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Abstract— Phase aberration is widely considered a major
source of image degradation in medical pulse-echo ultra-
sound. Traditionally, near-field phase aberration correction
techniques are unable to account for distributed aberrations
due to a spatially varying speed of sound in the medium,
while most distributed aberration correction techniques
require the use of point-like sources and are impractical
for clinical applications where diffuse scattering is domi-
nant. Here, we present two distributed aberration correction
techniques that utilize sound speed estimates from a tomo-
graphic sound speed estimator that builds on our previous
work with diffuse scattering in layered media. We first char-
acterize the performance of our sound speed estimator and
distributed aberration correction techniques in simulations
where the scattering in the media is known a priori. Phantom
and in vivo experiments further demonstrate the capabilities
of the sound speed estimator and the aberration correction
techniques. In phantom experiments, point target resolution
improves from 0.58 to 0.26 and 0.27 mm, and lesion contrast
improves from 17.7 to 23.5 and 25.9 dB, as a result of distrib-
uted aberration correction using the eikonal and wavefield
correlation techniques, respectively.

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

I. INTRODUCTION

HASE aberration has been identified as one of the major
sources of image degradation in medical ultrasound imag-
ing and is ultimately caused by sound speed variations in
human tissue, which are known to vary by up to 10% [1].
Several simplifying models have been proposed for phase
aberration, two of which are the near-field and mid-field phase
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screen models. The near-field phase screen model assumes that
all phase aberration is modeled by a thin film at the transducer
surface. This effectively perturbs transmit and receive delays
by the same amount everywhere in the ultrasound image.
Many phase aberration correction techniques assume the
near-field phase screen model when measuring and correcting
for phase aberration [2]. These techniques measure a single
set of aberration delays that affects each transducer element
and apply compensating delays to each transducer element to
correct the image.

The mid-field phase screen also assumes that phase aber-
ration is primarily due to a thin film; however, this thin film
is placed at some depth away from the transducer surface.
As a result, the aberration delays are no longer fixed for
each transducer element as a function of the imaging location.
Time-shift compensation based on aberrations over a geomet-
ric path and backpropagation of the received wavefront using
the angular spectrum method is one of the methods proposed
to measure and correct distributed aberrations caused by a
mid-field phase screen [3]. For this approach, the depth of the
phase screen as well as its aberration delays has to be estimated
before image correction can be applied. Neither phase-screen
model, however, accurately captures the spatial distribution of
sound speed heterogeneity in biological tissue. In addition,
these early distributed aberration correction techniques were
impracticable because they relied on coherent wavefronts for
distributed correction and expensive hardware additions such
as per-channel arbitrary waveform generators and could only
correct at the point of measurement.

Aberration is generally due to a spatially varying sound
speed distribution as opposed to a single thin film. Locally
adaptive phase aberration correction techniques [4] treat dis-
tributed aberration as a spatially varying near-field phase
screen. This approach, while aware of the spatially varying
sound speed distribution of the medium as the source of
aberration, makes no attempt to model aberration delays based
on the sound speed distribution. Knowledge of the speed of
sound in the medium may be used to achieve distributed
aberration correction by enforcing an image formation model
that remains physically consistent with an estimated speed
of sound. For example, a delay-and-sum (DAS) beamformer
may use a set of corrected delays based on the true speed
of sound in the medium [5]. Alternatively, a diffraction-based
approach [6], [7] can passively achieve distributed aberration
correction by propagating signals according to the sound speed
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in the medium. Since either approach to distributed aberration travel time observed over each path
correction depends on accurate sound speed estimates, the - -

tobs = H's 2)

choice of sound speed estimator plays a critical role.

One group of sound speed estimators uses aberration
delays to estimate perturbations to the speed of sound in the
medium [8]-[11]. While these approaches can detect and mea-
sure lateral variations in sound speed, accurate measurement
of the speed of sound in axially varying media can be chal-
lenging [12]. Another group of techniques assumes negligible
variation in the speed of sound laterally [5], [13]-[15] and can
often accurately estimate the speed of sound in layered media
with axial variations in the speed of sound but often performs
poorly when substantial lateral variations are present. Recently,
we have attempted to improve these estimators when lateral
sound speed changes are present [16].

Recent approaches to distributed aberration correction have
used sound speed estimates to drive phase aberration cor-
rection [5], [10], [17]. These aberration correction methods
compute beamforming delays assuming that sound travels on
straight line compute beamforming delays assuming that sound
travels on straight line paths [10], [17] or using a set of
refraction-corrected delays based on the eikonal equation [5],
[16], [18]. These latter methods have shown improvements in
resolution and contrast as a result of refraction correction in
the delay computation.

