)

Check for
updates

A New Ultrasound Elastography Displacement
Estimation Method for Mobile Telemedicine

Hong-an Lil, Min Zhangl, Keping YuZ2®D Xin Qiz, Li Zhen?, Yi G0ng4’5,
and Jianfeng Tong®

1 College of Computer Science and Technology, Xi’an University of Science and Technology,
Xi’an 710054, China
2 Global Information and Telecommunication Institute, Waseda University,
Tokyo 169-8050, Japan
keping.yu@aoni.waseda.jp
3 School of Communications and Information Engineering, Xi’an University of Posts and
Telecommunications, Xi’an 710121, China
4 School of Information and Communication Engineering, Beijing University of Posts and
Communications (BUPT), Beijing, China
5 Global Big Data Technologies Center (GBDTC), University of Technology Sydney (UTS),
Sydney, Australia
6 School of Information Science and Technology, Northwest University, Xi’an 710127, China

Abstract. Traditional medicine requires doctors and patients to engage in face-
to-face palpation, which is a great challenge in underdeveloped areas, especially in
rural areas. Telemedicine provides an opportunity for patients to connect with doc-
tors who may be thousands of miles away via mobile devices or the Internet. When
using this method, elastography is a crucial medical imaging modality that maps
the elastic properties of soft tissue, which can then be sent to doctors remotely.
Ultrasound elastography has become a research focus because it can accurately
measure soft tissue lesions. Displacement estimation is a key step in ultrasound
elastography. The phase-zero search method is a popular displacement estima-
tion method that is accurate and rapid. However, the method is ineffective when
the displacement is more than a 1/4 wavelength. The block-matching method can
address this shortcoming because it is suitable for large displacements, although it
is not accurate. Notably, the quality-guided block matching method has exhibited
good robustness under complex mutational conditions. In this paper, we propose a
novel displacement estimation method that combines the block-matching method
and the phase-zero search method. The block-matching method provides prior
knowledge to increase the robustness of the phase-zero search under large dis-
placement conditions. The experimental results show that our method exhibits
stronger robustness, more accurate results, and faster calculation speed.
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1 Introduction

In recent years, with the development of modern communication technology,
telemedicine using mobile devices or the Internet has developed rapidly. This has brought
great convenience to people in underdeveloped areas, even in rural areas. We can even
conduct telemedicine consultations through mobile devices at home. We have seen
national health authorities start to focus on E-health services such as E-health cards,
electronic medical records and health portals, including the English NHS Direct Online,
the German Telematics Platform, and the Danish Sundhed.dk. [1-3]. Blockchain tech-
nology is suitable for applications where independently managed biomedical/medical
stakeholders (such as hospitals, suppliers, patients, and payers) wish to collaborate with-
out ceding control to a centrally managed intermediary [4—7]. Traditional medicine relies
on palpation to feel the size, shape or firmness of soft tissue, but this technique cannot
provide accurate or concrete analysis. The firmness of biological soft tissue can pro-
vide important evidence for the early diagnosis of a nidus, especially for the diagnosis
of tumors [8]. Ophir J. proposed the ultrasonic elastography method [9, 10], which is
different from the traditional ultrasonic imaging method in that it can reflect the physi-
cal information of soft tissue through images, such as the Young’s modulus. However,
the traditional ultrasound imaging method provides only a reflection of the acoustic
impedance of soft tissue. The conventional ultrasound imaging method has a limited
ability to distinguish soft tissues with small differences in acoustic impedance, and it is
prone to interference from various factors in the detection of deeper tissues of the body.
Ultrasound elastography technology can address this deficiency. Ultrasound elastogra-
phy has become a research topic of interest in the field of ultrasonic imagery both at
home and abroad, and various improved ultrasonic imaging methods have emerged, such
as O’Donnell M.’s envelope cross-correlation method [11], Sarvazyan A.P.’s method of
shear wave elastography [12], Fatemi M.’s acoustic radiation imaging method [13],
Varghese T.’s time-domain stretching method [14], and Sarvazyan A. P.’s alternating
strain estimation method [15].

