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Abstract—Our previous methodology in local sound
speed estimation utilized time delays measured by the
cross correlation of delayed full-synthetic aperture chan-
nel data to estimate the average speed of sound. How-
ever, focal distortions in this methodology lead to biased
estimates of the average speed of sound, which, in turn,
leads to biased estimates of the local speed of sound.
Here, we demonstrate the bias in the previous methodology
and introduce a coherence-based average sound speed
estimator that eliminates this bias and is computationally
much cheaper in practice. Because this coherence-based
approach estimates the average sound speed in the medium
over an equally spaced grid in depth rather than time,
we derive a refined model that relates the local and aver-
age speeds of sound as a function of depth in layered
media. A fast, closed-form inversion of this model yields
highly accurate local sound speed estimates. The root-
mean-square (rms) error of local sound speed reconstruc-
tion in simulations of two-layer media is 4.6 and 2.5 m/s at
4 and 8 MHz, respectively. This work examines the impact
of frequency, fnumber, aberration, and reverberation on
sound speed estimation. Phantom and in vivo experiments
in rats further validate the coherence-based sound speed
estimator.

Index Terms— Distributed aberration, phase aberration
correction, ray tracing, speed of sound.

|. INTRODUCTION

OUND speed plays a fundamental role in the interac-
tion of the ultrasound imaging system with the imaged
medium. Sound speed not only affects the time of arrival
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of an acoustic wave to a particular location in space but
is also partially responsible for impedance changes, which
produces the reflections needed for ultrasound imaging, as well
as refraction and diffraction effects in spatially varying media.
B-mode ultrasound imaging generally assumes that the speed
of sound in a medium is constant so that reflections due to
scattering in the medium can be focused by simply delaying-
and-summing according to known geometric distances and
the speed of sound. Ideally, if the speed of sound used in
beamforming matches the true speed of sound in the medium,
the backscattered reflections should be well-aligned after
applying delays. However, an error in the speed of sound will
result in misalignment of channel signals and thereby degrade
imaging performance. Furthermore, if significant sound speed
heterogeneity is present in the medium, higher order phase
aberrations can contribute to further signal misalignment after
applying geometric delays and cause degradation of the ultra-
sound image [1].

Speed of sound can often be a mechanism for tomo-
graphic imaging by utilizing the differential times of flight
along various paths of propagation [2]-[7]. Many of these
tomographic sound speed imaging techniques propose to
differentiate diseased tissue from normal tissue by using a
through-transmission system [8]-[10] or a reflection-based
pulse-echo system [3], [S5]. While these reflection-based tomo-
graphic approaches can effectively measure lateral variations
in the speed of sound, they often have difficulty accurately
measuring the average speed of sound or axial variations in
a layered medium [11]-[13]. Techniques that utilize direct
measurement of the average speed of sound can accurately
capture axial variations in local speed of sound in layered
media where lateral sound speed variations are negligible
[14]-[17]. Transmission-based ultrasound computed tomogra-
phy [8]-[10] can accurately estimate both lateral and axial
variations in the speed of sound because they often provide
complete angular coverage of the medium and enable the
k-space coverage necessary for accurately mapping the speed
of sound. The main disadvantage of this approach is that it
requires through transmission.

Knowledge of the speed of sound in the medium based
on sound speed reconstruction has also been used to per-
form distributed aberration correction [14], [18]. In addition
to image correction, speed of sound can also be used as
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a biomarker for diseases, such as nonalcoholic fatty liver
disease (NAFLD) [15], [16]. Fat accumulation in the liver
has been shown to significantly decrease the speed of
sound. Across the literature, the speed of sound ranges from
1560 to 1590 m/s in healthy liver and 1510-1530 m/s in fatty
liver [19]-[21]. Recent work in pulse-echo ultrasound has
focused on estimating the speed of sound in the liver through
the abdominal wall, which is well-described by a layered
medium [4], [14], [15]. Layered media models have also been
used to estimate the speed of sound in the livers of patients
in order to diagnose hepatic steatosis [15], [16], [22].

Our previous work [23] utilized residual time delays mea-
sured by the cross correlation of geometrically focused full-
synthetic aperture channel data to estimate the average speed
of sound. However, because this process neglects the addi-
tional delays incurred by applying dynamic focal delays, the
measured average sound speed is biased by the sound speed
originally used to focus the full-synthetic aperture channel
data. This bias reduces the accuracy of local sound speed
estimates and limits the general applicability of this approach.
We recently proposed a coherence-based estimation of the
average sound speed for fixed focal locations [14]. For a
layered medium, this approach has two benefits: first, the
average sound speed can be estimated without bias; second,
the average sound speed may be estimated over a grid that
is equally spaced in depth rather than time, which greatly
simplifies implementation and is less prone to errors in
determining the transmit and receive times used in our prior
approach.

In this article, we elucidate the bias in the average sound
speed estimation process in [23] and compare it to our
proposed coherence-based method [14]. From there, we exam-
ine the performance of this coherence-based approach under
a wide variety of imaging conditions and parameters that
affect the estimation process, such as the sound speed in
the medium, reverberation noise, phase aberration, frequency,
and f-number. Because the coherence-based method enables
accurate estimation of average sound speed as a function of
imaging depth, the local speed of sound may also be estimated
as a function of imaging depth into the medium. We validate
our local sound speed estimation technique with simulations
and in vivo experiments in a rat model of NAFLD.

1. THEORY

The relationship between the local and average speed of
sound is first derived for a two-layer medium (Fig. 1) and is
then extended to a multiple-layer medium. This model neglects
the effects of refraction because there is, at most, a 10%
variation in the sound speed of the soft tissues to which this
method will be applied. Neglecting refraction and assuming
that sound travels in a straight-line path from each transducer
element located at (x, 0) to the focal point (x s, zr), the ratio
of the distance traversed in each half of the medium to the
total distance remains constant as function of x. These ratios
are denoted as o = d;(x)/diw(x) and ar, = do(x)/diora (x),
where a; + a; = 1. The total time 7 (x) over this propagation
path may be calculated as the sum of the distances divided by

Fig. 1. Straight ray paths in a two-layer medium. This schematic is
used to derive a closed-form expression for the average sound speed
in a two-layer medium. The center of the linear array is assumed to be
at (0, 0).
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Fig. 2. Layered medium model for deriving the relationship between

the local and average sound speed in an M-layer medium (not drawn to
scale). This model extends the analysis of Fig. 1 to multiple layers.