In this article, we incorporate a tomographic sound speed
estimator [16] to improve robustness to lateral sound speed
variations in the sound speed estimator component of our
distributed aberration correction techniques. We also introduce
an additional distributed aberration correction technique that
utilizes the estimated sound speed distribution that uses wave
propagation to spatially align transmit and receive wavefronts.
We extend the analysis of our refraction correction method [5],
as well as the wave propagation method, to validate these
distributed aberration correction techniques in simulations and
phantom experiments with known speed of sound. We further
apply these techniques in animals and humans to demonstrate
their in vivo performance.

[I. THEORY

A. Tomographic Sound Speed Reconstruction

We assume that the variations in the sound speed are
small relative to the average sound speed over the path of
propagation, thereby allowing us to neglect the effects of
refraction. Assuming that sound travels on a straight ray path
from the ith transducer element at (x;,0) to a focal point
(xf, zy), the travel time 7; can be calculated as

Di(xys,z5) dr
Ti(xr,2y) =/ o )
0 c(xi 4 =L 7f)

Di(xf.z7)? Di(xf.zy)

where D;(x7,z7) = ((x7 — x;)? —i—z?)l/2 is the path length,
c(x,z) is the speed of sound at (x,z), and dr is increment
along the path from (x;, 0) to (xf, zf). The line integral in (1),
indexed over all transducer elements and focal points, can be
used to form a linear system of equations that relates individual
pixels in the sound speed distribution of the medium to the

where the slowness vector s is a vectorization of [1/(c(x, 2))],
H is a matrix that encodes the line integrals between every
transducer element and focal point, and 7, is a vector of the
travel times observed over those propagation paths [see (1)].
This linear system defines an ill-conditioned inverse problem
whose goal is to recover c(x,z) in the medium from the
measured travel times. Because phase aberration is the mecha-
nism by which the travel times are measured, we will refer to
this tomographic framework for sound speed reconstruction
as inverse-modeled phase aberration computed tomography
(IMPACT).

As part of IMPACT, we reframe the solution of (2) as a
Bayesian maximum likelihood estimation problem [19]. First,
the residuals 7yps —ﬁHE are modeled as a normal random
variable with mean O and covariance R, which is a diagonal
matrix whose entries are proportional to D;(xs,zs). The
purpose of scaling the variance of the observations with
propagation distance is to account for the decrease in SNR
due to geometric spreading of the wave along the path of
propagation. Second, we model the prior distribution over s as
normal random variable with mean Spior = (1/(1540 (m/s)))
and covariance Q. Rather than directly implementing Q as
a full matrix, Q is implemented implicitly as a convolution
with a Gaussian blurring kernel. The Gaussian blurring kernel
encodes the covariance between neighboring pixels in the
slowness image and maintains the smoothness of the recon-
struction. Maximizing the posterior likelihood results in the
following least-squares reconstruction problem:

1 - - > -
Il’l_il’l E(lobs — HS)TR_l(tobs - HS)

| RN 1= -
+ E(S - spﬁor)T 0 l(s - spﬁor) )

The closed-form solution to this least-squares reconstruction
problem is

5= Eprior + QHT(HQHT + R)_l(;;)bs - Hs:pﬁor) (4)
which can be broken into two parts

(HQHT + R)é = ;;)bs - Hg:prior (5)

5 = §prior + QHTf (6)

where ¢ is an intermediate term determined by solving (5)
using conjugate gradient. The resulting ¢ is then used in (6) to
update the prior slowness distribution. Note that in this form,
fons— H §pn~0, contains the observed aberration delays. Although
the tomographic inversion problem may be posed entirely in
terms of slowness by relating the pixelwise slowness to the
mean slowness over each path, the current formulation of
IMPACT also models time shifts between receive elements
as aberration delays.

B. Aberration Correction Based on Eikonal Equation
Travel Times

Given the sound speed c(x,z) in the medium, the travel
time between a point (x, z) in the medium and a transducer
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element at (x;, 0) can be found using the eikonal equation

\/ or\? | (o) _ 1 ;
(&) (%) -@s "

subject to the boundary condition 7(x;,0) = 0. This is
repeated for each element i on the array so that all beamform-
ing delays 7;(x, z) are known for every point (x, z) in space.
By accounting for sound speed heterogeneity in the medium,
these beamforming delays should correct for phase aberration.
The eikonal equation (7) accurately models refraction and can
be solved efficiently using the fast marching method [18].

