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Abstract

Purpose: Most cancers are associated with biological and structural changes
that lead to tissue stiffening. Therefore, imaging tissue stiffness using quasi-
static ultrasound elastography (USE) can potentially be effective in cancer
diagnosis. USE techniques developed for stiffness image reconstruction use
noisy displacement data to obtain the stiffness images. In this study, we pro-
pose a technique to substantially improve the accuracy of the displacement
data computed through ultrasound tissue motion tracking techniques, especially
in the lateral direction.

Methods: The proposed technique uses mathematical constraints derived from
fundamental tissue mechanics principles to regularize displacement and strain
fields obtained using Global Ultrasound Elastography (GLUE) and Second-
Order Ultrasound Elastography (SOUL) methods. The principles include a novel
technique to enforce (1) tissue incompressibility using 3D Boussinesq model
and (2) deformation compatibility using the compatibility differential equation.
The technique was validated thoroughly using metrics pertaining to Signal-
to-Noise-Ratio (SNR), Contrast-to-Noise-Ratio (CNR) and Normalized Cross
Correlation (NCC) for four tissue-mimicking phantom models and two clinical
breast ultrasound elastography cases.

Results: The results show substantial improvement in the displacement and
strain images generated using the proposed technique. The tissue-mimicking
phantom study results indicate that the proposed method is superior in improv-
ing image quality compared to the GLUE and SOUL techniques as it shows an
average axial strain SNR and CNR improvement of 44% and 63%, and lateral
strain SNR and CNR improvement of 130% and 435%, respectively. The results
of the phantom study also indicate higher accuracy of displacement images
obtained using the proposed technique, including improvement ranges of 7—
84% and 26—140% for axial and lateral displacement images, respectively. For
the clinical cases, the results indicate average improvement of 48% and 64% in
SNR and CNR, respectively,in the axial strain images, and average improvement
of 40% and 41% in SNR and CNR, respectively, in the lateral strain images.
Conclusion: The proposed method is very effective in producing improved
estimate of tissue displacement and strain images, especially with the lat-
eral displacement and strain where the improvement is highly remarkable.
While the method shows promise for clinical applications, further investiga-
tion is necessary for rigorous assessment of the method’s performance in the
clinic.
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1 | INTRODUCTION

Breast cancer is the second most diagnosed cancer
in women, estimated to affect one in eight American
women during their lifetime. It is estimated that in 2022,
43,250 women will die from breast cancer in the United
States.! Vital to successful treatment of the patient,
early detection achieved through regular breast can-
cer screening has shown to reduce mortality rate by
25% in the first 10 years where treating stage 1 cancer
has the highest survival rate>® The motivation of this
work is to improve the state-of-the-art of imaging tech-
nology developed for early detection of breast cancer
where the focus is quasi-static ultrasound elastography
(USE). The most common medical imaging technique
used for breast cancer screening is X-ray mammogra-
phy. However, due to ionizing radiation, the frequency
of testing using this method is restricted, potentially
delaying critically needed early diagnosis. Another con-
cern of this screening method is that it is influenced
by breast density and hormone replacement therapy,
hence impacting its sensitivity for breast cancer detec-
tion, especially with young women with dense breasts
where reported sensitivities are as low as ~60%.*°

When X-ray mammograms are inconclusive, B-mode
ultrasound (US) imaging and magnetic resonance imag-
ing (MRI) are used. While B-mode US is widely available
and inexpensive, image quality is a limiting factor that
impacts its sensitivity and specificity. Being highly sensi-
tive, MRl is very effective for abnormality detection. How-
ever, its high cost and limited availability has ruled out its
routine utility for early detection. As such, researchers
have been actively working to develop affordable imag-
ing techniques with high sensitivity and specificity. One
promising option toward this goal is elastography®—®
where maps of tissue stiffness are generated and visu-
alized. In the context of breast cancer, this is motivated
by the fact that many types of cancer, including ductal
carcinoma which is the most common type of breast
cancer, is associated with biological changes that lead
to tissue stiffening.®~'2 As such, breast tissue stiff-
ening may be evaluated for breast cancer detection.
Among elastography techniques, quasi-static USE has
been shown to be effective in stiffness imaging for a
wide range of oncology applications, including breast,
prostate and liver cancers.’®>~'® Sensitivity and speci-
ficity of USE are reported at 88% and 83%, respectively.
Benefits of USE include involvement of the nonin-
vasive low-cost US imaging, being free of pain and
harmful radiation, and fast data acquisition and image
reconstruction.

In quasi-static elastography, a low frequency exter-
nal loading is applied for tissue mechanical stimulation
by pressing the US probe against the breast. US
radiofrequency (RF) data is then acquired during tis-
sue compression whereby an RF data frame is collected
at each time instant of compression. Using two RF

data frames corresponding to two compression states,
the tissue displacement data can be estimated 81921
The tissue strain image calculated by differentiating the
displacement field is considered the simplest form of
elastography which is often integrated into US systems
for real-time imaging® Assuming tissue stress unifor-
mity, strain images generated through this method can
be regarded as an approximation to tissue stiffness
maps (e.g., hard lesions appear as low strain areas).
While strain imaging has been shown to be useful for
some clinical applications 22922 due to the weakness
of stress uniformity assumption, its accuracy in map-
ping tissue stiffness is limited. As such, more advanced
techniques have been developed to image more reli-
able measures of tissue stiffness (e.g. Young’s modulus)
using the measured displacement field.'3:53:61.62

