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Abstract

This dissertation describes an implementation of speckle tracking algorithm for quantitative
tissue assessment with clinical application in orthopedics for identifying Adhesive Capsulitis
(AC) disease, and the method of mechanically induced shear wave elastography with a color
Doppler imaging. The implemented speckle tracking software was capable of visualizing layers
of tissue in the shoulder based on their velocity during a movement. In addition, Adhesion Index
(AdI) quantity was introduced as a novel measure of shoulder adhesion, which was calculated
from the velocity difference between subscapularis and the deltoid muscle of the shoulder. The
result suggested that motion limitation on the AC patient could be explained by the AdI because
the patient with restricted motion encountered a noticeable adhesion on the subscapularis. On the
other part, a method of color Doppler elastography by mechanically induced shear wave is
implemented. The capability of the method in resolving elasticity map of homogeneous and non-
homogeneous phantom is demonstrated. Since it does not need a precise control to the imaging
parameter, it can be implemented in standard commercially available ultrasound (US) machines.
The measurement results suggested that the accurate estimation of the shear wave velocity was
obtained. The merits of speckle tracking and mechanically induced shear wave elastography
methods are that quantitative parameters of tissue character are obtained non-invasively and that
all measurement data are obtainable by a standard ultrasound machine. Clinical application in the

field of orthopedic surgery is desired in near future.
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Chapter 1

Introduction

This dissertation discusses the implementation of speckle tracking to quantitatively assess
the shoulder ligament movement, and the implementation of color Doppler method in a
commercial ultrasound machine to measure elasticity of biological tissue. In this introduction, I
will explain a brief background of the study, objectives, and the writing structure of the

dissertation.
1.1 Background

The "tissue characterization" is a general term in medical diagnostics. It may include an
attempt to find an empirical evidence or even just a result of fundamental experiments which may
not directly point to the diagnostic indices. This field of knowledge is an important part in the
biomedical engineering. The more specific tissue assessment constitutes an in-depth objective
assessment of the movement functional and strength of the organ or tissues that is required in

body movement.

The use of tissue characterization such us in retrieving myocardial velocity and deformation
data has been done by Doppler derived method for a long time. The problem with Doppler method
in the dynamic analysis is its angle-dependency to the asserted image line. This dimension
limitation reduces the measurement reproducibility between studies and observers. As a result,
analyzing a tissue deformation or velocity would be complicated and time-consuming. The two-
dimension analysis in contrast would reveals more information and resolve angle-dependency
problems. Different methods have been developed such as multiple-beam Doppler [1], speckle
tracking [2], and sound field spatial modulation [3]. The advance of modern ultrasonography

brought those methods feasible for practical research and commercial implementation.

Elastography on the other hand has contributed significant role in tissue assessment since
bio-tissues properties may be associated with many diseases. The quantitative measurement is
preferable than the previously wide used palpation as a qualitative assessment of the shear

stiffness of the tissue which rely on the experience of clinician. Color Doppler techniques were



introduced along the other method as a non-invasive quantitative method which retains the

accuracy and create the map of elasticity with available apparatus.

One of application of the tissue characterization is in the identification of restricted shoulder
movement disease such as Adhesive Capsulitis (AC). In the AC, pain, stiffness, and loss of motion
range of the shoulder are main clinical representation in addition to the other symptoms. In a
random survey to 9,696 adults of working age, adhesive capsulitis has affected 8.2% among men
and 10.1% among women of the population [4]. The etiology of AC is not completely understood.
However, its development could be slowed down and even terminated if its severity can be

detected accurately and the appropriate therapy is given accordingly [5].

Most of the AC diagnosis are based on clinical evaluation since specific laboratory tests or
radiological markers are limited. Its clinical presentation is not specific and often mimics several
other painful disorders. X-rays of the AC are usually used to rule out the other cause such as
humeral fractures, tendon calcification, osteoarthritis. Magnetic Resonance Imaging (MRI) may
show a slight thickening in the joint capsule and the coracohumeral ligament (CHL) as well as
helping identify rotator cuff tears [6]. Sonography often excluded AC diagnosis due to lack of
specific diagnostic criteria. However, a previous study has shown the prospective of sonography
efficacy for diagnosis of AC. It successfully visualized the thickened CHL and access dynamic
parameters on the AC patients [7]. Synovial membrane adhesion and shortening have a chance to
develop during immobilization of joints [8]. Such adhesion and shortening also induce limited
Range of Motion (ROM) [9]. In the previous research, ligaments adhesion [10] and distinct
elasticity [11] are shown to have a correlation with the adhesive capsulitis symptoms and both

quantities can be visualized by ultrasonography technique.

The ultrasonography is usually preferable since it is inexpensive and non-invasive procedure.
The advance of ultrasonography technique such as ultrasound speckle tracking and the color

Doppler shear wave elastography may be valuable tools for identifying the disease more precisely.



1.2 Research Objective

The ultimate purpose of the study is to provide reliable methods to perform quantitative
assessments of shoulder and provide prognostic information of tissue condition such as ligament
contracture. The correlation of tissue condition and the severity of the disease symptoms such as
in AC is investigated which in turn may help physician to diagnose and determine the

recommended therapy.

In order to realize the objective, two methods to assess tissue health are discussed thoroughly.
The first method is discussed in the implementation of speckle tracking for quantifying muscle
adhesion which is linked to the AC symptoms. The second method is explained by color Doppler

shear wave elastography which is implemented in a commercial ultrasound machine.
1.3 Organization

This dissertation is divided into five chapters. Chapter 1 is Introduction, which describe the
objective of the research and its impact. In chapter 2, Speckle tracking method in ultrasonography
is discussed thoroughly. The discussion includes the explanation on the nature of ultrasound
speckles, the theoretical basis of motion evaluation, various search algorithm and software
implementation for shoulder ligament visualization. In Chapter 3, Adhesion Index (AdI) quantity
and its measurement method by speckle tracking is introduced. The method is tested to quantify
shoulder muscles adhesion in subjects with idiopathic and secondary AC. Chapter 4 discusses
about elastography method by color Doppler technique. The theoretical background of using
Doppler method for observing a shear wave is explained, including the proposed novel method
of elastography by using a commercial ultrasound machine. Finally, the dissertation is concluded

and summarized in Chapter 5.



Chapter 2
Diagnostic Ultrasound Speckle Tracking

Speckle tracking is one of a method for tissue characterizing by tracking the motion of
ultrasound speckles during a subject movement. In a speckle tracking method, a spatial
distribution of gray values which is called speckle pattern constitute the underlying biological
tissue such as ligaments. The position of this unique pattern may move following the tissue motion.
Tracking this pattern during a tissue movement within 2-D image is the basic principle of the

speckle tracking methods.

The speckle tracking techniques are divided into block-matching and optical flow approach.
In the block matching approach, the best match of a rectangular patch in the image a frame is
sought within a Region of Interest (ROI) in the following frame. The speckle motion is determined
based on the maximum similarity of the matching. A map of velocity vector is produced after

completing the search on a predetermined ROI.

As an alternative approach, optical flow method makes use of conservation of gray values
principles which assuming gray values constancy over time. In this case, the motion of gray values
is estimated based on gray value change alongside time and spatial coordinate. Velocity vector
cannot be estimated from this principle alone since available parameter is less than required to
solve brightness constancy equation which is known as aperture problem. To resolve that,
additional parameters such as spatial smoothness and local similarity are introduced which led to
many optical flow techniques such as Horn Schunck algorithm [12] and Lucas-Kanade algorithm

[13].

Through this chapter, technical explanation about speckle tracking algorithm is described.
Block matching speckle tracking fit well with B-mode ultrasound image, thus, it is employed in
this research. On the other hand, it still worth to briefly discuss about the optical flow method to
give a comparison, even though its application is rather limited for small inter-frame displacement
of high-quality images such as MRI. Further discussion about a clinical implementation of speckle
tracking to quantitatively access the shoulder motion will be discussed in a separated chapter. Part
of this chapter was published in the 2020 42nd Annual International Conference of the IEEE
Engineering in Medicine and Biology Society proceeding under a title “Visualization of Shoulder

Ligaments Motion by Ultrasound Speckle Tracking Method”.

