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Abstract— Accurate displacement estimation is central to
ultrasound strain imaging, which provides a full descrip-
tion of a 2D/3D deformation field to infer elasticity and
detect tissue abnormalities. However, lateral displacement
estimation has been the major bottleneck, especially with
high frame rate requirements, due to inferior spatial res-
olution, low sampling, and the lack of phase information
in that direction. This study focuses on enhancing lateral
displacement estimation by improving the lateral resolu-
tion of ultrasound multiangle plane-wave imaging through
a nonlinear beamformer, Incoherent Compounding Null
Subtraction Imaging (IC-NSI). While IC-NSI effectively re-
duces both main lobe width and secondary lobe levels, its
limited penetration depth and reduced speckle coherence
are detrimental to tissue motion estimation. We hereby
propose to improve the signal-to-noise ratio (SNR) and thus the penetration depth by integrating cascaded
dual-polarity waves (CDW) into IC-NSI. We evaluate the feasibility and performance of IC-NSI, with and without
CDW, for tissue displacement estimation through Field II and COMSOL simulations of deforming tubes,
phantom experiments, and an in vivo study of the human common carotid artery. Both in silico and in vivo
carotid ultrasound images obtained by the proposed method exhibited ∼40% improvement in lateral resolution
compared with those by coherent plane wave compounding (CPWC). In phantom experiments, the sonographic
SNR improved by 14∼17 dB across depths of 20 to 40 mm and had a 32% reduction in mean absolute error in
lateral motion estimation in a controlled linear translation scenario. In simulations, our method achieved 13%
higher estimation accuracy in lateral displacement under varying strain conditions compared to CPWC. These
results demonstrated the conceptual and computational simplicity of the proposed method for high quality
ultrasound strain imaging of thin biological structures.

Index Terms— Coded excitation, null subtraction imaging, plane wave, speckle tracking, ultrasound strain
imaging

I. INTRODUCTION

ULTRASOUND strain imaging (USI), which aids in in-
ferring mechanical properties, has had versatile clinical

applications since its emergence a few decades ago [1]–
[3]. Those applications aim to detect pathological changes
in various biological soft tissues, such as breast [4], liver
[5], [6], kidney [7], heart [8], [9], and blood vessels [10]
as well as dynamics of skeletal muscle [11], [12], cardiac
muscle [13], [14], vascular muscle [15], and tendons [16].
Ultrasound strain imaging is generally a two-step technique:
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1) estimation of tissue displacement between pre- and post-
deformed ultrasound signals, which can be radio-frequency
(RF), analytical, or envelope data, and 2) calculation of strains,
strain rates, or strain time constants [17]. Reliable clinical
diagnosis requires high quality USI.

The quality of USI is tightly linked to the quality of
acquired ultrasound image data via tailored speckle tracking
(or motion estimation) algorithms [18]. Optimal spatial and
temporal resolutions and high signal-to-noise ratio (SNR) of
ultrasound images are pivotal for accurate depiction of fast
tissue dynamics and reliable performance of a suitable strain
estimator in eliminating noise and artifacts [19]. The interplay
between the aforementioned imaging and algorithmic factors
hinders the utility of USI in clinically challenging scenarios,
such as acoustic attenuation in deep tissue characterization,
geometrical or angle-dependent effect on polar strain calcu-
lation in cardiac strain imaging [20], and resolution limit in
thin-walled structures, such as the abdominal aorta [21].

In USI, estimating lateral displacement poses significantly
greater challenges than estimating axial displacement. Inferior
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Highlights

• The seamless integration of Cascaded Dual Polarity Coded Excitation (CDW) with Incoherent Compounding Null Subtraction
Imaging (IC-NSI) enhances lateral resolution and sonographic signal-to-noise ratio, both of which are crucial for ultrasound
speckle tracking and subsequent strain imaging.

• Performance evaluation resulted in ∼40% improvement in lateral resolution (in silico/in vivo), 14∼17 dB gain in sonographic
SNR across depths, and 32% reduction in lateral displacement estimation errors in controlled phantom experiments, establishing
IC-NSI with CDW as a synergistic, computationally efficient alternative to CPWC.

• The integration of IC-NSI and CDW enables more accurate ultrasound displacement and strain imaging of thin-walled structures,
like blood vessels, improving clinical diagnostics in cardiovascular applications.

resolution and a lower sampling rate in the lateral direction,
resulting from the absence of a carrier signal compared to
the axial direction, can lead to artifacts such as peak hopping
and jitter [22], [23]. In continuum mechanics, shear strain is
derived from both lateral and axial displacement components.
Under finite deformation conditions, the lateral displacement
component also contributes to the axial strain. Therefore, the
accuracy and precision of lateral displacement estimation are
critical for ensuring the overall reliability of USI [13], [24].

Numerous efforts to improve the performance of USI pri-
marily fall into two categories: motion estimation [25] and
direct strain estimation. The first category generally includes
correlation and iterative correlation-based techniques [26]–
[29], optical flow-based estimation [30], regularization strate-
gies [31]–[36], machine learning-based methods [37]–[41],
physics-based models [42]–[45], and techniques aimed at im-
proving transmission sequence [46]–[48]. These methods are
focused on optimizing spatial resolution, SNR, and tissue dy-
namics with each algorithm tailored to address specific aspects
of these parameters. However, a common challenge shared by
these techniques is their high computational complexity. Direct
strain estimation [49] bypasses motion estimation and directly
estimates tissue deformation from RF data.

