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Abstract—Ultrasound elasticity imaging aims to reconstruct
the distribution of elastic modulus (e.g., Young’s modulus)
within biological tissues, since the value of elastic modulus is
often related to pathological changes. Currently, most elasticity
imaging algorithms face a challenge of choosing the value of the
regularization constant. We propose a more applicable
algorithm without the need of any regularization. This algorithm
is not only simple to use, but has a relatively high accuracy. Our
method comprises of a nonrigid registration technique and tissue
incompressibility assumption to estimate the two-dimensional
(2D) displacement field, and finite element method (FEM) to
reconstruct the Young’s modulus distribution. Simulation and
phantom experiments are performed to evaluate the algorithm.
Simulation and phantom results showed that the proposed
algorithm can reconstruct the Young’s modulus with an
accuracy of 63~85%.

[. INTRODUCTION

Ultrasound elasticity imaging has received much attention
in the past two decades. It can provide mechanical property
(e.g., elasticity or elastic modulus, such as Young’s modulus)
information and help distinguish diseased part from normal
soft tissue. Elastography using a quasi-static compression [1]
is the most established approach. It typically estimates the
strain within the tissue, which could be interpreted as an
indirect measure of Young’s modulus distribution, under the
assumption of a constant stress field within the tissues [1].
However, the stress within the tissues decreases with depth
and concentrates at the boundaries of inclusions [1]. The
assumption of constant stress induces artifact which may
compromise the diagnostic quality [2]. Consequently, many
researchers are devoted to the reconstruction of elasticity
distribution [2-6].

The reconstruction of elasticity is an inverse problem [4].
Most inversion schemes assume that tissues are linear elastic,
isotropic, continuous and incompressible [2-5]. Besides, most
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researchers reduce the three-dimensional (3D) elasticity
problem to a two-dimensional (2D) problem, using either a
plane-strain [2] or plane-stress [6] approximation. The
relative Young’s modulus can be reconstructed from the
displacement field by either direct or iterative methods. The
iterative method is found to be more robust than the direct
method [4]. However, a regularization term is needed, and the
value of the regularization parameter has significant effects on
the reconstruction results [7]. It is difficult to obtain the
optimal regularization parameter in practice.

The purpose of this study is to develop a more applicable
algorithm that does not need any regularization. Meanwhile
our algorithm still possesses acceptable reconstruction
accuracy. In this paper, the nonrigid registration technique
based on the B-spline model [8] and tissue incompressibility
assumption [9] are used to estimate the 2D displacement field.
Then, the finite element method is used to reconstruct the
Young’s modulus. The proposed method is tested in
simulation and experiments on standard elasticity phantoms.

II. METHODS

A. Displacement estimation

Precise calculation of displacement field is the foundation
of elasticity imaging [7]. Suppose the pre- and post-deformed
RF signals are /,(X,y) and /,(X,y) , where x and y stand for
axial (i.e., along the ultrasound beams) and lateral (i.e.,
perpendicular to the ultrasound beams and in the imaging
plane) directions, respectively. Axial displacement v(X,y)
and lateral displacement u(X,y) are the variables to be
calculated. Under the assumption of a plane strain problem,
the displacement in the elevation direction (i.e., perpendicular
to the imaging plane) is zero. The nonrigid registration
technique based on the B-splines model, previously used in
MRI [8] and ultrasound [10] image registration, was utilized
in this study to estimate 2-D displacement field. The main idea
of this approach is to deform /,(X,y) by B-splines to

approximate /, (X,y) as much as possible.

We denote ¢; ; with size of 7, X 7, as axial displacement’s
parameter, and denote b, ; with the same size as lateral
displacement’s parameter. 77, and 7, are the respective

number of uniformly-spaced knots in the lateral and axial

directions, respectively. Then, the axial and lateral
displacement fields can be presented as
3 3
V(x’y) = Zzai+m,j+nB)71(p)Bn(q) (1)

m=0 n=0
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m=0 n=0

where i =[x/n]-1, j=[y/n]-1, p=x/n,—[x/n],
g=y/n,—[y/n,] and B, stands for the m-th basis

function of the B-spline. The nonrigid registration
algorithm is a typical optimization technique which
minimizes the cost function with respect to the estimated
displacement. The sum of squared differences (SSD)
criterion [10] is chosen as the cost function here.

C:Z(]I(x,y)—lz(x+u,y+v))z 3)

The parameters a,, and b, are optimized with

Gauss-Newton method to minimize the cost function C. Both
axial and lateral displacements are then calculated from Egs.
(1) and (2). However, the lateral displacement estimation is
much noisier than the axial one, due to lower resolution, lower
sampling frequency and lack of phase information in the
lateral direction [9] [11]. The assumption of 2D plane strain
and incompressibility is then used to estimate more accurate

lateral displacement, by utilizing the constraint condition [9]
ou Ov
Z+2==0 @)
ox 0oy

The term ? can be obtained from the partial derivative of
y

Eq. (1). Combing Eq. (4) and the partial derivative of Eq. (2),
the lateral displacement’s parameters b, ; are then calculated

using the least squares technique. Finally, the Ilateral
displacement is obtained by substituting b, ; into Eq. (2).