4.



2.1 The Nature of Ultrasound Speckles

Basically, an ultrasonic imaging is reconstruction of a reflected echo of a transmitted
ultrasound pulse. When an ultrasound signal travels in a tissue, it might come across reflector or
scatterers. A reflector is a location within the tissue where ultrasound waves are reflected in a
specular fashion. It is formed by tissue transition with different acoustic impedance. On the other
hand, scatterers reflect the ultrasound waves in all directions. As a result, the signal that is
reflected to the transducer tend to appear weak. It may be formed by a mass with distinct density
but smaller than a wavelength. The scatter locations are spreading in the tissue, hence the detected
signal by ultrasound transducer is normally a superposition of reflection by multiple scatterers.
The different timing between signals makes the constructive or destructive interference on the
reflected signals. The constructive superposition will be larger in amplitude, meanwhile the
destructive interference will look smaller. The envelope processing to the so-called
radiofrequency (RF) signal produces a bright and dark pattern in the image. The spatial
distribution of this dark and bright pattern constitutes the constructive and destructive interference
due to multiple scatterers in the tissue. The spatial distribution of this dark and bright pattern is

commonly defined as speckle.

If the scatterers move along the beam line, the reflection travel time will be increased.
However, their relative position within a small scope is fixed so that the interference pattern looks
preserved. On the other hand, when the scatterers move perpendicular to the beam line, the
particular speckle pattern are moving away. However, when 2-D transducer is used, the speckle
pattern is detected by the other beam, as long as the tissue motion is slower than the ultrasound
beam motion. A sound velocity 1530 m/s means that tissue motion in the order of cm/s is
approximately 10.000 times slower, which is met with the condition. In principle, the preservation
of speckle tracking hold when the reflection interference is constant. On the other word, the
amplitude and relative time delay between image frame acquisition must be constant. It means
that any rotation or deformation as well as out-off plane motion that change the relative position
must not happens between acquisitions. Ideally, speckle tracking should be performed with high
frame rate images and high-quality images to accurately visualize scatterer motion and avoid

image artifacts [14].



2.2 Optical Flow Methods

The first category of tracking the speckle is called optical flow methods. These methods work

based on the brightness constancy principle which assumes that surface radiance in a patch is

constant over time, which is formalized by

dE _
dt

By chain rule differentiation,

JEdx O0Edy OE
——t——+—=
dxdt OJdydt Ot

If a motion is defined as

_dx
T odt

_ady

d - 2
me - v=w

u

Then, the object motion can be expressed by an equation with two unknowns

Exu+E,v+E =0

Eq. 1

Eq.2

Eq. 3

Eq. 4

This equation is commonly known as brightness constancy constrain which underly all

optical flow methods. Since the equation contains two unknowns, the motion cannot be resolved

without introducing additional constraint. As it is initially developed for image compression, the

early experiment with the optical flow method is performed to the television frame sequences.

2.2.1 Horn-Schunck method [12]

Horn-Schunck method used smoothness assumption as the second constraint to resolve the

motion. This assumption is based on observation on a deformed body where neighboring point

will move at similar velocity and smooth variation occurs in whole image. Consequently, the

algorithm would be difficult to deal with edge problems. This additional constrain can be

implemented by minimizing square of magnitude of the gradient
ou\? 0w\ AN A
G +G) = G+ G
ox ou ox ou
or set the zero value to the Laplacian of u# and v,

0°u  0%u 0%v 0%v
Vu = — and V?u =—+

a2 T oy a2 T o2

Eq. 6



In their proposed method, Horn and Schunck decided to use the magnitude of the gradient
(Eq. 5) as smoothness measure for their approach. An iterative strategy was implemented to solve

the equation pair for all rows and columns of the picture.

2.2.2 Lucas-Kanade method [13]

In contrast to the Horn-Schunck method, the Lucas-Kanade method introduce neighboring
approach to resolve the brightness constancy constraint. As an instance, a motion of a pixel is
calculated from 3 x 3 neighborhood around the pixel. In that case, 9 linear equations of 2 unknown

are set by
Ex(x+6x,y +6y)-u+E,(x +6x,y + 8y) v =—E(x + x,y + 8y) Eq. 7
For
6x=-1,0,1 and &x=-1,0,1 Eq. 8

This system of linear equations can be solved easily by least square method. However, there

is a difficult condition when the system of equation is unresolvable, for example when E,, E,, and
E, are zero for all pixels in the neighborhood. In that case, an exception handler must be

implemented.
2.3 Block Matching Algorithm

Another category in the speckle tracking is block matching algorithm. In this algorithm, a
square block so-called kernel in a frame is compared with shifted regions of the same size from
the previous frame. This procedure is performed repeatedly to a predefined search area. The shift
which results in the maximum similarity is selected as the best motion vector for that kernel.
Several measures of similarity can be defined such as sum of absolute difference (SAD), mean
absolute difference (MAD), mean squared difference (MSD), and normalized cross-correlation
(NCC). The vector calculation is repeated for all pixel in a region of interest (ROI) to obtain the
in-plane velocity vector field. A dynamic velocity vector field is obtained by repeating this

measurement to all frames of the ultrasound image sequence.

2.3.1 Normalized Cross Correlation (NCC)
One of a method to determine similarity between two patches of image is by normalized cross
correlation. Correlation is a mathematical operation which is similar with convolution given by

Eq. 9.



ROI

Search area

Figure 2.1 Sum of Absolute Differences (SAD) block matching algorithm.

The cross-correlation term is used when the operation is performed between a signal with a
template. If operation is matching the signal with itself, it is called autocorrelation. Usually,
correlation is used for searching a short pattern a.k.a. feature of a longer signal. When the cross-
correlation method is performed in 2-dimensional field, such 2-dimeansional feature can be
sought in an area. The cross-correlation output will be highest at places where the image pattern
matches the kernel. The normalized cross correlation aligns calculation result in between -1 to 1

value, where 0 means complete uncorrelatedness.

[f &) = g(®OI®) = [f(-D) * g(©)](©®©) Eq.9

2.3.2 Sum of Absolute Difference (SAD)

In contrast to the cross-correlation, the Sum of Absolute Difference (SAD) requires less
computation resource since it involves difference operation instead of multiplication. It measures
the similarity between image blocks by comparing the intensities in the kernel pixel by pixel. The
comparison is done by subtracting each pixel value in a kernel to the corresponding pixel of the

paired area and sum the result of calculation for all pixels.

Refer to a SAD block matching illustration in Figure 2.1, the minimum value of SAD over
whole searching area determines optical displacement and thus temporal inter-frame velocity
vector. In the SAD, equation 1 is called cost function. In this calculation, w % 4 is the dimension

of the search window, and m X n is the dimension of the kernel.

m—-1n-1

SAD(4Ax, Ay) = Z Z|Ti,j - Ri+Ax,j+Ay| Eq. 10
i=0 j=0
U= (AI}’CI'IAI’}/){SAD(AX, Ay)} Eq. 11



v =71(4x,4y)T|y Eq. 12

In this calculation, for m X n kernel and w % & search window dimension, there are (w—m+1)
x (h—n+1) possibilities of vector. If all these values are calculated and the best match is

determined from the field, it will come into a category called full search block matching algorithm.
2.4 Search Algorithm

The basic block matching algorithm calculates cost function to a whole search area and
determines the maximum similarity subsequently. This type of searching strategy is called
exhaustive full search block matching algorithm. Despite its high peak signal-to-noise ratio, the
method is computationally the most expensive among other search algorithms. The computation
requirement increases proportionally to the size of search window. On the contrary, a step search
algorithm works by searching for the maximum similarity without trying all possibilities, which
in turn reduces the computational requirement significantly. The purpose of search algorithm is

to obtain the most efficient search strategy while maintain accuracy of motion detection.