In USI of dynamic tissues, a high frame rate is essential
for capturing rapid physiological events. However, this often
sacrifices spatial resolution and SNR, thereby compromising
the quality of USI. In linear array imaging, coherent plane-
wave compounding (CPWC) [50] is a prevalent method to
achieve two-way focusing at frame rates higher than 1000
frames/second, providing a large field of view with image
quality similar to conventional beamforming methods. It al-
lows for more accurate strain estimation compared to conven-
tional single-focused wave imaging [15]. While achieving a
desired high frame rate, CPWC forms images by tuning the
number of steered plane waves. Image quality is inevitably
degraded to gain frame rate, resulting in diminished spatial
resolution, SNR, larger side lobes, and reduced image contrast,
all of which can impact local strain estimation.

The limitations of lateral resolution intrinsic to ultrasound
imaging have prompted researchers to explore adaptive beam-
forming techniques originally developed for focused ultra-
sound systems. These techniques, such as Generalized Coher-
ence Factor (GCF) [51], Minimum Variance (MV) [52], Delay
Multiply and Sum (DMAS) [53], and p-th Root Delay and
Sum (p-DAS) [54], can improve spatial resolution in CPWC.
Nonetheless, these methods are accompanied by varying de-

grees of distortion of speckle patterns and an increase in
computational cost. Both speckle coherence and computational
efficiency are key considerations in motion estimation and
strain imaging tasks. Therefore, to synergistically achieve the
desired frame rate, preserve speckle coherence for displace-
ment estimation, and improve lateral resolution in CPWC, it
is imperative to explore alternative image formation methods.

This study therefore aims to tackle the fundamental chal-
lenge in ultrasound strain imaging: lateral displacement es-
timation. We hereby propose to improve lateral resolution
and sonographic SNR for USI by combining Null Subtraction
Imaging (NSI) [55] and Cascaded Dual-Polarity Waves (CDW)
[56]. Unlike the aforementioned nonlinear beamformers, NSI
is a nonlinear beamforming technique that enhances lateral
resolution through a tunable DC offset, enabling control over
the trade-off between spatial resolution and speckle pattern
preservation. While NSI achieves this with lower computa-
tional cost than other non-linear beamformers, it reduces SNR.
Furthermore, its feasibility in displacement estimation and
strain imaging tasks remains unexplored. To mitigate the SNR
limitation of NSI, we propose using CDW, a linear coded
excitation technique that enhances sonographic SNR and thus
penetration depth. To further enhance contrast, we employ
incoherent NSI with multiple angled plane waves. By integrat-
ing NSI and CDW, we aim to improve lateral displacement
and strain estimation without compromising frame rates or
computational efficiency for USI.

The first application of the proposed method is on the
carotid artery. The carotid arterial wall is typically approxi-
mately one-millimeter thick and interfaces with the blood, thus
presenting strong side lobes and reverberations. The feasibility
and performance of the proposed method is evaluated through
finite-element and Field II simulations of a thin-walled tubu-
lar structure, an in vitro tissue-mimicking quality assurance
phantom, and in vivo human common carotid artery.

The remainder of this paper is organized as follows. Section
II describes how to leverage NSI and CDW to improve lateral
displacement estimation and 2D strain imaging. Section III
details computer simulations as well as in vitro and in vivo
experiments. Section IV presents the in silico, in vitro and
in vivo results and comparison with CPWC, the benchmark
method. Section V discusses the results and their implications
and suggests future research directions. Section VI concludes
the work.
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II. METHODS

The accuracy of 2D displacement and strain estimation
is fundamentally governed by the Cramér-Rao lower bound
(CRLB), which establishes that estimation variance depends
on both spatial resolution and SNR [57], [58]. Unbiased
estimation requires optimization of both resolution and SNR.
This principle underpins our co-design of CDW (Fig. 1(a)) and
incoherent compounding Null Subtraction Imaging (IC-NSI)
(Fig. 1(b)). The full CRLB derivation is provided in Appendix
A, showing how pulse characteristics and deformation parame-
ters jointly determine the theoretical limits of ultrasound strain
imaging performance.

A. Null Subtraction Imaging (NSI)

1) Standard NSI: Null subtraction imaging utilizes three
parallel apodization windows, including a zero-mean (ZM)
window and two apodization windows with a DC offset on
the ZM window, on the receive aperture to reduce sidelobe
and grating lobe levels while narrowing the main lobe width
[55], [59]. The step by step procedure of NSI for single-angle
plane wave imaging is as follows:

Step 1. Calculate ZM apodization window. The ZM apodiza-
tion consists of weights with equal numbers of +1 and -1 on
either half of the receive sub-aperture and is defined as

AZM,i =

{
−1, 1 ≤ i < N

2

1, N
2 ≤ i ≤ N

, (1)

where AZM,i is the zero-mean apodization weight for element
i, and N is the number of elements in an ultrasound array.

Step 2. Generate two apodization windows with a DC offset.
The second apodization adds a constant DC offset, dc, to
AZM,i and is defined as

ADCL,i = AZM,i + dc, (2)

and the third apodization, ADCR, is a left-right flipped version
of the second at the null point (Fig. 1(b)).

Step 3. Following receive beamforming based on delay-and-
sum and the three distinct apodization windows, an NSI image
is generated by subtracting the zero-mean apodized image
from the mean of two apodized images as follows:

ENSI =
EDCL + EDCR

2
− EZM , (3)

where ENSI is the NSI envelope image, EZM is the zero-
mean envelope image, and EDCL and EDCR are the two
DC offset envelope images. The NSI image is subsequently
normalized, log compressed, and displayed in gray scale.