the speed of sound in each half of the medium

_ dl(x) dg(x) _ ﬂ %
T(X) = —C1 + o = dtotal(x)(cl + CZ). (1)

Ideally, 7(x) = diotl(x)/Cavg, Where cqye is the average
sound speed for optimal focusing at (xy, z¢); based on (1),
Cavg Can be written in terms of ¢ and ¢, as

1 a o
— =142 )
Cavg C1 (&)

In an M-layered medium (Fig. 2), the average sound speed

after M layers is
1 U a;

=> - 3)

Cavg,M

where > a; = 1. If each layer has the same thickness, then
a; = 1/M so that

1

Cave,M

1<
=MZC_,- “)

i=1

where c¢; is the local sound speed in the ith layer. Note
that “average sound speed” actually refers to a reciprocal
or harmonic average speed of sound. However, to maintain
consistency with the nomenclature originally presented in [23],
this reciprocal average sound speed is referred to as the
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average sound speed throughout this work. To estimate the
local sound speed in the Mth layer from average sound speed
estimates at the end of the (M — 1)th and Mth layers, the
following inversion formula can be used:
1 M M—1
= 5)

M Caveg, M Cavg,M—1

This layered-medium model applies to any medium where
sound speed varies axially but not laterally. Assuming infini-
tesimally thick layers, the relationship between the local and
average sound speed as a function of depth z can be written as

1 1 [9=% df
= - / , (6)
Cavg(z) 2 )iz (@)

1 d z
cz) d_z(cavg@)' @

As shown in (4) and (6), local sound speed estimates require
measurement of the average sound speed. The concept of aver-
age sound speed assumes that applying the following one-way
geometric delays to focus channel signals at a location (xf, z r)
will align wavefronts prior to coherent summation

D(x; xy,
T(x;xf.,zf)zwzm. (8)

Cavg Cavg

High-quality estimation of local sound speed requires an
accurate average sound speed estimator. Various focusing
metrics, such as coherence factor (CF) [24], average phase
variance (APV) [25], and short-lag spatial coherence (SLSC)
[15], [26], have been used to determine c,ye that best aligns
the channel data at (x¢, z¢). Similar methodologies have been
used in geophysics [27], [28] to estimate interval seismic wave
velocities between layers of rock in the subsurface from the
stacking, or focusing, velocity as a function of depth.

[1l. METHODS
A. Sound Speed Estimation

In this work, multistatic synthetic aperture data are used to
perform sound speed estimation. Beamforming sound speeds
ranging from 1460 to 1620 m/s, in 1 m/s increments, were
used to calculate both transmit and receive geometric delays
and applied to the multistatic channel data for a grid of points
in the ultrasound image. The focused channel signals were
summed across transmit channels. The CF was then applied
to N complex receive-channel signals s[k]

2
S st
NSV IsTklP?

where the receive channel k ranges from 1 to N. A CF image
is generated for each focusing sound speed. Each CF image
is averaged laterally, which effectively makes the assumption
that the medium is layered, to obtain an averaged CF value for
each imaging depth and sound speed. The sound speed that
maximizes the CF at each imaging depth is the average speed
of sound cgig’M, where M € [Mpyn, . .., Myax] is an index for
depth denoting the layer in the medium as in (4) and (5).

CF 9)

TABLE |
FIELD Il SIMULATION SETTINGS

Parameter Value Units

Array Geometry Linear -

Number of Elements 128 elements

Element Pitch 0.15 mm
Elevational Element Height 6 mm
Elevational Focusing Depth 20 mm
Center Frequency 2,3,4,..,10 MHz

Fractional Bandwidth 0.7 -
Sampling Frequency 100 MHz
Sound Speed 1480, 1490, ..., 1600 m/s

raw 1
Because c;i; ), are noisy measurements, they need to be

smoothed prior to local sound speed estimation because the
differentiation process in the local sound speed estimation

: : raw  __ raw raw T
amplifies noise. Denote Cave = [cavg’ Main> - > Cave, Mmax] as
the column vector of raw average sound speed measurements

T
and Cayg = [Cavg, Myin»> - - - » Cave, M ] @S the vector of average

sound speed measurements after smoothing. The raw average
sound speed measurements were smoothed according to the
regularized inversion formula
-1
coe = (I + D" D) 2

avg

(10)

where I is an (Mpax — Mpin+1) X (Mpax — Mmin + 1) identity
matrix, A is a regularization parameter to enforce smoothing,
and D is an (Mpax — Mmin—2) X (Mpax —Mmin+1) roughening
matrix designed to penalize the third derivative of average
sound speed measurements in Cayg

1 =3 3 -1 0 0 - 0
1 -3 3 -1 0 - 0

D=|: . . . (11)
0 -~ 0 1 -3 3 -1 0
o --- 0 0 1 -3 3 -1

Equation (5) is then used to calculate the local sound speed
cy from the smoothed average sound speed cuygn for all
M > Mpyin and cy = Cavgm,;, for all M < My;,. These
estimated local sound speeds are assumed to be constant across
the lateral dimension due to the layered medium assumption.

B. Field Il Simulations in Homogeneous Media

Field II simulations [29] were used to quickly assess the
accuracy of sound speed estimates in homogeneous sound
speed media under a variety of scattering realizations and
imaging conditions. A single-scattering realization consists
of a random spatial distribution of point scatterers (with an
average of 100 scatterers per resolution volume) with random
amplitude. Multistatic synthetic aperture datasets, consisting
of received channel signals from individual transmit element
firings, were simulated using Field II. These simulations
were performed at frequencies ranging from 2 to 10 MHz
in diffuse scattering media with sound speeds ranging
from 1480 to 1600 m/s. All other simulation information is
summarized in Table I. In addition, f-number (0.5-1.5),
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TABLE Il
k-WAVE SIMULATION SETTINGS

Parameter Value Units

Array Geometry Linear -

Number of Elements 128 elements

Element Pitch 0.15 mm
Center Frequency 4or8 MHz

Fractional Bandwidth 0.7 -
Sampling Frequency 85.56 MHz
Grid Spacing 0.03 mm

root-mean-square (rms) near-field phase-screen aberration
strength (0-80 ns), and reverberation noise (SNR ranging
from 0.2 to 2) were varied to observe the behavior of CF
as an unbiased estimator of the average sound speed. The cor-
relation length (full-width at half-maximum) of each randomly
generated zero-mean Gaussian aberrator was 3 mm. Incoher-
ent reverberation noise [30] was modeled by adding white
noise filtered by the frequency response of the transmit pulse
[31], [32] to the multistatic synthetic aperture dataset.