C. Aberration Correction by Wavefield Correlation

The angular spectrum method [20] is a technique for simu-
lating the wavefield based on signals transmitted or received by
a transducer array. The wavefield can be used for imaging by
correlating the transmit and receive wavefields as described
in [21]. Here, we extend the angular spectrum method to
laterally heterogeneous media by using the Fourier split-step
method [7], [20]-[23]. The transmitted and received wavefields
are described by the following equations:

Pry(r, 2+ Az, f) = W@)S_(x, 2, )F L,
x H_(ky, 2, ) Fek, Pixiy(X, 2, f)
®)

Praiy (¥, 2+ Az, f) = WE)SL(x, 2, £)F s
x Hy(ky, 2, ) Fsk, Preiiy (X, 2, f)
©

Iz 1/2
Hilky,z, ) = exp(:l: j27t(_2 — ki) Az)
c*(z)

(10
Sa(t, 20 f) =:exp(ﬂ:i%51355) (an
Cres(xaz)
1 Lz gy

 — 12
c(2) /L/zc(X,Z) (12

1 1 1
= (13)

Cres (X, 2) c(x,z) c(2)

where W(x) is a window function used to suppress the
wraparound caused by the discrete Fourier transform.

Propagation via the angular spectrum method should correct
for aberration by accounting for the true speed of sound in the
medium. Ray-based methods such as the eikonal correction
cannot account for the temporal splitting of the wavefront as a
result of focusing effects or sound speed heterogeneities in the
medium. By accounting for the full waveform, the wavefield
correlation method can correct for both phase and amplitude
distortions in the wavefronts such as wavefront splitting as a
result of a spatially varying speed of sound.

[1l. METHODS

A. Sound Speed Estimation and Phase Aberration
Correction

Multistatic ~ synthetic  aperture channel data were
synthetically transmit focused at all points in the ultrasound

TABLE |

K-WAVE SIMULATION SETTINGS
Parameter Value Units

Array Geometry Linear -

Number of Elements 128 elements

Element Pitch 0.15 mm
Element Kerf 0 mm
Center Frequency 4or8 MHz

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

image at sound speeds ranging from 1400 to 1700 m/s in
1 m/s steps. The focused, or delayed, channel data were
summed across transmit channels to form complex receive
channel data for each imaging point. Coherence factor
(CF) [24], which is given as

2
| stk
S NGE

where s[k] are complex samples from each of N receive chan-
nels, was computed for each imaging point and sound speed.
The CF images at each sound speed are spatially smoothed
using a Gaussian blurring kernel (full-width at half-maximum
(FWHM) = 3.8 and 2.0 mm in the x- and z-directions,
respectively) in order to mitigate measurement noise. The
focusing sound speed (which we refer to as an effective
“average sound speed”) that maximizes CF at each focal point
was used to obtain fops by scaling the distances between the
transducer elements and focal points by this focusing speed
of sound. However, if the maximum CF was below 0.1, the
corresponding focal point was removed from the tomographic
reconstruction process. This threshold on the CF was used to
avoid anechoic regions in the reconstruction process that do
not contain reflections that can be used to compute average
sound speed estimates. fobs, calculated from the average sound
speed estimates, was then used to obtain the local speed of
sound by solving (5) and (6). The Gaussian blurring kernel
used for Q had an FWHM = 9.9 and 3.9 mm in the x- and
z-directions, respectively. The resulting local sound speed
estimates are used to perform phase aberration correction
using either eikonal correction or wavefield correlation.

CF (14)

B. k-Wave Simulations in Heterogeneous Media

The multistatic synthetic aperture dataset was simulated
in k-Wave [25] for diffuse scattering in several heteroge-
neous media both to examine the accuracy of the IMPACT
sound speed estimator and the capabilities of each aberration
correction technique. The Hilbert transform was applied to
the multistatic dataset to obtain an analytic representation
of the channel signals. Simulation parameters, such as the
transducer configuration, transmit pulse, computational grid,
and sampling, are described in Table 1.

Simulations were used to demonstrate the performance of
the IMPACT sound speed estimator in diffuse scattering media
with layered speed of sound. These simulations consisted
of four-layer media (A and B), an eight-layer medium (C),
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and layered media (D and E) with mild lateral sound speed
variations.

Another series of simulations was used to examine the
efficacy of distributed aberration correction based on an
estimated speed of sound. These simulations consisted of a
heterogeneous sound speed map using an abdominal wall
model in [26]. Here, we blur the sound speed map using
a Gaussian kernel with the FWHM of 0, 3, 6, 9, 12, and
24 mm to vary the degree of lateral sound speed variation in
the medium. A 5 x 5 grid of point targets (spaced 3.5 mm
axially and 4.0 mm laterally) were used in the simulations to
quantify the performance of distributed aberration correction
as the degree of lateral sound speed variation (and the resulting
performance of IMPACT) in the medium is varied.

C. Metrics and Evaluation

To quantify image quality, we utilized the shift in the
point targets from their true location, measured as the radial
difference in the location of peak intensity from the true
location of the point target, and the —6-dB lateral beamwidth
(FWHM resolution) of each point target. Quantitative results
were compared using the eikonal beamformer with the known
sound speed (best possible correction), a constant sound speed
(conventional beamforming), and the estimated sound speed
(aberration corrected).