B. Elasticity reconstruction

The estimated displacement field is used as the input of the
elasticity reconstruction algorithm. Nevertheless, the
elasticity cannot be derived by the displacement field alone
[12]. Either the stress distribution or the elastic modulus must
be measured along a sufficient portion of the boundary [12].
The Young’s moduli around a region of interest (ROI) are
assumed to be an arbitrary constant in our model [13].
Uniform rectangular elements are used in our FEM inversion
model. Boundary node forces are calculated firstly by solving
a 2D forward problem. The elastic moduli of elements around
the boundary of ROI are set to an arbitrary constant (1 in our
model). The Poisson ratio is set to be 0.495 throughout the
ROI under the near-incompressibility assumption [2].

Figure 1. Elements around the boundary of ROL.

Considering these elements alone as an object (Fig. 1), the
node forces can be calculated by

Kbuundw'ydboundw'y = f (5)

where K, > d and f are the global stiffness

matrix, the global nodal displacement vector and the global
nodal force wvector of boundary, respectively. Node
displacement d can be obtained from the estimated

boundary

boundary

displacement field. K can be assembled by each

boundary
element with the known node position, Young’s modulus and
Poisson ratio.

Then, the Young’s modulus distribution within the ROI is
calculated by solving an inverse problem. Unlike the forward
problem in the FEM, the Young’s modulus of each element
becomes unknown in the inverse problem. Hence, the
Young’s modulus vector E is the variable to be solved. Now,
consider all the elements within the ROI as an object. Denote
the number of elements and nodes as N.uens and Noodes
respectively. Extract Young’s modulus vector E from the
multiplication of the global stiffness matrix K , and the

displacement vector d. The left term of Eq. (5) becomes
K, d=DE (6)
Here, the size of D is 2N,,4. X Nejomenss While the size of E is
Nejemen: < 1. For more details about the procedure of assembly
of matrix D, readers can refer to [5]. For the quadrilateral
element used in this method, N, is greater than Nejepe,,. The

Young’s modulus vector E is solved by the least square
method

E = (DTD) \ Dbeoundarjv (7)
The boundary nodal force vector f,,,,,, is @ subset of f

which has been solved in (5).

ITII. RESULTS AND DISCUSSION

A. Simulation Study

To evaluate our algorithm, a model with known elastic
moduli was simulated with finite element analysis software
(FEMLAB 2.3, Comsol Inc. Burlington, MA). The model was
linear elastic, isotropic, incompressible and in plane strain
state [2, 4]. Three inclusions with diameter of Smm were
simulated. The Young’s moduli of the inclusions and the
background were 60 KPa and 20 KPa, respectively. The
whole size of simulated images was 38 mmx38 mm.

A 1% axial compression was applied to the model, with a
perfect slip boundary. Randomly-distributed ultrasound
scatterers were simulated within the ROI, and then the
displacements of all the scatterers were calculated from finite
element analysis. Consequently, the pre- and post-deformed
RF signals were simulated using Field II simulation software
[14]. A linear array was simulated, with a 10 MHz center
frequency and 32 MHz sampling frequency.

The displacement fields are calculated from the simulated
RF signals using nonrigid registration. The errors of axial and
lateral displacement are 0.0025 + 0.0010 and 0.0128 + 0.0039
mm (mean + standard deviation), respectively. The result of
the displacement has both advantages of high precision and
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smoothness, partially due to the use of the B-Spline model, as
precise displacement estimation is the foundation of elasticity
reconstruction [7].

Figure 2 compares the simulated and reconstructed relative
Young’s modulus distribution. The theoretical relative
modulus of inclusions is 3. The mean value of reconstructed
modulus of the inclusions is 1.89, and the standard deviation is
0.49. The error of reconstructed relative Young’s modulus of

the whole image is 0.18 + 0.35 (mean + standard deviation).
Theoretical Elasticity Elasticity Reconstruction
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Figure 2. The true relative moduli in simulation (left) and the relative moduli
reconstructed with FEM inversion method (right).
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Figure 3. Reconstructed Young’s moduli of different mesh size with
theoretical value along the line A-A’.

Figure 3 shows the comparison of reconstructed Young’s
moduli of different mesh sizes with theoretical value along the
line A-A’ (Fig. 2). The mesh sizes are 0.24x0.24, 0.60%0.60,
1.10x1.10mm’ (heightxwidth), respectively. The
reconstructed moduli of inclusions are 1.89+0.16, 1.86+0.16,
1.80+0.15. A lager mesh size induces less accuracy.