Using Ophir J.’s method, we can create a slight deformation of the tissue (1% to 2%)
by applying alittle pressure and collect an ultrasonic signal before and after the procedure
through an ultrasonic device. Using a time-domain cross-correlation to compare the
two sets of signals, we can obtain the displacement of each point in the tissue and
calculate the displacement difference to obtain the tissue strain; the reciprocal of the
strain is used to appropriately represent the physical attributes of the tissue. Although
we cannot quantitatively measure the tissue elasticity with Ophir J.’s method, we can
clearly distinguish tissues with different hardness levels. The accuracy of time-domain
cross-correlation is subject to the ultrasonic frequency, the sampling rate and the signal-
to-noise ratio and is more sensitive to the sampling rate when the signal-to-noise ratio
is high.

In O’Donnell M.’s method, the signal envelope cross-correlation method is used to
calculate the tissue displacement [11]. In this method, a Hilbert transform is performed
on the collected RF to obtain the analytical signal, and the analytical signal is cross-
correlated. By analyzing the phase of the analytical signal cross-correlation function, the
displacement data of the tissue can be obtained. Due to the periodic characteristics of the
phase, this method can only be used when the maximum displacement is less than a 1/4
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wavelength. When the displacement is greater than a 1/4 wavelength, phase cancellation
will occur and produce an incorrect displacement. To circumvent this limitation, Shiina T.
proposed a CAM (Combined Autocorrelation Method) [16, 17], which expanded the
application scope of the method. However, the CAM requires a large amount of
computation and is greatly affected by noise.

The block-matching method is widely used in video compression and video tracking
applications [18]. It divides the target frame into blocks of the same size. For each
block, the best matching position is found in the reference frame (usually the adjacent
frame of the target frame). There are many measures of matching degree, including SAD
(Sum of Absolute Differences), MSD (Mean Square Differences) and NCC (Normalized
Cross Correlation). The best matching location search methods include FS (Full Search),
TSS (Three-Step Search), NTSS (New Three-Step Search), and 4SS (Four-Step Search)
[19]. To narrow the search scope, the search can be carried out around the best matching
position that has been calculated for the adjacent blocks. However, because this search
method based on prior knowledge, it can lead to error accumulation and obtain intolerable
error results. In this paper, a quality-guided block matching method is adopted to improve
the computing speed and avoid the accumulation of errors.

In this paper, we take advantage of the technical merits of the quality-guided block
matching method and the phase-zero search method. We combine these two popular
methods into our new method to estimate the tissue displacement, achieving good experi-
mental results. The structure of this paper is organized as follows. Section 1 introduces the
current research background of ultrasound elastography in the E-health field. Section 2
presents the quality-guided block matching method and the phase-zero search method,
and our algorithm framework is outlined. The experiments and analysis are presented
in Sect. 3, and we compare our proposed model with two popular methods. Section 4
concludes this paper.

2 Algorithm Framework

2.1 Quality-Guided Block Matching

In our method, we take the sum of absolute differences (SAD) as the measurement of
matching degree, and it is defined as follows:

sAD = 3" 1AG. j) — BG, )] M
i=1 j=1

where m x n is the size of the block, A is the block to be computed in the target frame
and B is the block of the reference frame. Corresponding to the reference frames, the
best matchable position in block A(k, ) is:

k+m s+n
Bk +p',s+q) =argmin()_ Y "|AG,j) — Bl +p.j+ 9llp € (=a,a), q € (=b, b))

i=k j=s
(2)
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where (—a, a) is the transverse searching scope and (—b, b) is the vertical searching
scope. Meanwhile, we take the displacement of the points in block A as a vector (p/, ¢').
On the basis of the traditional block searchin, which computes the displacement of every
block by either row order or column order, using the result of the neighboring block of
the current block as a reference computes the displacement of the current block. Due to
the effect of noise, errors can accumulate continuously and even result in a large error
if there is a displacement error in one block.