2) Incoherent NSI (IC-NSI): Incoherent Compounding for
Null Subtraction Imaging (IC-NSI) applies the NSI beam-
forming process independently to the raw channel data of
each plane-wave angle to generate a set of high-resolution,
high-contrast envelope images. These individual NSI envelope
images are then compounded incoherently (i.e., averaged) to
produce the final output. The primary motivation for this
approach is to harness the resolution and contrast benefits of
NSI while mitigating its primary drawback for displacement
estimation: the degradation of speckle pattern [55].

This study first examined the effect of IC-NSI with varying
DC offsets (1, 0.1, and 0.01) on speckle coherence for speckle
tracking (i.e., displacement estimation) through phantom ex-
periments using a pure translation scheme. The reliability
of speckle tracking was quantified using normalized cross-
correlation coefficients. The result showed that DC values of
0.1 and 0.01 could not preserve speckle coherence to the extent
that reliable speckle tracking was required. This work hence
proposed to use IC-NSI with DC offset = 1 for high-frame-rate
imaging with plane waves to improve lateral resolution and
contrast from NSI without compromising speckle coherence
for speckle tracking.

B. Cascaded Dual-polarity Wave (CDW)
Cascaded dual-polarity wave (CDW) is a coded excita-

tion method that transmits a long pulse which contains N
(N = 2k, k = 0, 1, 2, . . .) cascaded waves with
short time intervals and polarity coefficients of +1 and -1.
Slightly different from the original CDW design for plane
wave imaging, each transmission only transmits single-angle
plane waves; in reception, backscattered signals from each
transmit event are received as R1 and R2 signals from the
same angle (Fig. 1(a)). A linear decoding scheme comprised
of addition, subtraction, and delay operations was directly
implemented on the received raw signals (i.e., channel data) to
recover N times higher backscattered signal intensity to gain
SNR of 10×log10(N) dB without sacrificing frame rates prior
to beamforming. Interested readers may refer to this coding
strategy in greater detail in the work of Zhang et al. [56].

This study showcases the 16-digit (N=16) CDW sequence.
The polarity of the first transmission event T1 is [+1+1+1−
1+1+1−1+1+1−1+1+1+1−1−1−1], and the second
transmission event T2 is [+1+1+1−1−1−1+1−1+1−
1+1+1−1+1+1+1]. Their respective reception events are
R1 and R2. After CDW decoding with log2(N) = 4 rounds of
addition, subtraction, and delay operations, the decoded signals
for R1 and R2 are equivalent to their corresponding single-
cycle waves with a 16-fold amplitude.

C. Workflow of CDW-enhanced IC-NSI
Figure 1 shows the workflow of the proposed method.

First, multiangle CDW coded plane waves are transmitted.
The received backscattered signals are decoded to obtain
high SNR channel data. Then, a corresponding delay map
is calculated. The high SNR channel data are beamformed
using DAS and IC-NSI with the same delay map and f-
number = 1 to obtain CDW enhanced CPWC and IC-NSI
images, respectively. Conventional CPWC and IC-NSI images
can also be obtained by transmitting plane waves without code
excitation. Note that the beamformed data after IC-NSI are
envelope data.

D. Performance evaluation
Metrics adopted in this study for ultrasound image quality

evaluation include contrast ratio (CR), contrast-to-noise ratio
(CNR), and lateral beamwidth. The lateral resolution is evalu-
ated by measuring the full width at half maximum (FWHM).
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Fig. 1. Block diagram of the CDW enhanced IC-NSI imaging method, (a) CDW coded signals are transmitted and decoded first to get enhanced
channel RF data. The CDW enhanced CPWC image can be obtained directly through conventional DAS and angle compounding. CDW enhanced
IC-NSI is also generated using the same delay map, employing three distinct apodization windows to derive the envelope, followed by incoherent
angle compounding. (b) illustrates NSI apodization windows at element 65, (c) showcases single scatterer images using ZM, DCL, and DCR, and
(d) displays the resulting NSI image from a single angle by summing the three apodized images [55].

FWHM of the auto-correlation function in homogeneous re-
gions across frames from multiple subjects were used for in
vivo evaluation. CR and CNR are defined as follows:

CR =
µo − µi

µo + µi
, (4)

CNR =
µo − µi√
σ2
i + σ2

o

, (5)

where µi and µo represent the mean amplitudes of the regions
inside and outside the target, respectively, and σi and σo

denote their corresponding standard deviations.
This study additionally used the generalized contrast-to-

noise ratio (GCNR) [56] for image quality assessment. GCNR
is a robust measure of lesion detectability formulated as

GCNR = C0
− C0

C0−1 − C0
− 1

C0−1 , (6)

where C0 is the contrast between a region of interest and the
background and defined as C0 = µi/µo , where µi is the
average envelope level inside the region of interest, and µo is
the average envelope level of the background.