In this section, I have selected four most worthy methods and proposed two novel methods.
In general, these four methods can be considered as an example of coarse-to-fine step search as
with the 2.4.1, gradient descent step search as with 2.4.2 and the combination of both as with
2.4.3. Downhill simplex method can be considered as gradient method with adaptive step size

following the remaining distance to the minimum.

2.4.1 Three-Steps Search (TSS) algorithm [15]

As the name suggest, the three-step search (TSS) algorithm works in 3 steps following the
coarse-to-fine strategy. The TSS algorithm is efficient and works accurately when the cost
function increases monotonically as it moves away from global minimum without too much
distortion. However, If the block with small motion is observed, the efficiency of TSS is reduced
significantly. The first step of the algorithm starts the search from the center with a step size S=4
and the search parameter value =7. Hence, eight locations around the center with step size £+ S are
obtained. Among the eight searched locations, the least cost is selected, and the location is used
as a new search origin. The second step reduces step size by half as S=S/2. The third step repeats
second steps resulting the step size S=1. When the procedure is completed, the best match is found
and for search range ‘P’=7 as an instance, the evaluation of 225 points by full search would need
9+8+8=25 points of evaluation by three-step search. The illustration of 3 step search is shown on

Figure 2.2 (a).
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Figure 2.2. Various types of search algorithm

2.4.2 Gradient descent algorithm [16]

On the block-based gradient descent search (BBGDS) algorithm, the first step is checking a
square block of 3 x 3 pixels where its center is the origin. After evaluating the cost function for
all nine points in the checking block, if the minimum occurs at the center, the motion vector points
to the center. Otherwise, the center is moved to the best match pixel, and the procedure is repeated
to first step. On the second iteration and after, most of the pixels in the checking block have
already been evaluated in a previous step. Therefore, the smaller number of evaluations are
needed. The search procedure of the BBGDS always moves the search in the direction of optimal
gradient descent to the direction where the cost function approaches its minimum. This algorithm

works like a ball that rolling on the floor following the lower location. The algorithm works at the
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maximum efficiency when the minimum location is close to the first origin. However, the
algorithm tends to be trapped to a local minimum when much distortion is occurred. The complete

illustration of BBGD is shown in Figure 2.2 (b).

2.4.3 Diamond Search (DS) [17]

The proposed DS algorithm consists of two search patterns that is large diamond search
pattern (LDSP), and small diamond search pattern (SDSP). The LDSP evaluates nine points
around the center composing a diamond shape while the SDSP pattern consisting of five checking
points which makes a smaller diamond shape. In the DS algorithm, LDSP is used as a coarse
searching procedure until the minimum value of cost function point to the center. Afterward, the
search pattern is then switched to SDSP to refine the searching result. The position at the best
match among five points of SDSP is decided as the motion vector of the best matching block.
This method is similar to the gradient descent method except in the search pattern and
combination with coarse to find strategy. This method however can be modified by using larger
diamond to provide bigger coverage of search. The illustration of Diamond Search algorithm is

shown in Figure 2.2 (¢).

2.4.4 Downhill simplex method [18]

This method is originally for function minimization; however, its application is later
expanded for block matching search [19]. A simplex is collection of n + 1 points in n-dimensional
space. In the downhill simplex search, the simplex is updated in an iterative fashion to get a new
point with smaller value until reaching terminating condition. In the case of motion estimation,
as with 2-dimentional data, the simplex is a triangle. The search performance is much determined
by the simplex initialization around the center. In this case, the performance is good when the
motion vector is small. However, the motion vector can be predicted in advance by considering
its neighboring vector. Since image processing deals with discrete pixels, the challenge is in the
rounding strategy. While rounding to the nearest integer is the simplest method, it may reduce the
accuracy. To retain the accuracy and keep the simplicity, the location with the smallest value of
cost function among all neighboring point is used to be the newly updated point. The downbhill
simplex method works based on simplex reflection, expansion, and contraction operations. Figure

2.2 (d) shows an illustration of downhill simplex method.
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2.4.5 Coarse-to-fine random search

In a general, coarse-to-fine step algorithm performs better with large displacement, while
gradient method will be the best with small displacement. However, the motion cannot be
determined in the initial stage whether it is a large motion vector or small motion vector. In
addition, both coarse to fine step algorithm and gradient descent algorithm are developed on the
assumption that the surface is monotonic to the minimum location of SAD. In many cases, this
situation is not always true. When the distortion is high, both methods are prone to be trapped in

a local minimum. In this case, the full search approach shows its superiority.

Instead of attempting full search, a random selection to the point of evaluation could be
considered. If the random entropy is sufficient, the accurate result is obtained. Coarse to fine
strategy can be employed where larger scale of random generator is applied in initial phase,
followed by the finer scale. The number of attempts which defines the computational requirement

will be a proportional trade off to the accuracy of the search.

2.4.6 Nearest surface minimum estimation
As an opposite to the coarse-to-fine random search, the sum of absolute difference over a

region of interest is modeled by a surface equation, such as quadratic polynomial surface.
S 2 2
SAD=a((x—bx) +(y—by))+c Eq. 13

The procedure is quite straight forward. First, SAD of four point around a center is calculated.
Since Eq. 13 is four variables equation, the coordinate of minimum (bx, by) can be calculated by

direct resolving.

x10*
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B

100 N

Figure 2.3. A model of SAD search
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When more points are evaluated, the number of equations is more than the unknowns. On
that case, the coordinate can be determined by least square approximation. The surface is not
limited to quadratic polynomial. Another surface such as gaussian surface can be used. In this

case five points are required to determine the minimum position.

Eq. 14

—

SAD =

<(x—bx)2+(y—by)z>
- 2c2
ae

+d
An example of quadratic surface and 2-D gaussian surface is shown by Figure 2.3 (a) and (b)

respectively.
2.5 Speckle Tracking Outlier Removal

A dynamic flow vector can be calculated from a measurement of multiple frames in an
ultrasound movie. For a given number of frames F.,, Fr;, Fi, Fr+; and Fr2, vector calculation
was performed by choosing the middle frame F'; as reference for searching in the two previous
frames and the two subsequent frames, giving four velocity fields in total. In the real application,
the frame number can be skipped to a predefined number to give an alternative to the speed of
measurement. The four-frame velocity vector is usually averaged to remove some glitches and
get a smoother dynamic flow vector. However, this averaging will reduce the sensitivity at some
degrees. For that reason, I proposed an outlier detection technique based on assumption that

particles move smoothly during five frames.

In this case, motion angle range is kept under a tolerance value, that is
max{0;} — min{6;} < Opn Eq. 15

and the motion magnitude also must not exceed certain threshold

lvl;
max—— < |v|y, Eq. 16
bl
Fia
Z/E Fut
Va4
ZE F, v
— Fiy
03
57 Fia
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Figure 2.4. Four velocity vectors obtained from five frames
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Figure 2.5. Angle and magnitude outlier detection method

The range of calculation must be done in 4 quadrants. Any velocity with phase or magnitude
that lays out of the allowed range is considered as an outlier and replaced by average value of the
surrounding vectors. Since four vectors exist for each block, only one secluded vector is
considered as outlier, but not in the case of two vectors. Figure 2.5 shows an illustration of outlier
detection and replacement of a velocity vector sequence based on common angle and magnitude

boundary.

