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Sound Speed Estimation for Distributed Aberration
Correction in Laterally Varying Media
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Abstract—Spatial variation in sound speed causes aberration
in medical ultrasound imaging. Although our previous work has
examined aberration correction in the presence of a spatially
varying sound speed, practical implementations were limited to
layered media due to the sound speed estimation process involved.
Unfortunately, most models of layered media do not capture the
lateral variations in sound speed that have the greatest aberrative
effect on the image. Building upon a Fourier split-step migration
technique from geophysics, this work introduces an iterative sound
speed estimation and distributed aberration correction technique
that can model and correct for aberrations resulting from laterally
varying media. We first characterize our approach in simulations
where the scattering in the media is known a-priori. Phantom and
in-vivo experiments further demonstrate the capabilities of the
iterative correction technique. As a result of the iterative correction
scheme, point target resolution improves by up to a factor of 4
and lesion contrast improves by up to 10.0 dB in the phantom
experiments presented.

Index Terms—Aberration correction, Fourier split-step, medical
ultrasound, migration velocity analysis, Ray tomography.
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I. INTRODUCTION

PHASE aberration is one of the main sources of image
degradation in medical pulse-echo ultrasound and is ulti-

mately caused by spatial variations in the sound speed of tissue.
Although the acoustic sound speed can vary by up to 10% in soft
tissues [1] there is a lack of robust techniques that can effectively
estimate the sound speed to then correct for aberrations in the
ultrasound image. Instead, most phase aberration correction
techniques used in pulse-echo ultrasound rely on phase screen
models which assume that all aberrations can be captured by a
single thin-film at the transducer surface [2], [3], [4]. However,
spatial variations in the speed of sound cause a spatially varying
set of delays and diffractive effects that a thin-film phase screen
at the transducer does not adequately model.

Recent work [5], [6], [7], [8] in medical ultrasound imaging
has adapted the Fourier split-step migration technique from
geophysics to aberration correction based on the sound speed
profile in tissue. However, the practical application of this
technique is hindered by the lack of prior knowledge of the
sound speed profile in tissue. Several sound speed estimators
have been proposed for medical pulse-echo ultrasound [9], [10],
[11], [12] with the significant majority of estimators focused on
estimating a single global average sound speed value applicable
to the entire image [13], [14], [15], [16]. Instead of directly
attempting a distributed estimation, some works extend the
global average sound speed estimators to reconstruct the axial
profile of sound speed in layered media by relating depth-wise
measurements of the average sound speed to the local sound
speed [17], [18], [19], [20]. These later works are similar to Dix
inversion from seismic imaging where the interval velocity is
deduced from the optimal stacking velocity at different imaging
depths [21].

Recent sound speed estimators have explored using ray to-
mography to reconstruct sound speed based on time-of-flight
differences observed from shifts in the ultrasound image [10],
[12]. Unlike the previous sound speed estimators which were
limited to applications with a depth-varying sound speed, these
tomographic estimators reconstruct lateral variations in sound
speed; however, the major challenge of this approach is its
ill-posed nature [22], [23], [24], which arises from ambiguities
in the depth placement of the imaging target [25], [26], [27],
[28]. As a result, tomographic estimators struggle to accurately
estimate the depth-varying component or the global average
sound speed without first applying some kind of calibration in
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combination with regularization to penalize the lateral gradient
of the sound speed reconstruction [29].

But this is no problem because mainly the lateral variations
are important for aberration correction, not the axial ones [9],
[30], [31], [32]. For this reason, we investigate a tomographic
sound speed estimator in conjunction with Fourier split-step
migration to correct for aberrations in the ultrasound image. By
using the Fourier split-step method to correct for aberration, this
work presents a transition towards the application of waveform
tomography in handheld pulse-echo ultrasound [33]. While most
of the prior literature uses a single set of observed aberration
delays or phase shifts to reconstruct sound speed, we use an
iterative procedure in which aberrations in the image are used
to reconstruct the sound speed profile, which is in turn used to
re-image the medium, estimate a new set of aberration delays,
and update the sound speed profile in the medium.

In this paper, our goals are three-fold: a) introduce a new
iterative model-based tomographic sound speed estimator suf-
ficient for aberration correction in the ultrasound image; b)
demonstrate how the depth ambiguity of the reflector impacts the
sound speed estimate; and c) provide open-source code and data
that will allow the broader research community to expand and
improve upon these ideas. This work will ultimately show that:
1) a nonlinear wavefield solver based on the Fourier-split-step
method can be used to estimate time delays between different
transmit events; 2) the resulting time delay estimates can be
combined with a linear solver that uses ray tracing to reconstruct
sound speed; 3) an iterative approach where previous iterations
inform subsequent iterations can lead to slow but significant
improvements in image quality; and 4) aberration correction
does not necessarily require perfect sound speed estimation to
be effective.