In both strain imaging and Young’'s modulus imag-
ing, the primary determining factor of accuracy is the
accuracy of the tissue displacement data consisting of
axial and lateral displacement fields. Young’s modulus
image reconstruction involves an ill-posed inverse prob-
lem. This issue can be mitigated if reliable estimates
of both axial and lateral displacement components are
available. While existing tissue motion tracking methods
provide accurate estimation of tissue axial displace-
ment, methods are yet to be developed for accurate
estimation of the lateral component of tissue displace-
ment. Several methods exist to estimate axial and lateral
displacements using US RF data; however, the low
signal-to-noise (SNR) ratio, limited resolution and lack
of phase information in the lateral direction of ultra-
sound signals in addition to the errors associated with
the 2D nature of conventional US imaging, pitch size,
beam width, and interpolation applied to RF samples,
have limited the accuracy of estimated displacements,
especially the lateral displacement component. This has
encouraged efforts toward development of more robust
methods for displacement estimation. Estimation of tis-
sue displacement and strain distribution in USE can
be considered as an optical flow (OF) problem, which
involves minimization of an energy equation imposing
both echo amplitude conservation and displacement
smoothness constraints 232" More recently, deep learn-
ing methods were proposed for displacement and strain
estimation that have proved promising.2®-3% Other algo-
rithms mostly focus on time delay estimation (TDE)
methods'®30-37 where the TDE can be obtained for
small windows of RF data. TDE involves a search which
can be performed in either 1D or 2D corresponding
to search in the axial direction only or in both lateral
and axial directions, respectively>%3” While they gen-
erally provide accurate estimate in the axial direction,
these approaches are too sensitive to signal decor-
relation which often occurs in clinical breast imaging.
To alleviate the decorrelation problem and improve the
lateral displacement estimation, recorrelation methods
have been proposed such as those based on aligning
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and stretching RF signal 5467 However, these methods
are vulnerable to speckle noise and are associated with
relatively high computational cost5859 Another effec-
tive approach followed to develop a robust method
against signal decorrelation involves optimization con-
strained by regularization which imposes smoothness of
tissue deformation.332 In this approach, the displace-
ment is estimated along a single RF-line, leading to
displacement discontinuity between adjacent RF-lines
and low accuracy of the lateral displacement field .3
To avoid this, the displacement estimation can be per-
formed simultaneously for all RF lines.3? This method
leads to excessively smooth displacement field, hence
blurry strain images. To address this issue, a window-
based term in conjunction with first or second order
derivative based regularization were employed in other
relevant works considered the state-of-the-art methods
in this field 333 A number of other studies have investi-
gated utilizing more than two RF frames to estimate the
displacement fields 33942 The basis of these motion-
tracking methods is optimizing a cost function where a
displacement continuity assumption is combined with
echo signal correlation and other regularization terms.
One downside of this approach is the necessity of
appropriately determining the weighting coefficients of
the terms in the cost function. In another category of dis-
placement estimation methods, known as quality-guided
motion tracking,*>~*’ the displacements are first esti-
mated for points in high correlation local regions before
they are estimated for points in low correlation local
regions. In addition to being computationally more effi-
cient, this method has shown to operate well in regions
with poorly correlated RF data and also geometrically
irregular regions.*®

While the above motion tracking methods can pro-
duce reasonably accurate axial displacement maps, the
accuracy of their lateral displacements are generally
low. At their core, these techniques rely on regular-
ization through imposing tissue continuity and various
field smoothness criteria. Utilizing tissue mechanics con-
straints such as incompressibility, compatibility and tis-
sue 3D deformation models have not been as rigorously
investigated for formulating more effective regulariza-
tion to find more accurate 2D displacement fields. As
an attempt to incorporate such constraints towards
improved displacement estimation, approximate tissue
mechanics-based relations founded on the stress uni-
formity assumption were derived and incorporated in
an algorithm that uses three US RF frames.2? Efforts
have been also made to utilize the partial differential
equations governing the linear elastic deformation in
soft tissue. This includes a method proposed to esti-
mate tissue lateral displacement field using measured
axial displacement field based on tissue incompress-
ibility condition.*® The method assumes plane strain
conditions, and it was shown that the estimated lateral
displacement field was more accurate as it showed SNR

improvement of up to 16.0 compared with a field esti-
mated using traditional speckle tracking. The method
was then extended to account for large deformation con-
ditions under plane strain assumption*® Also through
assuming plane strain conditions, a nearly incompress-
ible constraint was used as a regularization term in a
pixel-wise model-based algorithm to estimate all com-
ponents of vascular strain (axial, lateral, and shear)
with a sub-pixel resolution®® Tissue incompressibil-
ity constraint has also been used in other methods
by incorporating confidence weights for different tis-
sue regions and momentum conservation equation in
conjunction with a robust H, filter®":52 More recently,
a mathematical framework was developed to improve
an estimate of tissue axial and lateral displacement
fields while the shear modulus was also reconstructed
simultaneously>® The framework assumes plane stress
and tissue incompressibility conditions while it does not
require traction or displacement boundary conditions.

In this paper, we introduce a novel algorithm that
uses a tissue mechanics-based estimation of out-of-
plane strain to improve the in-plane tissue displacement
and strain fields. Unlike previous studies, the proposed
method does not assume plain strain or plane stress
conditions and it uses Boussinesq’'s analytical model to
estimate the out-of-plane strain before its incorporation
in the incompressibility constraint. Another novelty of
the method is enforcement of tissue deformation com-
patibility to improve tissue strain estimates.f® Improving
the accuracy of enforcing tissue incompressibility and
deformation compatibility has been demonstrated to
be highly effective in obtaining more accurate esti-
mates of displacement and strain fields, especially their
lateral components. Such improvement is anticipated
to have a tangible impact on the accuracy of tissue
stiffness parameter reconstruction using quasi-static
elastography techniques.'3:53.61.62

2 | MATERIALS AND METHODS

2.1 | Overview of the Strain Refinement
Algorithm (STREAL)

The proposed algorithm requires an initial estimate of
the displacements to be processed before an improved
estimate is generated. To obtain an initial estimate
of the tissue axial and lateral displacement fields, we
process a suitable pair of acquired RF data frames
using existing algorithms such as those developed
based on the Global Ultrasound Elastography (GLUE)
or Second-Order Ultrasound elLastography (SOUL)
methods.3"32:3% These methods formulate the displace-
ment estimation associated with all samples of RF
data simultaneously in a form of nonlinear optimization
problem with first-order or second-order regularization
constraints that are solved after conversion to a sparse
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FIGURE 1

linear system of equations. The initial estimates of dis-
placement fields are then refined step-by-step through
the proposed algorithm (STREAL) by first smoothing
and then enforcing the fundamental tissue mechanics
conditions of incompressibility and compatibility. The
smoothing and incompressibility condition enforcement
leads to improved displacement fields estimate while the
compatibility condition enforcement applied to the strain
fields leads to further improvement of the strain fields.
This has been illustrated in Figure 1.