The quality-guided block matching method [20] does not calculate the blocks in the
target frame in the order of row and column; it calculates the displacement of its neighbor
block by referring to the block with the highest matching degree at a given point in time.
Using this method can ensure that the more matchable block gets calculated first, and
the block that has more noise and easily results in error is computed last, thus avoiding
the transmission and accumulation of errors. The steps of this method are as follows:

Step 1. Select the starting block A and put it into the set S to calculate the displacement
and matching degree of block A;

Step 2. Find the most matchable block in set S and take it as the current block. If there
is more than one candidate, then randomly select from the candidates;

Step 3. Compute the displacement and matching degree of the current block;

Step 4. If there are neighboring blocks of the current block that have not been computed,
go to Step 5; otherwise, go to Step 7;

Step 5. If the neighboring block chosen in the last step was not in set S, initialize the
neighboring block with the displacement and matching degree of the current block, put
it into set S and go to Step 4. If it was in set S, go to Step 6;

Step 6. If the matching degree of neighboring block is higher than the current block, go
to Step 4; otherwise, update the displacement and matching degree of the neighboring
block with that of the current block and go to Step 4;

Step 7. Remove the current block from set S;

Step 8. If set S is not empty, go to Step 2, otherwise the steps are finished.

2.2 Phase-Zero Search

The phase-zero search first calculates the analytical form of the two frames of signals
before and after palpation, and then, it calculates the position of the phase-zero crossing
by using the cross-correlation of the analytical signals, i.e., the position of the maximum
value of the cross-correlation function.

The bandpass of the two signals x (#) and x;(¢) are described as:

¥ = At —11)e " Xy = At — 1p)e ™2 3)

The complex cross-correlation functions of the two signals are described as:

- 1 7
Cit)= 7/ @35+ vyde 4)
0
When t is 0, we can obtain the simplified form of the above expression:

C(0) = Tya(t)e'0® 5)
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where I"'44 (1) is an autocorrelation function of the signal envelope. The time delay of
signals x1(¢) and x> (¢) can be described with the above phase-zero search:

~1Im(C(0)
90 _ " Recop’
Tgp = —— = (CO (©6)
wo wo
The displacement is:
d=1pp-c @)

where c is the ultrasonic propagation velocity in the medium.

This method can obtain equal accuracy with oversampling by a lower calculation and
cause phase cancellation, resulting in a miscalculation of time delay when the displace-
ment is more than a half phase. Combining block-matching with a phase-zero search can
obtain an accurate displacement field after first computing a rough displacement with
block-matching that limits the error no more than a half phase. To clearly reflect the
physical characteristic of the tissue, we compute the strain field from the displacement
field with the gradient method. The algorithm framework is as follows (Fig. 1):

~ RFsignal Quality-guided
(Signal before and after —| Rough displacement
pressure) Block matching estimation

Hilbert transform

Block-matching Analytical signal

Phase-zero search

A

Accurate

displacement

Least square method

A 4

Distribution of strain

Fig. 1. The algorithm framework

3 Experiment and Analysis

A two-dimensional soft tissue model was created using Abaqus software, and this model
contained circular tissue that was four times harder than the surrounding tissue. Then,
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a 2% deformation is generated in the model, and a simulated RF signal is generated
by the consistent displacement generated by the deformation. In this set of simulation
data, the central frequency of the signal is 5 MHz, the sampling rate is 20 MHz, and the
maximum displacement is greater than twice the length of the ultrasonic wave. The CAM
[16, 17] and the traditional TDE (Time Delay Estimation) algorithm [21] are classical
and popular methods of the current displacement estimation methods. Therefore, this
paper uses these methods as a comparative experiment.