II. THEORY

A. Fourier Split-Step Angular Spectrum Method

Ultrasonic wave-fields p(x, z, f) as a function of two-
dimensional location (x, z) and frequency f can be propa-
gated from a depth of z to z +Δz using the Fourier split-step
method [5], [6], [7], [8], [34]:

p(x, z +Δz, f) = W (x)S±(x, z, f)F−1
kx �→x

H±(kx, z, f)Fx �→kx
p(x, z, f), (1)

H±(kx, z, f) = exp

(
±j2π

(
f2

c̄2(z)
− k2x

)1/2

Δz

)
, (2)

S±(x, z, f) = exp

(
± j2πfΔz

cres(x, z)

)
, (3)

1

c̄(z)
=

1

L

∫ L/2

−L/2

dx

c(x, z)
, (4)

1

cres(x, z)
=

1

c(x, z)
− 1

c̄(z)
, (5)

where Fx �→kx
and F−1

kx �→x are the forward and inverse Fourier
transforms in the lateral dimension (x), W (x) is an anti-aliasing

window used to suppress wrap-around in the lateral dimension,
c(x, z) is the sound speed in the medium, and L is the lateral
length of the computational domain over which the angular
spectrum method is applied. Because this is a Fourier split-step
scheme, we decompose c(x, z) into an axially varying compo-
nent c̄(z) and a laterally varying component cres(x, z): H± is
bulk propagation via the angular spectrum method at a sound
speed c̄(z), and S± is a phase screen correction involving the
laterally varying part cres(x, z).

B. Imaging by Correlation of Transmit and Receive Wavefields

Pulse-echo ultrasound images can be created by prop-
agating transmit and receive wavefields ptx(i)(x, z, f) and
prx(i)(x, z, f) based on the receive channel data collected from
pulses emitted by each transmit element i = 1, . . ., N . Partial
images Ii(x, z) can be formed prior to amplitude detection based
on the following equations:

Ii(x, z) =

∫ ∞

0

p∗tx(i)(x, z, f)prx(i)(x, z, f)df,

(6)

ptx(i)(x, z +Δz, f) = W (x)S−(x, z, f)F−1
kx �→x

H−(kx, z, f)Fx �→kx
ptx(i)(x, z, f),

(7)

prx(i)(x, z +Δz, f) = W (x)S+(x, z, f)F−1
kx �→x

H+(kx, z, f)Fx �→kx
prx(i)(x, z, f),

(8)

Propagation via the Fourier split-step angular spectrum
method should correct for aberration by accounting for the true
sound speed in the medium. The B-mode image IBMode(x, z) is
obtained by coherently compounding images Ii(x, z), applying
amplitude detection to the result of coherent compounding, and
decibel-scaling the amplitude-detected result:

IBMode(x, z) = 20 log10

∣∣∣∣∣
N∑
i=1

Ii(x, z)

∣∣∣∣∣. (9)

C. Aberration Delay Estimation

Equation (6) is augmented to include a time axis t:

Ii(x, z; t) =

∫ ∞

0

p∗tx(i)(x, z, f)prx(i)(x, z, f)e
j2πftdf, (10)

such that the aberration delay td between Ii and Ii+1 at each
point (x, z) is found by maximizing the time-domain correlation
between Ii(x, z; t) and Ii+1(x, z; t− td) using a phase shift
method [35]. The creation of a time axis distinct from the spatial
coordinates of the image avoids the cosine dependence shown
in [11], [22] for the conversion of spatial shifts in the image to
errors in the time-of-flight. This approach has also been used
in seismic imaging to directly measure the time shift between
imaged reflections and is known as the “time-shift imaging
condition” [36].
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D. Reconstruction of Sound Speed From Estimated Delays

The reconstruction of sound speed c(x, z) from estimated
delays is a ray tomography problem that uses line integrals
over the slowness profile to reconstruct the slowness (i.e., the
reciprocal of sound speed):

�td = DAΔ�s, (11)

where Δ�s is a vectorization of 1
c(x,z) − 1

cprior(x,z)
(cprior(x, z)

is the previous estimate of sound speed, so Δ�s is an update to
1/cprior),A is a matrix that encodes line integrals between every
transmit element and imaging point,D is a matrix that calculates
the differences between the times-of-flight from neighboring
transmit elements, and�td is a vector of delay estimates observed
between pairs of images Ii and Ii+1 corresponding to each
transmit element. Unlike our prior work involving coherence-
based sound speed estimates [9], the ray tomography used in
this work relies on differences (D) between the times-of-flight
to an imaging point rather than the absolute time-of-flight. The
following least-squares problem is used to reconstruct the update
Δ�s to the slowness image:

min
�s

{
1

2
(�td−DAΔ�s)TR−1(�td−DAΔ�s)+

1

2
Δ�sTQ−1Δ�s

}
,

(12)
where the residual�td −DAΔ�s is modeled as a normal random
variable with mean�0 and covarianceR (a diagonal matrix whose
entries are proportional to the mean path length [9]), and the
slowness update image Δ�s is modeled as a normal random
variable with mean �0 and covariance Q. The covariance Q is
modeled as a weighted sum of covariance matrices encoding
different priors on the slowness image,

Q = γQblur + (1− γ)Qlayer (13)

where Qblur is implemented as a convolution with a Gaussian
blurring kernel to enforce smoothness, Qlayer is implemented
as spatial averaging over the lateral dimension to enforce a
layered structure in the reconstructed slowness, and γ ∈ [0, 1]
is the weight given to Qblur relative to Qlayer in the overall
covariance Q. The closed-form solution to the least-squares
reconstruction problem (12) is

Δ�s = QATDT (DAQATDT +R)−1(�td −DAΔ�s), (14)

which can be broken into two parts

(DAQATDT +R)ξ = �td −DAΔ�s, (15)

Δ�s = QATDT ξ. (16)

where ξ is an intermediate term determined by solving (15) using
the conjugate gradient method. The resulting ξ is then used in
(16) to obtain the slowness update.