211 | Step 1:Second-Order
Derivative-Based Regularization

In this step of regularizing the initial displacement data,
we use a regularization method, which seeks a new esti-
mate of the displacement field where the 2D Laplacian
of the displacement components throughout the field
of view (FOV) is minimized. The 2D-Laplacian of the
displacement field U is expressed mathematically by:

VU (x,y) = 32U (x,y) /ax? + 32U (x,y) /dy? (1)

In this equation, x and y refer to the lateral and axial
directions, respectively. This operator can be expressed
in a matrix form by applying the finite difference approx-
imation of this operator to each point in the FOV
except points located on the FOV outline, leading to the
following matrix form:

VU (x,y) = LU (2)

where L is a matrix with entries of the finite differ-
ence coefficients of the Laplacian operator and U is
a 1D vector containing both axial and lateral displace-
ment fields. The entries of L are arranged such that
each row of Equation (2) yields the finite difference
approximation of the Laplacian operator at each point.
The solution sought in this step is the one that min-

Schematic diagram illustrating the proposed step-by-step STREAL algorithm

imizes the Laplacian while it matches the input initial
displacement field (U,,) obtained from any available
tissue displacement tracking technique as much as pos-
sible. This leads to the following minimization equation
of Tikhonov regularization:

Min.<||U—Um||2+/12||LU||2> (3)

where || - || represents the Euclidean norm and A2 rep-
resents a positive weight coefficient. This minimization
leads to the following least squares solution:

Upew = (I+ 22L7L) " U, )

It is noteworthy that other than the Laplacian, there
are also other choices that can be used for smooth-
ing the displacement field. They include lower order
or higher order derivative operators. The advantage
of the Laplacian operator is its low cost in addition
to its high effectiveness for tissue motion tracking.3®
The regularization weight coefficient, 1, determines the
level of smoothness. This coefficient is found automat-
ically using the L-curve technique® where a solution
U is found for various A values before ||[LU|| is plotted
against ||U — U,,||. Typically, this plot resembles L-curve,
and the knee point of this curve corresponds to a 4
value that is considered optimal as it corresponds to the
best trade-off between smoothness and original data
matching.

2.1.2 | Step 2:Tissue Incompressibility
Enforcement
Tissue incompressibility is expressed mathematically by

setting the divergence of the displacement field in 3D to
zero as follows:

V-U(x ¥ z) =0uy/dx +du,/dy +du,/dz=0 (5)
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where in the context of US image coordinate system,
X, ¥, and z correspond to the lateral, axial, and out-of-
plane directions, respectively, and uy, u,, and u, are the
displacement components in these directions, respec-
tively. Since conventional US data does not provide
information on the out-of-plane displacements, assump-
tions such as plane-strain and plane-stress have been
used as discussed in the introduction. Assuming plane-
strain conditions, in which the out-of-plane strain is zero,
the incompressibility condition leads to the following
equation:

duy/dx +du, /3y =0 (6)

The plane strain assumption considered in previous
works, however, is not valid in breast USE, as it requires
ideal conditions of constant section geometry and uni-
form loading of tissue along the z direction®® As an
alternative, other works assumed plane stress condition,
which requires very thin tissue geometry undergoing in-
plane loading only*® Neither of these requirements are
met in the context of clinical breast USE. To assess
the deviation of the plane strain and plane stress

_ P 83—y xo-x°

(X0 —x)° — (20— 2

were also simulated to evaluate their deviation from the
“true” 3D model. For this evaluation, the ratio of the mean
difference between the “true”and 2D displacement fields
to the mean value of the “true” field was calculated for
both the axial and lateral displacement components. For
the plane strain case, this led to values of 0.84 and 4.73
for the axial and lateral components, respectively. For
the plane stress case, the ratio values were 0.79 and
2.87, respectively. While this experiment, which involves
a single breast, is not rigorous, the obtained large val-
ues, especially the ones pertaining to the plane strain
assumption are sufficient to motivate developing a mod-
ified incompressibility equation that can be used more
reliably in breast USE.

In this study, we estimate the out-of-plane strain con-
sidering the breast undergoing a US probe loading as a
semi-infinite medium. Stress resulting from a point load
(P) applied to the surface of a semi-infinite medium at
any point (T) in the medium can be estimated using
the semi-infinite elastic model developed by Boussinesq
(1885).56 Axial and out-of-plane stresses can be cal-
culated using Equations (7), (8), and (9). As shown in
Figure 2, in these equations, (X, o, Zp) and (x, y, z) are
the coordinates of point T and load P, respectively, while
r is the Euclidean distance between them.

(z0—2° (Vo —¥)

27 r5 —(1-2)

assumptions from actual 3D situations, we conducted
an in-silico experiment of breast USE using ABAQUS
FE solver (ABAQUS 2019, Dassault Systémes Simulia
Corp., Johnston, Rhode Island, USA). In this experiment,
a typical breast geometry derived from a breast MR
image was converted into a homogeneous hyperelastic

P 30—y (z0—2)

(20— 2)° — (o — X)°

- @)
r(7-0o-y?)r+o-y) r#(2-00-y7)
3P (o —y)
Sy = o7~ 5 (®)

(=% (oY)

Ozz = o 5 —(1-2v)

breast FE model with hyperelastic parameters assigned
based on values reported in the literature.>® This model
was virtually compressed by a US probe to simulate a
typical USE procedure. The simulation was conducted
using 3D geometry and loading as the ground truth
model, while 2D plane strain and plane stress conditions

9)

r(P-0o-9")r+0o-y) r(r-0-»7)

Assuming a uniformly distributed loading applied by
the US probe on the surface of the breast, axial and
out-of-plane stresses at every point in the US FOV
(Figure 3a) can be calculated by integration of Equa-
tions (7), (8), and (9) on the surface of the applied
load. Thus, using Hooke’s law, the axial and out-of-plane
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FIGURE 2 Boussinesq's model: a schematic of a semi-infinite

medium under a point load

strains can be calculated as given in Equation (10)
where u and A are Lame’ parameters.