Subsequently, the outlier removed velocity vectors are averaged and the results are
represented in the form of velocity vector field as well as phase and magnitude color map. The
magnitude map brightness and phase offset adjustment provide better visualization appearance
and to alleviate eye judgement of a ligament adhesion. Additionally, the velocity is projected to

a majority velocity angle to obtain tissue layers visual before slicing to cross-sectional view.
2.6 Software Implementation

I have implemented a signal processing software based on ultrasound speckle tracking for
shoulder ligaments velocity visualization. In this implementation, a ROI is selected from frames
of an ultrasound image sequences in a DICOM formatted file. Inter-frame small block (kernel)
displacements are estimated by sum of absolute differences (SAD) based block matching
algorithm. I choose SAD out of optical flow method considering its better fit with noisy
ultrasound images source. The kernel size and searching area were tuned experimentally
conforming the measurement data. Figure 2.6 shows a complete sequence of described signal

processing sequence.
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Figure 2.6. Ligament velocity visualization scheme

The algorithm framework was implemented in MATLAB® (R2019a) and the App
Designer™ graphical user interface (GUI). In order to obtain faster computation, the most
resource demanding SAD algorithm was implemented in precompiled MEX function written in
C. The developed software was tuned for the available data samples. However, customization was
made possible by GUI adjustment to alleviate separated experiments by different users. Figure
2.7 and Figure 2.8 show the software architecture of the ultrasound ligaments velocity

visualization and the home view of software implementation GUI respectively. The completed

user guide for the software is attached in the Appendix A.
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Figure 2.7. Software implementation of speckle tracking US analyzer
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Figure 2.8. GUI of ligament velocity analyzer software
2.7 Experiments

An experiment was carried out to evaluate the functionality of the software when performing
analysis to an ultrasound movie of a shoulder of a healthy subject (male, 34). In this experiment,
subject laid in a supine position and the arm was moved from shoulder neutral position as in
Figure 2.9 (a) to maximal First External Rotation (1** ER) as in Figure 2.9 (b) and reversely for

three cycles. All sequence was completed in about 9.5s producing in total 302 frames of movie.

(a) (b)
Figure 2.9. Measurement during 1st ER
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Figure 2.10. Selected ROI

A manual observation has shown that each forward 1% ER movement was completed after
approximately 57 frames. The probe was placed vertically in front of shoulder at the best visual
of coracoid process, CHL and subscapularis (SSC) muscle. As a comparison, another experiment
was carried out to an abnormal subject (male, 55) with adhesive capsulitis symptoms. Due to
difficulties, the 1 ER movement was done slower which takes 929 frames of 29 seconds to make

two complete cycles. Each movement took different number of frames varied from 79 to 118.

In this dissertation, 1% ER is defined as shoulder rotation in neutral. The Second External
Rotation (2" ER) and Third External Rotation (3™ ER) are defined as external rotation with
abduction and external rotation with flexion respectively. Figure 2.11 shows a clear depiction of

these movements.

Neutral
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e
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Figure 2.11. Rotation movement in neutral (a) abduction (b) and flexion (c)

-17 -



Sample data were acquired with an Aplio 1800 TUS-AI800 (Canon Medical Systems Inc.)
using a PLI-1205BX linear probe. Images were recorded at 32 fps in 960x1280 resolution of 8
bits true color. Recordings were exported to DICOM formatted files and analyzed by MATLAB®

implemented software.

2.7.1 Outlier removal capability
The velocity vectors were calculated from a ROI selection from ultrasound images as shown
on Figure 2.10. This area comprises CHL, SSC and Sub-coracoid fat in the area around the

coracoid process under covering deltoid muscle.

The ROI of 70x70 pixels of two subject measurements at three significant frames near the
end of forward 1% ER movement were selected for each subject. This selection results in total of
29400 block of five-frame vector sequence of the most significant movement on the measurement
data. The outlier removal algorithm is implemented to this data by varying the binding angle limit
from 10° to 160° with 30° increment step and magnitude scale limit from 1.2 to 2.2 with 0.2
increment step. The average distance of each individual vectors to their mean in the five-frame

sequence are averaged for whole 29400 blocks.

This experiment is run to demonstrate a quantitative improvement of outlier removal
technique and to obtain an optimum value of magnitude and angle threshold. The resulting
velocity vectors are adjusted and represented as phase and magnitude map. Eventually, the
working of speckle tracking method to visualize layers of tissues is demonstrated. Image pair of

normal and abnormal subject is presented for visual comparison.
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Figure 2.12. Velocity vector deviation
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Figure 2.12 shows simulation result of velocity vector deviation by magnitude and angle
boundary change with the given set of test data. Velocity vector average deviation is altered by
the angle and magnitude variation. The minimum value 0.743 of vector deviation is obtained for
angle threshold 70°and the magnitude scale of 1.6. The average distance of original velocity

vectors before outlier removal is 1.3079.

Figure 2.13 shows a comparison of velocity map which is obtained from a normal subject
with blind averaging method (18a and 18b) and the temporal outlier method (18c and 18d). The
left figures (18a and 18c) comprise angle of velocity vectors represented in Asv color map. The
right figures (18b and 18d) are relative magnitude of velocity vectors represented in grayscale

color map.

In this experiment, an evaluation is carried out for the outlier removal criteria by using 5
consecutive frames. The proposed outlier removal technique has improved the vector deviation
of up to 43% with optimally selected parameters. There are a few differences of the blind
averaging and the temporal outlier removal method that is shown on Figure 2.13. Some spots and
irregularities were removed which significantly improved the visual appearance of presented data.
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Figure 2.13. Ligament visualization with and without outlier removal
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Figure 2.14. Velocity phase and magnitude map of normal subject
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Figure 2.15. Velocity phase and magnitude map of abnormal subject
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2.7.2 Layers of tissue visualization

Figure 2.14 (a, b and c) show the velocity vectors from frame 84, 87 and 90 which have the
most significant observable movement. On the other hand, the evaluation of an abnormal subject
with adhesive capsulitis symptoms was carried out resulting velocity visualization from frame
558 and 609 that is shown in Figure 2.15 (a and b).

It can be seen from Figure 2.14 that by using speckle tracking taken from a normal subject,
layers of tissue can be identified from their velocity difference. The image top of phase map with
mint color in Figure 2.14(a) represents deltoid muscle. In Figure 2.14(b), the sub-coracoid fat
triangle is displayed clearly with red color. Figure 2.14 (c) of phase map shows CHL by blue

color stretching along diagonal as well as underneath SSC with irregular arctic color impression.

2.8 Discussion

The observation to the subject with adhesive capsulitis symptoms in Figure 2.15 display
almost similar images with the normal subject, except the appearance of sub-coracoid fat triangle
that looks solid with more homogeneous magenta color. The area of CHL and SSC is less

distinguishable for more cases, but the difference is more obvious with the cross-sectional view.

Projected Velocity Cross Section
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Figure 2.16. Cross-section visualization.
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Figure 2.16 shows cross-sectional visual along specified cut line from normal subject at
magnified area of ROI on frame 90 of the normal subject using bilinear interpolation method. In
this view, there is a magnitude transition of about 0.3 on the normal and 0.25 on the abnormal
subject. Three different groups of level are observed; thus, it can be deduced that 4 layers of tissue
exist along this slicing cut. The magnitude transition at the end of cross-sectional view may
indicate SSC and the CHL relative velocity difference, which is slightly different for normal
subject and subject with AC symptoms. This difference has indicated a potential of ultrasound
speckle tracking method development as a diagnostic tool of AC disease. This examination also

indicates that phase information of velocity gives more information clarity than magnitude.

This chapter is closed by a successful implementation of a software for visualizing ligament
layers based on speckle tracking algorithm. The method was tested to objectively quantify
ligament displacement and layers of tissue. To the best of my knowledge, this is the first
implementation of speckle tracking method in orthopedics to visualize the layers of tissue in the
shoulder and attempting to analyze abnormality based on it. This method is interesting since the
data are analyzed from an ultrasound movie which is obtained with a commercially available
ultrasound machine. In the following chapter, further improvement of the method by quantizing

shoulder adhesion is discussed.
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Chapter 3

Quantitative Assessment of Shoulder Adhesion

Restricted movement of a shoulder is one of Adhesive Capsulitis (AC) symptoms, in addition
to the other symptoms. It is usually determined by a physical examination. In this chapter, I will
present an analysis result to the shoulder ultrasound movies, to investigate a correlation of the
limited shoulder Range of Motion (ROM) and the significance trace of the ultrasound B-mode
appearance. The speckle tracking method is used to quantify the velocity difference between
shoulder ligaments that may indicate tissue adhesion, which is linked with the movement

restriction. The result of experiments is to be published in a scientific journal.