Speckle tracking accuracy was also evaluated to assess the
effect of spatial resolution. In the simulation study, mean
absolute error (MAE) was adopted as the evaluation metric. It
measured the difference between the estimated displacement
and the ground truth displacement. In the in vivo study,
the ground truth displacement is unavailable. Therefore, we
adopted mean squared error (MSE), peak signal-to-noise ratio
(PSNR), and structural similarity index measure (SSIM) [60]
between pre-deformed and motion-corrected post-deformed
envelope images. The motion correction process began by
estimating displacement fields between pre-deformed images
and post-deformed images during the cardiac cycle. Using
the estimated displacement field, we then warped the post-
deformation image back toward the pre-deformed geometry.
MSE is a measure of the average squared difference between
the original and the motion-corrected post-deformed images.
PSNR is a measure of the ratio between the maximum possible
power of a signal (pmax) and the power of noise that affects
the fidelity of signal representation as follows:

PSNR = 10× log10

(
pmax

2

MSE

)
. (7)

Fig. 2. A finite-element simulation of a blood vessel with blood
scatterers inside: (a) shows the longitudinal plane of the simulated blood
vessel. The color scale represents the lateral velocity of blood particles
in units of cm/s, and the white arrows indicate both the direction and
relative magnitude of blood particle velocity vectors. (b) shows a ground
truth displacement map in a cross-sectional view. Blue circles represent
the nodes forming the vessel wall, with positive and negative values
indicating rightward and leftward motion, respectively.

SSIM is a measure of the structural similarity between the
original and the estimated images and defined as:

SSIM (x, y) =
(2µxµy + c1) (2σxy + c2)(

µ2
x + µ2

y + c1
) (

σ2
x + σ2

y + c2
) , (8)

where µx and µy are the means of the original and motion-
corrected post-deformed envelope images, respectively; σx and
σy are the standard deviations of the original and motion-
corrected post-deformed envelope images, respectively; σxy is
the covariance between the original and estimated images; c1
and c2 are constants for stabilizing the division and respec-
tively defined as c1 = (0.01×L)2, c2 = (0.03×L)2, where L
is the dynamic range of the envelope images. A smaller MSE,
as well as a higher PSNR and a higher SSIM, indicates better
estimation accuracy.

III. EXPERIMENTS

A. Computer simulations

Computer simulations of arterial wall deformation were
based on finite-element modeling and ultrasound image syn-
thesis. A finite-element fluid-structure interaction model of
a deforming three-dimensional (3-D) anisotropic soft tube
with a blood flow inside was developed using COMSOL
Multiphysics 6.0 (Burlington, MA). The tubular wall was
nearly incompressible (Poisson’s ratio: 0.495), had geometric
parameters with reference to a realistic human common carotid
artery (diameter = 5.5 mm, wall thickness = 1.22 mm with the
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media of 0.62 mm and adventitia of 0.6 mm) [61]. The flow
velocity and blood pressure in a cardiac cycle based on the
same human carotid artery defined the boundary conditions
at the inlet and outlet, respectively, in the simulation. The
time-dependent analysis solved for a time range of 1001 ms
with a simulation time step of 100 ms. For the purpose of
speckle tracking and strain imaging, a total of 11 time steps
sampled at a fixed time interval were selected. The coordinates
and nodal displacements of the simulated blood vessel in a
cross-sectional view of interest were exported from the finite-
element solutions. Figure 2(a) shows the blood flow velocity
field in a finite-element simulation of a blood vessel in the
longitudinal plane. Figure 2(b) shows a ground truth lateral
displacement map in a cross-sectional view and the nodes
that form the simulated two-layer vessel wall. Interpolation
of the nodal displacements with a factor of 10 produced the
full displacement field within the vessel wall.

Ultrasound images were simulated using Field II [62] and
the L11-4 probe configuration, which has 128 elements, an
aperture of 38 mm, and an elevational focus of 25 mm, an
operating frequency of 7.2 MHz. To simulate fully developed
speckle, each resolution cell had approximately 20 scatterers
and thus a scatterer density of 125 per mm3. The scatterers
within the vessel wall, surrounding tissue, and lumen were
all randomly distributed in space. The mean amplitudes of
the surrounding tissue and blood scatterers followed Gaussian
distributions and were respectively five and 50 times weaker
than that of the vessel wall. The blood scatterers moved
together with the inner boundary of the vessel wall within the
2D image plane and were assigned random displacements in
the elevation direction within the simulated 4 mm elevational
width. The surrounding tissue and blood moved in-plane with
the outer and inner blood vessel walls, respectively. Five plane
waves, both with and without modified 16-digit CDW, were
transmitted with a steering angle spanning from −6◦ to 6◦ at
increments of 3◦. Gaussian noise of 30 dB, which was relative
to simulated mean power of the received channel RF signals,
was added to the RF channel data.

B. Phantom experiments

Two separate phantom experiments were conducted for
image quality evaluation using a CIRS ATS Model 539
phantom. In the first set of experiments, point targets and
anechoic cyst targets with a diameter of 8 mm were scanned
for assessment of image quality. In the second set of phantom
experiments, a homogeneous area without cyst or point targets
was scanned with the probe affixed to a linear translation
stage. This configuration was designed to introduce purely
lateral translation from 0 to 0.9 mm at increments of 0.1
mm, to evaluate speckle coherence and lateral displacement
estimation accuracy across different imaging methods in a con-
trolled experimental setting without the signal distortion due
to axial deformation. Displacement estimation was performed
on images formed by CPWC, IC-NSI with DC = 1, CDW, and
CDW enhanced IC-NSI with different DC offsets to investigate
the effect of DC offset. Strain imaging was not evaluated in the
phantom study because ground-truth strain values can hardly

Fig. 3. (a) Lateral profiles of a wire target at depth = 30 mm in a CIRS
ATS Model 539 phantom imaged by CPWC, IC-NSI, CDW-enhanced
CPWC, and CDW-enhanced IC-NSI with three different DC offsets. (b)
An IC-NSI (DC offset = 1) image of six wire targets in the same phantom.

be obtained from phantom experiments, unlike from computer
simulations.

For both sets of phantom experiments, their imaging setup
was identical to that used in the computation simulations
(section III-A). The raw RF signals were acquired using the
L11-4 array probe connected to a Verasonics Vantage 256
system and driven at a voltage of 4 volts.