In order to isolate the point targets from background
speckle for accurate measurements, we repeated each simu-
lation without diffuse scattering and, where necessary, applied
the IMPACT sound speed estimates from the diffuse scatterer
simulations. An iterative method was used to detect the
location of peak magnitude for each point target as well as
the 6 dB width of each target. In cases where the beam is
severely degraded (the peak magnitude was less than 13 dB of
the original magnitude), the image of the point target no longer
resembles a sinc function and the algorithm fails to detect the
location or 6-dB beamwidth. These points were marked as
undetected and excluded from the calculations.

D. Experimental Data Acquisition

Two transmit sequences were implemented on the Vera-
sonics Vantage 256 scanner using the L12-3v probe. The
first sequence was a multistatic synthetic aperture trans-
mit sequence, consisting of receive channel data for each
single-element transmit. The second sequence was a walking-
aperture focused-transmit sequence with multiple focal depths,
as described in Table II. The multistatic synthetic aperture
dataset was recovered from this multifocal walking-aperture
transmit sequence using the regularized inversion technique
described in [27].

In phantom experiments, a slab of pork was placed on top
of an ATS Model 549 phantom (1460 m/s) to test the IMPACT
sound speed estimator and distributed aberration correction
techniques in the presence of sound speed heterogeneity with
both transmit sequences. In vivo datasets were also acquired
from the abdomen of obese Zucker rats and the thyroid gland
in a healthy human volunteer. In the rat imaging case, the
multifocal walking-aperture transmit sequence was used, and

TABLE Il
MULTIFOCAL WALKING-APERTURE TRANSMIT SEQUENCE ON
VERASONICS L12-3v

Parameter Value Units
Array Geometry Linear -
Number of Elements 192 elements
Element Pitch 0.2 mm
Center Frequency 7.8 MHz
Focal Depths 17.8, 29.6, 41.5 mm
Transmit Angle 0 Degrees
Beam Origin Range [-19.1, 19.1] mm
Beam Origin Step 1 element
Aperture Width (Around Beam Origin) 128 elements
Transmit Apodization Rectangular -

a multistatic synthetic aperture dataset was recovered. In the
human thyroid imaging case, a multistatic synthetic aperture
sequence was used to acquire channel data using only the
center 128 elements of the L12-3v probe.

IV. RESULTS
A. Sound Speed Estimation Using IMPACT

Fig. 1 shows the performance of the IMPACT sound speed
estimator in five media: A, B, C, D, and E. Media A, B,
and C are four-, five- and eight-layer media. The first row of
Fig. 1 shows the ground-truth simulated speed of sound. The
second row of Fig. 1 shows the IMPACT reconstructed speed
of sound when the exact average speed of sound is known at
each focal point. These results are intended to understand the
ideal performance of IMPACT when the exact average speed
of sound is known for each focal location. The root-mean-
square (rms) errors in the IMPACT reconstruction under these
ideal conditions are 4.1 m/s (media A), 3.7 m/s (media B),
5.2 m/s (media C), 3.5 m/s (media D), and 4.9 m/s (media
E). The third row of Fig. 1 shows the IMPACT reconstructed
speed of sound when the CF maximization process is used to
obtain the average speed of sound. The rms error in sound
speed estimation is 6.3, 8.6, and 7.9 m/s for media A, B, and
C, respectively. The increase in the number of layers from
media A to C serves to demonstrate the axial resolution of
the IMPACT sound speed estimator in terms of the thickness
of each layer. Media D and E incorporate lateral variations in
the speed of sound and have the highest rms errors (12.8 and
17.1 m/s, respectively). In addition, the rms error in the speed
of sound is larger from 20 to 35 mm depth than from 5 to
20 mm depth in media D and E. In each medium, IMPACT is
the most inaccurate at the deepest depths where the fewest
time-of-flight measurements contribute to the sound speed
estimate. The selection of Eprior was shown to have no effect
on sound speed estimation (data not shown).

B. Aberration Correction Based on Estimated Sound
Speed

Fig. 2 shows the effect of applying IMPACT sound speed
estimations for aberration correction to the series of abdominal
wall simulations with decreasing lateral variations in the true
speed of sound. As the lateral variation in the ground-truth
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Fig. 1. Sound speed estimation in heterogeneous media Using IMPACT. Diffuse scattering was simulated in five media labeled A, B, C, D, and E.
The top row show the true sound speed in the medium. The middle row shows the IMPACT sound speed estimates when the exact average speed
of sound is known for each focal point. The bottom row shows the IMPACT sound speed estimates from the average speed of sound obtained by
CF maximization. When IMPACT is applied to the exact average speed of sound at each focal point, the rms error in sound speed estimation is
4.1 m/s (A), 3.7 m/s (B), 5.2 m/s (C), 3.5 m/s (D), and 4.9 m/s (E). When IMPACT is applied to the average speed of sound from CF maximization,
the rms error in sound speed estimation is 6.3 m/s (A), 8.6 m/s (B), 7.9 m/s (C), 12.8 m/s (D), and 17.1 m/s (E). In media D and E, the rms error
in the IMPACT estimate using the CF maximization process is 8.2 m/s (D) and 9.8 m/s (E) from 5 to 20 mm depth and 17.4 m/s (D) and 24.3 m/s