3.1 Shoulder Anatomy

A shoulder is made of three bones those are humerus, scapula, and the clavicle that all
together forming a ball-and-socket joint. The head of humerus fits into a shallow socket in the
scapula, surrounded by shoulder capsule which is a strong connective tissue. Synovial fluid

lubricates the joint and shoulder capsule to help smoothing movement of the shoulder.

Supraspinatus

Subscapularis
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Figure 3.1. Anatomical image of shoulder
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The subscapular fossa of the shoulder is filled by a triangular muscle called the subscapularis
which is one of the rotator cuffs muscles that act as a movement stabilizer of humerus head in the
glenoid fossa. The outer part of the shoulder is composed of deltoid muscle which can be divided
into three parts, i.e., pars clavicularis, pars acromialis and pars scapularis. The anatomical image

of shoulder from outside and inside layer is shown in Figure 3.1 (a) and (b) respectively.

In a previous research, it was found that thickening of Coracohumeral Ligament (CHL) [7]
and joint capsule [20] makes the joint feel stiff and tight. In a severe condition, unbearable pain

emerges, and the shoulder is unable to move.
3.2 Observation of Ligament Adhesion

A limited sliding movement of the supraspinatus tendon was observed by dynamic
sonography. The routine examination of the shoulder was performed including the rotator cuff
and biceps tendon, with the arm held in a neutral position, maximal internal rotation, and
hyperextension. The transducer was placed on the tendon of the supraspinatus muscle
longitudinally, and the movement of the supraspinatus tendon was observed when the elbow joint

is elevated laterally up to 90 degrees maximum.

Analyzing all true positive cases of adhesive capsulitis showed a disturbed sliding movement
of the supraspinatus tendon under the acromion with various degree of limitation [21].

Nevertheless, the result was obtained by qualitative approach.

In this dissertation, ROM is measured from the First External Rotation (1 ER) of the
shoulder, which is the most affected motion in the AC. Its examination is often performed during
diagnosis of the AC. The internal rotation of humerus involves the subscapularis, pectoralis major
and latissimus dorsi that work together. Under a sonography evaluation during the 1% ER motion
of a normal shoulder, a subscapularis is observed gliding freely under the deltoid muscle. The
free gliding motion can be represented by the high velocity relative to the surrounding tissue.
Based on the previous finding, the gliding motion of subscapularis will be investigated. The
adhesion is considered when the subscapularis moves at similar speed to the deltoid muscles. In
practice, the subscapularis and deltoid muscle velocity ratio may vary from one to another subjects.
This parameter will be called Adhesion Index (AdI) which is quantified as a different velocity
which can be measured by speckle tracking. The B-mode image of subscapularis is shown in

Figure 3.2.
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Figure 3.2. B-mode image of subscapularis and the deltoid muscle
3.3 Quantifying Ligament Adhesion

The first step to determine the AdI is performing a speckle tracking to a region of interest which
include an area of adhesion between subscapularis and the deltoid muscle as shown in Figure
3.2. My experiment use block size of 8 pixels and frame step size of 2. The region of interest is
divided into two parts, that is A and B parts, and the Adl is obtained by calculating velocity
ratio between two sub regions (A/B). By this approximation, the AdI is heading towards unity
when the severe adhesion occurs. Since velocity is a vector quantity, comparison cannot be
performed directly. It can be seen from Figure 3.3 that the velocity vector is unregularized, and
thus a regularization must be performed. In this image, the region of deltoid muscle and

subscapularis are denoted with A and B respectively.

Figure 3.3 Calculated velocity vector by speckle tracking.
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Figure 3.4 Histogram analysis of velocity vector direction

By analyzing histogram of vector direction of region A and B, the majority direction of each
region can be determined. On the example in Figure 3.4, deltoid muscle and the subscapularis
move at an angle of 2.07 rad and 0.83 rad, respectively. All the velocity vectors for each region
are projected to this majority angle to get the approximation of magnitude. After this
regularization, the projected velocity vector can be seen in Figure 3.5, meanwhile the magnitude
map is shown in Figure 3.6. Afterall, the vectors on the deltoid muscle region are projected once
more to the direction of subscapularis motion, and the velocity ratio is obtained by comparing A
and B after finishing this calculation. An example in Figure 3.6 is a measurement of a normal

subject with an adhesion index of 0.1865.

Figure 3.5 Regularized velocity vector
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Figure 3.6 Magnitude of regularized velocity vector

3.4 Clinical Study

3.4.1 Study population

In the present study, the shoulder AdI of the AC patients is compared with healthy control
subjects. In this study, a total of 26 participants are enrolled. 22 participants are those diagnosed
with AC, which 12 among them are further classified to secondary AC due to the associated
Rotator Cuff Tears (RCT), and the 10 others are classified as idiopathic AC. The rest 4
participants are normal subjects. All patients complained with shoulder pain and majority are

observed with the restricted motion with some exceptions.

Both side of the shoulder of normal subjects are included as control, 6 affected shoulder side
of idiopathic AC patient and 8 affected shoulders of secondary AC patients are analyzed after
excluding the measurement with severe contracture where the patient lack ability to perform
external rotation. The non-affected shoulder of 10 idiopathic AC and 9 secondary AC patients are
included when analyzing the relationship between ROM and the subscapularis adhesion. Since
adhesive capsulitis shoulder disease is not traumatic and gradually develops with age, it is not
uncommon to have adhesion symptoms on both sides of patient shoulder. Therefore, the non-
affected side of adhesive capsulitis are not considered as a perfect control, and thus excluded

when finding the relationship of symptoms with diagnosis.

All participants underwent B-mode sonography using Aplio i800 TUS-AI800 (Canon

Medical Systems Inc.). The measurement data were analyzed by speckle tracking method with a
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MATLAB® written program. The study was approved by the Ethics Committee Review Board of

Tohoku University, and written informed consent was obtained from all participants.
The following procedure of the measurement is applied to all subject

1. In a sitting position, the arm of subject is moved from 45°internal rotation to the neutral
position.

2. The B-mode motion is recorded in the best visual of coracoid process, CHL and
subscapularis (SSC) muscle.

3. The recording is played and manually analyzed to determine the frame number at the
start and end of the movement.

4. The adhesion index is analyzed for the middle of the movement and + 3 frames (7 frames
in total).

5. Subcoracoid fat triangle is used as a landmark, where the lower left corner of the ROI
should overlap the tip of it. By this way, the adhesion index of the subscapularis and the
deltoid muscle is measured.

6. The maximum 1% ER is measured separately by goniometer.

Since determining region of interest, the start and the end of the movie are performed
manually, the reproducibility of measurement is tested by repeating the procedure from step 3.

The result of reproducibility test is presented in the next sub-chapter.

3.4.2 Result

Figure 3.7 shows the velocity analysis of subscapularis and the deltoid muscle in a
rectangular ROI of a healthy shoulder. The tissue velocity is represented by arrows pointing to
the direction of motion with arrow length proportional to the velocity magnitude. The motion is
performed from the 45°IR to the neutral position. Analysis was carried out in the middle frame of
the motion and £3 frames around it. The adhesion index is calculated as a division of deltoid
muscle by subscapularis velocity to the direction of motion. In this case, the Adl of exampled
normal during middle frame of the movement is 0.17 and the AdI value of £3 frames around the
middle were observed below 0.2. This value is basically interpreted as subscapularis free gliding
motion under the deltoid muscle. In this circumstance, subscapularis can be visualized, and the

velocity can be easily seen during the movement.
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Analysis of ligament adhesion by speckle tracking velocity visualization of participant
shoulder with adhesive capsulitis diagnosis is shown in Figure 3.8. The instantaneous velocity
flow pattern was analyzed frame by frame using speckle tracking of the B-mode image. In this
observation, adhesion index at middle frame is approaching unity. It means that the deltoid muscle
moves at almost equal velocity with subscapularis. The AdI value of +3 frames around the middle
are observed higher than 0.6 for majority.

