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Integrated Difference Autocorrelation: A Novel
Approach to Estimate Shear Wave Speed in the
Presence of Compression Waves

Hamidreza Asemani

Abstracit—Objective: In shear wave elastography (SWE),
the aim is to measure the velocity of shear waves, how-
ever unwanted compression waves and bulk tissue mo-
tion pose challenges in evaluating tissue stiffness. Conven-
tional approaches often struggle to discriminate between
shear and compression waves, leading to inaccurate shear
wave speed (SWS) estimation. In this study, we propose
a novel approach known as the integrated difference au-
tocorrelation (IDA) estimator to accurately estimate rever-
berant SWS in the presence of compression waves and
noise. Methods: The IDA estimator, unlike conventional
techniques, computes the subtraction of velocity between
neighboring particles, effectively minimizing the impact of
long wavelength compression waves and other wide-area
movements such as those caused by respiration. We eval-
uated the effectiveness of IDA by: (1) using k-Wave simula-
tions of a branching cylinder in a soft background, (2) using
ultrasound elastography on a breast phantom, (3) using
ultrasound elastography in the human liver-kidney region,
and (4) using magnetic resonance elastography (MRE) on
a brain phantom. Resulis: By applying IDA to unfiltered
contaminated wave fields of simulation and elastography
experiments, the estimated SWSs are in good agreement
with the ground truth values (i.e., less than 2% error for
the simulation, 9% error for ultrasound elastography of the
breast phantom and 19% error for MRE). Conclusion: Our
results demonstrate that IDA accurately estimates SWS,
revealing the existence of a lesion, even in the presence
of strong compression waves. Significance: IDA exhibits
consistency in SWS estimation across different modalities
and excitation scenarios, highlighting its robustness and
potential clinical utility.
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[. INTRODUCTION

HEAR wave elastography (SWE) is an expanding imaging
S technique with applications in different modalities such
as ultrasound [1], [2], [3], magnetic resonance imaging (MRI)
[4], [5], and optical coherence tomography (OCT) [6], [7].
The capability of this method to estimate tissue stiffness and
highlight different lesions positions it as a robust clinical tool
for diagnosing a broad spectrum of diseases [8], [9], [10].
The fundamental concept of SWE remains consistent across
different imaging modalities. Typically, shear waves are induced
in the tissue through external excitation captured by the imaging
modality and processed to compute the shear wave speed (SWS)
map or tissue stiffness map [11], [12], [13], [14]. The resolution
and accuracy of SWE are dependent on the imaging modality,
the characteristics of the generated shear wave field, and the
post-processing techniques applied [12], [15].

In SWE, the focus lies on measuring the speed of shear waves
rather than compression waves, as unwanted compression waves
and translational motions can introduce challenges in accurately
assessing tissue stiffness. As illustrated in the classic text by
Graff [16], a vibrating source on the surface of a body will
impart shear waves, which are useful for elastography, but also
significant compression waves and surface waves, which can
confound the estimate of SWS. Compression waves and any
other bulk tissue motion have long wavelengths (in the range of
meters) and long correlation lengths compared to shear waves
(with wavelengths in the range of a few millimeters), so they
present an unwanted term if the analysis is oriented toward shear
waves. Generally, these have been minimized by post-processing
steps, including the calculation of the vector curl from 3D data
or more simply from highpass filtering of 2D displacement
data [17].

An example of filtering is given in [18], where Ormachea
and Parker employed a 2D bandpass spatial filter to elimi-
nate extremely low spatial frequency compressional waves and
reduce high frequency noise in all directions. They used the
cutoff spatial frequencies (f) related to the wavenumber & of the
filter, which were set at k; = 27f/Cyp, and kj, = 27 f/Cy,
where C; and Cy, represented the chosen low and high SWSs,
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respectively. Filtering contaminated wave fields is often chal-
lenging, especially when the range of SWS is not known a priori.
Specifying the proper cutoffs for a 2D bandpass filter requires
careful tuning in practice.

In this study, we introduce the difference autocorrelation esti-
mator in order to calculate SWS in the presence of compression
waves. By subtracting the velocity between two neighboring
particles, we effectively minimize the impact of compression
waves. This technique is capable of estimating SWS in fully
reverberant shear wave fields, as well as imperfect or more
directionally oriented shear wave fields. The application of the
proposed approach is studied using (1) k-Wave elastography
simulation of a stiff branching cylinder in a soft background, (2)
ultrasound elastography of a breast phantom with a lesion (3)
ultrasound elastography of the human liver kidney region, and
(4) magnetic resonance elastography (MRE) of a brain phantom
with two lesions.