Images of CF were generated over a rectangle that ranged
from —5 to 5 mm laterally and 5 to 35 mm axially in
depth at each focusing sound speed (1460-1620 m/s in
1-m/s steps). For each of these homogeneous media, the entire
CF image was averaged in order to obtain a single CF value
for each focusing sound speed as the transmit frequency,
aberration strength, and reverberation noise were varied. The
same set of simulations was also used to measure the effect
of f-number on CF. In this case, the CF images were first
averaged across nine speckle realizations, and then, each CF
image was averaged laterally, resulting in CF values for each
imaging depth and focusing sound speed. From these data,
CF as a function of the focusing sound speed was extracted
at three different imaging depths corresponding to three
f-numbers: 0.5, 1.0, and 1.5.

C. k-Wave Simulations in Layered Media

A multistatic synthetic aperture dataset was simulated in
k-Wave [33] for diffuse scattering in two-layer media where
the sound speed is 1480 m/s over the first 15 mm of depth
into the media and 1520, 1540, 1570 m/s, or 1600 m/s
over the remainder of the medium. Each k-Wave simulation
was performed over a 2-D grid. Twelve different scattering
realizations were used over the entire two-layer medium for
each of the 1520-, 1540-, and 1570-m/s cases. Furthermore,
each case was simulated with 4- and 8-MHz transmit fre-
quencies to observe the impact of frequency on local sound
speed estimation. One simulation at 8-MHz and 1600-m/s
sound speed in the bottom layer was used to demonstrate
the bias in our previous correlation-based technique [23].
All remaining simulation parameters, such as the transducer
configuration, transmit pulse, computational grid, and sam-
pling, are described in Table II.

D. Experimental Data Acquisition

Multistatic synthetic aperture channel data were acquired
for phantom and in vivo experiments. For the phantom

experiments, a porcine slab was placed on top of four different
phantoms: an ATS 549 phantom (Norfolk, VA, USA) with
a sound speed of 1460 m/s, and three speckle-generating
gelatin-graphite phantoms whose n-propanol concentrations
were varied to produce changes in the speed of sound [34].
For the in vivo experiments, twelve obese (six male and
six female) Zucker rats from Charles River Laboratories Inc.
(Wilmington, MA, USA) were fed a high-fat diet consisting
of 60% fat for up to eight weeks. Each rat was anesthetized
(2% isoflurane in air administered at 2 L/min), sacrificed,
and imaged. The rats were sacrificed just prior to imaging to
eliminate confounding factors, such as breathing and cardiac
motion. Each rat was perfused with a pH 7.4 phosphate-
buffered saline (PBS) solution (Sigma-Aldrich, St. Louis, MO,
USA) in order to prevent blood clotting and changes to
the mechanical properties of the rat livers during imaging.
After imaging, rat livers were excised for direct ex vivo
sound speed measurement using the process by Kuo et al. [35]
and steatosis grading based on histology. The ex vivo and
phantom ground-truth sound speed measurement were done
using a TDS754C oscilloscope (Tektronix, Beaverton, OR,
USA) connected to a 5073PR pulse receiver (Panametrics,
Waltham, MA, USA) used to drive a 3-MHz, 0.5-in-diameter
piston transducer (Panametrics, Waltham, MA, USA).

IV. RESULTS
A. Comparison With the Prior Methodology

When the method used in [23] is applied to homogeneous
media simulated in Field II, the estimated sound speed appears
to depend strongly on the sound speed used to initially
focus the channel data. The top panel in Fig. 3 shows that
in homogeneous media with sound speeds of 1500, 1540,
and 1580 m/s, the estimated sound speed decreases as the
sound speed used to initially focus the channel data increases.
Furthermore, the measured average sound speed is close to
the true sound speed in the medium only when the sound
speed used in focusing is close to the true sound speed in the
medium. In general, if the focusing sound speed is less than
the true sound speed in the medium, the average sound speed
measurement in [23] tends to overestimate the true sound
speed, and if the focusing sound speed is greater than the
true sound speed in the medium, then the true sound speed is
underestimated. This varying bias is highlighted in the bottom
panel of Fig. 3, where 1540-m/s focusing is applied to channel
data from Field II simulations of homogeneous media with
sound speeds ranging from 1480 to 1600 m/s.

An example of the effect of this bias is observed in Fig. 4 for
the two-layer medium with 1480-m/s sound speed in the top
layer and 1600-m/s sound speed in the bottom layer, where the
ground-truth average speed of sound [Fig. 4(a)] was calculated
from the true speed of sound using (6). In this example,
the sound speed initially used to focus the channel data
prior to estimating the residual delays with the prior method
was 1500 m/s. Because of the biases in the average sound
speed measurement, the resulting local sound speed estimates
[Fig. 4(b)] are overestimated by approximately 20 m/s in this
case.
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Sound Speed Estimates in 3 Homogeneous Media

—_
Q
~
o
[
N
o

—_
D
o
o

1580
1560
1540
1520
1500

Estimated Sound Speed [m/s]

1480

1520 1540 1560 1580 1600
Initial Focusing Sound Speed [m/s]

1460 3
1480 1500

_
z

1620 Sound Speed Estimation After 1540 m/s Focusing

1600 - 4
1580 - e 1
1560 |- 2 i
1540 - g
1520 = i
1500 - |

1480 ]

Estimated Sound Speed [m/s]

1520 1540 1560 1580
True Sound Speed [m/s]

1460'* :
1480 1500

1600

Fig. 3.  Sound speed estimation in homogeneous media based on
prior methodology [23]. (a) In Field Il simulations of homogeneous
media at 1500, 1540, and 1580 m/s sound speed (top panel), our prior
methodology [23] shows a significant dependence on the sound speed
used to focus the channel data prior to estimating phase aberration.
(b) Focusing with 1540 m/s causes the measurement of the average
sound speed to undershoot or overshoot the true sound speed in the
medium. In this figure, an 8-MHz transmit frequency and an 8-mm focal
depth were used.

Average sound speed estimation using the proposed coher-
ence maximization strategy does not exhibit the same bias
observed in [23]. Fig. 5 shows the CF in a Field II simulation
of a homogeneous sound speed medium. CF always attains
a maximum at the true speed of sound and, as a result, the
proposed coherence-based methodology also leads to accurate
estimates of the local speed of sound as a function of depth
(see Fig. 4).