E. Iterative Tomography and Image Correction Framework

Ultimately, we employ an iterative scheme to estimate the
speed of sound and correct for phase aberrations in the ultra-
sound image. Equations (6)–(10) are first used to reconstruct
images (initially assuming a spatially constant sound speed)
to compute aberration delays. Then, (15) and (16) are used to

update the speed of sound. This updated sound speed profile
is used to recreate the ultrasound image and compute a new
set of aberration delays, which is in turn used to compute the
next update to the speed of sound. Unlike prior work involving
the reconstruction of sound speed from a single set of mea-
sured aberration delays [10], [11], [12], this work involves the
re-estimation of aberration delays after each new sound speed es-
timate. This iterative framework for sound speed reconstruction
and image correction will be referred to as Iterative Model-based
Phase Aberration Correction and Tomography (IMPACT) for the
remainder of this work.

III. METHODS

A. K-Wave Simulations in Heterogeneous Media

Multistatic synthetic aperture channel data was simulated
in k-Wave [38] for diffuse scattering in several heterogeneous
sound speed media to evaluate the performance of IMPACT. Six
abdominal models [37] (see example in Fig. 1) and 12 additional
media with randomized Gaussian aberrators (full width at half
maximum of 3.6 mm in both axial and lateral dimension) from
2 to 17 mm depth (see ground truth sound speed maps in
Fig. 2) were used to evaluate IMPACT in the presence of several
different aberrating sound speed profiles. The mean sound speed
inside the aberrators is 1540 m/s, while the sound speed above
and below the aberrator is 1560 m/s (similar to the sound speed
in the skin and liver). Smooth distributions in the speed of sound
were used in each of these phantoms to best control the scattering
in the medium and preserve the shape of the imaging target.
Sharp transitions in sound speed would create new reflections
that would change the shape and appearance of the imaging
target.

A 5×5 grid perimeter of point targets (spaced 4.5 mm axi-
ally and 3.75 mm laterally) surrounding a 3×3 grid of -6 dB
hypoechoic lesions (spaced 4.5 mm axially and laterally) were
used in the simulations to quantify the resolution and contrast
before and after distributed aberration correction (see Fig. 2 as
an example). The Hilbert transform was applied to the multi-
static dataset to obtain an analytic representation of the channel
signals. All k-Wave simulations used a linear array with 128
elements and 0.2 mm pitch (no kerf), a transmit pulse with 8 MHz
center frequency and 70% fractional bandwidth, a 128.33 MHz
sampling frequency, and a 0.04 mm grid spacing. The linear
array is centered laterally at x = 0 and placed at an axial depth
of z = 0 on the imaging grid (see Fig. 1).

B. Experimental Data Acquisition

Hadamard encoded transmit sequences [39] were used to
acquire multistatic synthetic aperture datasets both in vitro and
in vivo on the Verasonics Vantage 256 scanner (Verasonics Inc.,
Kirkland, WA, USA) using the L12-5 50 mm (256 elements;
0.2 mm pitch; 6 MHz center frequency) and L12-3v (192 ele-
ments; 0.2 mm pitch; 7.8 MHz center frequency) probes. Phan-
tom experiments were performed in tissue-mimicking gelatin
phantoms with the L12-5 50 mm probe, while in-vivo datasets
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Fig. 1. Median Filtering of Aberration Delays and F-Number Limits.
(a) Sound speed map [37] corresponding to the k-Wave simulation used in this
demonstration. The red dots indicate the locations where the aberration delay
measurements were sampled. (b) Images that show how the median filter was
applied to the measured aberration delays and how the f-number limit (f/1.3)
is used to exclude measurements outside of the region bounded by the red lines.
The first column shows the aberration delays predicted by (11) for each element
pair (48 & 49, 64 & 65, and 80 & 81). The second column shows the raw
measurement of aberration delays, and the third column show the aberration
delay measurement after median filtering.

were acquired from the abdomen of obese Zucker rats [40] with
the L12-3v probe.

C. Phantom Fabrication

The tissue-mimicking phantom material used in this work
was fabricated by cross-linking a mixture of 8% gelatin (Sigma
Aldrich, St. Louis, MO, USA), 2.5% silica (US Silica, Katy,

TX, USA), 89.4% degassed and deionized water, and 0.1%
glutaraldehyde (Sigma Aldrich) [41] in a 4-inch acrylic cube.
Either two or three rows of wire targets which consisted of 36-
GA (127-μm diameter) copper wire (McMaster-Carr, Elmhurst,
IL) were included as imaging targets within all phantoms. Ad-
ditionally, hypo-echoic lesions consisting of 8% gelatin, 0.5%
silica, 91.4% deionized water, and 0.1% glutaraldehyde (i.e.,
lower silica content compared to the phantom background) were
included at the distal boundary of some phantoms to provide
diversity in imaging targets. In order to create sound speed
variation in the near field, gelatin inclusions with an increased
sound speed were also cast above the imaging targets by using
a mixture of 8% gelatin, 2.5% silica, 69.4% deionized water,
20% isopropanol, and 0.1% glutaraldehyde [42]. Finally, ex
vivo porcine abdominal tissue was used to mimic heterogeneous
tissue aberrators.