-1 A+u -1
Eyy 2u(BA+2u)  u@Bl+2u)  2u(BA+2u)
€27 - -1 -1 A+u
2u(BA+2u)  2u(31+2u) (31 +2u)
O-XX
X |oy,y (10)
O'ZZ

In this work, we assume that the breast is linear
elastic with a Young’s modulus, E, value of 3 kPa®
and Poisson’s ratio of 0.495. The Poisson’s ratio
value is consistent with the high-water or lipid con-
tent composition of most soft tissue, including breast
tissue. While some intra- and inter-patient variabil-
ity in these parameters is expected, our simulations
have indicated that modest variability does not impact
estimated displacement fields substantially. The Lame’
parameters can be calculated using the following
equation 5%

Ev E

P aena-2) F T 2y

(11)

FIGURE 3 (a) Part of the breast surface
under a rectangular contact pressure of the
US probe and image’s rectangular FOV where
at each point of this FOV, the stress values
are calculated by integration of Equations (7),
(8), and (9) over the probe’s contact surface.
(b) Part of the breast FE model cut at the
spherical tumor region with a rigid US probe
pushing against the breast. The rectangular
surface mimics the US FOV.

2

Thereafter, the ratio (k = aﬁ/ = 22 of the out-of-
0z " dy €

Yy
plane to axial strains can be calculated and incorporated
in Equation (6), leading to the following modified incom-
pressibility equation.

duy/dx + (k+1)du,/dy =0 (12)

The finite difference form of this equations can be
rewritten in a matrix form as follows:

CU=0 (13)

Here, U contains the lateral and axial displacements
only, and C is a matrix containing coefficients of the
finite difference approximation of Equation (12), which
depends on k values calculated for each point within
the FOV. C is dependent on the dimensions of the FOV
only and can be calculated offline and stored for use in
efficient estimation of improved displacements. Hav-
ing this equation in addition to the displacement fields
obtained from the previous step (U, is equal to U,
obtained from Equation (4) (i.e., IlU = U,, )), we can form
the following linear system of equations and solve it to
obtain an improved estimate of U.

C 0
[I]U=[um]"AU=b (14)

In this work, we seek Ue&R which minimizes
%UTATAU—(ATb)TU. As such, Equation (14) can
be solved efficiently using the Polak-Ribiere conjugate
gradient method.?” Since the initial estimate of axial
displacements are known to be more accurate than
their lateral counterparts, we also employed weighted
least-squares optimization®® in solving Equation (14).
For this purpose, W was considered as the weight
diagonal matrix where w;; represents the importance
of the i row in Equation (14). This equation is an
augmented system consisting of three different sets

(b)
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TABLE 1 Different weight sets used for enforcing tissue
incompressibility

TABLE 2 Hyperelastic parameters (N/mm?) of normal and
tumor tissues used in the breast model

Ws1 Ws2 WS3 c10 co1 Cc20 c11 co2
Incompressibility Equation 1 5 10 Normal 3.1e-4 3e-4 22.5e-4 38e-4 47 2e-4
Lateral Displacement 1 1 1 Tumor 8.5e-4 8e-4 40e-4 60e-4 80e-4
Axial Displacement 10 10 10

of equations. With m x n data grid, the first part has
Ny = (m—1)x(n—1) rows which is related to incom-
pressibility and the second and third parts each have
N, = m x n rows pertaining to the measured axial and
lateral displacements, respectively. For each part, we
assign a single weight denoted by wj,., wj;; and wyy
corresponding to the incompressibility, lateral displace-
ments, and axial displacements, respectively, leading
to the weight matrix given in Equation (15). With this
alternative, we form WAU = Wb and use the Polak-
Ribiere conjugate gradient method to solve it, leading to
a further refined displacement field.

(15)

In this work, we used the three different weight sets
presented in Table 1. The rationale for choosing these
weight factors is based on the reliability of each set
of data. In these sets, the ratio of w,, to w),; was set
to 10 based on a typical noise amplitude ratio of 10:1
between axial and lateral displacement data.’® The w;,,
was assigned three different values of 1, 5, and 10.
These weight sets were evaluated using an in-silico
phantom study as discussed in Section 2.2.1.

2.1.3 | Step 3: Strain Compatibility
Enforcement

The final step in the proposed method is enforcing
the tissue strain compatibility’® The equation governing
strain compatibility is given below in terms of the strain
tensor components:

0%, | 0%gyy ey
dy2 dx2 dxdy

=0 (16)

Using the finite difference method, a numerical
approximation of this equation was derived for each

rectangular four-noded element formed in the computa-
tion grid. Through applying the equation to all elements
in the computation grid of the FOV, the following matrix
equation can be obtained:

Pc=0 (17)

Here, ¢ is a vector containing lateral, axial and shear
strains, and P is a coefficient matrix containing param-
eters of the finite difference approximation of the
compatibility equation. Combined with the strains (g,,)
calculated based on the refined displacements obtained
in the previous step, the following system of equations
can be obtained.

=L
€= —->Be=¢e (18)
/ €m

This equation can be solved using the Polak-Ribiere
method to obtain a further refined estimate of the strain.

2.2 | Methods Validation

2.21 | In-Silico Breast Phantom Study
The proposed method was first validated using an
in-silico breast biomechanical model. To generate the
breast in-silico model, a typical breast geometry was
segmented from 3D US images using 3D Slicer (www.
slicerorg). To generate the breast FE mesh, the seg-
mented geometry was processed using |IA-FEMESH
(MIMX, lowa city, lowa, USA). A spherical inclusion was
defined within the breast mesh to mimic a breast tumor.
The FE mesh of the breast model consists of 58,294
eight-noded hexahedral hybrid elements type C3D8H
and 63,519 nodes. For better realism, the breast tis-
sue, including the background and tumor regions was
modeled as hyperelastic material using the polynomial
model. The hyperelastic parameters of the normal and
tumor tissues in the breast model were assigned based
on values given in Table 2 according to the literature.>°6'
For simulating breast compression using a US probe
mimicking a typical USE procedure, ABAQUS FE solver
(ABAQUS 2019, Dassault Systémes Simulia Corp.,
Johnston, Rhode Island, USA) was used. The probe’s
loading was applied using a contact mechanics model
following the master-slave approach. To improve the
simulation realism, the contact problem was carried out
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in two steps. In the first step, the probe was lowered
onto the breast model until it was in full contact with
the surface of the breast. The second step involved fur-
ther quasi-static compression to achieve the breast’s
desired deformation. After deforming the breast model,
we obtained the displacement field within the mid-plane
beneath the probe. As shown in Figure 3b, this mid-plane
represents the US FOV. Consistent with USE, only the
displacements pertaining to the second compression
step was considered to mimic the displacement data.
To add more realism to the displacement data obtained
from this simulation, Gaussian noise was added such
that the ratio of noise amplitude of the lateral to the axial
directions was 10, leading to SNR values of 40 and 13.5
for the axial and lateral displacements, respectively. For
validation, we input this simulated noisy displacement
field to the developed algorithm and compared the out-
put displacement field with the noise free version using
the normalized cross correlation (NCC) given in Equa-
tion (19) as a similarity criterion. In this equation, X and
Y represent the two images being compared, x and y
are the mean values of their respective image intensity
distribution, and o% and %, are their variances. Utiliz-
ing the displacement field generated in this part, we
evaluated and compared the validity of the incompress-
ibility Equation (12) developed based on Boussinesq’s
model against the one developed using the plane strain
model-based incompressibility Equation 6.