A relationship between ROM and the AdI of all participants is shown by a regression line in
Figure 3.9. The AdI is negatively corelated to the ROM with a correlation coefficient of R = -
0,489285. The value of ROM measurement for each diagnosis is shown in Figure 3.10.

The shoulder pain and stiffness could be classified further based on the trigger condition.
Conditions when motion loss is caused by multiple factors such as rotator cuff tears, calcific
tendinitis, glenohumeral or acromioclavicular arthritis, and cervical radiculopathy, rather than the
result of isolated capsular restriction, could be classified as secondary AC. Therapy for these
conditions should address the specific underlying etiology. On the other hand, the idiopathic (i.e.,
primary) AC is used for cases without any specific trigger [21].
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Figure 3.9. Adl and ROM correlation
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Table 1. Adhesion index measurement results

Group AdI Maximum ER angle (°)
Control 0.37 £0.198 66.875+12.48
Idiopathic AC 0.556 £ 0.22 39.17 £15.39
Secondary AC 0.544 +£0.2176 34.375+15.9
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Figure 3.10. ROM chart based on diagnosis names
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Figure 3.11. AdI chart based on diagnosis names
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From the measurement data, it can be seen that the difference between the control and the
common AC group is obvious. The AdI average of all AC cases appears higher than control group.
In order to conclude the significance of this finding, I will analyze the difference between AdIl
mean of the common AC group and the control group by t test. The summary statistics are given

by Error! Not a valid bookmark self-reference..

Table 2. Statistical summary of Adl measurement

Group n X s
AC 14 0.577 0.227
Control 8 0.3 0.21

The AdI value of AC patient is expected to be higher than control. Therefore, the hypotheses

are set by
Ho:py = po
Hg:py > po
The two-sample t test statistic is
o X1 —% _  0577-03
2 .2 0.2272  0.21?
Js—l +28 \/ 14 T8
np  TNg
=2.8890

The P-value for the one-sided test is P(T > 2.8890). The degrees of freedom k = 7 are
approximated from the smaller of n; — 1 =13 and n, — 1 = 7. From statistical table interpolation
of the 7 degrees of freedom, P (T >2.8890) = 0.011675. This calculation is a convincing evidence
that AdI value is higher in the patient with AC (t=2.8890, df =7, P <0. 011675) [22].
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Figure 3.12 Comparison of two Adl measurements

At last, I would like to present a comparison of two measurement of the same data, by the
speckle tracking method. Figure 3.12 compares two measurements of the same data. From the
difference between two measurements in Figure 3.13, it can be seen that the mean difference is
d = —0.0159 and the standard deviation is s = 0.1118. The 4.88% data points that lay outside
the 2s range of the mean difference, which is less than 5% means that the procedure has good
reproducibility as suggested by Bland-Almant [23].
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Figure 3.13 Difference between two Adl measurements of the same data
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3.5 Discussion

As a summary, the 2D velocity map of shoulder movement were visualized. Adhesion
severity between the subscapularis and the deltoid muscle was quantified by speckle tracking
method. An experiment was performed in healthy participants as well as patients with idiopathic
and secondary AC. It is shown that patient with AC encounters a noticeable adhesion on the
subscapularis. In general, the subscapularis adhesion is correlated with the ROM. However, this
finding does not show a significant difference of idiopathic and the secondary adhesive capsulitis
group. This is justifiable since the AdI is not meant to substitute additional modality to identify
the associated stiff and painful shoulder source such as MRI for Rotator Cuff Tears (RCT). The
relatively high deviation could be an evidence that the subscapularis adhesion is not the only
source of the limited ROM, thus, the restricted motion is not a unique representation of the AC
disease. Nevertheless, Adl could be considered as a better measure than physical examination,

since it rules out the pain caused ROM limitation.

It does not seem that high AdI always lead to AC since synovium and capsule thickening also
contribute, but high Adl makes ROM restriction severe even in asymptomatic population. It is
also important to find signs that the asymptomatic population progresses symptomatically. Even
in cases of RCT, there are more cases with no symptoms, and the rupture progresses without being

noticed [24].

If adhesions are found early and can be prevented from progressing, they may also prevent
the next stage, such as joint capsule thickening due to immobilization. Even with the limited size
of the sample, the correlation between AC symptoms and the subscapularis adhesion could be
presented. It is demonstrated that the speckle tracking method provides additional insights about
muscle adhesion in the shoulder. In the future, the speckle tracking algorithm may be developed

as an essential tool for quantitative assessment of the shoulder movement function.

In this chapter, novel method to quantitatively analyze AC is based on ultrasound speckle
tracking is described. The method is capable of quantifying subscapularis adhesion, by analyzing
the ultrasound movie of shoulder movement. Relationship between subscapularis adhesion and
the ROM as well as associated AC is shown. The application of speckle tracking in orthopedics
is prevailing and the measurement suggested that AdI explained the origin of motion limitation,
which could be a potentially better substitute for physical ROM assessment since it rules out pain

caused motion limitation in the examination. However, the method has a limitation in which
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subscapularis AdI value cannot distinguish secondary from idiopathic AC without introducing

additional modality.
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Chapter 4
Color Doppler Shear Wave Elastography

Elasticity is an important property of biological tissue. It is commonly known that many
diseases are associated with a distinct elasticity. In a research, Coracohumeral Ligament (CHL)
elastic modulus of the symptomatic shoulder of Adhesive Capsulitis (AC) patient was found
significantly greater than that of the unaffected shoulder [11]. However, that research used
acoustic radiation force induced Shear Wave Elastography (SWE) measurement method which
requires a special device with a very fast imaging capability. Therefore, development of a novel
elastography method that can be implemented in a common commercial machine is a quite

important.

There are numerous methods to assess tissue elasticity, such as by measuring attenuation and
velocity of shear wave propagation as in vibrational sono-elastography [25] and color Doppler
elastography [26] respectively. In this chapter, I will discuss in detail about mechanically induced
shear wave color Doppler elastography, and its implementation with a modern commercial
ultrasound machine. Parts of this chapter are to be published in the 2021 43rd Annual International
Conference of the IEEE Engineering in Medicine and Biology Society (EMBC 2021) under a title
“Binary Pattern Color Doppler Shear Wave Elastography” and in a scientific journal.

4.1 Propagation of Shear Wave in Soft Tissue

Biological tissue has a dispersive property which means that tissue displacement and shear
wave propagation by a mechanical vibration depend on their frequency. A shear wave propagates
inside a tissue in a complicated fashion and its property are approximated by several models such
as Kelvin-Voigt (Voigt) model, Maxwell model, and Zener model [27]. A tissue is said to be
isotropic if its properties remain the same when tested in different directions. In this case, a tissue

can be approximated by a Voight model.