D. Sound Speed Estimation and Phase Aberration Correction

For all simulated datasets, a total of five iterations of IMPACT
were used to reconstruct sound speed and correct for aberrations
in the image. The impact of the layered medium prior was mea-
sured by usingγ values of 1.0, 0.5, and 0.25 in (13). Additionally,
the initial sound speed model was varied to understand its impact
on the sound speed estimate and the robustness of the aberration
correction technique. The initial sound speeds used in IMPACT
were 1500, 1540, and 1580 m/s. Lastly, for all experimental
data acquisitions, a total of ten iterations of IMPACT were used
with a γ = 1.0 (i.e., no layered medium prior) and an initial
homogeneous sound speed model of 1540 m/s. The Gaussian
blurring kernel used forQblur had a full-width at half-maximum
(FWHM) of 3.0 mm in both in the x- and z-directions.

E. Preprocessing Filters for Aberration Delays Measurements

To implement IMPACT, a median filter is applied to the aber-
ration delay measurement in order to reduce the effect of mea-
surement noise on the tomographic reconstruction process. The
filter calculates the median of the aberration delay measurment
over a roughly 4.5 λ× 4.5 λ window, where λ is the wavelength
at the initial sound speed used at the first iteration of IMPACT.
Only aberration delays that fall within an f-number limit of 1.0
(or 1.3 in the k-Wave simulations) are used in �td for the sound
speed reconstruction problem. Furthermore, to limit the impact
of reverberation clutter on the aberration delay measurement
in physical experiments, we implement a direction-of-arrival
filter [43] to suppress the presence of extraneous wavefronts. To
maximize the correlation between Ii and Ii+1, an apodization
that maximizes the lag-one coherence (LOC) [44] is applied
across the receive aperture prior to Fourier split-step migration.
Unlike the common midangle approach [11], the major advan-
tage of this approach is that it does not require the reorganization
of received echoes in terms of midangle and angular offset to
increase signal correlations. The common midangle approach
introduces a dependence on the receive aperture which requires
a two-way (transmit-and-receive) modeling of delays. A single
consistent receive apodization is used to reduce the problem to
a simple one-way (transmit-only) modeling of delays as in [12].
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Fig. 2. Demonstration of IMPACT at Each Iteration. The reconstructed ultrasound image and sound speed estimate is shown at each iteration of IMPACT in the
absense of a layered medium prior (γ = 1.0) using two different Gaussian aberrators (a) and (b) simulated in k-Wave. In each case the aberration correction using
the sound speed estimate approaches the ideal aberration correction achieved using the ground truth sound speed profile. Mean and standard deviation values for
point target resolution and contrast are presented in Table I for γ = 1.0, 0.5, 0.25.

F. Metrics and Evaluation

To quantify image quality, we measure the contrast of each
hypoechoic lesion relative to its background, and the imaging
resolution in terms of the -6 or -20 dB lateral beamwidth of each
point target. In terms of the mean (μ) and variance (σ2) of image
values in the target (T) and background (B) regions of interest
(ROIs), contrast is defined as

Contrast = 20 log10

(
μT

μB

)
, (17)

The background ROI is always chosen to have the same size and
imaging depth as the target ROI.

IV. RESULTS

A. Optimization of Aberration Delay Measurements

Using data from a k-Wave simulation of an abdominal sound
speed model [37], Fig. 1 shows the median filtering process used
to remove outliers in the measurement process and the f-number
limit shown as bounding red lines. The aberration delay maps
in Fig. 1(b) show predicted, measured, and median-filtered time
delays over the points in the red dots shown in Fig. 1(a) between
elements 48 & 49, 64 & 65, and 80 & 81. After the median
filtering process shown, only the aberration delay measurements
that fall within the f-number limit (between red lines shown) are
used during tomography.
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TABLE I
RESOLUTION, CONTRAST, AND SOUND SPEED ERROR VS IMPACT ITERATION ACROSS 12 GAUSSIAN RANDOM ABERRATORS

TABLE II
RESOLUTION, CONTRAST, AND SOUND SPEED ERROR ACROSS THE SIX ABDOMINAL MAPS SHOWN IN FIGS. 3 AND 4

B. Demonstration of the Iterative Correction Scheme

Fig. 2 shows the IMPACT scheme used to estimate the sound
speed and reconstruct the ultrasound image at each iteration in
two different cases ((a) and (b)). The focusing of the ultrasound
images improves with each iteration of IMPACT. This demon-
stration shows that while a large amount of aberration correction
is achieved within the first iteration, successive iterations are
needed to optimally measure the aberration and reconstruct the
ultrasound image based on improved estimates of the sound
speed profile. For γ = 1.0, 0.5, 0.25, Table I demonstrates the
iterative improvement in point target resolution (-6 dB widths
of point targets at 18 and 36 mm depth) and contrast over all 12
Gaussian-random aberrators as compared to the ideal correction
using the exact ground-truth sound speed profiles. These results
show that accurate sound speed estimates are not an absolute
requirement for image quality improvement since resolution and
contrast improve with each iteration of IMPACT.