[I. THEORY

The particle velocity V" within a fully reverberant shear wave
field is described as [19], [20] as

V(e t) =Y Mg vg e'FPaewol), 1)
q,l

where € signifies the position vector, ¢ is time, wy is the angular
frequency, and the indices ¢ and [ correspond to realizations of
the random unit vectors 74 and 714, respectively. The vector
7, denotes the random direction of wave propagation, iy
indicates a random unit vector representing the direction of
particle motion and v, represents an independent, identically
distributed random variable signifying the magnitude of the
particle velocity within a given realization. In transverse shear
wave fields, the direction of wave propagation is orthogonal to
the particle motion, indicating that 7a;; . i, = 0. However, the
wave propagation and particle motion are in the same direction
for compression waves, which implies fog; . 7og = 1.

In the standard autocorrelation technique, the autocorrelation
of the z-directed velocity field (By, v, ) is conventionally com-
puted in both space and time as described in [21] as

Byv.y, (Ae, At) = E{V; (e,t) V" (e + Ae, t + Al)} (2)

where Ae and At represent the small difference in position
vector and time, respectively, E signifies an ensemble average,
and the asterisk (*) indicates the complex conjugate. In practice,
this equation takes the estimated particle velocities from an
imaging system as a function of space and time. The presence
of any unwanted compression waves in the tissue adds a long
wavelength term to the autocorrelation equation. The estimated
SWS in this condition is affected by the low spatial frequency
compression waves. In order to overcome this issue and mini-
mize the influence of compression waves and whole tissue mo-
tion, we propose to compute the autocorrelation of the quantity
V.(e — Ae) — V.(e + Aeg) instead of the autocorrelation of
only the velocity field V. The subtraction of particle velocities
between neighboring particles effectively cancels out the con-
tribution of compression waves with large wavelengths, leaving

only the SWS component. Thus, the difference autocorrelation
estimator Bp 4y, y, is defined, for simplicity when At is zero,
as follows

Bpav.v. (Ae)
=F {[V.(e — Ae) — V. (e + Ag)]
~V, (e + Ae)]"}

[V. (e — Ae) V,* (e — Aeg)]
+[Vz (e + Ae) V™ (e + Ae))

[V. (e — Ag)

“E N Z Ve (e— Ae) Vo* (e + Ae)]
—[Vz (e + Ae) V.* (e — Ag)]
—9 (KQ ~ By (2Ae)) 3)

where 722 is the ensemble average velocity-squared and the
simplified form is based on the fundamental definition of each
of the terms, assuming spatially stationary statistics. Note also
that any extra motion approximately constant across the auto-
correlation window will be canceled by the subtraction in the
first bracketed expressions.

In (3), By,y, is the conventional spatial autocorrelation
function. The autocorrelation function in different directions
depends on the angle 6 between the imaging system sensitivity
(assumed to be z-directed) and the direction of Ae, defined by
Aleman-Castafieda et al. [22] as follows

+ cos?6,

Bv.v. (Ae,At) = 3V;° el
jl (kAE)
kEAe ’

y {sinQGS 71 (kAe)
2
4

[jo (kAe) — “IAe

where jj is the spherical Bessel function of the first kind of zero
order and j; is the spherical Bessel function of the first kind
of first order. In standard baseline autocorrelation estimation,
Ae is assumed to be aligned with one of the Cartesian axes.
The angle 6, in (4) is 7/2 for Ae, and Ae,, and zero for Ae..
Consequently, the standard baseline autocorrelation functions
are defined as

_ 3 2 iwo At . jl (kAE:E)
By.v. (Ae,, At) = 5 V. e [jo (kAe,) A
(5.2)
372 iwo At . jl (kAgll)
B Aeg,, At) = =V, ™0 kAe,) — ————4
v.v. (Agy, At) 2V e {JO( Ey) kA,
(5.b)
Bu.v. (Ae., At) = 3V 2¢iwodt 1L (FA:) (5.0)

kAe,

To enhance the robustness of the autocorrelation estimator,
Asemani et al. [23], [24] introduced the angular integral auto-
correlation (AIA) which involves computing the angular integral
of the autocorrelation function within a two-dimensional plane
spanning from 0 to 2, resulting in the expression for the xz
plane and yz plane as follows

BAIAmz (Apa At) = BAIAyz (Ap7 At)
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3 2 oAt | j1 (kAp)
= =V, elwont kA

4 z € |:.] 0 ( p ) + k Ap
where Ap represents the one-dimensional lag in the autocorre-
lation argument subsequent to integration around 6. For the xy
plane we have:

(6)

kAp
(7
The difference autocorrelation for the standard baseline auto-
correlation estimator can be obtained by assuming At = 0 and
substituting (5) in (3) to yield

3 P2 giwont [ ; L (kA
Barasy (Bp, At) =5 V2l [JO (kAp) — 1 ( P)}

Bpa. (Acy)=2 (VZQ—‘;’ V.’ [jo (2kAsz)—31(2’fA5w)D

2kAe,
(8.a)
o (72 32 . J1 (2kAegy)
BDAZ (A&‘y)—Q <Vz B Vz |:j0 (2]€A€y) 72]6A6y
(8.b)
o [T 2 _ o172 iwoAt J1 (2kAe,)
Bpa, (Aey)=2 <Vz 3V e TohAL (8.0)

By substituting (6) or (7) in (3), the integrated difference
autocorrelation (IDA) for different autocorrelation planes can
be obtained as

Bipas. (Ap) = Brpa 4. (Ap)

=2 (Vf - [jo (2kAp) + mm”)])

2kAp
©)

_ 5 3 __ i1 (2EA
Bripagy (Ap) =2 (Vz2_2 V.’ [jo (2kAp) — W})
(10)

Fig. 1(a) displays the autocorrelation curves for the z-directed
simple autocorrelation functions and the AIA function in the
xz plane. The magnitude of the small difference in position
(Ae,, Ae,,and Ap) ranges from zero to one pixel less than the
size of the autocorrelation window. As depicted in this figure,
the curves for the autocorrelation functions (By, v, (Ae,) and
By, v. (Ae,)) are distinct, and the AIA function is consistently
positioned between them. The maximum occurs at zero lag
for all autocorrelation functions. Fig. 1(b) presents z-directed
difference autocorrelation curves of Ae, and Ae,, along with
the IDA curve in the xz plane. The IDA curve consistently
falls between the simple difference autocorrelation curves. At
zero lag, the value for the difference autocorrelation functions
is zero. In practice, a curve fit of measured data to (9), (10)
is necessary. Fig. 1(b) is utilized to derive a best fit estimate
of wavenumber k, thereby determining SWS from the physics
definitionk = w/C and where w is the applied radial frequency
and C is taken in this context as equal to the SWS.

[ll. K-WAVE ELASTOGRAPHY SIMULATION

The effectiveness of the proposed IDA approach was eval-
uated using the k-Wave simulation toolbox in MATLAB (The

(a)

Autocorrelation Function (Arb.)

-0.5 : : : : : :
(0 -5 0 5 10 15

(b)

Difference Autocorrelation (Arb.)

-10 -5 0 5 10 15
kA €, kAe, kAp

-15

Fig. 1. Autocorrelation and difference autocorrelation curves:
(a) Curves for the z-directed simple autocorrelation functions and
the AIA function in the xz plane, (b) curves for z-directed difference
autocorrelation functions of Ae, and Ae,, along with the IDA function
in the xz plane.

MathWorks, Inc. Natick, MA, USA, version 2022b) [25] of a stiff
branching cylinder in a soft background. Both the background
medium and the y-shaped inclusion were modeled as uniform
isotropic materials, with SWS of 1 m/s and 2 m/s, respectively.
The simulation geometry and the defined SWS properties for the
y-shaped cylinder and the background are presented in Fig. 2(a).
Further details regarding this simulation can be found in [23].
A fully reverberant shear wave field at a frequency of 200 Hz
was created by the application of multiple shear wave point
sources around the outer boundary. A white Gaussian noise with
a signal-to-noise ratio (SNR) of 10 dB was added to the shear
wave field. The resulting shear wave field was purposely super-
imposed with compression waves, modeled as along wavelength
phasor of the same temporal frequency and approximately the
same amplitude. It is assumed that the transducer was positioned
on the top side of the model and the velocity field was specifically
measured along the z-axis to mimic realistic scanning conditions
in elastography. Fig. 2(b) presents an unfiltered phase map of the
wave field at 200 Hz, revealing the reverberant shear wave field
superimposed onto a longer spatial scale of compression waves.
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Fig. 2. k-Wave elastography simulation: (a) Simulation geometry and
defined SWS properties for the y-shaped inclusion and the background,
(b) unfiltered phase map of the contaminated wave field at the excita-
tion frequency of 200 Hz, demonstrating both small scale shear wave
patterns and larger scale compression wave pattern, (¢) SWS map
estimated by applying AlA to the unfiltered contaminated wave field,
(d) SWS map estimated by applying IDA to the unfiltered contaminated
wave field.

The animated sequence of the shear wave field is available in
the supplementary materials.