3.1 Combined Autocorrelation Method

To maintain simplicity, we consider only the axial displacement of the tissue (that is,
along the direction of the beam). Supposing that the signal distortion caused by tissue
deformation (the decorrelation of speckle structure) is locally ignored, the RF signal
measured before and after distortion can be modeled as

x(t) = u(t)e—j(wot—G)

(@) = u(t — TyeHont=m=0] )

where they are complex expressions and u, wo and t represent the envelope, the
carrier angular frequency and the time shift, respectively. We define the complex
cross-correlation function between x(¢) and y(t 4+ nT /2) as

0]
Ry (t; n) =/ x(t+v)y(t+nT/2+v)*xdv
—10/2

= Ru(t; T — nT /2)e Ie0T=nT/2)
(n=...—2,-1,0,1,2...) o

where T is an ultrasonic period and R, (#; T) represents the autocorrelation function of
the envelope. For the special case of, n = 0 Eq. 9 becomes:

t0/2 .
Ry (t;0) = [ x(t +v)y(t +v) *dv = R, (t; T)e /F (10)
—to/2
This expression corresponds to the output of the autocorrelation operator of a tradi-
tional Doppler system. The difference is that the Doppler method uses a moving average
filter instead of averaging the subsequent sequence. If the displacement § is less than a
quarter of the wave length, the displacement can be obtained by the phase shiftp = wpt:
) wT
8(t)=—Ar=—A 11
(0 o o 1D
It is impossible to estimate § unambiguously from Eq. 10 except by using a priori
knowledge about displacement or the standard simple form of expansion (only extending
the aliasing limit from A /4 to A/2).
To avoid fuzziness, the envelope correlation coefficient C,(¢; n) defined by Eq. 12
is adopted, but it also brings a certain amount of calculation.

Cu(t;n) = |ny(t; n)\
Ix(O)||y(r + nT /2)|

12)



290 H.Lietal.

According to Egs. 9 and 12, the two sets C,, and ¢ can be obtained for every time ¢:

(cor={c".....c;t el el
o) =™, ....0 " 0" 0" ..., 0" (13)

where C}; = C,,(t; n) and ¢" is the phase of Ry, (t; n). If M and N are designated large
enough, a component of {¢ (1)}, $* will not be wrapped because if it comes from the two
sequences x(¢) and y(z 4+ kT /2), the displacement ¢ between the two sequences is less
than /4. Meanwhile, C]} becomes the maximum at n = k. Therefore, the first step is
to determine the maximum value of C}; at n, after which the unwrapped phase shift can
be obtained as ¢ (n) = arctan(Ryy(n)), and the displacement § can be calculated from
Eq. 11. Finally, the strain along the beam direction s(¢) can be calculated as follows:

ds
st = — (14)

From the perspective of envelope correlation, the first step is similar to the speckle
tracing algorithm. The first and second steps can occur simultaneously through autocor-
relation processing, and C,, is computed only a few times; that is, N +M + I determines
the unwrapped region. So the processing speed is faster than the speckle tracking, and
the correlation coefficient is calculated by changing T many times.

In practice, as shown in Fig. 2, by using multiple autocorrelation processing units
in parallel, it should be possible to perform real-time processing similar to traditional
Doppler methods.

o QD & AC
|
| Detect unwrapped 7o) >
] QD & AC phase shift
Z
(0
QD & AC
Y
Z —
| QD & AC
\ Detect non-aliasing
zone
L .