C. In vivo experiments
The experimental protocol for the human carotid artery was

approved by the Human Research Ethics Committee at the
University of Hong Kong (EA1907023) prior to ultrasound
scans. The common carotid arteries of three young (27-year-
old male, 25-year-old male, and 30-year-old female) healthy
subjects in a transverse view were scanned in a clinical setting
under the supervision and guidance of the corresponding
author, who has over 10 years of experience in vascular ultra-
sound imaging using the same ultrasound system and imaging
parameters (see section III-B). Written informed consent of
the three subjects was obtained.

IV. RESULTS

A. Image quality improvement
Figure 3 compares the lateral profiles of a wire target at

30 mm depth inside the multipurpose phantom obtained using
CPWC, IC-NSI, CDW, and CDW enhanced IC-NSI with DC
offsets of 1.0, 0.1 and 0.01. The data represent 10 independent
acquisitions at different elevation positions of the same wire
target within the CIRS phantom. The beam patterns were
normalized to the maximum intensity across different imaging
methods. Table I summarizes the beamwidths measured across
six point targets located at different depths with the error bars
representing the standard deviations (SDs). Overall, IC-NSI
with DC offset = 1, 0.1, and 0.01 respectively improved lateral
resolution by 42%, 84% and 88% compared to CPWC, with
a lower sidelobe and a computation cost not exceeding three
times that of CPWC.
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Fig. 4. Assessment of comet-tail artifacts in the case of (a) CDW and
(b) CDW IC-NSI DC = 1.

There is an axial lobe artifact inherent to plane wave
imaging, and an imperfect decoding in CDW may some-
times amplify this artifact. To quantitatively assess comet-tail
artifacts in imaging cases with plane wave implementation,
we estimated contrast ratios between the main lobe peak
and artifact regions (red boxes in Fig. 4 - axial directions
above/below point targets). The ghost artifact analysis revealed
that CDW+IC-NSI achieved higher main-to-artifact contrast
ratios than CDW+CPWC (upper artifact: 40.66 dB vs 37.67
dB; lower artifact: 41.90 dB vs 38.61 dB). These results
confirmed that IC-NSI effectively mitigated ghost artifacts in
CDW-enhanced plane wave imaging.

In the in vivo study, despite inter-subject variability, CDW-
enhanced IC-NSI demonstrated an average of 38% improve-
ment in lateral resolution compared to CDW-enhanced CPWC
(Appendix B Fig. S1). This was consistent with our phantom
results. The improvement was slightly reduced in deeper
regions compared to shallower regions due to expected at-
tenuation and reverberation effects.

The observation that IC-NSI with smaller DC offsets re-
sulted in better spatial resolution but weaker signals was
consistent with the literature finding [63]. CDW with 16
cascaded waves improved the SNR of IC-NSI with DC offset
of 1 by 9.6 dB (Table II). CDW enhanced the SNRs of the
wire target images obtained using CPWC and IC-NSI and did
not affect the mainlobe beam pattern and width.

Table II summarizes CR, CNR, and GCNR values computed
from hypoechoic targets (red boxes in Fig. 5) and back-
ground regions (green boxes in Fig. 5) for the four imaging
methods with the error bars representing the SDs. All three
metrics indicated the lowest contrast from IC-NSI among all
the examined methods, but CDW significantly improved the
contrast of IC-NSI with DC offset = 1, even exceeding the
conventional CPWC method alone. The results collectively
demonstrated that CDW-enhanced IC-NSI achieved superior
lateral resolution compared to both CDW and CPWC, and it
exhibited better CR, CNR, GCNR, and sSNR than IC-NSI
and CPWC at the depth of 40 mm, as confirmed by statistical
analysis using Welch’s t-test (all p <0.05).

B. Phantom experiments with linear translation
Figure 6 shows the effect of DC offsets on speckle tracking

accuracy. The mean and standard deviation were calculated
by analyzing the results of multiple estimation windows in

TABLE I
LATERAL BEAMWIDTHS ACROSS SIX POINT TARGETS IN

THE CIRS ATS MODEL 539 PHANTOM IMAGED WITH FOUR
DIFFERENT IMAGING METHODS

Method
Depth

CPWC IC-NSI
DC=1

CPWC
w/CDW

IC-NSI
DC=1

w/CDW

IC-NSI
DC=0.1
w/CDW

IC-NSI
DC=0.01
w/CDW

10mm 0.90±
0.062

0.38±
0.030

0.93±
0.065

0.38±
0.033

0.11±
0.020

0.10±
0.022

20mm 0.78±
0.027

0.30±
0.014

0.80±
0.025

0.31±
0.015

0.11±
0.014

0.10±
0.026

30mm 0.68±
0.015

0.38±
0.018

0.69±
0.016

0.38±
0.018

0.12±
0.019

0.10±
0.021

40mm 0.79±
0.012

0.48±
0.016

0.79±
0.012

0.48±
0.015

0.13±
0.064

0.12±
0.074

50mm 0.89±
0.013

0.59±
0.014

0.89±
0.011

0.59±
0.013

0.10±
0.026

0.09±
0.044

60mm 1.01±
0.027

0.73±
0.023

1.01±
0.014

0.72±
0.018

0.12±
0.016

0.11±
0.027

Mean 0.84±
0.026

0.48±
0.019

0.85±
0.024

0.48±
0.019

0.12±
0.030

0.11±
0.036

Fig. 5. Hypoechoic cyst phantom images reconstructed with (a) CPWC
(b) IC-NSI (c) CDW with CPWC, and (d) CDW-enhanced IC-NSI with DC
offset = 1. The dynamic range is 60 dB for all four images, which were
formed with the same five steering angles of plane waves and F# =1.