A square autocorrelation window 15 mm in size was utilized
in all simulation measurements to estimate the SWS. A central
3D region of interest was selected to reduce the memory and
computational costs. The SWS map estimated by applying the
AIA to the unfiltered contaminated wave field is illustrated in
Fig. 2(c). Due to the presence of compression waves in the
shear wave field, SWS estimation using conventional methods
is challenging, and the y-shaped inclusion is not discernible
against the background. The average SWS in the background
was estimated to be 3.41 m/s (i.e., 241% error). Fig. 2(d) displays
the SWS map estimated by applying the IDA to the unfiltered
contaminated wave field, where the y-shaped inclusion is clearly
highlighted. The average SWS in the background was estimated
to be 0.98 m/s (i.e., 2% error)

Although AIA fails in estimating SWS when applied to con-
taminated wave fields, effective filtering techniques can enhance
its efficiency and accuracy. In Fig. 3(a), the magnitude of the 2D
spatial Fourier transform of the k-Wave displacement field at
200 Hz is depicted. The central red zone signifies the presence of
high-energy, low spatial frequency waves or compression waves
within the wave field.

A 2D bandpass filter was determined based on a maxi-
mum value for the SWS (corresponding to minimum value
for wavenumber k), and a minimum value for the SWS (cor-
responding to maximum value for wavenumber k), according to
Cs = 27 f/k. Following numerous trials using different lower
and upper values, the optimal values were determined, with the
lower value designated as C's; = 0.54 m/s and the upper value as
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Fig. 3. Process of 2D bandpass filtering and SWS estimation using
AlA in k-Wave simulation: (a) Magnitude of the 2D spatial Fourier trans-
form of the k-Wave displacement field at the excitation frequency of
200 Hz, (b) 2D bandpass filter in the Fourier domain used to eliminate
compression waves, (c) phase map of the shear wave field after 2D
bandpass filtering at the frequency of 200 Hz, (d) SWS map estimated
by applying AlA to the filtered phase map of the shear wave field at the
frequency of 200 Hz.

Cyp, = 3.89 m/s. Considering a frequency of 200 Hz, these val-
ues correspond to k; = 23.26 cm™ and kj, =3.23 cm’!. Fig. 3(b)
displays the 2D bandpass filter defined for k-Wave elastography,
presenting lower wavenumber k; and upper wavenumber kj,
values. Fig. 3(c) depicts the phase map of the shear wave field
at 200 Hz after applying a 2D bandpass filtering. In this case
with perfect a priori information, the compression waves are
eliminated and a fully reverberant shear wave field is obtained.
Employing AIA on the filtered phase map of Fig. 3(c) led to the
estimation of the SWS map, presented in Fig. 3(d). The average
SWS in the background was estimated to be 0.98 m/s (i.e., 2%
error).

IV. ULTRASOUND ELASTOGRAPHY OF BREAST PHANTOM

In order to explore the effectiveness of the difference auto-
correlation method, a dataset of ultrasound elastography ex-
periments on a CIRS breast phantom (model 509, CIRS Inc.,
Norfolk, Virginia, USA) was utilized. The CIRS breast phantom
mimics the breast tissue characteristics and contains several
lesions of different sizes. A Verasonics ultrasound system (V-1,
Verasonics Inc., Kirkland, WA, USA) connected to a linear array
ultrasound transducer (Model L7-4, ATL, Bothell, WA, USA)
with a 5 MHz center frequency was utilized in this experi-
ment. The sampling frequency was 20 MHz. Four mechanical
vibration sources were used in the elastography experiment to
generate a reverberant shear wave field. A 3D matrix of in-phase
and quadrature (IQ) data was collected for postprocessing. To
calculate the axial particle displacements, a Loupas estimator
[26] was employed. The dataset contains the displacement fields
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Fig. 4. Ultrasound elastography of a breast phantom with a lesion: (a)

B-mode ultrasound scan of the phantom, (b) unfiltered phase map of the
contaminated wave field at the excitation frequency of 900 Hz, (c) SWS
map estimated by applying AlA to the unfiltered contaminated wave field,
(d) SWS map estimated by applying IDA to the unfiltered contaminated
wave field.

of reverberant shear wave fields at three different excitation
frequencies including 900 Hz, 600 Hz, and 400 Hz. Detailed
descriptions of the experiments can be found in [18] and [23].