NCC (X, Y) =

1 Z,-I\; (X =X).(vi—¥)
N (19)

2
o .UY

XN

To determine a proper weight set of equations among
the three candidates given in Table 1, we used an
ad hoc method whereby the NCC value between the
“true” and refined displacement fields and the num-
ber of grid elements that satisfy the compatibility
equation accurately were evaluated. The best selected
weight set candidate was the one that led to the
highest NCC value and largest number of compatible
elements.

222 |
Study

Tissue-mimicking Breast Phantom

To evaluate the displacement enhancement, the pro-
posed method was applied to three separate tissue-
mimicking breast phantoms consisting of soft back-
ground and stiff tumor tissues. The first phantom
is Breast Elastography Phantom Model 059 (Com-
puterized Imaging Reference Systems (CIRS; Pacific
Northwest X-ray Inc., Gresham, USA). The size, shape,
and ultrasonic characteristics of this phantom mimic that
of an average human breast in supine position while

MEDICAL PHYSICS %

it contains several lesions ranging in size from 3 to
10 mm in diameter. Two different regions of the phan-
tom, henceforth called Phantom A and B, were tested.
The second phantom, referred to as Phantom C, is a
block-shaped phantom with a single inclusion (CIRS;
Pacific Northwest X-ray Inc., Gresham, USA). For data
acquisition of the first and second phantoms, the US
probe was controlled with a mechanical device to com-
press the phantom with 0.1 inches steps and the US RF
data was acquired using an Antares Siemens system
(Issaquah, Washington, USA) and a VF 10-5 linear array
transducer at a center and sampling frequencies of 6.67
and 40 MHz, respectively. The last phantom, D, was a
breast-shaped phantom constructed in our laboratory
using gelatin and agar dissolved in water®? The RF
data for this phantom was acquired using an Ultrasonix
RP system (Ultrasonix Medical Corporation, Richmond,
British Columbia, Canada) and a L14-5/38 linear array
transducer with a nominal frequency of 10 MHz at a
sampling frequency of 20 MHz. The displacement and
strain fields were initially estimated using the GLUE
and SOUL methods. We then refined the displace-
ment and strain fields using the proposed technique,
STREAL. To assess quality improvement in the strain
images, the following unitless metrics of signal to noise
ratio (SNR) and contrast-to-noise ratio (CNR) were
used:

SNR = (20)

5
o

CNR = (21)

Here, § and o are the spatial average and variance of
a window in the strain image, respectively. Similarly, 5,
5, 0p, and o; are the spatial average and variance of
strains of a window in the target and background areas,
respectively.

To further evaluate the performance of the STREAL
method, the three-breast tissue-mimicking phantoms
were simulated using ABAQUS FE solver (ABAQUS
2019, Dassault Systemes Simulia Corp., Johnston,
Rhode Island, USA). The geometries of these phantoms
followed those of the actual phantoms A/B, C, and D,
respectively. Spherical inclusions were placed inside the
generated in-silico phantoms consistent with the actual
phantoms’ inclusions. The models were all linear elastic
with the same Young’'s moduli as the actual phantoms.
Quasi-static stimulations were then applied to the sur-
faces of the phantoms before the displacement fields
of the mid-plane of the phantoms were computed. NCC
was used to compare these fields to the estimated ones
obtained from the GLUE, SOUL and STREAL methods.
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FIGURE 4 Original displacement fields generated from the in-silico breast model, their noisy counterparts, and refined displacement fields

after steps 1 (Refined I) and 2 (Refined II) of STREAL

TABLE 3 NCC values of displacement and strain fields
generated using the algorithm steps with corresponding “true” fields
in the in-silico phantom study

NCC with ground truth (in-silico)

Axial Displacement Noisy 0.9333
Refined | 0.9966
Refined I 1.0000
Lateral Displacement Noisy 0.8757
Refined | 0.9666
Refined Il 0.9997
Axial Strain Noisy 0.0764
Refined | 0.5908
Refined I 0.5965
Refined IlI 0.6922
Lateral Strain Noisy 0.0161
Refined | -0.1323
Refined Il 0.2066
Refined IlI 0.2244
2.2.3 | Clinical Breast Ultrasound

Elastography Case Study

Further evaluation of the proposed method was carried
out using USE data acquired from two breast cancer
patients in accordance with institutional research ethics
approval. A Sonix RP System (Ultrasonix, Vancouver,
Canada) and a L14-5/60 transducer with a nominal fre-
quency of 10 MHz was used to acquire US B-mode

images and RF data at a rate of 12 frames/s. The
RF data were collected at pre- and post- compression
states of a quasi-static stimulation of the breast using
the US probe by a trained sonographer. Similar to the
phantom study, initial displacements and strain fields
were estimated using the GLUE and SOUL methods
before they were refined using the STREAL algorithm.
SNR and CNR of the strain images before and after
using the STREAL algorithm were calculated for image
quality comparison.

3 | RESULTS

3.1 | In-Silico Breast Phantom Study

The simulated axial and lateral displacement fields in
the FOV plane of the in-silico breast phantom, includ-
ing their noisy counterparts, are shown in Figure 4. This
figure also illustrates the refined displacement fields
using steps 1 and 2 of the proposed STREAL method.
To show the progressive improvement achieved through
each step of the algorithm, NCC values of images
obtained with the noisy images and each of their refined
counterpart are reported in Table 3.