B. Parameters Affecting CF in Sound Speed Estimation

Fig. 6 shows CF as a function of the focusing sound
speed for several transmit frequencies, f-numbers, aberration
strengths, and reverberation strengths from the Field II sim-
ulations of homogeneous sound speed media. Note that the
peak CF values in Fig. 6(a) and (b) do not reach the expected
maximum of 0.66 [24] in a diffuse-scattering medium because
of the directivity of the transducer. The CF curves show a
sharper peak around the medium’s true speed of sound as
the frequency increases or as the f-number decreases. The
amplitude of the CF curve is roughly stable over frequency
or f-number and does not change. For increasing aberra-
tion strength, the CF curves decrease in amplitude and are
reduced in sharpness. For increasing reverberation strength,
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Fig. 4. Average and local sound speed estimation in two-layer media
based on prior methodology and proposed CF maximization approach.
Estimation biases in (a) average sound speed due to the prior method-
ology in [23] directly translate to measurement biases in (b) local speed
of sound. The same regularization-based smoothing was applied to
estimates of the effective average sound speed from both the prior
methodology and the coherence-based approach we introduce in this
work. An initial focusing speed of sound of 1500 m/s was chosen for the
prior methodology.

Coherence Factor (CF) as a Focusing Metric in
Homogeneous Media Ranging from 1480 to 1600 m/s
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Fig. 5. CF as a function of focusing sound speed for homogeneous
media. The CF is maximized at the true speed of sound in the medium.

the amplitude of the CF curves decreases, but the sharpness
of the curve is unchanged. In this case, scaling of the CF curve
at an SNR of 0.2 yields the same shape of curve at an SNR
of 2. For both aberration and reverberation, the sound speed
estimation empirically appears to remain unbiased.
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Fig. 6. Parameters that affect CF in sound speed estimation. (a) As frequency increases, CF as a function of beamforming sound speed becomes
narrower around the true speed of sound in the medium (1540 m/s). (b) As fnumber decreases, CF becomes narrower around the true speed of
sound in the medium. (c) As the aberration strength (in nanoseconds) increases, the CF curve flattens. (d) As SNR decreases, the CF curve scales

down, while its shape remains unaffected.

TABLE IlI
MEAN AND STANDARD DEVIATION OF LOCAL SOUND
SPEED ESTIMATES IN TWO-LAYER MEDIA
FROM 18 TO 25 mm DEPTH

1520 m/s in 1540 m/s in 1570 m/s in
2nd Layer 2nd Layer 2nd Layer
4 MHz Transmit | 1520.8 £3.9 | 1541.6 £3.7 | 1572.44+5.8
Frequency m/s m/s m/s
8 MHz Transmit | 1520.3+1.9 | 1541.0£2.4 | 1572.3+3.0
Frequency m/s m/s m/s

C. Local Sound Speed Estimation in Two-Layer Media

Figs. 7 and 8 show the local sound speed estimation process
for two-layer media at 4 and 8 MHz, respectively. Table III
summarizes the local sound speed estimates from 18 to 25 mm
depth for each two-layer medium and transmit frequency.
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In each figure, the first row is the average sound speed
Cavg,m» the second row is the smoothed average sound speed
Cavg,m» and the third row is the local sound speed cy. The
columns in each figure correspond to the different two-layer
simulations where the speed of sound in the second layer
is 1520, 1540, and 1570 m/s. In each figure, the standard
deviation in the raw effective average and local sound speeds
increases with depth. These results correspond to the observa-
tions in Fig. 6(b), in which the CF function becomes broader
as f-number increases. The standard deviation in the raw
effective average and local sound speed estimates decreases
between Figs. 7 and 8 as the transmit frequency increases
from 4 to 8 MHz. Note that in Figs. 7 and 8, the standard
deviation in the average and local sound speed estimates fur-
ther increases at the deepest depths in the medium because the
smoothing process degrades at edges of the data where there
are effectively far fewer samples to smooth over. To improve
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Fig. 7. Estimation of the average and local speeds of sound in three two-layer media at 4-MHz transmit frequency. The sound speed is 1480 m/s
over the first 15 mm in the medium and either 1520, 1540, or 1570 m/s in the rest of the medium. The raw average, smoothed average, and local
sound speeds were estimated over 12 independent speckle realizations for each of the three two-layer media. The mean and standard deviation
across speckle realizations is shown for each sound speed estimate as a function of depth. The standard deviation in the raw average and local
sound speed estimates increase as a function of depth or, equivalently, ~number.
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Fig. 8. Estimation of the average and local speeds of sound in three two-layer media at 8 MHz. The same media as in Fig. 7 are simulated at 8 MHz.
The same sound speed estimates and statistics used in Fig. 7 are calculated and shown here. The standard deviation in all sound speed estimates
are smaller at 8 MHz than at 4 MHz (Fig. 7).

local sound speed estimates in this region, average sound Fig. 9 shows the sound speed estimation process in a
speed measurements would need to be made deeper into the phantom experiment in which a 5-mm-thick porcine slab was
medium. placed on top of an ATS phantom (1460 m/s). Although the
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Fig. 9. Sound speed estimation of the average and local speeds of sound in a two-layer phantom experiment. Although the average sound speed
is far from the true sound speed in the phantom (1460 m/s) due to the high speed of sound in the porcine sample above the phantom (1570 m/s),
the estimated local speed of sound in the phantom stays within =10 m/s of the ground-truth value from 10 to 30 mm depth.

average sound speed is far from the sound speed in the phan-
tom due to the porcine slab, the local sound speed estimates
are close (within £10 m/s) to the true sound speed in the
ATS phantom from 10 to 30 mm depth. The strong coherent
reverberation at roughly 6 mm depth causes a dip in the
raw average sound speed measurement. At this location, the
regularization smoothing decreases the slope of the smoothed
average sound speed so that local sound speed estimates are
erroneous around 6 mm depth. Sound speed values are not
provided beyond 30mm because the standard deviation of
the estimates becomes larger near at deepest imaging depth
(35 mm) where the fewest average sound speed measure-
ments contribute to the local sound speed estimate. Fig. 10
shows this sound speed estimation process repeated with four
different imaging phantoms and six different imaging views
per phantom. In these cases, the porcine layer on top of the
phantoms was around 14-20 mm thick. For the ATS phantom
and phantoms 1-3, the ground-truth speed of sound inside
the phantoms were 1460.0, 1489.7, 1516.2, and 1539.7 m/s,
respectively. The mean and standard deviations in local sound
speed estimates are plotted as a function of depth.