(E) from 20 to 35 mm depth.

speed of sound decreases, the IMPACT estimates become
more accurate. Visually, it is observed that the structure of
the sound speed also approaches the structure of the true
sound speed as the medium exhibits less lateral variation in
the sound speed. For deeper point targets where the sound
speed estimate is highly inaccurate, point targets exhibit a

much lower intensity as the signal becomes highly incoherent.
In the FWHM = 0 mm case, the leftmost point target at
31.5 mm depth and the three leftmost point targets at 36 mm
depth could not accurately be localized in the image when
aberration correction was applied using the IMPACT sound
speed estimate. In the FWHM = 3 mm case, only the leftmost
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Effect of sound speed estimation error on distributed aberration correction. The IMPACT method applied to a simulated abdominal wall

model with increasing lateral blurring from left to right. The eikonal equation was used to beamform B-mode images using the true sound speed,
a constant 1540-m/s sound speed, and the estimates from IMPACT. The FWHM corresponds to the Gaussian kernel used to laterally blur the sound
speed. A large FWHM causes sound speed to more closely resemble a layered medium.

target at 36 mm depth could not be localized in the image after
aberration correction using the IMPACT estimate was applied.
These point targets were omitted from the following analyses.

Fig. 3 shows the localization error of the point targets,
relative to the true position of the point targets, for eikonal
beamforming with different sound speed maps with decreasing
lateral blurring of the ground-truth speed of sound. Using the
ground-truth sound speed profile, the localization error is small
and increases at a rate of approximately 1 #m per millimeter
depth and about 0.64 yum per millimeter of lateral blurring

kernel. For a constant sound speed, the localization error is
greater than 300 um for all depths. Lateral variations in the
speed of sound appeared to have a small, and potentially
negligible, effect on localization error. The estimated sound
speed from IMPACT shows a localization error less than
100 um for media that more closely approximate layered
media but increases drastically with depth for media with more
lateral variation.

Fig. 4 shows the percent increase in point target width
relative to the ideal case where ground-truth speed of sound is

Authorized licensed use limited to: UNIVERSITY OF ROCHESTER. Downloaded on September 10,2026 at 19:30:13 UTC from IEEE Xplore. Restrictions apply.



1720 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 69, NO. 5, MAY 2022
Constant Sound Speed (1540 m/s) 80 Constant Sound Speed
420 Tomem] o WM =0rom
E T FWHM = 6 mm S i —#FWHM =3 mm
5,400 3= FWHM =9 o 60 FWHM =6 mm
[14] 380t FWHM;24m: g ——FWHM =9 mm
8 : 8 —4—FWHM =12 mm
8360 — = FWHM = 24 mm
Zz 1 %
O340t ———= 3
] ————e &
320 : < : : ! % z >
20 25 30 35 0
Axial [mm] -20 , , | |
True Sound Speed 20 25 30 35
60 | =g Axial [mm]
T |[ Fem-emn IMPACT Sound Speed
S 50 F|—F—FwHM=9mm 100
= ~5— FWHM= 12 mm 3 —+FWHM = 0 mm
3 FUWHM = 24 < 80| |+ FWHM=3mm
§ 40 B FWHM =6 mm
B S 60 | FWHM=9mm
a o —~FWHM = 12 mm
[ = —
30 (= . . i I ; 40 + FWHM =24 mm
20 25 30 35 2 20 |
Axial [mm] £ P I
0 |&=— = =
) IMPACT Sound Speed §
400 —4— FWHM = 0 mm l -20 L 1 | |
—F— FWHM = 3 mm 20 25 30 35
FWHM = 6 mm .
300 [|—5—FwHm=9mm Axial [mm]

—4— FWHM = 12 mm
FWHM = 24 mm

Distance [um]
o
o

20 25 30 35
Axial [mm]

Fig. 3. Point target location error from distributed aberration correction

in Fig. 2. The mean and standard deviation of the error between the true

location of the point target and the location of the point’'s peak magnitude

inthe image for eikonal beamforming with each set of sound speed maps.