Fig. 4(a) displays the B-mode ultrasound scan of the breast
phantom revealing the presence of a lesion. Fig. 4(b) presents
the unfiltered phase map of the wave field at an excitation
frequency of 900 Hz and the short-wavelength reverberant shear
wave field is superimposed with a long-wavelength (low spatial
frequency) compression wave. The motion movie of the shear
wave field is available in the supplementary materials. Fig. 4(c)
displays a SWS map estimated by applying AIA to the unfiltered
contaminated wave field. A 7.5 mm square autocorrelation win-
dow was used for all breast phantom ultrasound elastography
measurements.

Applying the IDA to the unfiltered contaminated wave field
of Fig. 4(b) yields the SWS map depicted in Fig. 4(d). The lesion
in the SWS map is effectively highlighted against the uniform
background in Fig. 4(d), and the average SWS using IDA was
estimated to be 2.09 m/s in the background at 900 Hz. Similarly,
the IDA approach was applied to the elastography displacement
field at excitation frequencies of 600 Hz and 400 Hz, and
consistent outcomes were obtained (see Table I). The average
SWS in the background using IDA was determined to be 2.07 m/s
at 600 Hz and 2.10 m/s at 400 Hz. Ormachea and Parker [18]
reported an average SWS of 2.27 m/s in various frequencies

TABLE |
SWS IN THE BACKGROUND ESTIMATED BY APPLYING AIA AND IDA
APPROACHES TO UNFILTERED CONTAMINATED WAVE FIELDS OF THE
BREAST PHANTOM ULTRASOUND ELASTOGRAPHY ACROSS DIFFERENT
EXCITATION FREQUENCIES

o SWS (m/s) Estimation SWS (m/s) Estimation
Excitation . . . .
frequency in breast error using in breast error using

phantom using AIA  AIA phantom using IDA  IDA
900 Hz 9.80+1.73 332% 2.09+0.11 8%
600 Hz 1.74 £ 0.09 23% 2.07 £0.09 9%
400 Hz 1.65+0.10 27% 2.10+0.10 7%

including 900 Hz, 600 Hz, and 400 Hz, while Asemani et al.
[23] reported a slightly lower value of 2.26 m/s.

In contrast, while AIA proves to be a robust approach for
estimating SWS in the presence of noise and reverberance [23],
it fails to accurately estimate SWS in a shear wave field super-
imposed with compression waves. As depicted in Fig. 4(d), AIA
yielded significantly higher SWS estimates due to the presence
of low spatial frequency and long wavelength compression
waves. The average SWS in the background using AIA was
estimated to be 9.80 m/s at 900 Hz which is far from the ground
truth value. Furthermore, the lesion is not visible in the SWS
map estimated using AIA. Table I compares the SWS in the
background, estimated using the AIA and IDA approaches on the
unfiltered contaminated wave fields across different excitation
frequencies.

Fig. 5(a) shows the magnitude of the 2D spatial Fourier
transform of the breast phantom displacement field at 900 Hz.
The red zone at the center indicates that there are high energy,
low spatial frequency waves or compression waves in the wave
field. Fig. 5(b) presents the 2D bandpass filter with specified
lower and upper values. After several iterations to determine the
optimal lower and upper values for the frequency of 900 Hz,
the lower value was set to Cs; = 0.30 m/s and the upper value
was set to Cy;, = 6.79 m/s which correspond to k; = 188.50
cm™! and k;, = 8.33 cm! (see Fig. 5(b)). The phase map of the
displacement field after the 2D bandpass filtering at 900 Hz is
displayed in Fig. 5(c). Applying AIA to the filtered phase map of
Fig. 5(c) resulted in the estimated SWS map shown in Fig. 5(d).
The lesion is highlighted in the SWS map with the average SWS
in the background estimated to be 2.45 m/s (i.e., 8% error).

V. ULTRASOUND ELASTOGRAPHY OF LIVER-KIDNEY

In this section, the effectiveness of the developed IDA es-
timator is explored using a dataset of ultrasound elastography
focusing on the human liver-kidney region. The dataset contains
B-mode ultrasound scans and displacement field data captured
from fully reverberant shear waves across a diverse spectrum
of excitation frequencies, including 702 Hz, 585 Hz, 468 Hz,
351 Hz, 234 Hz, and 117 Hz. This ultrasound elastography
experiment was performed under the requirements of informed
consent of the South-woods Imaging Clinical Institutional Re-
view Board.
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Fig. 5. Process of 2D bandpass filtering and SWS estimation in breast
phantom ultrasound elastography dataset: (a) Magnitude of the 2D spa-
tial Fourier transform of displacement field at the frequency of 900 Hz,
(b) 2D bandpass filter in the Fourier domain used to eliminate compres-
sion waves, (c) phase map of the shear wave field after 2D bandpass
filtering at the frequency of 900 Hz, (d) SWS map estimated by applying
AlIA on the filtered phase map of the shear wave field at the frequency
of 900 Hz.