C. Impact of Priors on Sound Speed Reconstruction

Fig. 3 demonstrates the ideal correction based on the ground-
truth sound speed map and the actual correction using the IM-
PACT sound speed estimate (γ = 1.0, after 5 iterations) for each
of the 6 abdominal maps. Despite the inaccuracy of the sound
speed estimate when γ = 1.0, significant aberration corrections
are achieved. Fig. 4 shows the IMPACT correction scheme using

layered medium priorsγ = 0.5, 0.25 for each of the 6 abdominal
maps. Although the layered medium prior better reconstructs the
axially varying component of sound speed, the improvement in
aberration correction relative to the corrections with γ = 1.0 is
much smaller. Table II shows the point target resolution, contrast,
and CNR across the six abdominal maps before correction, after
the ideal correction using the ground truth sound speed maps,
and the IMPACT correction using γ = 1.0, 0.5, 0.25.

Another important factor in the IMPACT scheme is the choice
of initial sound speed guess. In all examples shown so far, the
initial sound speed guess used in all imaging cases is 1540 m/s;
however, alternative choices for the initial sound speed impacts
the depth placement of imaging targets, which can then affect
the sound speed estimate. Fig. 5 shows the result of applying
IMPACT (γ = 0.25) to abdominal maps 3 and 4 (case (a) and
(b), respectively) when the initial sound speed guess is 1500,
1540, and 1580 m/s. The initial sound speed guess affects
the depth placement of imaging targets both before and after
aberration correction. These changes in the depth placement
of the imaging target also have a corresponding effect on final
sound speed estimate. As the initial sound speed guess increases,
sound speed values in the final estimate also increase. However,
there is a more subtle near-field effect that accompanies this
increase in sound speed values. The lateral variation in the sound
speed estimate near the transducer surface absorbs some of the
curvature in the arrival time profile due to the bulk error in sound
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Fig. 3. Demonstration of IMPACT on Each Abdominal Map with a Non-Informative Prior (γ = 1.0) on Sound Speed. Each abdominal map was simulated in
k-Wave. The aberration correction achieved using the ground truth sound speed and sound speed estimate after 5 iterations of IMPACT is shown. Despite the
inaccuracy of the sound speed estimate, aberration corrections are achieved in each case. See Table II for the quantification of resolution, contrast, and sound speed
estimation error.

speed. In both cases with an initial 1500 m/s sound speed model,
the sound estimate near the transducer surface is highest at the
edges of the array and lowest towards the center of the array.
Conversely, when the initial sound speed model is 1580 m/s, the
sound estimate near the transducer surface is lowest at the edges
of the array but highest towards the center of the array.

We hypothesize that the laterally varying component of the
sound speed estimate can often compensate for spherical aberra-
tions resulting from a bulk sound speed error. Table III provides
the point target resolution, contrast, CNR, and sound speed error

for each of the results shown in Fig. 5. Although Table III shows
an increase in the -6 dB width as the initial sound speed increases,
this is the result of the increase in depth of each imaging target.
To provide further supporting evidence for our hypothesis, the
results of Fig. 5 are supplemented by the aberration delay maps
shown in Fig. 6. These aberration delay maps are the result of
applying the forward model to the ground-truth sound speed
profile and the sound speed estimates obtained using each initial
sound speed. The similarity in the resulting aberration delay
profiles supports the conclusion that lateral variations in sound
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Fig. 4. Demonstration of IMPACT on Each Abdominal Map with Layered Priors (γ = 0.5, 0.25) on Sound Speed. The columns of this figure correspond to
the k-Wave simulations of the abdominal maps in each column of Fig. 3. The layered medium priors improve measurement of axial variations in the sound speed
profile. However, there is no significant improvement in the aberration corrections achieved in each case as a result of applying the layered priors. See Table II for
the quantification of resolution, contrast, and sound speed estimation error.

TABLE III
RESOLUTION, CONTRAST, AND SOUND SPEED ERROR FOR ABDOMINAL MAPS 3 AND 4 [CASES (A) AND (B) IN FIG. 5]

speed play a much greater role on the final sound speed estimate
than a spatially constant error in sound speed and ultimately
results in similar corrections to the image.