Tissue incompressibility was calculated at each
point within the FOV using the plane-strain assumption
and the Boussinesq’s derived model. This led to the
images shown in the top row of Figure 5 where visual
assessment shows that the incompressibility image
of Figure 5b is closer to the ideal uniformly zero-value
region compared to the image in Figure 5a which shows
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FIGURE 5 Tissue incompressibility images calculated based on (a) plane strain assumption and (b) semi-infinite medium model. The latter
is closer to uniformly black image that represents an ideal incompressible tissue. (c) The NCC similarity measure between the “true” and refined
displacements, (d) percentage of compatible elements based on a threshold value of 0.02 obtained by calculating the absolute value of a finite

difference approximation of the compatibility Equation 16

large values of incompressibility at the top. Compared to
the theoretical value of 0,the norms of these images are
32.83 and 14.75 for the plane-strain and Boussinesq’s
derived models, respectively. This indicates that the
tissue incompressibility distribution obtained based on
the proposed Boussinesq’s derived model is superior to
its plane-strain derived counterpart. Figure 5c illustrates
the plot of NCC between the “true” and refined axial and
lateral displacement fields against the weight set can-
didates given in Table 1. Figure 5d shows a plot of per-
centage of compatible elements in the computational
grid meeting a compatibility threshold value of 0.02
obtained by calculating the absolute value of a finite dif-
ference approximation of the compatibility Equation 16.
The plots indicate that the weight set WS1 leads to the
best outcome. It also shows that the WS1 set leads to
~20% compatible elements, which may seem low; how-
ever, it should be noted that this percentage increases
substantially by relaxing the compatibility threshold
value such that near compatible elements are included.

Finally, Figure 6 illustrates the refined strain fields using
steps 1, 2, and 3 of the proposed method. In this paper,
both axial and lateral strain images follow a convention
of positive and negative values for compressive and
tensile strains, respectively. To demonstrate the pro-
gressive improvement achieved through each step of
the algorithm, NCC values of images obtained with the
noisy images and each of their refined counterpart are
reported in Table 3.

3.2 | Tissue-mimicking Breast Phantom
Study

Figure 7 illustrates the results generated for the four
tissue-mimicking phantom cases, A, B, C, and D. It
includes the axial and lateral displacement results
generated by the GLUE, SOUL, proposed STREAL
techniques in addition to displacement fields obtained
by FE simulation which represents the ground truth.
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FIGURE 6 True and refined strain fields in the in-silico breast phantom after three stages (refinements) of applying STREAL. Compressive
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FIGURE 7 Axial (l) and lateral (Il) displacement fields obtained from GLUE, SOUL, the proposed STREAL methods and FE simulation
(“ground truth”) for phantom cases A-D. Note that these results were obtained after performing the first two steps of the STREAL algorithm

since the third step only applies to strain fields

Generally, this figure indicates that in contrast to the
axial displacement fields that show some improvement,
the lateral displacement fields obtained by the STREAL
technique are improved substantially as the latter fields
show clear evidence of the inclusions while they are
closer to the “ground truth” results. This figure leads
to very interesting observations concerning the lateral

displacement maps. For example, in Phantoms A and
B and C, the lateral displacement maps obtained by
the STREAL method are the only ones that show the
expected antisymmetric pattern w.r.t. the vertical cen-
ter line while they contain features consistent with the
single or double circular inclusions with the respective
phantoms’ true size and location. Moreover, consistent
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FIGURE 8 Axial (I) and lateral (Il) strain images obtained from GLUE, SOUL, and the proposed STREAL method for phantom cases A-D. In
this figure, positive and negative values represent compression and tensile strains, respectively. Due to inconsistency between the lateral strain
values of different methods, different color bars are adjusted for each method to have the best visualization. Background and target areas used
to calculate the SNR and CNR values are also outlined using dashed lines as they appear in the first columns of the two sets of images

with the large circular inclusion in Phantom D, among
produced lateral displacement maps, the one generated
by the STREAL method shows clearer features pertain-
ing to presence of a large circular inclusion located in
the middle. These observations are indicative of the
accuracy of the STREAL method in producing accu-
rate lateral displacement maps. Figure 8 illustrates the
phantom strain images obtained using the GLUE, SOUL,
and proposed STREAL techniques. This figure shows
that the proposed method is capable of generating sub-
stantially better-quality axial strain and superior quality
lateral strain compared to both the GLUE and SOUL
methods. Generally, axial strain images generated by the
STREAL method are less noisy while they include less
artifacts compared to the ones produced by the other
two methods. As for the lateral strains, judged by the
quality of the known phantoms’geometry characteristics
produced by the STREAL method compared to the other
methods, it can be concluded once again that the qual-
ity of the lateral strain maps obtained by the STREAL
method is more favorable.

The calculated SNR and CNRs based on background
and target areas of the tissue-mimicking phantoms
shown in Figure 8 are presented in Table 4. On average,

this table shows that the STREAL technique is success-
ful in improving the SNR and CNR of axial strain images
of the phantoms by 44% and 63%, respectively, com-
pared to the GLUE and SOUL techniques. The results
also show that the STREAL technique is even more
effective with lateral strain images of the phantoms with
130% and 435% improvement in the SNR and CNR,
respectively. Table 5 shows the similarity between the
displacement fields generated through the in-silico sim-
ulation of the phantoms and corresponding fields com-
puted using the GLUE, SOUL, and STREAL methods.
It also shows the range of percentage improvements of
the similarity values obtained using the STREAL method
over corresponding values obtained from the GLUE and
SOUL methods at 7—84% and 26—140% for axial and
lateral displacement images, respectively. Once again,
these results indicate that while compared to the GLUE
and SOUL methods, the STREAL method leads to some
improvement in the accuracy of axial displacements, it
leads to highly favorable quality lateral displacements.
Overall, the phantoms show a high level of improve-
ment in their displacement fields, while an exception is
Phantom D which shows the least amount of improve-
ment. This is anticipated as the thickness of the breast
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TABLE 4 Calculated SNR and CNR metrics for axial and lateral strain images of the four phantoms