the same homogeneous phantom area for different imaging
methods. Correlation maps were generated using a sliding
kernel of 6λ × 4λ (axial × lateral). This kernel size was
selected to balance the trade-off between spatial resolution
and correlation accuracy given the large scale lateral linear
motion present in our validation. Among those, IC-NSI with
DC = 0.01 caused much larger random errors as evidenced by
their large standard deviations. The MAEs for CPWC, IC-NSI
with DC = 1, CDW-enhanced CPWC, and CDW-enhanced IC-
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TABLE II
CONTRAST ANALYSIS OF HYPOECHOIC REGIONS IN THE

CIRS ATS MODEL 539 PHANTOM IMAGED WITH FOUR
DIFFERENT IMAGING METHODS

20mm CPWC IC-NSI
DC = 1

CPWC
w/CDW

IC-NSI DC = 1
w/CDW

CR 0.60± 0.003 0.49± 0.004 0.61± 0.001 0.51± 0.001

CNR 1.47± 0.01 1.02± 0.01 1.54± 0.003 1.08± 0.002

GCNR 0.47± 0.003 0.38± 0.003 0.48± 0.001 0.40± 0.001

sSNR 26.41± 0.26 30.17± 0.30 36.47± 0.25 40.83± 0.26

40mm CPWC IC-NSI
DC = 1

CPWC
w/CDW

IC-NSI DC = 1
w/CDW

CR 0.41± 0.01 0.27± 0.01 0.68± 0.01 0.60± 0.02

CNR 1.05± 0.05 0.68± 0.04 1.56± 0.02 1.09± 0.02

GCNR 0.31± 0.01 0.20± 0.01 0.55± 0.01 0.47± 0.01

sSNR 5.16± 0.58 9.96± 0.55 18.18± 0.30 22.33± 0.30

Fig. 6. Mean and standard deviations of the estimated lateral dis-
placements error in a homogeneous phantom undergoing nine steps
of pure lateral translation ranging from 0.1 mm to 0.9 mm at increments
of 0.1 mm. Displacements were estimated from the images produced by
CPWC, IC-NSI, CDW, and CDW enhanced IC-NSI with three different
DC offsets.

NSI with DC = 1 were 0.028, 0.026, 0.019, and 0.017 mm,
respectively. The results show that CDW-enhanced IC-NSI
with DC = 1 reduced MAE by approximately 40% compared
to the conventional CPWC method (0.017 mm vs. 0.028 mm).

Figure 7 shows inter-frame correlation maps for variant
IC-NSI and benchmark CPWC methods. The overall high
correlation coefficients in the cases of CPWC (Fig. 7(a),
0.84±0.06), IC-NSI with DC = 1 (Fig. 7(b), 0.83±0.05), CDW-
enhanced CPWC (Fig. 7(c), 0.89±0.04), and CDW-enhanced
IC-NSI with DC =1 (Fig. 7(d), 0.88±0.04) confirmed the
high inter-frame similarity, thus yielding acceptable lateral
displacement estimates (Fig. 6). Despite their better lateral
resolution, IC-NSI with DC = 0.1 and 0.01 resulted in much
lower inter-frame correlation (Fig. 7(e), 0.57±0.08 and (f),
0.43±0.10), thus hampering lateral displacement estimation.
The inter-frame correlation is linked to speckle coherence,
which can be quantified using speckle statistics. Unlike IC-
NSI with DC = 0.1 and 0.01, the density function of the signal
amplitude for IC-NSI with DC = 1 did not deviate much from
that for CPWC (Fig. 8).

Fig. 7. Correlation maps of a homogeneous region in the CIRS
phantom after a 0.2 mm linear translation, reconstructed with (a) CPWC
(b) IC-NSI with DC = 1 (c) CDW with CPWC (d) CDW enhanced IC-NSI
with DC = 1 (e) CDW enhanced IC-NSI with DC = 0.1, and (f) CDW
enhanced IC-NSI with DC = 0.01.

Fig. 8. Magnitude distribution of speckle statistics from experimental
data acquired using a homogeneous phantom (as shown in Fig. 6) for
different beamforming methods.

C. Computer simulations

Figure 9 (a) and (b) compare the B-mode images of the
simulated blood vessel in the transverse view, obtained using
CPWC and CDW-enhanced IC-NSI with DC = 1. Figure 9
(c) and (d) show corresponding maps of estimated lateral
displacements. Positive and negative lateral displacements
represent rightward and leftward motions, respectively. Fig.
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Fig. 9. Finite-element simulation of a blood vessel during dilation: (a, b)
B-mode images, (c, d) estimated lateral displacement maps, and (e, f)
lateral displacement estimation error maps. The left and right panels
correspond to conventional CWPC and CDW enhanced IC-NSI with
DC = 1, respectively. The error maps show deviations of the estimated
lateral displacement fields from the ground truth.

9 (e) and (f) show lateral displacement error maps obtained
by subtracting the ground truth (Fig. 2(b)) from the estimated
displacements. We observed slight overestimation in the first
and the third quadrants of the wall but a slight underestimation
in the second and the fourth quadrants.