B. Phantom Study

Experiments were performed on a tissue mimicking
elasticity QA phantom (model 049A, CIRS Inc., Norfolk, VA,
USA) (Fig. 4). The Young’s moduli of inclusions and
background were 80+12 KPa and 25+6 KPa, respectively.
Experiments on two different moduli of inclusions were also
studied on a multi-purpose tissue mimicking phantom (model
040GSE) (Fig. 6). The Young’s moduli of the inclusions were
40 KPa and 60 KPa, respectively. The background’s modulus
was 24 KPa. The material of these two phantoms was
described as solid-elastic with tissue-like acoustic properties.
The raw RF signals were recorded at a sampling frequency of
32 MHz with an iU22 ultrasound system (Philips Medical
Systems, Bothell, WA, USA), equipped with an L9-3 linear
array transducer.
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Figure 5. The reconstructed relative Young’s moduli overlaid onto the
B-mode images with four different sizes of inclusions.
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Figure 6. The selected ROI of the multi-purpose phantom (model 040GSE)
(left), and the reconstructed relative Young’s moduli (right).

Figure 5 shows the relative Young’s modulus
reconstruction results of 4 different inclusions with diameter
of 2.5 mm, 4.1 mm, 6.5 mm and 10.4 mm, respectively. The
inclusions’ positions in the reconstruction results fit well with
the B mode images. However, one of the drawbacks of this
algorithm is the smoothing effect of the modulus value. For
further analysis of the reconstructed modulus value, we
manually segmented the inclusions on the B-mode images,
and quantitatively compared the relative Young’s moduli of
these inclusions with the reference values (i.e., 3.2).

For the phantom model 049A (Fig. 5), The four inclusions’
relative Young’s moduli are reconstructed as 2.44 £ 0.19, 2.45
+ 0.22, 2.63 £ 0.28, 2.71 £ 0.25 (mean value + standard
deviation) corresponding to the diameters of 2.5 mm, 4.1 mm,
6.5 mm and 10.4 mm, respectively. The reference relative
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Young’s moduli of inclusions are approximately 3.2. For the
phantom model 040GSE (Fig. 6), the two inclusions’ relative
Young’s moduli are reconstructed as 1.40 + 0.16 and 2.12 +
0.29 corresponding to the reference value of approximately
1.67 and 2.5, respectively.

However, one drawback of this algorithm was the
smoothing effect of the inclusions’ edge on the reconstructed
modulus image. The reasons of the smoothing effect lie in two
aspects. Firstly, the modulus is related to strain tensors and
their derivatives [6]. The displacements obtained from
nonrigid  registration are low-pass filtered. @ The
high-frequency noises together with high-frequency strain
information are filtered out. So the high-frequency
components in the modulus distribution are eliminated. The
edges of inclusions related to the high-frequency components
are therefore smoothed. Secondly, the strain is assumed to be
linear within each element in our finite element inversion
model. The high-frequency components of strain have not
been taken into consideration. These two aspects lead to the
reconstruction results’ smoothing effect and resultant lower
reconstruction value than true value of inclusions.

The experiments showed that our algorithm is capable of
reconstructing the relative moduli of more than one inclusion,
with the same (Fig. 2) or different moduli (Fig. 6). The relative
Young’s moduli reconstructed with our algorithm are close to
or slightly better than those with the iterative method using
regularization [7]. Yet, without regularization and iteration,
our method is not only simple to use, but also fast. The
reconstruction time of each image is less than 30 sec in Matlab
(MathWorks, Inc., Natick, MA, USA). These advantages
make our algorithm more applicable in practice.

We applied the nonrigid registration technique with
B-splines model to ultrasound RF signals, instead of B-mode
images [10]. RF signals are known to provide a high
resolution, accuracy and precision in displacement estimation
[1]. In order to avoid the local minima of the optimization
process of displacement estimation, an initial displacement is
required to start optimization. We utilized the
cross-correlation technique [1] to obtain the coarse
displacement as the initial displacement for the optimization
process.

Besides the estimated displacement, the size of the element
also influences the result of elasticity reconstruction. The
element of 0.24 x 0.24 mm” is used in both simulation and
phantom experiments. As shown in Fig. 3, the smaller the size
of element is, the more precise and smoother elasticity can be
reconstructed. However, the use of a smaller element size
costs more computation time and memory space. We should
choose a suitable element size to balance the reconstruction
precise and computation time.

There is no known boundary force or Young’s modulus
used in our algorithm, so we can only reconstruct the relative,
rather than absolute, Young’s modulus [12]. Nevertheless,
another feature of our algorithm is no need to concern the
boundary force. This avoids the errors introduced by the
assumption of zero normal traction in the boundaries [4, 7].
However, when the Young’s moduli on the edge of ROI are
not equal, our algorithm may cause certain error. Such error

could be minimized by carefully choosing the ROI on B-mode
and/or strain images.

IV. CONCLUSION

In this study, we develop a more applicable modulus
reconstruction method for ultrasound elasticity imaging. We
utilize B-spline based nonrigid registration technique and
tissue incompressibility to estimate 2D displacement from
ultrasound RF signals. After calculated, the displacements are
used to reconstruct each element’s Young’s modulus with
FEM. Each element’s relative modulus value can be directly
obtained without any regularization. The results of simulation
and phantom experiments suggest that this algorithm is
applicable and can provide accurate results. Future work will
involve the improvement of the accuracy of our algorithm and
application of the proposed algorithm in in-vivo experiments
on human subjects.
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