D. Sound Speed Estimation in Rat Livers

Fig. 11 shows the sound speed estimation process in the
livers of two different rats. The single value reported for the
effective average and local speeds of sound of each rat liver
is an average of the estimates from 5 to 15 mm depth in
the medium, as indicated by the green dashed lines shown.
Below the green dashed lines, the B-mode images show
spinal bone and other structures that do not fit the layered
medium assumption, and thus, sound speed estimation was
not considered accurate in this region. The local sound speed
estimate in the liver of the rat with a steatosis grade of 1 was
1562.8 m/s and its measured sound speed after excision was
1557 m/s. For the rat with a steatosis grade of 3, the local

sound speed in the liver was estimated to be 1522.4 m/s,
while the speed of sound measured in the excised liver was
1511 m/s. Fig. 12 shows the average and local sound speed
estimates against the ex vivo sound speed measurement for
each rat liver. The local sound speed estimates generally agree
more strongly with ex vivo sound speed measurement than the
average sound speed. The regression line for local sound speed
estimates is closer to the line of equality (black dashed line)
between imaging-based sound speed estimates and the ex vivo
measurements.

V. DISCUSSION

The methodology in [23] used multilag least-squares cross
correlation [36] to compute residual delays after applying
focusing delays to the multistatic channel data and summing
across transmit elements. These residual delays were then
added to the geometric delays used in focusing to compute
a total delay curve for the scattering region. This delay curve
was then squared prior to fitting to the parabolic model given
by Anderson and Trahey [37] to obtain the average speed
of sound. However, the sound speed estimation technique
introduced by Anderson and Trahey [37] was initially pro-
posed for determining this delay curve from receive-channel
data following a single fixed-focus transmit beam, without
any dynamic focusing applied to transmit or receive. In [23],
dynamic focusing is applied to both transmit and receive prior
to summing across transmit elements and estimating residual
aberration delays by cross-correlating the receive-channel data.
In the presence of sound speed error, there is a broadening of
the point spread function, which induces additional error in the
time delay between receive elements and alters the curvature
of the residual aberration delays. This altered curvature in the
residual aberration delays induces an error in the parabolic fit
of the Anderson—Trahey method [37] and causes the estimation
biases seen in Figs. 3 and 4.
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Fig. 10. Local sound speed estimation in four different phantoms. Mean and standard deviation in the local sound speed estimates were compiled
across six different imaging views. Bold lines indicate the mean values and the dotted lines indicate the + standard deviations in the measurement.
For each phantom, the ground-truth speed of sound in the phantoms is shown from the starting depth of the phantom onward. The ground-truth
sound speed in the phantoms was 1460.0 + 5.0, 1489.7 + 1.2, 1516.2 £ 0.9, and 1539.7 + 0.7 in the ATS phantom and manufactured phantoms 1-3,
respectively. Local estimates tend to follow the ground-truth sound speed value inside the phantom as the speed of sound inside the phantom is

progressively increased.
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Example of liver imaging in rats with average and local sound speed estimates. (Top) First rat shown is a female obese Zucker rat with a

steatosis grade of 1. The local sound speed in the liver was measured to be 1562.8 m/s. The sound speed measured in the excised liver sample
was 1557 m/s. (Bottom) Second rat is a female obese Zucker rat with a steatosis grade of 3. The local sound speed in the liver was measured to be
1522.4 m/s. The sound speed measured in the excised liver sample was 1511 m/s.

An alternative approach to [23] would be to synthesize
receive-channel data for a fixed-focus transmit beam from
the multistatic data, apply the methodology of Anderson and
Trahey [37] to the nontime-delayed receive-channel data as

originally described, and estimate both the average sound
speed and location of scattering from the parabolic fit.
However, to estimate the local speed of sound in the medium,
the average sound speed estimates may have to be placed on
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speed estimates. Local sound speed estimates (red) align better with the
dashed line than the average sound speed estimates (blue). The error
bars signify the standard deviation in the sound speed estimate over the
5-15-mm depth range shown in Fig. 11. The blue solid and red lines
are regression lines over the average and local sound speed estimates,
respectively.

a potentially irregular grid of points axially in depth according
to the estimated location of scattering.

Due to the difficulties of accurately estimating the effec-
tive average speed of sound without bias, the computational
complexities of a cross correlation-based approach, and the
difficulties of gridding irregularly sampled sound speed esti-
mates, we applied a computationally efficient estimation of
the speed of sound that avoids this bias and estimates the
speed of sound over a regularly sampled grid in depth by
using coherence maximization [14], [24], [25]. Figs. 3 and 4
show that the coherence-based approach avoids these biases
and leads to more accurate estimates of the effective average
and local speeds of sound. Figs. 5 and 8 further validate this
sound speed estimation approach in several homogeneous and
two-layer media.

In Fig. 6, it was shown that the CF curves were sharper
around the true speed of sound for higher frequencies and
lower f-numbers. As the speed of sound used to focus the
channel data deviates from the true speed of sound in the
medium, more phase variation is introduced across the receive
aperture after focusing. As this phase variation increases,
destructive interference across the aperture decreases the CF.
Because phase is a product of frequency and delay, the amount
of phase variation across the receive aperture increases as
the frequency increases. This increase in phase variation with
frequency decreases the CF, especially as the sound speed error
increases, which leads to narrowing of the CF curve around
the true speed of sound in the medium. F-number affects
the phase variation across the aperture by a different mech-
anism. As f-number increases, the geometric delay profile

becomes flatter. Thus, when focusing at larger f-numbers,
there is less phase variation across the aperture from a gross
velocity error, which causes the CF curve to broaden around
the true speed of sound in the medium.

For increasing reverberation strength, the amplitude of
the CF curve decreases, but the sharpness is unchanged
[Fig. 6(d)]. The sharpness is unchanged because the noise in
reverberation is uncorrelated across the aperture and thereby
only decreases the CF curve’s amplitude. However, in the
case of zero-mean aberration [Fig. 6(c)], the aberration acts
as correlated noise in the phase across the aperture. For small
correlation lengths, there is no change to the sharpness of
the CF curve as aberration strength increases because the
resulting phase error appears similar to reverberation noise. For
large correlation lengths, the sharpness of the curves decreases
because the noise is correlated and reduces the phase variation
across the aperture as the speed of sound is changed.