The mean and standard deviation are taken over the five lateral points
for each depth.

known. For eikonal beamforming with a constant sound speed
(1540 m/s), there is a large increase in point target width
at the shallowest depth for this medium and the difference
improves with depth into the medium. The point target width
resulting from aberration correction with the IMPACT sound
speed estimate is the most accurate at the shallowest depth
in the medium. When using the estimated sound speed from
IMPACT, the increase in point target width remains close to
0% for media that more closely approximate layered media but
increases with depth for media with more lateral variation.
Fig. 5 shows the complete aberration correction pipeline in
a phantom where channel data, initially acquired from focused
transmit beams, are optimally focused everywhere in the image
by using multistatic synthetic aperture data (via REFoCUS)
and IMPACT to estimate the speed of sound in the medium.

Fig. 4. Point target resolution from distributed aberration correction in
Fig. 2. The mean and standard deviation, over the lateral five point targets
at each depth, of the percent increase in the —6-dB beamwidth relative
to the ideal point target (with known speed of sound).

IMPACT was used to estimate the speed of sound from the
multistatic dataset recovered by REFoCUS. The sound speed
estimated in the pork is around 1580 m/s, while the sound
speed estimated within the phantom is roughly 1460 m/s.
The image formed by coherently compounding focused trans-
mits beams prior to multistatic dataset recovery is shown
in Fig. 5(b), and images produced after multistatic dataset
recovery are shown in Fig. 5(c). When the resulting multistatic
dataset is focused at 1540 m/s, focusing only improves around
15 mm depth. However, when the estimated sound speed of
the medium is used to focus the image, using either eikonal
correction or wavefield correlation, the image is improved over
all locations. The FWHM point target resolution at 35 mm
depth improves by 0.3 mm after multistatic dataset recovery
and further improves by about 0.3 mm for each aberration
correction technique.

Fig. 6 shows sound speed estimation and aberration correc-
tion with multistatic channel data from a phantom with ane-
choic lesions. In addition to the sound speed change between
the 5-mm slab of pork and the ATS phantom, the IMPACT
estimator also detects sound speeds differences between the
anechoic region and the speckle background. When this sound
speed estimate is used for distributed phase aberration cor-
rection, the lesion boundaries and the bubbles trapped within
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recovered multistatic dataset. (b) Coherent compounding of focused transmit beams (with 1540-m/s beamforming) prior to multistatic dataset
recovery. (c) Demonstration of distributed aberration correction techniques after multistatic dataset recovery. FWHM point target resolution at 35 mm
depth is (b) 0.88 mm and (c) 0.58, 0.26, and 0.27 mm from left to right for each of the three images.

the larger lesion are sharper and more clearly visible. Lesion
contrast improves from 17.7 to 23.5 and 25.9 dB as a result
of eikonal correction and wavefield correlation, respectively.
However, the sound speed variations in the vicinity of the
lesion likely have a negligible impact on the focusing of
this region of the image. Because the results of aberration
correction with both methods are similar, we omit the images
from one of the methods in further figures for brevity.

Fig. 8 shows an in vivo example of sound speed estimation
and phase aberration correction. There are three different views
of the thyroid and carotid in a healthy human volunteer. Each
image highlights thyroid nodules that change as a result of
the aberration correction technique. The visibility of certain

thyroid nodules appears to improve as a result of aberration
correction. The shape and size of each thyroid nodule appear
to change.

V. DISCUSSION

We demonstrated two distributed phase aberration correc-
tion techniques that improve focusing in the image recon-
struction based on the local speed of sound in the medium.
However, the focusing improvement depends on the accuracy
of the local sound speed used in aberration correction.

Because aberration correction depends on the accuracy of
the sound speed estimator, we examine the strengths and
weaknesses of the IMPACT sound speed estimator.
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Fig. 6. Distributed phase aberration correction with anechoic lesions. The IMPACT estimator shows sound speed differences between the pork, the
scattering material, and the anechoic lesions. Lesion contrast for the smaller lesion is 17.7 dB before aberration correction, 23.5 dB after aberration
correction using travel times computed from the eikonal equation, and 25.9 dB after aberration correction using the wavefield correlation method.

When lateral sound speed variations are present in the
medium, the superficial layers in the medium may add extra
curvature to the travel times in 7o observed at deeper depths.
By separating the times of flight in 7, along individual
paths of propagation, IMPACT was designed so that point-
wise variations in the average sound speed estimate would
enable tomographic estimates of the speed of sound that could
partially estimate lateral variations in the medium. However,
because CF maximization relies on flattening the curvature
of the coherent signal across the aperture to estimate the
effective average speed of sound, the extra curvature caused by
lateral variations in the superficial layers can bias the effective
average sound speed estimate, which affects the reconstruction
produced by IMPACT. As a result, the IMPACT sound speed
estimate can drift away from the true value at greater depths in
the medium due to lateral variations at shallow depths. In par-
ticular, characterizing the average speed-of-sound in a situation
where the focus is split by lateral variations into multiple lobes
would be a worst case scenario for the IMPACT method.