Figure 10 shows lateral displacement estimation errors for
different pairs of comparison frames (i.e., different applied
strain levels) and for two SNR levels across different imaging
methods. In all pairwise comparisons, frame 0 was used as the
reference frame. The MAE of lateral displacement estimation
was computed by averaging the errors over all spatial posi-
tions within the region of interest for different applied strain
levels. The MAE of lateral displacement estimation across
all temporal steps in the case of CDW-enhanced IC-NSI was
0.0026 mm, representing a 15% reduction compared to the
average MAE of 0.0031 mm achieved in the cases of CPWC-
based envelope and RF data under SNR = 30 dB. Intermediate
performance was observed in both cases of IC-NSI and CDW-
enhanced CPWC, achieving MAE of 0.0028 mm and 0.0029
mm, respectively. At SNR = 10 dB, CDW-enhanced CPWC
and IC-NSI yielded an average MAE that was 10% higher
than at SNR = 30 dB.

Figure 11 compares the estimated strain maps ((b) and (c))

Fig. 10. Violin plots for lateral displacement estimation of the finite-
element simulated blood vessel at different time steps (strain levels) in
the cases of CPWC 30 dB, IC-NSI 30 dB, CDW+CPWC 30 dB, CDW+IC-
NSI 30 dB, CDW+CPWC 10 dB, CDW+IC-NSI 10 dB, and CPWC RF 30
dB. The IC-NSI methods are all with DC = 1, with dB denoting the added
Gaussian noise level to the RF data.

Fig. 11. Lateral strain estimation maps of the finite-element simulated
blood vessel during dilation (i.e., frame 4 in Fig. 10) in the case of SNR
= 30 dB. Lateral strains were computed from the 2D displacement maps
obtained in the cases of (a) ground truth, (b) conventional CPWC, and
(c) CDW-enhanced IC-NSI with DC = 1. Absolute difference maps show
deviations from ground truth values in the cases of (d) CPWC and (e)
CDW-enhanced IC-NSI with DC = 1.

derived from the displacement maps in Fig. 9(c) and (d) with
the ground truth lateral strain map (Fig. 11 (a)) during dilation.
Positive and negative lateral strains represent extension and
compression, respectively. For a dilated blood vessel, the side
walls should be compressed, whereas the upper and lower
walls should be stretched in the lateral direction. Quantitative
analysis for the strain error maps shown in Fig. 11(d) and (e)
demonstrated that CDW-enhanced IC-NSI achieved a lower
MAE of lateral strain estimates than CPWC did at time step
4 (0.19% vs, 0.23%). The strain MAE across all 10 different
strain scenarios was on average reduced by 13% ± 2% in the
case of CDW+IC-NSI compared to CPWC.
D. In vivo human carotid artery experiments

Figure 12 shows estimated lateral displacement (top row)
and strain (bottom row) maps overlaid on the B-mode images
of an in vivo human common carotid artery at a diastolic time
point of a cardiac cycle based on the four different imaging
techniques. The right and left walls of the carotid artery moved
leftward and rightward, respectively, in all lateral displacement
images. This indicated blood vessel recoil during diastole (Fig.
12(a)-(d)). Figure 12(e)-(h) consistently show thickening of the
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right arterial wall and compression of the upper arterial wall.
The main discrepancies resided in the lower left segment of
the arterial wall.

The temporal profiles of MSE (Fig. 13(a)), PSNR (Fig.
13(b)), and SSIM (Fig. 13(c)) show the variations in estimation
accuracy associated with each method within the cardiac cycle
of subject 1. The results of the other 2 subjects are provided
in the Appendix C (Fig. S3 and S4). Quantitative analysis
of lateral displacement accuracy from the three subjects with
multiple cardiac cycles spanning 2 seconds demonstrated that
CDW-enhanced IC-NSI achieved lower MSE, higher PSNR,
and improved SSIM values. These improvements were more
evident at the time instants after the end diastolic and at
dicrotic notch phases, which corresponded to pronounced
wall motion in the M-mode image (Fig. 13(d)). The motion
corrected B-mode images exhibited high similarity with the
pre-deformed frames during the diastolic phase, characterized
by relatively small motion. The peaks of the MSE curves
corresponded to the time point with pronounced wall motion
and large artery wall deformation.

V. DISCUSSION

This study presents an ultrasound strain imaging approach
that integrates multi-plane wave transmissions, IC-NSI, a
nonlinear beamformer, and CDW, a coded excitation method
that involves only linear operations. The results showed that
IC-NSI with DC offset = 1 sufficiently preserved speckle
coherence needed for tissue motion estimation. The in vitro
and in vivo results demonstrated that the proposed approach
improved lateral resolution and sSNR. Such improvements
directly contributed to the estimation of lateral displacement
(in vitro and in vivo) and strain (in silico and in vivo) without
a substantial increase in computational cost.

The feasibility of IC-NSI in speckle tracking was evaluated
for the first time. In NSI beamforming, the DC offset is
tunable, and smaller DC offsets, such as 0.1 and 0.01, yield
better lateral resolution but are more sensitive to noise (Table
II) and degrade speckle coherence (Fig. 7 and 8), both of
which hinder speckle tracking. As demonstrated in the in vitro
phantom results (Fig. 6), DC offset = 1 for IC-NSI should be
chosen to improve lateral resolution while ensuring speckle
coherence for speckle tracking tasks. As shown in both the
simulation and phantom results, integrating CDW into IC-NSI
mitigated SNR loss and further increased signal correlation,
thereby increasing estimation accuracy (mean values in Fig. 6
and 10) and precision (standard deviations in Fig. 6 and 10) of
lateral motion. This synergistic effect stems from the ability of
CDW to increase signal energy through coded transmissions
without compromising acquisition frame rates.