4.1.1 Voigt model
The merit of using Voigt model for modeling soft tissue is its simplicity and effectiveness.
In a Voigt model, a biological tissue is modeled as a parallel connection of a purely elastic spring

47 and a purely viscous damper g2 as shown in Figure 4.1.
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Figure 4.1. Voigt model of biological tissue

In this approximation, elasticity effect is dominant at very low frequency the tissue motion,
while viscosity affects very high frequency motion [27]. Both elasticity and viscosity give an
equal contribution in the tissue motion, hence, ignoring one of them will result in erroneous
estimation. However, in typical cases when one parameter is much dominant, simpler
approximations are close to the correct solution. Solution derivations of the sound wave equation
for Voigt tissue is documented in detail [28]. In this solution, the shear wave velocity can be

calculated by

2(pf + w?ud)
p (Ml +/uf + wz#%)

In this equation, the elasticity u; and viscosity u» are frequency independent constants.
Therefore, when a tissue elasticity is much dominant that its viscosity, the shear wave velocity

can be approximated by,

Ve = [— Eq 18

A typical value of soft tissue parameter may be used for approximation such as p =
1.1 g/cm3. Since shear wave velocity is proportional to square root of elasticity, the measurement
of tissue elasticity is performed by calculating a shear wave velocity. In this research, the

measurement of shear wave velocity is performed by color Doppler imaging technique.
4.2 Color Doppler Techniques

Color Doppler Imaging (CDI) is a method for visualizing tissue motion in a body. The Color
Flow Imaging (CFI) is likely a more specific term of CDI for blood flow imaging. In this

dissertation, CDI and CFI are used interchangeably for the same intention.
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Figure 4.2. Color Doppler image of a carotid vessel

CDI works based on pulse Doppler method where an object velocity is estimated from phase
difference of a successive ultrasonic wave at a given duration. On the CDI display, a 2D map of
estimated particle velocity is visualized by color picture with a velocity scale. Blood flow toward
the transducer is usually visualized as red color, while blue color is used for blood flow away
from the transducer. The color intensity constitutes velocity magnitude, that is darker color for
the lower velocity. Usually, the color Doppler image overlays a gray scale B-mode image. A color
Doppler image of carotid vessels is shown in Figure 4.2. CDI is also used for measuring shear
wave velocity or elastography. In the following sub-chapter, I will review the fundamental

principles of Doppler flow techniques.

4.2.1 The Doppler effects

Doppler effect is described as perceived change in frequency due to relative motion of sound
source and observer. The perceived frequency of a sound can be seen as effective periodicity of
the wavefronts. If the source is approaching the observer with a velocity (Cs) in a medium with a
speed of sound (Cy) then the arriving wavefront appear denser, giving an impression of higher
acoustic frequency. On the other hand, sound velocity appears higher as an observer moves

towards sound source at a speed C,ps [29].
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Figure 4.3. Blood flow measurement by Doppler technique

Both given examples can be formalized in a compact equation that covers all cases of motions,

which may differ by an angle

cy t C,ps COS O
fr= (—0— obs ) Eq. 19

- cotcgcosB
The measurement of blood flow with continuous wave (CW) Doppler is quite straight
forward. A transducer consisted of two piezoelectric elements send an ultrasonic wave and receive

its reflection at same time. For a blood velocity much smaller than sound speed, it is sufficient to

approach [30]
f”=f(1—w) Eq. 20
Therefore, Doppler shift frequency is
fa= w f Eq. 21

The received signal consisted of carrier frequency and other spurious signals in addition to
the Doppler-shifted echo. Therefore, a signal processing involves amplification, demodulation,
and band-pass filtering. It is obvious that the blood flow velocity is proportional to the Doppler
shift echo. A typical diagram of CW flow meter is shown in Figure 4.4 [31].

4.2.2 Pulsed wave Doppler

The continuous wave Doppler is unable to differentiate reflection from two source in a same

line of beam, such as overlapped artery and vein. This is commonly known as major limitation of
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the CW Doppler method. Pulsed wave Doppler which was capable to control the active region of
measurement was proposed to overcome this issue. A pulsed Doppler system sends ultrasound
pulses with a given length repetitively to a target at a certain range. Unlike the CW model of
Doppler-shifted wavefronts, finite length pulses are used. For a transmitted waveform, za(t), it is

shown that the received Doppler shifted output signal has the form of [32]

2d, 2d,
ZB(t) = Zy [W(t—w)] = Zy [lpt—g Eq 22

where d is the distance to the target, and the Doppler scaling factor ¥ is

2vcos 0
Y=1—-——=1-6p Eq. 23
Co
In CW Doppler, the Doppler-shifted received frequency is compared to the transmitted
frequency; however, in range-gated pulsed Doppler, each received echo is compared to a similar

echo resulting from the previous transmission. The relative delay between Doppler-shifted echoes

from consecutive pulses is simply calculated by

20z  2TpprvcosO
=K = TprrOp Eq. 24
Co Co

td=

where Az is the distance traveled away from the transducer.
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Figure 4.4. Continuous Wave (CW) Doppler block diagram
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Figure 4.5. Pulsed wave Doppler illustration

As an alternative to the measurement of Doppler frequency shift, Doppler time-shift-based
approach that calculate time domain cross-correlation are proposed [33] [34]. The basic principle
is that the position of a cross-correlation gives the measurement of the Doppler time shift by red
blood cell scatterers [35]. An autocorrelation function R, is maximum when time shift is match
T = Tp. When the time between repetitions is Tprr, the Doppler velocity from the Doppler time

shift equation is

CoTlp
v =

~ 2Tpgpp cOS 6 Eq.25

Furthermore, when the time shift is shorter that an ultrasonic wavelength, the estimation
based on phase shift is considered more accurate. An ultrasonic phase shift can be used as it is

proportional to scatterer displacement or velocity.

When two pulses of ultrasonic waves are transmitted in a sequence, the Doppler phase shift
between the pulses can be analyzed. The phase shift analysis is based on the principle that when
the second pulse hits a moving scatterer, the scatterer has been displaced farther or closer from
the probe, and the second pulse echo will be in a different phase from first pulse. The displacement

of scatterer will be a proportional function of the scatterer velocity and the pulses time interval.

Therefore, the phase analysis is based on the phase shift from a pulse sequence, instead of
the apparent wavelength change by the motion of the source or observer. The phase shift from
subsequent pulses can be viewed as the wavelength change in a continuous wave, therefore, both
phenomena are intuitively equal. A scatterer motion of at a distance d is equal to the elapsed time
multiplied by scatterer velocity. In the case of flow measurement, the displacement by scatterer
velocity is doubled (2d) since a scatterer acts as a reflector which is a receiver and source at the

same time.
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In a pulsed Doppler, the time between the two pulses represent At = 1/PRF. By shooting
multiple pulses in the same direction, a new signal with one sample from each pulse is produced.
The Doppler curve from this signal will be a new curve with the frequency equal to the Doppler
shift. In this case, as a wavelength A equals 27, the displacement (2d) of second pulse in relation

to the first pulse relative to A equals the phase shift A¢ relative to 2zn. Therefore,

2d A
1 21 Eq. 26
As d = v*At, and A= ¢/f,
2vAtf, A
c  2m Eq. 27

a phase shift can be expressed as a proportional function of velocity

2
A = Zf" 2vAt . Eq. 28

One of an effective method to obtain phase difference of an ultrasonic pulse sequence from

a quadrature detector is described by autocorrelator technique.

4.2.3 Autocorrelator technique
In the original article of autocorrelation method, it is explained that The phase ¢ of
ultrasound echo is obtained as the argument of R(7, ¢), that is

) R,(T,t)

¢TI0 = tan™" g7y Eq. 29

where

t

R(T,t) = f z, (t"dt'

t-nT
=R, (T,t) +jR,(T,t) . Eq. 30
In this equation,
z1(t) =z({t) xz*(t—-T) , Eq. 31

While an ultrasonic wave is composed of a complex signal and its conjugate
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z(t) = x(t) +jy(t)
7t -T)=x({t-T)—jyt—-T) . Eq. 32

When it is interpreted in the discrete integration, for N packet size of successive ultrasonic

wave, the average phase shift could be obtained by autocorrelator [36].