The impact of sharper CF curves on local sound speed
estimation in layered media is observed in Figs. 7 and 8. First,
the standard deviation of all sound speed estimates is smaller
at 8 MHz than at 4 MHz. Second, the standard deviation in
the raw effective average speed of sound increases with depth,
or equivalently f-number, because the aperture width is fixed.
Based on Fig. 6, CF is expected to become broader around
the true speed of sound as f-number increases and frequency
decreases.

The CF curve generally appears to be a quasiconcave
function with respect to the focusing speed of sound. This
correspondence between the broadness of the CF curve and
the standard deviation of sound speed estimates in layered
media is similar to the idea behind the Cramér—Rao lower
bound (CRLB) for the variance of an unbiased estimator.
Because CF maximization empirically appears to be an unbi-
ased estimator of the speed of sound, the CRLB may be used
to derive an expression for the lower bound on the standard
deviation of the sound speed estimator; however, deriving
an actual CRLB for this problem would require constructing
a likelihood function parameterized by sound speed error
for signals observed across the aperture based on the van-
Cittert—Zernike (VCZ) theorem [24]. Instead, if the CF curve
is treated as a likelihood function, sound speed estimation
exhibits the same behavior as the CRLB in which the standard
deviation of sound speed estimates corresponds to the broad-
ness of the CF curve. Future work on deriving an explicit
Cramér—Rao bound for sound speed estimation could be used
to further formalize the impact of various imaging conditions
(e.g., f-number, frequency, phase aberration, or reverberation
clutter) on the achievable accuracy of sound speed estimation.

Phantom and in vivo experiments (Figs. 9—12) further
demonstrate the applicability of our sound speed estimator to
channel data captured from an ultrasound scanner. In each
case, the effective average sound speed is biased away from
the true speed of sound in the phantom or the liver because
of the high speed of sound (1570-1580 m/s) in the muscle
tissue above it. However, the local sound speed estimates show
significant agreement with the true sound speed in each case.
A potential limitation of the in vivo study was the euthania of
the rats prior to imaging. However, a patient breath-hold may
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still enable the generalization of this work to a clinical setting
given the relatively short data acquisition time. Applications of
this technique on clinical scanners could be fat quantification
based on the estimated speed of sound in the liver [15], [16]
and phase aberration correction in tissues that resemble layered
media.

VI. CONCLUSION

We demonstrated that a coherence-based approach to sound
speed estimation can avoid the biases seen in our previous
cross correlation-based approach. Simulations show that our
new coherence-based approach can be used to accurately
estimate the average speed of sound and, subsequently, the
local speed of sound in layered media. We also examined
how imaging conditions such as f-number, frequency, phase
aberration, and reverberation clutter affect our coherence-
based approach. When applied to liver imaging in rats
through the abdominal wall, the estimated local speed of
sound showed significant agreement with direct ex vivo
sound speed measurements made on excised liver samples.
In order to make our efforts more accessible to the broader
research community, we have provided sample code and
multistatic channel data for each of the three two-layer media
at github.com/rehmanali1994/DixInversion4Medical Ultrasound
(DOI: 10.5281/zen0do.4606777).

ACKNOWLEDGMENT

The authors would like to thank Joseph Jennings and
Dr. Biondo Biondi from the Department of Geophysics for
their valuable scientific discourse.

REFERENCES

[1] G.F. Pinton, G. E. Trahey, and J. J. Dahl, “Sources of image degradation
in fundamental and harmonic ultrasound imaging using nonlinear, full-
wave simulations,” IEEE Trans. Ultrason., Ferroelectr., Freq. Control,
vol. 58, no. 4, pp. 754-765, Apr. 2011.

[2] N. Hayashi et al., “A new method of measuring in vivo sound speed
in the reflection mode,” J. Clin. Ultrasound, vol. 16, no. 2, pp. 87-93,
Feb. 1988.

[3] M. Jaeger, G. Held, S. Peeters, S. Preisser, M. Griinig, and M. Frenz,
“Computed ultrasound tomography in echo mode for imaging speed
of sound using pulse-echo sonography: Proof of principle,” Ultrasound
Med. Biol., vol. 41, no. 1, pp. 235-250, Jan. 2015.

[4] P. Stihli, M. Kuriakose, M. Frenz, and M. Jaeger, “Improved forward
model for quantitative pulse-echo speed-of-sound imaging,” Ultrasonics,
vol. 108, Dec. 2020, Art. no. 106168.

[5] S.J. Sanabria, E. Ozkan, M. Rominger, and O. Goksel, “Spatial domain
reconstruction for imaging speed-of-sound with pulse-echo ultrasound:
Simulation and in vivo study,” Phys. Med. Biol., vol. 63, no. 21,
Oct. 2018, Art. no. 215015.

[6] R. Rau, D. Schweizer, V. Vishnevskiy, and O. Goksel, “Speed-of-sound
imaging using diverging waves,” 2019, arXiv:1910.05935.

[7]1 P. Stahli, M. Frenz, and M. Jaeger, “Bayesian approach for a robust
speed-of-sound reconstruction using pulse-echo ultrasound,” IEEE
Trans. Med. Imag., vol. 40, no. 2, pp. 457-467, Feb. 2021.

[8] J. F. Greenleaf and R. C. Bahn, “Clinical imaging with transmis-
sive ultrasonic computerized tomography,” IEEE Trans. Biomed. Eng.,
vol. BME-28, no. 2, pp. 177-185, Feb. 1981.

[91 M. Pérez-Liva, J. Herraiz, J. Udias, E. Miller, B. Cox, and B. Treeby,

“Time domain reconstruction of sound speed and attenuation in ultra-

sound computed tomography using full wave inversion,” J. Acoust. Soc.

Amer., vol. 141, no. 3, pp. 1595-1604, 2017.

M. André, J. Wiskin, and D. Borup, “Clinical results with ultrasound

computed tomography of the breast,” in Quantitative Ultrasound in Soft

Tissues. Dordrecht, The Netherlands: Springer, 2013, pp. 395-432.

[10]

[11] A. Podkowa, M. Hidayetoglu, C. Yang, M. Oelze, and W. C. Chew,
“Reconstruction of sound speed distributions from pulse-echo data,”
J. Acoust. Soc. Amer., vol. 140, no. 4, p. 3373, 2016.