A Verasonics ultrasound system (Vantage-128™™ Verasonics
Inc., Kirkland, WA, USA) with a 3 MHz center frequency, con-
nected to a convex ultrasound probe (model C4-2, ATL, Bothell,
WA, USA) was utilized. To track the induced displacements, a
Loupas estimator [26] was employed. The sampling frequency
was set to 12 MHz and the tracking pulse repetition frequency
(PRF) was set to 3600 Hz with a total acquisition time of 0.5s. A
custom-made portable trifold futon with eight electromagnetic
vibration drivers (Quad Resonator Model EI718™ Elastance
Imaging LLC, Columbus, OH, USA) was used to induce the
reverberant shear wave field into the body surrounding the
liver and kidney. These drivers were positioned within a square
configuration. Further details regarding the in vivo experiment
can be found in [23] and [27].

The B-mode ultrasound scan of an anatomical view of the
liver and kidney is illustrated in Fig. 6(a). The scan reveals both
tissues, the liver (zone L) depicted by distinct darker zones, and
the kidney (zone K) depicted by a rounded region. Fig. 6(b)
represents the unfiltered phase map of the liver-kidney wave field
at an excitation frequency of 702 Hz, showcasing the reverberant
shear wave field superimposed with the low spatial frequency
compression waves. The motion movie of the shear wave field,
available in the supplementary materials, highlights the effect of
compression waves on the shear wave field. All measurements
in ultrasound elastography of the liver-kidney region utilized a
square autocorrelation window 18.5 mm in size.
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Fig. 6. Ultrasound elastography of a human liver-kidney region: (a) B-
mode ultrasound scan of the liver-kidney, (b) unfiltered phase map of the
contaminated wave field at the excitation frequency of 702 Hz, (c) SWS
map estimated by applying AlA to the unfiltered contaminated wave field,
(d) SWS map estimated by applying IDA to the unfiltered contaminated
wave field, (e) estimated SWS map obtained from the IDA overlaid on
the B-mode ultrasound scan of the liver-kidney region.

Fig. 6(c) presents the SWS map estimated using AIA on the
unfiltered contaminated wave field at a frequency of 702 Hz. The
liver and kidney regions are not discernible in this SWS map,
and the average SWS in the liver and kidney were estimated to
be 9.32 m/s and 7.14 m/s, respectively. Fig. 6(d) displays the
SWS map estimated using IDA on the unfiltered contaminated
wave field of liver-kidney. The average SWS was estimated to
be 2.57 m/s in the liver and 3.65 m/s in the kidney. The regions
for measuring the average SWS are indicated by two dashed
rectangles in Fig. 6(d). Fig. 6(e) showcases the estimated SWS
map obtained from the IDA overlaid on the B-mode ultrasound
scan of the liver-kidney region. Both the liver region and the
kidney region are visualized in the IDA SWS map.

Asemani et al. [23] reported average SWS values of 2.69 m/s
in the liver and 3.98 m/s in the kidney. As expected, unlike IDA,
the AIA approach fails to accurately estimate SWS in ultrasound
elastography of the liver-kidney when the shear wave field is
superimposed with compression waves. The IDA estimator was
applied to the unfiltered wave field at other excitation frequen-
cies, including 585 Hz, 468 Hz, 351 Hz, 234 Hz, and 117 Hz,
yielding consistent results (see Table II). Table II presents a
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TABLE Il
SWS IN THE LIVER AND THE KIDNEY ESTIMATED BY APPLYING AlA AND IDA
APPROACHES TO UNFILTERED CONTAMINATED WAVE FIELDS OF
LIVER-KIDNEY ULTRASOUND ELASTOGRAPHY ACROSS DIFFERENT
EXCITATION FREQUENCIES

SWS SWS SWS SWS
(m/s) (m/s) (m/s) (m/s) SWS SWS
Excitation  in in in in ratio ratio
frequency  liver liver kidney kidney using using
using using using using AIA IDA
AIA IDA AIA IDA
702 Hz 932+ 257+ 714+ 365+ 077+ 142+
2.33 0.04 1.98 0.39 0.29 0.15
585 Hz 741+ 220+ 15.11 331+ 204+ 150+
1.84 0.13 +044  0.12 0.51 0.10
468 Hz 1.85+ 1.78=  11.04 272+ 597+ 153+
0.18 0.34 +0.57 0.07 0.66 0.29
351 Hz 608+ 121+ 9.06+ 1.74+ 149+ 144+
242 0.10 0.16 0.25 0.59 0.24
234 Hz 638+ 0.78+= 690+ 123+ 1.08+ 1.58+
0.20 0.08 0.02 0.10 0.03 0.21
117 Hz 1.58+ 041+ 345+ 065+ 218+ 159+
0.18 0.03 0.03 0.11 0.25 0.29

comparison of SWS in the liver and the kidney, estimated using
AIA and IDA approaches on the unfiltered contaminated wave
fields across different excitation frequencies.