D. Experimental Demonstration of IMPACT

Fig. 7 uses 3 alcohol-gelatin inclusions to perturb sound
speed in a controlled manner to induce aberrations in the image.
IMPACT reconstructs the sound speed profile over the alcohol
inclusions and shows the corrected B-mode image. Wire target

resolution and the visualization of the boundaries of the 3
hypoechoic lesions below the rows of wire targets improves as a
result of aberration correction. Fig. 8 provides a more dramatic
demonstration of aberration correction using 2 alcohol-gelatin
inclusions (1 big and 1 small). The strong aberrations resulting
from this asymmetric sound speed profile make estimation and
correction far more difficult. Despite this increased difficulty,
there are large improvements in wire target resolution and it
becomes far easier to discern the 3 hypoechoic lesion below
the point targets. Moving towards abdominal in vivo imaging
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Fig. 5. Effect of Starting Sound Speed Model on IMPACT with a Layered Medium Prior (γ = 0.25) on Sound Speed. The choice of initial sound speed (1500,
1540, or 1580 m/s) has a significant impact on the sound speed reconstruction, but has little impact on the quality of the aberration correction. The only effect that
the sound speed initialization has on the image is the depth placement of imaging targets. See Table III for the quantification of resolution, contrast, and sound
speed estimation error. Cases (a) and (b) correspond to the 3 rd and 4th abdominal maps shown in Figs. 3 and 4.

applications, Fig. 9 shows the aberration correction resulting
from 10 iterations of IMPACT when aberrating porcine ab-
dominal tissue is placed on top of a phantom with 3 rows of
point targets. The aberration correction is shown to improve
point target resolution. Lastly, Fig. 10 demonstrates 3 examples
of aberration correction in the rat abdomen. In each case, the
overall image quality and resolution of structures on distal end
of the liver appear to improve. The aberration correction in these
examples is less dramatic because the sound speed variation
in these tissues is less severe. Future work with channel data
from a clinical scanner will be used to assess this technique
in applications where aberration has a greater impact on image
quality.

V. DISCUSSION

This work demonstrates a method that can reconstruct sound
speed variations in the medium from measured aberration delays
to improve focusing in the image. Rather than relying on a
single set of measured aberration delays to reconstruct sound
speed, the image is iteratively refocused based on the running
estimate of the sound speed to remeasure aberration delays
and update the sound speed profile. This process implies a
strong duality between aberration correction and sound speed
estimation: the ability to estimate the sound speed profile in the
medium is intrinsically tied to aberrations that can be corrected

in the ultrasound image. The Bayesian prior Q(γ) can be used
to enforce a layered medium structure that promotes a more
accurate reconstruction of sound speed (see Fig. 4 and Table II)
for layered structures, but the accuracy of the reconstruction
degrades with depth regardless of the choice of γ and is highly
dependent on the initial sound speed guess (see Fig. 5).

The duality between aberration correction and sound speed
estimation provides several key insights into the ill-posed na-
ture of sound speed estimation using pulse-echo measurements.
The most fundamental challenge is related to the time-to-depth
ambiguity [24], [25]. Creating an initial B-mode image requires
a sound speed guess; however, the choice of sound speed affects
the depth placement of imaging targets. Most tomographic re-
construction techniques [10], [11], [12], [22], [24] estimate the
sound speed profile from shifts, or aberration delays, measured
in the image. However, the aberration delay measurement may
not be registered to the correct imaging point due the initial depth
placement of the imaging target. A Fourier-domain analysis [22]
of tomographic sound speed estimation shows that aberration
delays do not retain sufficient information to estimate a spatially
constant error in sound speed without first assuming that the
error in sound speed is spatially constant. A spatially constant
error in sound speed results in additional curvature of aberra-
tion delays, which is often well-approximated by a near-field
phase screen [45]. Fig. 5 effectively demonstrates near-field
effects similar to those demonstrated in [24]. Despite errors in
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Fig. 6. Effect of Starting Sound Speed Model on Projected Aberration Delay Maps Using IMPACT with a Layered Medium Prior (γ = 0.25) on Sound Speed.
This figure compares the delay maps obtained from the forward model using the ground truth sound speed distribution and the final estimated sound speed
distribution obtained using each initial sound speed (1500, 1540, or 1580 m/s) in Fig. 5(b). Red dots on the ground-truth sound speed map indicate where the
aberration delays were measured using the forward model.
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Fig. 7. Demonstration of IMPACT (γ = 1.0) in a Phantom with Three Alcohol
Inclusions. Before aberration correction, the -6 dB beamwidths of the point
targets were 1.89±0.86 mm; after aberration correction, the -6 dB beamwidths
were 0.54±0.48 mm. Before aberration correction, the contrast of the three
hypoechoic targets (from left to right) were 8.13, 2.99, and 8.73 dB; after
correction, their contrast becomes 9.44, 7.61, and 11.50 dB. Note that the display
dynamic range before aberration correction was 80 dB but was changed to 90 dB
after aberration correction. This was done to maintain the overall brightness of
the image due to the relative increase in the intensity of point targets in the
image. Here, IMPACT is shown to improve both resolution and contrast in this
phantom experiment.

Fig. 8. Demonstration of IMPACT (γ = 1.0) in a Phantom with Two Alcohol
Inclusions. Before aberration correction, the -6 dB beamwidths of the point
targets were 2.81±1.88 mm; after aberration correction, the -6 dB beamwidths
were 0.69±0.51 mm. Before aberration correction, the contrast of the three
hypoechoic targets (from left to right) were 1.05, 0.05, and 7.25 dB; after
correction, their contrast becomes 4.31, 10.07, and 8.53 dB. IMPACT is shown
to improve both resolution and contrast in this phantom experiment.
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Fig. 9. Demonstration of IMPACT (γ = 1.0) in a Point Target Phantom with
an Aberrating Porcine Sample. Before aberration correction, the -20 dB and
-6 dB beamwidths of the point targets were 1.47±0.76 and 0.47±0.35 mm,
respectively. After aberration correction, the -20 dB and -6 dB beamwidths
were 0.89±0.36 and 0.42±0.29 mm, respectively. IMPACT is shown to improve
imaging resolution in this phantom experiment as well.

the reconstructed sound speed, aberration correction results in
equally well-focused images even though the depth placement of
imaging targets can vary. This observation is similar to previous
work where a simple midfield screen [30] corrects most of the
aberration resulting from a spatially varying sound speed.