SNR CNR
Phantom Image GLUE SOUL STREAL GLUE SOUL STREAL
A Axial Strain 8.7 15.9 18.8 5 5.2 10.4
Lateral Strain 2.7 2.5 13.2 0.8 0.8 12.3
B Axial Strain 3.9 4.2 71 1.1 1 2.1
Lateral Strain 1.7 2.1 3.2 1.4 1.2 1.9
C Axial Strain 9.1 8.9 9.1 4.5 3.2 4.6
Lateral Strain 2.2 1.6 2.6 1 0.8 3.3
D Axial Strain 8.5 9.3 11.6 3.6 24 3.6
Lateral Strain 3.3 4.2 3.7 0.8 1.2 0.8
Improvement for Phantoms Axial Strain 59 + 44% 29 + 25% 50 + 49% 76 + 29%
Lateral Strain 127 + 154% 133 + 173% 426 + 591 444 + 28
Clinical Cases 1 Axial Strain 1.63 1.63 2.39 1.70 1.72 3.42
Lateral Strain 1.08 1.1 1.53 0.16 0.16 0.22
Clinical Case 2 Axial Strain 1.21 1.21 3.29 1.12 1.12 4.81
Lateral Strain 0.83 2.14 2.95 0.42 3.33 3.96

TABLE 5 Similarity between displacement fields generated by the in-silico simulation of the tissue mimicking phantoms and corresponding

fields computed by the GLUE, SOUL, and STREAL methods

NCC with the generated counterpart using in-silico simulation

Phantom Image GLUE SOUL STREAL
A Axial Displacement 0.9917 0.9919 0.9925
Lateral Displacement 0.5907 0.3695 0.8881
B Axial Displacement 0.921 0.92 0.9213
Lateral Displacement 0.4302 0.5183 0.7909
C Axial Displacement 0.8887 0.8384 0.8894
Lateral Displacement 0.4944 0.3795 0.6601
D Axial Displacement 0.9531 0.8919 0.9643
Lateral Displacement 0.4909 0.4138 0.5234
Improvement for Phantoms Axial Displacement 0.3+ 0.5% 4+ 3%
Lateral Displacement 44 + 28% 73 +42%

phantom D was very limited, hence the semi-infinite
medium model was not effective. Such a small thick-
ness is less likely to be encountered in typical breasts,
hence the proposed method is generally expected to
offer substantial improvement in clinical applications.

3.3 | Clinical Breast Ultrasound
Elastography Case Study

Figure 9 shows breast B-mode images of the two clinical
cases. The axial and lateral strain images generated by
the GLUE, SOUL and STREAL methods for these clin-
ical cases are shown in Figure 10. Visual assessment
of this figure indicates that the axial and lateral strain
images generated by the STREAL method compared to
the other methods are generally less noisy while their

background regions are more uniform. Furthermore, in
Case 2 where the tumor is centered within the FOV,
unlike GLUE and SOUL, STREAL shows that the lateral
strain is predominantly tensile. The latter observation
is more consistent with what is expected according to
Poisson effect. Quantitative assessment of the data per-
taining to the clinical cases based on the bottom rows
of Table 4 demonstrate that STREAL leads to substan-
tial improvement in the SNR and CNR of both the axial
and lateral strain estimates compared to GLUE and
SOUL.

4 | DISCUSSION

In this work, we presented a novel method for computing
tissue displacement and strain fields generated in typical
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FIGURE 9

US imaging. The method was designed for applications
in quasi-static USE, including breast, prostate, and
liver elastography. In addition to enhancement of axial
displacement images where the field has already made
substantial progress, a major feature of the proposed
method is its ability to obtain accurate lateral displace-
ment and strain images. The proposed method attempts
to take full advantage of available constraints governing
the tissue mechanics. In addition to enforcing displace-
ment field continuity conditions, this technique utilizes
tissue biomechanics principles for further improvement
of strain image accuracy. The principles include tissue
incompressibility and deformation compatibility which
are incorporated in the model to generate accurate
estimations of both axial and lateral displacement and
strain images. To enforce tissue incompressibility, we
developed a method which utilizes the Boussinesq
semi-infinite analytical model to estimate the out-of-
plane strain component before its incorporation in the
general tissue incompressibility equation. To our knowl-
edge, we are the first group to consider an estimate
of the out-of-plane strain in tissue 2D motion tracking
pertaining to USE. After enforcing tissue incompress-
ibility, the proposed technique enforces the fundamental
deformation compatibility equation to further enhance
the strain field. While other investigators have utilized
this equation to assess the quality of estimated dis-
placement fields? to our knowledge, the STREAL
algorithm is the first to incorporate the compatibility
equation for strain field refinement. Unlike other meth-
ods where continuity based regularization is imposed
at the RF data processing stage 3334404144 the pro-
posed technique is formulated to improve previously
estimated displacement and strain images irrespective
of their source and imaging modality. While we used
initial displacement fields generated using the GLUE

Clinical Case 2

Length (mm)

(ww) yideq

B-mode images of two clinical cases where the red outlines show tumor areas

technique in this work, using less regularized fields also
led to highly accurate results.

In breast USE, the breast can be idealized as a
semi-infinite medium and out-of-plane strain can be
analytically calculated using the Boussinesq model. We
first used this idealization with synthetic displacement
data obtained from a simulated breast after it was con-
taminated with realistic noise. The results shown in
Figure 4 indicates that the method is successful in
almost entirely eliminating the noise of the displace-
ment fields while Figure 6 shows very good ability to
recover both of the axial and lateral strain images after
highly exaggerated contamination with noise. Further-
more, Table 3 shows increasing similarity between the
“ground truth” displacement and strain images and their
image counterparts obtained through the successive
steps of the proposed method. The increase of simi-
larity for the lateral displacement and strain images is
more remarkable. The in-silico breast model represents
a reasonable breast model in terms of geometry and
material behavior. Hence, the semi-infinite model used
to develop the incompressibility equation in this work
is anticipated to be effective with clinical data as long
as the breast is large enough and the probe position is
far from the breast’'s peripheral region. The presented
formulation involves weight factors pertaining to axial
and lateral data in addition to tissue incompressibility.
In this investigation, we attempted to find the optimal set
of these factors, however, further investigation and more
rigorous methods are required to find a robust set that
can be reliably used in the clinic.