Fig. 7(a) depicts the magnitude of the 2D spatial Fourier
transform of the liver-kidney displacement field at the frequency
of 702 Hz. The red region in the center indicates the presence
of compression waves in the wave field. The lower value for the
2D bandpass filter was set to C's; = 1.30 m/s and the upper value
was set to Cyj, = 7 m/s which correspond to k; = 33.93 cm™!
and kj, = 6.30 cm™!. The 2D bandpass filter used to eliminate
compression waves is presented in Fig. 7(b), and the phase map
of the displacement field after the 2D bandpass filtering is shown
in Fig. 7(c). Fig. 7(d) illustrates the SWS map estimated using
AIA on the filtered displacement field. The liver and kidney
regions are highlighted in the SWS map and the average SWS is
estimated to be 2.69 m/s in the liver and 3.98 m/s in the kidney.

VI. MAGNETIC RESONANCE ELASTOGRAPHY OF BRAIN
PHANTOM

In order to assess the effectiveness of the developed IDA
approach across different modalities and excitation scenarios,
the performance of this approach was evaluated using an MRE
dataset of a brain phantom containing two lesions. A whole-
body 3T MRI scanner (Prisma, Siemens, Erlangen, Germany)
equipped with a 20-channel head coil was used for all MRE
experiments. The single-shot echo-planar imaging (EPI) se-
quence was implemented to capture the time-varying harmonic
tissue displacements. The MR scanner settings included an echo
time of 76.0 ms and a repetition time of 8640 ms. Forty axial
slices with an isotropic voxel size of 1.6 mm were acquired
for the phantom. A pneumatic mechanical actuator was used to
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Fig. 7. Process of 2D bandpass filtering and SWS estimation in liver-
kidney ultrasound elastography dataset: (a) Magnitude of the 2D spatial
Fourier transform of the displacement field at the excitation frequency of
702 Hz, (b) 2D bandpass filter in the Fourier domain used to eliminate
compression waves, (c) phase map of the shear wave field after 2D
bandpass filtering at the frequency of 702 Hz, (d) SWS map estimated
by applying AlA to the filtered phase map of the shear wave field at the
frequency of 702 Hz.

generate the reverberant shear wave field within the phantom.
The actuator was placed at the bottom of the brain phantom and
was configured to move in the vertical (depth) direction. The
details of the experiments can be found in [28].

Fig. 8(a) presents a B-mode MRI scan of a cross-section in
the xy plane of the brain phantom. The brain phantom included
two spherical gelatin lesions, with diameters of 18 mm and
12 mm, respectively. The unfiltered phase map of the Y-motion
wave field at an excitation frequency of 200 Hz is illustrated in
Fig. 8(b). The motion movie for the wave field is provided in the
supplementary materials. The Y-motion demonstrates superim-
position with large wavelength and low spatial frequency com-
pression waves, rendering the shear wave pattern indiscernible.
In Kabir et al. [28], the background shear modulus for the brain
phantom is reported as 3.34 £ 0.04 kPa, which corresponds to
SWS of 1.83 m/s. Fig. 8(c) shows the SWS map estimated by
applying AIA to the Y-motion displacement field. The average
SWS in the background using AIA on the unfiltered wave field
is estimated to be 4.89 m/s. Lesions are not visualized in the
SWS map and the AIA approach fails to estimate SWS in the
unfiltered contaminated wave field of Y-motion, as expected.
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Fig. 8. MRE of a brain phantom with one 18 mm diameter lesion
and one 12 mm diameter lesion at the excitation frequency of 200 Hz:
(a) B-mode MRI scan of the phantom (lesion locations and sizes are
highlighted by dashed circles), (b) unfiltered phase map of the con-
taminated wave field of Y-motion, (c) SWS map estimated by applying
AlA to the unfiltered contaminated wave field of Y-motion, (d) SWS map
estimated by applying IDA to the unfiltered contaminated wave field of
Y-motion.