QD&AC | \

(QD & AC : Quadrature detector & Autocorrelator) Phase shift component

Envelope correlation

Fig. 2. Combined autocorrelation method
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3.2 Time Delay Estimation

Time delay estimation is used to calculate the time delay of a reference signal and a
contrast signal in a period of time. As shown in Fig. 3, the time shift exists between the
reference signal and the contrast signal. The present TDE method has good performance
under high Signal to Noise Ratio (SNR). However, with the decrease of signal correlation,
the performance decreases, so the robustness is poor.

timeshift

S ——

echodepth

Fig. 3. Reference signal and delay signal

Because the tissue vibration is small and its orders of magnitude are usually mea-
sured in microns, the sampling frequency of common ultrasonic equipment cannot meet
the requirement. Therefore, a signal interpolation algorithm must be used to improve the
estimation accuracy of displacement. The interpolation algorithm is an important func-
tion approximation method. The spline interpolation finds a set of fitting polynomials
according to the existing data points. In the fitting process, a polynomial is used to fit
the curves for adjacent data points, which is mostly used in signal processing.

In signal processing, the mutual transformation of continuous and discrete signals is a
basic task, and the spline interpolation is the most suitable method. Schoenberg proposed
the theoretical basis of spline interpolation and introduced the B-spline curve. Spline
curves are represented by piecewise polynomials and connected together smoothly. Con-
nection points are called nodes. For an n-order spline interpolation, each segment of its
polynomial is an n-order, and each segment of the curve requires n + 1 coefficients. The
curvature of a cubic spline curve is the smallest, so it is mostly used in practice.

Let A be a division of [a, b], A -a =xy < x; < --- < X, = b. If S(x) satisfies:

a. S(x) € C?a, bl;
Si)=f(x),i=0,1,2,3,4;

c. S(x) is a polynomial of degree no greater than three in all subintervals and is a
polynomial of degree of at least one subinterval; then S (x) is a cubic spline function
that divides A.
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The cubic spline interpolation is typically used in signal processing because of the
balance between computation and accuracy. With spline interpolation, the discrete signal
can be expressed in a continuous form as a polynomial. Then, the original signal can be
interpolated by increasing the sampling frequency or by directly applying the polynomial
coefficient to the delay calculation.

The cubic spline is a piecewise cubic polynomial, and the first and second derivatives
of the node are continuous. The sampling result of signal r(iAt) can be expressed as

riAf) = pi(t) = a1® + bit> +cit + d; (15)

The third-order interpolation of the original data can obtain a balance between per-
formance and computation. The interpolation effect at a third order and above cannot be
optimized; the error increases and the computational efficiency decreases.

Let the reference signal and the contrast signal be x (n) and x; (n) respectively; the
expressions are as follows:

x1(n) = s(n) +vi(n), x2(n) = s(n) +va(n) (16)
The correlation function of the two signals is

Ria(7) = [E(x1(mx2(n — 1))| = Rys(t — D) + Ry, (T — D) + Ry, (7) + Ry v2(7)
a7

where vy (n) and v, (n) are noises; D is the time difference of reaching the sensor. In
engineering, the noise is independent of the signal, that is,

Ri2(t) = Rss(t — D) (18)

From the properties of related functions, the function reaches the maximum value at
T =D:

D = arg{max[Rss(t — D)]} (19)

where arg represents the independent variable of the function; max denotes the maximum
value of the function. The estimated value of D is obtained from the above equation
when the cross-correlation function is maximized. Based on this theory, the time-domain
cross-correlation is used to estimate the vibration displacement of the organization.

T—-1
Y s1(0sa(t +1)
k(@) = T—1 = T—1 (20)
Y Isi@ + 012 3 [s2(r + )12
k=0 j=0

where S is the reference RF signal; S5 is the signal after vibration; T is the window
size in the time domain; 7 is the axial time point, and the range of t is determined
by the longitudinal length of radio frequency echo data and the prior knowledge of
compression. This formula can be used to calculate the cross-correlation peak of the two
segments before and after compression, so the displacement of the tissues before and
after compression at different depths can be obtained by the offset of the cross-correlation
peak along the time axis.
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3.3 Estimation of Longitudinal Displacement

In the TDE method, RF signals are initially oversampled. When looking for the peak of
the cross-correlation function, the parabolic interpolation method is adopted. Figures 4
(a), (b) and (c) show the displacement field calculated by the TDE method, the CAM
method and our method, respectively, and Fig. 4 (d) shows the comparison between
the displacement distribution of the three methods on a longitudinal line and the real
displacement distribution.