The proposed method was further validated using
tissue-mimicking phantoms, including breast-shaped
and block-shaped phantoms, with one or several inclu-
sions. Figures 7 and 8 indicate that, in all phantom
cases, the proposed method produces substantially
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FIGURE 10 Axial and lateral strain images of the two clinical cases generated using the GLUE, SOUL, and STREAL techniques. The red

outlines show the tumor areas based on the B-mode image

better and superior strain images compared to the GLUE
and SOUL techniques for the axial and lateral directions,
respectively. For example, in Figure 8, while the axial
strain images obtained by the STREAL technique show
only subtle improvement compared to images obtained
by the GLUE and SOUL techniques, the lateral strain
images obtained by show clear improvement judged
by their symmetry in the symmetric phantoms A, C
and D. Furthermore, for the tissue mimicking phantoms,
Table 5 shows higher similarity between the “ground
truth” displacement images and their image counter-
parts obtained through the proposed method compared

to those obtained with the GLUE and SOUL methods.
The increase of similarity for the lateral displacement
images is more remarkable. Results of the clinical cases
shown Figure 10 indicate that the STREAL technique
can improve axial and lateral strains as, compared to
the images produced using the GLUE and SOUL meth-
ods, the background region is more uniform while the
tumor area is more distinguishable. Compared to the
phantom cases, the visual improvement in the clini-
cal cases is less clear. This can be attributed to two
factors. One is the more complex stiffness distribu-
tion in the clinical cases where muscle, ligament and

85U8017 SUOWWOD BAIEaID (dedl|dde 8Ly Aq peusenob ae Sa(oiie YO ‘8sN JO Sa|nJ 0} ARiq1T8UIIUO AB]IM UO (SUONIPUOD-PL-SUWLBY WD A8 | 1M AReid| Ul [Uo//Sdny) SUONIPUOD pue SWB | 8L 8eS *[1202/20/ST] U0 Afeiqiaul|uo A8 (1M ‘UOISIAOIG BpeLeD aUe.I00D A OTTIT dW/Z00T 0T/I0p/u0o" A3 1M AseIq 1 pul|uo widee//Sdiy Wo.j pepeo|umod ‘Y ‘€202 ‘60ZVELYZ



IMPROVED MOTION TRACKING METHOD IN USE

blood vessel regions exist, and the other is the gen-
eral weakness of strain imaging in capturing tissue
stiffness distribution with complex tissue geometry and
stiffness distribution situations. Therefore, it is antici-
pated that using the improved strain images obtained
from the STEAL method within full inversion based elas-
tography framework can lead to better visualization.5?
The tissue-mimicking study results also indicate that
the proposed method produces higher quality strain
images compared to the GLUE and SOUL techniques
as, according to Table 4, there is lateral strain SNR
improvement of 127 + 154% and 133 + 173% and CNR
lateral strain improvement of 426 + 591 and 444 + 28
over the GLUE and SOUL methods, respectively. It is
also noteworthy that although the lateral strain images
generated using the STREAL technique are substan-
tially dissimilar to the ones generated using the GLUE
and SOUL methods, the STREAL technique is substan-
tially more successful in generating lateral strain images
that capture mechanically plausible patterns consistent
with the phantoms’ geometry and stiffness distribution.
For example, Figure 7 shows clear antisymmetric dis-
placement patterns w.r.t the vertical centerline of the
phantoms while showing clear characteristics consis-
tent with the shape and size of the inclusions. Moreover,
Figure 8 shows that lateral strain images generated by
the STREAL method is the only one among others that
exhibit high consistency with the phantoms’ geometry
and stiffness characteristics. This conclusion is sup-
ported by the measured displacement image similarity
with corresponding ground truth images which indicates
lateral displacement estimation accuracy improvement
of 44 + 28% and 73 + 42% compared to the GLUE and
SOUL, respectively. The improvement in the strain fields
generated by STREAL is less obvious in the clinical
cases. This can be attributed to the natural heterogene-
ity of both of the background and tumor tissues, US
probe location on the breast and inherent limitations of
strain imaging. Nevertheless, the clinical cases indicate
similar trend in capturing main features of the breast
tissue mechanics. For example, in Case 2 where the
tumor is centered within the FOV, consistent with the
Poisson effect, the lateral strain in the tumor area is pre-
dominantly tensile in contrast to corresponding strains
generated by GLUE and SOUL where the correspond-
ing strain is predominantly compressive. Therefore, while
the GLUE and SOUL methods are capable of producing
reasonably accurate axial strain images, the quality of
their lateral strain images are generally low. In contrast,
the proposed method is very promising in producing
accurate lateral strain images. This can have a tangible
impact in improving Young’s modulus images generated
using inversion techniques as the image reconstruction
is generally known to involve an ill-posed inverse prob-
lem, hence it can benefit substantially from availability
of additional high quality data.®? Such measured data
enrichment can potentially facilitate the development of

MEDICAL PHYSICS =2

more sophisticated elastography techniques targeting
reconstruction of more realistic model (e.g. anisotropic
tissue model) parameters.

Figure 5 indicates that using the Boussinesq model
to enforce tissue incompressibility demonstrated sub-
stantial improvement in estimating displacement and
strain over using simple models such as the plane strain.
However, depending on the breast geometry, including
its size, tumor size and location within the breast, and
the location of the US probe w.r.t breast, the improved
accuracy provided by Boussinesq model may decrease.
More improved accuracy may be achieved by consider-
ing more realistic breast geometry and improved models
to estimate the out-of-plane strain distribution before
incorporation in the fundamental incompressibility con-
straint. A notable limitation of the proposed method is its
foundation on linear elasticity which assumes small tis-
sue deformation. This implies that it cannot be used for
elastography techniques aimed at reconstructing tissue
hyperelastic parameters.

5 | CONCLUSION

Based on the validation carried out in this investi-
gation, which included various breast phantom USE
cases and two clinical breast USE cases, the pro-
posed method appears to be very effective in producing
improved estimate of tissue displacement and strain
images. Compared to improvement of the axial displace-
ment and strain components, the improvement is highly
remarkable for the lateral component. While the method
shows promise for clinical applications, further investi-
gation with several clinical cases is necessary for rig-
orous assessment of the method’s performance in the
clinic.
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APPENDIX: DERIVATION OF
EQUATION 10
According to Hooke’s law:

€11 1 -V -V 0 0
€0 v 1 —v 0 0
€33 11-r —v 1 0 0
vos| E 0 2+2» 0 0
Y13 0 0 0 0 2+2y 0
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o
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Here, indices 1, 2, and 3 pertain to x, y, and z coordi-
nates, respectively. The above leads to the following for

]

0 0 O
0 0 O

E and v in terms Lame’ parameters are as follows:

U3+ 2u) A
E: _— d = —
A+u andy 2(A+u)

Substituting the above in A2 leads to:
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