Fig. 8(d) depicts the SWS map estimated by applying the IDA
estimator to the unfiltered contaminated wave field of Y-motion
at the frequency of 200 Hz. A 10.7 mm square autocorrelation
window was applied in all MRE measurements. Lesions are
successfully highlighted in this SWS map, and the average back-
ground SWS is estimated to be 2.18 m/s (i.e., 19% error). The
MRE result demonstrates the IDA’s effectiveness in estimating
SWS in the highly contaminated wave field, without requiring
any filtering. This validates the robustness of the IDA estimator
in the presence of compression waves.

As discussed in Section III, the effectiveness of the AIA
approach in the presence of compression waves may be en-
hanced when used alongside appropriate filtering techniques.
Fig. 9 illustrates the filtering process in the MRE dataset. In
Fig. 9(a), the magnitude of the 2D spatial Fourier domain of the
MRE displacement field at a frequency of 200 Hz is presented.
The prominent red zone in the center indicates the presence
of strong low spatial frequency waves or compression waves
contaminating the shear wave field. This extensive red zone
signifies the strength and wide spatial frequency range of the
compression waves.

Fig. 9(b) showcases the 2D bandpass filter tailored for the
MRE dataset in the Fourier domain. After experimenting with
different combinations of lower and upper values, optimal results
were achieved with the lower value set to C; = 0.68 m/s and
the upper value set to Cs;, = 2.80 m/s which corresponds to
k; = 18.48 cm™ and kj;, = 4.49 cm’'. Fig. 9(c) displays the
phase map of the shear wave field after 2D bandpass filtering
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Fig. 9. Process of 2D bandpass filtering and SWS estimation using
AlA in MRE dataset: (a) Magnitude of the 2D spatial Fourier domain of
Y-motion displacement field at the excitation frequency of 200 Hz, (b)
2D bandpass filter in the Fourier domain used to eliminate compression
waves, (c) phase map of the Y-motion shear wave field after 2D band-
pass filtering at the frequency of 200 Hz, (d) SWS map estimated by
applying AlA to the filtered shear wave field of Y-motion at the frequency
of 200 Hz.

at the frequency of 200 Hz. The impact of the compression
wave is notably reduced, and the reverberant shear wave pattern
becomes discernible. The motion movie of the shear wave field
after filtering is provided in the supplementary materials.

Fig. 9(d) exhibits the estimated SWS map using AIA on a
filtered shear wave field of Y-motion at the frequency of 200 Hz.
The average SWS in the background estimated using AIA is
2.30 m/s (i.e., 26% error), and the lesions are not visualized
in this SWS map. This illustrates that even after filtering and
mitigating the effects of compression waves, AIA may fail
in visualizing lesions and estimating SWS, particularly when
the shear wave field is superimposed with compression waves
exhibiting a wide spatial frequency range. In contrast, IDA
consistently proves effective in SWS estimation, even in the
presence of strong compression waves across a wide spatial
frequency range.

VIl. CONCLUSION

This study describes the novel IDA estimator for SWS esti-
mation in the presence of compression waves. Through compre-
hensive evaluations using k-Wave simulations and experimental
data from ultrasound elastography and MRE, we have demon-
strated the effectiveness and robustness of IDA in accurately
estimating SWS across various tissue types and imaging modal-
ities where the presence of long wavelength compression waves
complicates the calculation of shear wave properties. There are
several advantages to the newer IDA approach. There is no need
to have 3D vector data to implement the vector curl operator.
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Further, careful a priori estimates of wavelengths to fine tune a
bandpass filter are not required. The IDA is estimated directly
from the velocity data using the autocorrelation operation in
2D, integrated to a one-dimensional (radial average) function
of lag. In a k-Wave model of a stiff y-shaped cylinder within
a uniform soft background, the IDA estimator displayed ad-
vanced capabilities in highlighting the y-shaped inclusion and
estimating the SWS in the background accurately with a 2%
error. In ultrasound elastography of a breast phantom with a
lesion, IDA effectively highlighted the lesion and consistently
estimated SWS values across different excitation frequencies
with less than 9% error, demonstrating its reliability in com-
plex wave fields with imperfect reverberation and compression
waves. Similarly, in ultrasound elastography of the liver-kidney
region, IDA successfully visualized liver and kidney tissues,
providing consistent SWS estimates, even in the presence of
compression wave contamination, thus establishing its effec-
tiveness in clinical scenarios. In the MRE of a brain phantom
with two lesions, IDA showcased its capability to reasonably
estimate SWS with a 19% error effectively highlighting le-
sions even in a highly contaminated wave field. The compre-
hensive evaluation across multiple modalities and excitation
scenarios in this study underscores the robustness and poten-
tial clinical applicability of the IDA approach in shear wave

elastography.
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