The in vivo feasibility of the proposed method was evaluated
in the human carotid artery primarily because the thin wall
structure of the artery required high spatial resolution to
resolve. Meanwhile, the peak strain rates of the arterial wall
during systole are generally small, with total wall deformation
rarely exceeding 5% strain [64], [65], so the in vivo imaging
frame rate requirement was rather relaxed relative to ultrafast
imaging needed for blood flow imaging. It is important to note

that for the in vivo experiments, the CDW-based method and
non-CDW-based method were recorded at different time points
due to the different transmission pulses. Consequently, varia-
tions in respiration and body movement may have introduced
intrinsic differences in motion estimation accuracy.

The strain filter theory [66] elucidates an optimal inter-
frame strain range for RF-based strain estimation. Coherent
plane or diverging wave imaging makes it possible to adapt
the frame rate to optimal inter-frame tissue deformation,
especially for dynamic organs with large deformation. The
proposed method is compatible with ultrafast imaging for
high frame rate (>1000 fps) applications, such as cardiac
shear wave elastography [67]. The CDW method inherently
supports ultrafast frame rates, and the number of cascaded
waves can flexibly adapt to the minimum requirement of image
quality for speckle tracking and strain imaging. NSI, as a post-
processing technique, operates entirely on beamformed data
and is independent of the hardware or acquisition scheme.
This separation allows NSI to improve lateral resolution after
data collection by narrowing the beamwidth (Fig. 3) without
altering pulse sequences or transducer configurations. The
CDW-enhanced IC-NSI introduces only linear mathematical
operations, resulting in a total processing load less than 3×
that of CPWC. This contrasts with methods, like MV and
DMAS, which increase computation cost during beamforing,
limiting scalability.

There are several study limitations. One is the use of
envelope data for speckle tracking. The envelope signal, while
useful for motion estimation, lacks the phase information,
which is present in the RF signal and crucial for accurate
axial displacement estimation. Currently, the NSI technique
does not support beamformed RF signals. Future work shall
consider combining RF-based axial tracking with our lateral
enhancement strategy or developing a new RF-based NSI
framework that can keep the phase information. Although not
shown, radial and circumferential strains are typically derived
from lateral, axial, and shear strains, which are computed from
lateral and axial displacement estimation. Our study hypothesis
is that the proposed method improves lateral displacement
estimation and thus 2D strain estimation, regardless of the
Cartesian or polar coordinate system.

The observed improvements in lateral displacement estima-
tion and derived strain maps are critical for resolving subtle
structural and mechanical heterogeneities within biological
tissues. Particularly in vascular applications, this improved
fidelity allows for more accurate characterization of plaque
biomechanics—such as distinguishing a stiff fibrous cap from
a soft lipid pool or identifying localized stiffening—thereby
improving the assessment of plaque vulnerability and stroke
risk. Although this study demonstrates the principle in a
healthy vessel, the improved spatial fidelity in lateral strain
estimation aims to enable characterization of vascular pathol-
ogy, where accurately resolving mechanical heterogeneities is
crucial for diagnosis. Furthermore, the method’s compatibility
with higher-frequency ultrasound array imaging suggests po-
tential for achieving even finer resolution in various clinical
applications.

Looking ahead, as USI serves as a pivotal tool for quantify-
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Fig. 12. Estimated lateral displacement (top) and strain (bottom) maps overlaid on the B-mode images of the carotid artery of a healthy human
subject in vivo in a transverse view at a diastolic time point in the cardiac cycle in the cases of (a, e) CPWC, (b, f) IC-NSI with DC = 1, (c, g)
CDW-enhanced CPWC, and (d, h) CDW enhanced IC-NSI with DC = 1.

ing biological soft tissue deformation, future research trajecto-
ries could focus on exploring the method’s applicability across
a broader range of tissue types and clinical scenarios, such as
aortas and skeletal muscle, given that the proposed framework
addresses challenges related to lateral resolution, contrast,
and penetration depth. NSI effectively suppresses the sidelobe
and grating lobes, so it may be possible to use larger pitch
transducers while still maintaining reliable motion and strain
estimation. Furthermore, using ultrafast frame rates will allow
for more accurate motion estimation of drastically deforming
biological tissues and fully leverage the high resolution and
low computational cost of the proposed method. Frame rates
on the order of hundreds to thousands per second can reduce
signal decorrelation and facilitate applications that rely on
time-ensemble estimation using multiple successive frames.

The characteristics of the lateral direction in 2D ultra-
sound imaging also apply to the elevational direction in 3D
ultrasound. The proposed method can be extended to 3D
ultrasound imaging and is anticipated to hold potential for
further advancements in fast 3D ultrasound strain imaging.

VI. CONCLUSION

This work introduced and assessed the performance of
CDW, a linear coded excitation scheme, in conjunction with
IC-NSI, a nonlinear beamformer, for high-quality 2D motion
estimation and USI. The proposed ultrasound imaging method
enhanced lateral resolution and contrast at a desired frame
rate while maintaining low computational complexity. The im-
proved resolution and contrast were proven to be indispensable
for ameliorating lateral motion estimation and strain imaging,
which is the fundamental challenge in USI. Validation through

simulations as well as experiments on a tissue-mimicking
quality assurance phantom and the in vivo human common
carotid artery substantiated the effectiveness of the proposed
method. The CDW-enhanced IC-NSI with DC offset = 1 is
expected to be a viable imaging method for biological tissues
that require high image resolution and contrast at a tunable
frame rate for motion and strain analysis, such as the major
arteries in the circulation system.
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