin A, Patat F. Noncontact
measurement of vibration using airborne ultrasound. IEEE Trans Ultrason
Ferroelectr Freq Control 45 (3):626-633, 1998.

108.

Wunenburger R, Mujica N, Fauve S. Experimental study of the Doppler shift
generated by a vibrating scatterer. J Acoust Soc Am 115 (2):507-514, 2004.

109.

Michishita K, Hasegawa H, Kanai H. Ultrasonic measurement of minute
displacement of object cyclically actuated by acoustic radiation force. Jap J Appl
Phys 42 (7A):4608-4612, 2003.

110.

Bracewell RN. The Fourier Transform and Its Applications. Third ed. Boston,
Ma: McGraw Hill, 2000.

111.

Zaitsev A, Raymond R, Thierman J, Juste J, Hynynen K. Focused ultrasound
thermal surgery, imaging, and elastometry using the same phase array: feasibility
study. In IEEE Ultrasonics, Ferroelectrics, and Frequency Control Joint 50th
Anniversary Conference. p. 2231-2234, 2004.

215

112.

McAleavey SA, Nightingale KR, Trahey GE. Estimates of echo correlation and
measurement bias in acoustic radiation force impulse imaging. IEEE Trans
Ultrason Ferroelectr Freq Control 50 (6):631-641, 2003.

113.

Polytec. Laser Doppler Vibrometer. Waldbronn, Germany: Polytec, GmbH, 2000.

114.

Goodman JW. Some fundamental properties of speckle. J Opt Soc Am 66
(11):1145-1150, 1976.

115.

Weng L, Reid JM, Shankar PM, Soetanto K, Lu X-M. Nonuniform phase
distribution in ultrasound speckle analysis --Part I: Background and experimental
demonstration. IEEE Trans Ultrason Ferroelectr Freq Control 39 (3):352-359,
1992.

116.

Zatari D, Botros N, Dunn F. A simulation algorithm for ultrasound liver
backscattered signals. Ultrasonics 33 (6):469-474, 1995.

117.

Zheng Y, Yao A, Chen S, Greenleaf JF. Measurement of Shear Wave using
Ultrasound and Kalman Filter with Large Background Motion for Cardiovascular
Studies. In 2006 IEEE International Ultrasonics Symposium. p. 718-721, 2006.

118.

Kallel F, Stafford RJ, Price RE, Righetti R, Ophir J, Hazle JD. The feasibility of
elastographic visualization of HIFU-induced thermal lesions in soft tissues.
Image-guided high-intensity focused ultrasound. Ultrasound Med Biol 25 (4):641647, 1999.

119.

Lizzi FL, Muratore R, Deng CX, Ketterling JA, Alam SK, Mikaelian S, Kalisz A.
Radiation-force technique to monitor lesions during ultrasonic therapy.
Ultrasound Med Biol 29 (11):1593-1605, 2003.

120.

Fahey BJ, Hsu SJ, Wolf PD, Nelson RC, Trahey GE. Liver ablation guidance with
acoustic radiation force impulse imaging: challenges and opportunities. Phys Med
Biol 51 (15):3785-3808, 2006.

216