Seismic imaging approaches to wave velocity estimation can
help identify approaches that can overcome the shortcoming of
current sound speed estimation techniques used in ultrasound
imaging. For example, layer-stripping methods [28], [29]
estimate the wave velocity layer-by-layer in a way that remains
consistent with estimates at shallower depths. However, these
approaches can often be time consuming and often need
special treatment to remain robust. Accurate and robust wave
velocity estimation still remains an active area of research in
both seismic and ultrasound imaging due to the difficulty of
the inverse problem. In both seismic and ultrasound imaging,
assumptions regarding the media are often used in order
to simplify this inverse problem, and new techniques are
often proposed to help overcome some of the limitations
of these simplifying assumptions. Future work should build
upon, or merge, existing techniques to improve sound speed
estimation in as many cases as possible.

Despite these limitations, the IMPACT sound speed esti-
mator was shown to sufficiently estimate the speed of

sound in the medium for phase aberration in layered media
(see Figs. 5 and 6). In simulation results (Figs. 2—4), point
targets with a depth of less than 27 mm consistently exhibited
superior localization error and point target resolution than
with assuming a constant sound speed. For simulations with
less lateral variation, the localization error was consistently
roughly 3-6 times more accurate than assuming a constant
sound speed, and point target resolution consistently agreed
with the results from knowing the exact true sound speed
in the medium. As the lateral variation increased however,
the 6 dB width and localization error of point targets at
further depths drastically increased as the cumulative sound
speed error led to more defocusing of the beam. Despite
lack of the ground-truth speed of sound for the in vivo
images, Figs. 7 and 8 also show image improvements using
the proposed phase aberration correction methodology. Fig. 5
shows that the IMPACT sound speed estimates can be used
to optimally focus at all depths in the medium, whereas a
particular global sound speed may only achieve good focusing
at a fixed depth in the image. Fig. 6 shows that IMPACT
induces artifacts in the speed of sound around the anechoic
lesions, but these lateral variations in the sound speed estimate
do not negatively affect the performance of IMPACT because
they occur at greater depths in the medium, reducing their
effect on the aberration correction techniques.

One limitation of the simulation study is that the analysis
is based on a single speed of sound distribution. While
this distribution is realistic for abdominal layers, like many
aberration correction techniques, the results will depend on
the target location and its resulting speed of sound distribution.
Thus, deeper analysis would be required for the specific target
application of the aberration correction technique.

As previously noted in [16] and [30], there is a dual rela-
tionship between sound speed reconstruction and the focusing
quality. If a perturbation in sound speed leads to large changes
in focusing quality, sound speed should be easy to estimate
accurately; conversely, if a perturbation in sound speed has
a negligible effect on focusing quality, sound speed becomes
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Fig. 7. Distributed phase aberration correction in the abdomen and vertebrae of obese Zucker rats. The global ex vivo sound speed measurement
in the livers of each rat are 1527 m/s (top) and 1567 m/s (bottom). Aberration correction is performed using the wavefield correlation method. Similar
changes are observed when using the eikonal equation to perform aberration correction. Boxes show zoomed-in views of the vertebrae in each
image. Arrows and circles indicate locations where the resolution improves or new structures appear after aberration correction.

difficult to estimate accurately. When applying these principles
to the tomographic estimation technique, it becomes clear that
focusing quality in the image is largely insensitive to sound
speed variations at the deepest depths in the medium; as a
result, the tomographic reconstruction has large fluctuations
at the deepest imaging depths.

Most of the phantoms shown in this study exhibit regions
of uniform speckle. However, in vivo imaging examples often
exhibit more complex structures. In particular, off-axis scatter-
ing from strongly reflecting structure may cause a slanting of
arrival times if cross correlation methods were used to estimate
phase aberration. The maximization of CF for estimating the
average speed of sound helps to constrain the possible times of
arrival at a particular point in the image to avoid this slanting
of arrival times due to strongly reflecting structures. Although
curved reflectors may be misconstrued as improperly focused
point reflectors in the image, the multistatic synthetic aperture
acquires multiple reflections from these curved reflectors so
that the CF maximization method remains robust to the shape
of the reflector.

One key difference between locally adaptive phase aberra-
tion correction techniques [4], [31] and distributed aberration
correction techniques that use the IMPACT estimator is that
the sound speed estimate physically constrains the observed
phase aberration to be consistent with a single estimate of
the sound speed in the medium. As a result, unlike previous
approaches that used locally adaptive methods to perform

aberration correction, the techniques employed in this article
can correct the position and shape of imaging targets. Possible
examples are seen in the top and bottom rows of Fig. 8. The
shape of the thyroid nodules appears to change shape and
position as a result of the sound speed correction. The sound
speed estimate not only affects how the ultrasound signals are
focused, but it also affects the shape of the structures being
imaged because the aberration correction paradigm presented
in this work directly affects the time of flight rather simply
applying relative time delays to signals that were already
focused using a potentially incorrect sound speed.