A. Podkowa and M. Oelze, “Echo-mode aberration tomography: Sound
speed imaging with a single linear array,” J. Acoust. Soc. Amer., vol. 145,
no. 3, p. 1859, 2019.

A. S. Podkowa and M. L. Oelze, “The convolutional interpretation
of registration-based plane wave steered pulse-echo local sound speed
estimators,” Phys. Med. Biol., vol. 65, no. 2, Jan. 2020, Art. no. 025003.
R. Ali and J. J. Dahl, “Distributed phase aberration correction techniques
based on local sound speed estimates,” in Proc. IEEE Int. Ultrason.
Symp. (IUS), Oct. 2018, pp. 1-4.

M. Imbault et al., “Robust sound speed estimation for ultrasound-
based hepatic steatosis assessment,” Phys. Med. Biol., vol. 62, no. 9,
p. 3582, 2017.

M. Imbault et al., “Ultrasonic fat fraction quantification using in vivo
adaptive sound speed estimation,” Phys. Med. Biol., vol. 63, no. 21,
Oct. 2018, Art. no. 215013.

W. Lambert, L. A. Cobus, M. Couade, M. Fink, and A. Aubry, “Reflec-
tion matrix approach for quantitative imaging of scattering media,” Phys.
Rev. X, vol. 10, no. 2, Jun. 2020, Art. no. 021048.

M. Jaeger, E. Robinson, H. G. Akarcay, and M. Frenz, “Full correction
for spatially distributed speed-of-sound in echo ultrasound based on
measuring aberration delays via transmit beam steering,” Phys. Med.
Biol., vol. 60, no. 11, p. 4497, 2015.

C. M. Sehgal, G. M. Brown, R. C. Bahn, and J. F. Greenleaf,
“Measurement and use of acoustic nonlinearity and sound speed to
estimate composition of excised livers,” Ultrasound Med. Biol., vol. 12,
pp. 865-874, Nov. 1986.

T. Lin, “Correlations of sound speed with tissue constituents in normal
and diffuse liver disease,” Ultrason. Imag., vol. 9, no. 1, pp. 29-40,
Jan. 1987.

K. M. U. Tervola, M. A. Gummer, J. W. Erdman, Jr, and
W. D. O’Brien, Jr., “Ultrasonic attenuation and velocity properties in
rat liver as a function of fat concentration: A study at 100 MHz using
a scanning laser acoustic microscope,” J. Acoust. Soc. Amer., vol. 77,
no. 1, pp. 307-313, Jan. 1985.

M. D. Burgio et al., “Ultrasonic adaptive sound speed estimation for
the diagnosis and quantification of hepatic steatosis: A pilot study,”
Ultraschall Medizin-Eur. J. Ultrasound, vol. 40, no. 6, pp. 722-733,
Dec. 2019.

M. Jakovljevic, S. Hsieh, R. Ali, G. C. L. Kung, D. Hyun, and
J. J. Dahl, “Local speed of sound estimation in tissue using pulse-
echo ultrasound: Model-based approach,” J. Acoust. Soc. Amer., vol. 144,
no. 1, pp. 254-266 2018.

R. Mallart and M. Fink, “Adaptive focusing in scattering media
through sound-speed inhomogeneities: The van Cittert Zernike approach
and focusing criterion,” J. Acoust. Soc. Amer, vol. 96, no. 6,
pp. 3721-3732, 1994.

C. Yoon, Y. Lee, J. H. Chang, T.-K. Song, and Y. Yoo, “In vitro
estimation of mean sound speed based on minimum average phase
variance in medical ultrasound imaging,” Ultrasonics, vol. 51, no. 7,
pp. 795-802, Oct. 2011.

D. Hyun, A. L. C. Crowley, and J. J. Dahl, “Efficient strategies for
estimating the spatial coherence of backscatter,” IEEE Trans. Ultrason.,
Ferroelectr., Freq. Control, vol. 64, no. 3, pp. 500-513, Mar. 2017.

C. H. Dix, “Seismic velocities from surface measurements,” Geophysics,
vol. 20, no. 1, pp. 68-86, Jan. 1955.

N. S. Neidell and M. T. Taner, “Semblance and other coherency
measures for multichannel data,” Geophysics, vol. 36, no. 3,
pp. 482-497, 1971.

J. A. Jensen, “Simulation of advanced ultrasound systems using field II,”
in Proc. 2nd IEEE Int. Symp. Biomed. Imaging, Macro Nano, Apr. 2004,
pp. 636-639.

J. J. Dahl and N. M. Sheth, “Reverberation clutter from subcutaneous
tissue layers: Simulation and in vivo demonstrations,” Ultrasound Med.
Biol., vol. 40, no. 4, pp. 714-726, Apr. 2014.

M. A. Lediju, G. E. Trahey, B. C. Byram, and J. J. Dahl, “Short-
lag spatial coherence of backscattered echoes: Imaging characteristics,”
IEEE Trans. Ultrason., Ferroelectr., Freq. Control, vol. 58, no. 7,
pp. 1377-1388, Jul. 2011.

G. F. Pinton, G. E. Trahey, and J. J. Dahl, “Spatial coherence in
human tissue: Implications for imaging and measurement,” IEEE Trans.
Ultrason., Ferroelectr., Freq. Control, vol. 61, no. 12, pp. 1976-1987,
Dec. 2014.

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

(32]

Authorized licensed use limited to: UNIVERSITY OF ROCHESTER. Downloaded on September 10,2026 at 19:51:47 UTC from IEEE Xplore. Restrictions apply.



ALl et al.: LOCAL SOUND SPEED ESTIMATION FOR PULSE-ECHO ULTRASOUND IN LAYERED MEDIA 511

[33] B. E. Treeby and B. T. Cox, “k-Wave: MATLAB toolbox for the
simulation and reconstruction of photoacoustic wave fields,” J. Biomed.
Opt., vol. 15, no. 2, 2010, Art. no. 021314.

[34] M. M. Burlew, E. L. Madsen, J. A. Zagzebski, R. A. Banjavic, and
S. W. Sum, “A new ultrasound tissue-equivalent material,” Radiology,
vol. 134, no. 2, pp. 517-520, Feb. 1980.

[35] I. Y. Kuo, B. Hete, and K. K. Shung, “A novel method for the
measurement of acoustic speed,” J. Acoust. Soc. Amer., vol. 88, no. 4,
pp- 1679-1682, 1990.