One potential way to reduce the dependence of the sound
speed estimate on the initial sound speed model is to use a

calibration phantom [11], [29]. We briefly describe the cal-
ibration procedure from [29]. Starting from an initial sound
speed c0, the slowness update Δs(x, z) will update the slowness
estimate to sestim(x, z) = 1

c0
+Δs(x, z). However, as we have

seen in Fig. 5, this slowness estimate will be biased by c0. The
authors of [29] instead estimate the slowness as sestim(x, z) =[

1
c0

+Δs(x, z)
]
−
[

1
ĉcal(x,z)

− 1
ccal

]
, where ccal is the true

sound speed in a calibration phantom and ĉcal(x, z) is an es-
timate of the sound speed in the calibration phantom when
starting from an initial sound speed of c0. The goal of this addi-

tional
[

1
ĉcal(x,z)

− 1
ccal

]
calibration term is to correct for biases

caused by the initial sound speed c0. If a similar calibration
phantom approach had been used in Fig. 5, the sound speed
reconstruction would appear to be less dependent on the initial
sound speed model. However, this process may still be biased by
the sound speed ccal in the calibration phantom. For example, if

ccal = c0, then
[

1
ĉcal(x,z)

− 1
ccal

]
should be very close to 0, and

sestim(x, z) would remain biased by c0. Therefore, it at least

appears that the
[

1
ĉcal(x,z)

− 1
ccal

]
calibration term requires that

ccal be close to the average sound speed of the sample being
imaged so that the calibration results in the desired correction.
Unfortunately, the parameters of this calibration approach were
not fully investigated in the prior work [29].

In contrast, previous work on coherence-based sound speed
estimators [9], [14], [18], [20] can accurately estimate the sound
speed profile in a layered medium without any biases result-
ing from the time-to-depth ambiguity or using a calibration
phantom to provide an absolute sound speed reference. In a
perfectly layered medium, focusing at each imaging point is
well-approximated by an effective average sound speed up to
that point. The optimal focusing sound speed may be found by
maximizing coherence at each imaging point. This effectively
provides a simultaneous registration of sound speed and imaging
depth. However, coherence-based approaches quickly become
inaccurate in the presence of a laterally varying sound speed
profile and can often result in poor image corrections [9]. To
overcome the limitations of the prior work [9], this work has
demonstrated an iterative scheme that corrects for aberrations
in a laterally-varying sound speed medium. In contrast to other
tomographic sound speed estimators that rely on a single obser-
vation of aberration delays to reconstruct the sound speed profile,
we observe a new set of aberration delays with each update to the
sound speed model to refine the estimate and achieve optimal
focusing in the image. Fig. 2 demonstrates the importance of
this approach. Although the biggest improvements are seen in
the first iteration, additional iterations are necessary to improve
focusing in the image. This is mostly because our linearized
forward model (slowness profile to aberration delays) cannot
account for: 1) inaccuracies in the depth placement of the
imaging target, 2) decorrelation between transmitters caused by
aberrations over the receive aperture (especially on the first few
iterations of IMPACT) resulting from an implicit integration
over mid-angles [11] in our approach, 3) refraction (e.g., the
error between predicted and measured aberration delay in Fig. 1),
and 4) diffraction. IMPACT reduces the decorrelation between
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Fig. 10. Demonstration of IMPACT (γ = 0.5) in the Abdomen of Obese Zucker Rats. A layered-medium prior (γ = 0.5) was used to take advantage of the
layered structure of the abdomen. In each case, aberration correction improves the focusing of structures at the distal end of the liver. Regions-of-interest (1)-(6)
are expanded and annotated to highlight parts of the image where the aberration correction improves image quality.

transmitters as the sound speed estimate becomes more accurate
and partially corrects for refractive effects as evidenced by
the agreement in projected aberration delays in Fig. 6. In all
k-Wave simulations shown (Figs. 2, 3, and 4), resolution and
contrast converge to their ideal values in about 3-5 iterations of
IMPACT. However, in the phantom experiments with the alcohol
inclusions (Figs. 7 and 8), significant improvements could still
be seen past the 5th iteration. The number of iterations required
ultimately depends on the nonlinear relationship between sound
speed in the medium and aberration measured. The larger the
variation in sound speed, the more nonlinear this relationship

becomes, and the more iterations are required for convergence to
be achieved. On an Intel Core

TM
i5-10400 CPU @2.90 GHz pro-

cessor, all five iterations of IMPACT (as currently implemented
in MATLAB 2021b) require an approximate total of 4000 sec-
onds for each of the k-Wave simulations used in this study. Note
that this implementation of IMPACT has not been optimized
for speed. The major computational burden comes from the
Fourier split-step method itself. However, a parallelized GPU
implementation could significantly accelerate this approach.