The distributed aberration correction techniques presented
in this work are limited by the accuracy of the sound speed
estimate, but the accuracy of the sound speed estimates are
also limited by the achievable improvement in focusing quality
throughout the image. This implies that the efficacy of the
distributed aberration correction techniques is also affected by
factors, such as frequency and f-number.

The main difference between the eikonal correction and the
wavefield correlation method is the way that aberration correc-
tion is achieved. In the eikonal correction method, the delays
applied to the signals in a DAS beamformer are calculated
based on the eikonal equation for the estimated sound speed
in the medium. However, for the wavefield correlation method,
aberration correction is achieved by propagating and correlat-
ing transmit and receive signals in a numerically simulated
medium with the estimated sound speed. As opposed to the
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Fig. 8. Distributed phase aberration correction in human thyroid. Each row corresponds to a different imaging view of the thyroid. The boxes in
the top row of B-mode images show zoomed-in views of a thyroid nodule with an inspissated colloid before and after phase aberration correction.
The circles in the bottom two rows of images show visible changes in thyroid nodules as a result of phase aberration correction. Although phase
aberration correction in these images was performed using the eikonal equation, each aberration correction method produced practically identical

images.

eikonal correction method, the wavefield correlation method is
not based on DAS beamforming, but rather a diffraction-based
image reconstruction process. For this reason, the wavefield
correlation method is far more computationally expensive [21]
than the eikonal correction approach, which relies on DAS
beamforming.

By accounting for the full waveform, the wavefield correla-
tion method can correct for both phase and amplitude distor-
tions in the wavefronts as a result of a spatially varying speed
of sound. Ray-based methods such as the eikonal correction
cannot account for the temporal splitting of the wavefront as a
result of focusing effects or sound speed heterogeneities in the
medium. In addition, the wavefield correlation method appears
to remove near-field clutter in Figs. 5 and 6 because the
correlation of transmit and receive wavefields gives less weight
to receive events incident at large angles. While increasing

the f-number used under the eikonal correction method could
reduce near-field clutter, this will come at the cost of lower
resolution at shallower imaging depths. In the wavefield cor-
relation method, an f-number limit may be used to filter out
transmit and receive events based on the angular spectrum
of the signals [32]; however, we find that in these exam-
ples, the wavefield correlation process is enough to remove
clutter without an explicit f-number limit. Furthermore, the
Fourier-domain implementation of the wavefield correlation
method is capable of fully deleting noise in frequency regions
that refer to evanescent waves. Another aspect of the wave-
field correlation method is that wave propagation is directly
parameterized by the speed of sound in the medium. This may
lead to a waveform-inversion-based approach for simultaneous
sound speed estimation and phase aberration correction where
the image formation process is differentiated with respect to
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the speed of sound in the medium to derive an update to the
speed of sound in the medium and also improve focusing
in the reconstructed image. For this reason, the wavefield
correlation technique would be strongly preferred over the
eikonal beamformation process in future work. A similar
approach known as migration velocity analysis [33], [34] has
been used in seismic imaging to reconstruct images of wave
velocity and improve the focusing of reflectors.

One confounding factor in the experiments shown in Fig. 8
is the impact of reverberation clutter on both sound speed
estimation and the aberration-corrected image. Despite diffuse
reverberation clutter, the aberration correction techniques suc-
cessfully improve the visibility of the smaller nodule at the
top of the thyroid in the middle row of images. However,
diffuse (or incoherent) reverberation clutter hinders and often
overshadows the improvements resulting from phase aberra-
tion correction. Model-based [35], [36] and deep learning [37]
solutions for clutter removal often do not account for phase
aberration or sound speed variations in the medium. Future
approaches to reverberation clutter removal should aim to
preserve the underlying phase aberration while removing sig-
nals due to reverberation events. Preserving the underlying
phase aberration would enable improved accuracy in sound
speed estimation and aberration correction. In vivo ultrasound
imaging is ultimately a multifaceted problem that requires a
complete solution for viability in a clinical system.

VI. CONCLUSION

Sound speed estimates in a heterogeneous medium can be
used to optimally focus an ultrasound image. Simulations
show that if the exact sound speed distribution is known,
aberration correction can be achieved in all parts of the
ultrasound image. Both phantom and in vivo experiments
show noticeable improvements in image quality when the
estimated speed of sound is used to drive phase aberration
correction. When sound speed was estimated in a layered
medium, aberration was shown to be corrected in all parts
of the ultrasound image based on those estimates using a
ray-based and a diffraction-based correction scheme. In order
to make our efforts more accessible to the broader research
community, we have provided sample code and multista-
tic channel data for the point target phantom in Fig. 5
at github.com/rehmanalil994/Distributed AberrationCorrection
(DOLI: 10.5281/zenodo.4891861).
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