(a) TDE (b) CAM (c) Ours
7 H Fy
o ' : /
—— True displacement | © : /i
8 cAM
—+=:- Ours
5 7
§
- [ | IURRUNS. - UUSUNRUN AUNURRER R - . N JRNNPUURL- NI
g
K|
& i
E 3k
2k
i
¥ :
0 I i i I I I i
(] 50 100 150 200 250 300 350
Depth
44 r
—— True displacement : ¥
-—- TDE :

CAM
==+ Ours

Axial displacement

i i i i H
200 210 220 230 240 250
Depth

(d) Displacement distribution in one line

Fig. 4. Displacement calculation comparison of three methods
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It can be seen that the method in this paper is closer to the real displacement distribu-
tion because the method in this paper takes the displacement of the neighboring points
as the prior information when calculating the displacement of a certain point, which
not only improves the accuracy but also greatly reduces the search scope, thus reducing
the amount of calculation and speeding up the calculation speed. To obtain the same
result as the method in this paper, the TDE method needs to carry out oversampling with
a very large amount of computation. There are also many redundant cross-correlation
calculations in the CAM method, and the half wavelength limitation cannot be broken.
To quantitatively analyze the accuracy of the three methods, we define the displacement
difference of the calculation results as:

" It; — true;)?
o= \/lel (resun, rue;) e

where result is the displacement field calculated, and true is the error of the three methods,
n is the number of samples. These results are shown in Table 1, which are 0.1156, 0.0798
and 0.0657, respectively. Obviously, the Displacement field error of this method is the
smallest, which indicated that the calculation result of this method is more accurate. This
is shown in Fig. 4, the method in this paper is closer to the real displacement distribution.

Table 1. Three methods of displacement field error

Method TDE |CAM |Ours
Displacement field error | 0.1156 | 0.0798 | 0.0657

3.4 Strain Estimation

To clearly indicate the physical characteristic of the tissue, we compute the tissue strain
on the basis of the gained displacement field with the least square method, namely, the
tissue strain is represented by a gradient. Figures 5 (a), (b), (c) separately represent the
results of the TDE, the CAM and the method in this paper. As seen from the figure, the
result obtained by the method in this paper is smoother, and the diseased tissue is easier
to distinguish. Figure 5 (d) shows the strain distribution at the midline position.

A comparative transport rate (CNR) is adopted to quantitatively analyze the lesion
degree resolution of the tissue of each method:

CNR = M~ Mt 22)

J©@F +a})/2

where my, o), are the mean and standard deviation of the background, and m;, o; are
the mean and standard deviation of the target. These are shown in Table 2. The CNRs
of the three methods are calculated as follows: 7.67, 26.08, 157.06. Obviously, after
comparison, the CNR of our method is the highest, which is the same as that shown in
Fig. 5.
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(a) TDE

(c) Ours

Strain

o SKD 1I;ID 1&0 Zl'ilﬂ ZS‘EI 300
Depth
(d) Displacement distribution in one line

Fig. 5. Strain comparison of three methods

Table 2. Three methods of comparative transport rate

Method | TDE | CAM | Ours
CNR 7.67 126.08  157.06

4 Conclusion

This paper presents a new displacement estimation method for ultrasound elastography,
namely, the QGBM + PS method. The experimental results show that this method can
accurately and efficiently calculate the displacement field and effectively solve the error
transmission problem when using prior information. In the future, this method will
be further optimized. For example, in the QGBM method, the determination of block
size can be adaptive. In the PS method, the results can be calculated by an iterative
method to make the results more accurate. In addition, a GPU array can be used to
accelerate the method to meet real-time requirements [22, 23]. With the development of
modern communication technology, telemedicine using mobile devices or the Internet
will become more popular.
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