The ultimate vision behind this work is to provide a robust
solution to sound speed estimation and aberration correction
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for clinical in vivo ultrasound imaging. The main challenges
in extending this work to a clinical setting is the presence
of reverberation clutter and strong fluctuations in backscatter
intensity. Coherent reverberation can bias the aberration delay
measurement based on signals from a shallow reflector that are
misregistered deeper in the image. Previous coherence-based
approaches were more robust to reverberation clutter because co-
herence imaging does not require the measurement of aberration
delays between individual element pairs. Direction-of-arrival
filtering [43] can mitigate reverberation for the purposes of
aberration delay measurements, but it does not fully remove the
impact of reverberation clutter. Aperture domain model image
reconstruction (ADMIRE) [46] has been shown to fully suppress
reverberation clutter in channel data; however, it remains unclear
how well ADMIRE performs in the presence of aberrations
induced by a spatially varying sound speed profile. ADMIRE
may need to be revised to accounts for sound speed heterogeneity
in the medium.

Another source of error is the heterogeneity of backscatter. A
strong off-axis reflector may result in the measurement of aberra-
tion delays from neighboring locations in the image. Although
median filtering reduces outliers resulting from off-axis scat-
tering, ray tomography is fundamentally unable to account for
diffraction during sound speed reconstruction. By using Fourier
split-step migration to reconstruct the image based on the sound
speed estimate, this work presents a diffraction-based imaging
model that uses a ray-based time-of-flight model to reconstruct
sound speed. A refraction-corrected or bent-ray reconstruction
could theoretically improve the sound speed estimate, but a
practical implementation is limited by numerical instabilities
from fluctuations in the sound speed estimate near the transducer
surface.

Additional improvements to the methodology presented in
this work could include using time shift estimates from multiple
element offsets and using time-domain cross correlation instead
of phase shift measurements to calculate time shifts. Our work
only uses time shifts measured between neighboring elements
for sound speed tomography. However, time shifts could have
been measured between elements that were further apart. This
approach is equivalent to the multi-lag least squares (MLLS)
cross correlation approach [47], [48], where element pairs of
multiple different offsets (or lags) were used in an overdeter-
mined least squares problem to estimate aberration delays. How-
ever, special care needs to be taken in order to assure that these
additional measurements do not add jitter to the final estimate
because the received signal decorrelates with larger element
offsets. Instead, our approach uses a transmit apodization [44]
that optimizes the correlation of signals on neighboring elements
to improve aberration delay estimation. Additionally, our ap-
proach uses phase shift estimation rather than time-domain cross
correlation to estimate aberration delays. This assumes that the
phase shift is less than π between neighboring receive elements.
This is a fair assumption for medical ultrasound imaging because
most probes are designed to avoid grating lobes, which are the
result of having phase shifts larger than π between transducer
elements. Time-domain cross correlation, or block matching,
may be more accurate than phase shift estimation but is far more

expensive. Furthermore, time-domain cross correlation may still
be susceptible to cycle-skipping in the same way that the phase
shift estimation is problematic for shifts larger than π if the
waveforms are not shifted by a sufficiently large amount.

Recent work [33] proposes to use a fully diffractive approach
by using Fourier split-step migration to both focus the image
and reconstruct the sound speed profile. Rather than estimate
aberration delays from the image, this new approach would
directly back-project the discrepancy between images Ii(x, z; t)
and Ii+1(x, z; t) to reconstruct slowness using Fourier split-step
migration. In seismic imaging, this approach is also known
as wave-equation migration velocity analysis (WEMVA) [49],
[50]. WEMVA has several advantages over ray tomography.
First, by directly modeling discrepancies in the image, WEMVA
can fully account for the heterogeneities in backscatter that a
simple time-of-flight model cannot account for. Second, unlike
ray tomography, WEMVA is a form of diffraction tomography
that enables greater sensitivity to perturbations in the image,
which benefits both sound speed estimation and phase aberration
correction. By incorporating diffraction into the image forma-
tion model, this work is a steppingstone towards the implemen-
tation of WEMVA into pulse-echo ultrasound imaging. Future
work will replace ray tomography with diffraction tomography
using WEMVA.

VI. CONCLUSION

Sound speed estimates in a spatially varying medium can be
used to improve the focusing of signals, thereby significantly
increasing the resolution of ultrasound images. The main lim-
itation of our prior work was the inability to robustly estimate
sound speed in a laterally varying medium. This work overcomes
this limitation by employing at iterative scheme whereby aber-
rations in the image are used to update the sound speed estimate
and re-image the sample. Simulations, phantoms, and in vivo
experiments show significant improvements in image quality
when this iterative approach is used to correct for aberrations
in the image. In order to make our efforts more accessible to
the broader research community, we provide sample code and
multistatic synthetic aperture channel data from 1) a k-Wave
simulation, 2) an in-vitro phantom, 3) the abdomen of an obese
Zucker rat at https://github.com/rehmanali1994/IMPACT (DOI:
10.5281/zenodo.7178906).
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