[36] N. M. Ivancevich, J. J. Dahl, and S. W. Smith, “Comparison of 3-D
multi-lag cross-correlation and speckle brightness aberration correction
algorithms on static and moving targets,” IEEE Trans. Ultrason., Ferro-
electr., Freq. Control, vol. 56, no. 10, pp. 2157-2166, Oct. 2009.

[37] M. E. Anderson and G. E. Trahey, “The direct estimation of sound
speed using pulse—echo ultrasound,” J. Acoust. Soc. Amer., vol. 104,
no. 5, pp. 3099-3106, 1998.

Rehman Ali (Student Member, IEEE) received
the B.S. degree in biomedical engineering from
the Georgia Institute of Technology, Atlanta, GA,
USA, in 2016, and the M.S. degree in com-
putational and mathematical engineering from
Stanford University, Palo Alto, CA, USA, in 2020,
where he is currently pursuing the Ph.D. degree
in electrical engineering.

His research interests include signal process-
ing, inverse problems, computational modeling
of acoustics, and real-time beamforming algo-
rithms. His current research is developing accurate and spatially resolved
speed-of-sound imaging in tissue based on phase aberration correction
and spatial coherence.

Dr. Ali is currently an NDSEG Fellow.

Arsenii V. Telichko (Member, IEEE) received the
B.S., M.S., and Ph.D. degrees from the Moscow
Institute of Physics and Technology, Moscow,
Russia, in 2011, 2013, and 2015, respectively.

He joined Dr. Dahl’s Laboratory, Department
of Radiology, School of Medicine, Stanford Uni-
versity, Stanford, CA, USA, as a Postdoctoral
Fellow, in 2016. In 2020, he was appointed as a
Research Engineer with the Department of Radi-
ology, School of Medicine, Stanford University,
Palo Alto, CA, USA. Recently, he has transitioned
to industry and joined a Local Biotech Startup, Palo Alto. His research
interests include intravascular imaging and transducer fabrication, elas-
tography imaging, localized drug delivery with ultrasound, and cavitation
detection.

Huaijun (Morgan) Wang interests are focused
on exploring the diagnostic and therapeu-
tic applications of ultrasound imaging. His
research projects include treatment monitoring of
inflammatory bowel disease in rodent and swine
models with dual P- and E-selectin targeted ultra-
sound molecular imaging, therapeutic evaluation
in tumors with 3-D perfusion imaging and vas-
cular endothelial growth factor (VEGF) targeted
ultrasound molecular imaging, early diagnosis of
pancreatic cancer with Thy1-targeted ultrasound
molecular imaging, and ultrasound-guided microbubble-mediated deliv-
ery of multiple microRNAs to improve chemotherapy in cancer.

Uday K. Sukumar received the B.Tech. degree
in biotechnology and the M.Tech. and Ph.D.
degrees in nanotechnology from IIT Roorkee,
Roorkee, India, in 2010, 2012, and 2016,
respectively.

After a brief stint with Nanotech startup
(E-Spin Nanotech, Kanpur, India), he joined
Dr. Paulmurugan’s Laboratory, Department of
Radiology, School of Medicine, Stanford Uni-
versity, Palo Alto, CA, USA, to pursue post-
doctoral studies in the interdisciplinary field of
nanobiotechnology. He specializes in synthesis, characterization, and
bioevaluation of diverse nanoformulations for ultrasound-assisted tar-
geted delivery of diagnostic nanomaterials as well as microRNA/suicide
genes to orthotopic tumor models. His research interest lies in exploring
nano-enabled approaches for targeted therapeutic and diagnostic pre-
clinical interventions.

Jose G. Vilches-Moure received the D.V.M.
degree from Purdue University, West Lafayette,
IN, USA, in 2007, and the Ph.D. degree in com-
parative pathology from the University of Califor-
nia, Davis, Davis, CA, USA, in 2015.

He completed his Residency Training with
Anatomic Pathology, Palo Alto, CA, USA, with
emphasis in pathology of laboratory animal
species. He joined Stanford University, Palo Alto,
CA, in 2015. He is the Director of the Animal His-
tology Services (AHS), Stanford, CA, USA. He is
a Diplomate of the American College of Veterinary Pathologists, Madi-
son, WI, USA, and his collaborative research interests include cardiac
development and pathology, developmental pathology, and refinement of
animal models in which to study early cancer detection techniques. He is
an Assistant Professor with the Department of Comparative Medicine,
Stanford University Medical Center, Palo Alto, CA, USA. His teach-
ing interests include comparative anatomy/histology, general pathology,
comparative pathology, and pathology of laboratory animal species.

Ramasamy Paulmurugan received the master’s
degree in biomedical genetics from the University
of Madras, Chennai, India, in 1991, and the Ph.D.
degree in molecular virology from the National
Environmental Engineering Research Institute
(NEERI), University of Madras, in 1997.

After serving as a Scientist for four years
with the Rajiv Gandhi Center for Biotechnol-
ogy, Thiruvananthapuram, India. He joined the
University of California at Los Angeles (UCLA),
Los Angeles, CA, USA, as a Visiting Scientist,
in 2001. In 2003, he joined Stanford University, Palo Alto, CA, USA,
as a Senior Research Scientist to work under the Molecular Imaging
Program at Stanford University (MIPS). Since 2009, he has been an
Academic Faculty Member with the Department of Radiology, Stanford
University. Currently, his laboratory is working on developing in vivo
molecular imaging assays to noninvasively monitor different epigenetic
processes, and cancer early detection. His laboratory is also working on
developing novel molecularly targeted therapies (microRNA and gene
therapy) for various cancers, such as breast, hepatocellular carcinoma,
and glioma.

Jeremy J. Dahl (Member, |IEEE) received the
B.S. degree in electrical engineering from the
University of Cincinnati, Cincinnati, OH, USA,
in 1999, and the Ph.D. degree in biomedical
engineering from Duke University, Durham, NC,
USA, in 2004.

He is currently an Associate Professor with the
Department of Radiology, Stanford University,
Stanford, CA, USA. His current research inter-
ests include beamforming, coherence and noise
in ultrasonic imaging, speed of sound estimation,
and ultrasound radiation force imaging technology.

Authorized licensed use limited to: UNIVERSITY OF ROCHESTER. Downloaded on September 10,2026 at 19:51:47 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