E, ifE, > 0,E, <0,
tan'—+7
E,
Ey
Ap; =< tan"l— IfE, >0,
E,
E
tan™! E—U -7 .
L ifE, <0,E, <0, Eq. 33
where
N
2
Ey = Z I;Qi+1 — li+1Q; »and
N
2
Eo= ) il Qi
=3 Eq. 34
The autocorrelator integration duration is given by T, = NAt. Therefore,
Ta
At= Eq. 35

4.3 Doppler Measurement of Sinusoid Vibration

The key concept of color Doppler elastography is by using Color Flow Imaging (CFI) to
visualize tissue vibration instead of blood flow in two-dimensional map. In a pulsed wave Doppler
method, a sequence of ultrasound pulses with an interval At is radiated. When this pulse is
reflected by a flow with a velocity v, the phase of received ultrasonic wave is shifted

proportionally to the flow velocity

2nfy
= c Zvl’At . Eq 36

Ag;

Therefore, a flow velocity is estimated from ultrasound phase shift by
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Cc

4nf0AtA¢i : Eq. 37

D=

Suppose a Color Doppler Imaging (CDI) method is applied to observe a propagating shear
wave with a sinusoid displacement

i = &m sin(wpt + ¢p) , Eq. 38

. . . 2m .
where &,,, is maximum displacement and w, = 2nf;, = o is shear wave angular frequency.
b

The phase of the received ultrasonic wave is

2nf,
. F% ’ Eq. 39

and the received RF signals by a quadrature detector are

47Zf0 * §i> and

)

b; = ¢ +

I; = acos (¢0 +

Q; = asin (¢0 + Eq. 40

In general, the flow velocity is estimated as a function of autocorrelator integration duration

T, and shear wave angular frequency w,, (see Appendix),

2c¢  4nf,

) T,
U= anfT, ¢ & cos(wpt + @) sin (wb 7'1)

2&,, cos(wyt + ¢p) sin (wb %)
- T, Eq. 41

Since velocity is a derivative of displacement, which is

g

U=E

_ d&p sin(wpt + ¢p)
h dt

= wpé&y cos(wpt + ¢p) Eq. 42
the Eq. 41 can be substituted to Eq. 42 to get the real velocity from the measurement by
Ta(‘)b

2sin (wb %) ' Eq. 43

v="7>

- 44 -



Multiple value of v can be measured by a single measurement since T, can be altered by
changing the number of pulses that is used in the calculation. In this case, the real velocity is

approximated by least square method.

In a very high PRF relative to the shear wave frequency so that T, = 0, the estimated velocity
is approaching the real velocity v. On the other hand, when autocorrelator integration duration T,
is an integer multiple of shear wave period T}, the estimated velocity is approaching zero. An
exception to this situation is when the vibration amplitude is larger than A/8 and the packet size is
a multiple of 4. In this case, the estimated velocity can be either zero or maximum velocity as

suggested by binary pattern color Doppler elastography [37].

Now, the ratio of the real vibration velocity and the measured velocity is given by

LD

By =

_ 2 sin (wb %)

>

T,wp Eq. 44

which is a function of normalized integration time T, /T}. It is worth noting that T, is a
parameter belong to the color Doppler imaging system, while T}, is a property of the shear wave.
Since T, only affects the amplitude of velocity estimation without any impact to the phase, it does
not affect the estimation of shear velocity. This formalization implies that any color Doppler
imaging system can be used to visualize a shear wave propagation as long as its autocorrelator
integration time T}, is not an integer multiple of shear wave vibration period, except on the binary
pattern elastography. Nevertheless, the velocity estimation error can be corrected by f3,, factor
when T, and T}, are known. Figure 4.6 reveals graphical plot of velocity ratio §,, in respect to the

normalized autocorrelator integration time T, /T},.

Since the ultrasound phase shift is calculated by arctan function, it is mandatory to keep

—n/2 < Agp; < /2 to avoid aliasing. Therefore,

T 2m T
T 2o e < T Eq. 45
2 2
This is equivalent to
< A
m S gat
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Figure 4.6. Velocity index as a function of normalized acquisition time

Since velocity is derivative of displacement, the constraint for maximum shear wave

displacement is

Wpém <grr Eq. 46

This region of operation belongs to small displacement method since it involves small

amplitude of vibration to avoid aliasing.
4.4 FElastography by Means of Color Doppler Imaging

As aforementioned, elasticity of a material can be calculated by measuring shear wave
velocity propagating in it [26]. It was found that two interfering shear waves could produce either
static or moving pattern with which the shear wave wavelength can be calculated from its spacing
or apparent velocity [38]. It was some years before the theory of crawling wave was expanded,
and the shear velocity estimation and imaging technique was improved. That crawling wave

method used two vibrators to produce the interference pattern [39].

A shear wave could be induced inside a tissue from a high-intensity ultrasonic wave which
is produced by an ultrasonic wave transducer. That shear wave velocity is then measured by an
ultrasound imaging system with a high frame rate, leading to the Acoustic Radiation Force
Impulse (ARFI) imaging method [40]. Since the induced shear wave frequency is typically higher
than the pulse repetition frequency (PRF), a high frame rate is needed for that system. A shear
wave wavefront mapping using ultrasound Color Doppler Imaging (CDI) was proposed to

overcome the high frame rate requirement. In that method, a sequence of binary color flow images
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is produced, and shear wave velocity and propagation direction map are reconstructed accordingly.
By that method, a relatively high shear wave frequency in respect to the PRF of a general-purpose
ultrasound imaging system can be recovered. However, that method requires precise control to
the pulsed Doppler autocorrelator packet size as well as shear wave displacement amplitude and

frequency condition [37].

The captured shear wave shadow by a commercial US machine suggested that interference
pattern on a CDI image can be produced by the propagating shear wave and the ultrasonic
transducer array scanning process. The frequency of that interference pattern is proportional to
the shear wave wavenumber. However, the correct value of the shear wave wavenumber cannot
be determined before removing the scanning delay effect. In this sub-chapter, I will discuss a
theory on CDI image formation, when it is used for observing a shear wave. From the theory, a
shear wave imaging system with one vibrator without a strict constraint on the shear wave
displacement amplitude and frequency condition as well as autocorrelator packet size can be
implemented. As a result, a shear wave velocity map can be recovered from a typical scanning
array transducer leading to a more practical imaging system. This method could be developed to

be used in clinical practice for detecting tissue elasticity related disease.

A typical CDI system is optimized for low velocity blood flow. When this type of system is
used for detecting high frequency sinusoid tissue vibration, it displays a deviated value due to
ultrasound phase estimation error and scanning process of ultrasonic transducer array. The
ultrasound phase estimation error results in lower flow velocity estimation, while the scanning
process of ultrasonic transducer array causes incorrect shear wave reconstruction. A theory to
estimate vibration amplitude by on phases operations has been described [41]. However, it is not
applicable for most general-purpose ultrasound system since the phase difference of individual

pulses are not available.

A hardware of color Doppler shear wave elastography is shown in Figure 4.7. It consists of
a mechanical vibration source assembled near an ultrasound array transducer. A shear wave is
externally induced by a vibration source and propagated in the medium. When a common Color
Doppler Imaging (CDI) system is used, a sequence of ultrasonic pulses is radiated to the medium.
The phase of reflected signal by this medium is shifted proportionally to the sinusoidal
displacement of the shear wave. A quadrature detector catches this signal and produces complex

valued output.
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Figure 4.7. Hardware setup in color Doppler elastography.

4.4.1 Binary pattern color Doppler image

The binary pattern shear wave elastography can be considered as a special case of color
Doppler elastography, where a special condition of shear wave frequency and amplitude is
required. Under the given condition, the flow velocity appears as binary pattern on the color

Doppler image.

According to the reference, the shear wave frequency condition f5 is given by

1 1 1
(o2, Eq. 47
fo 2<m Z)At d

where At is successive ultrasonic pulses repetition interval of color flow velocity estimation,
and m is a non-negative integer value. The displacement amplitude requirement is derived from

a condition when the estimated flow velocity is the maximum, leading to

1 3

Z iy Eq. 48

SA< & <gh q
Under the two conditions the shear wave map is reconstructed from repeating pattern of zero

and maximum flow velocities in Color Doppler Image (CDI) system.

Since shear wave displacement is assumed as a sinusoid, the output signal of quadrature

detector become

4

fo &o sin(wpt + qbb)) and Eq. 49

I; =acos<¢0+ p
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Q; = asin (q,’)o + 47TTfOEO sin(wyt + q,’)b))

By the autocorrelation, the value of velocity can be calculated for the given vibration

frequency by

¢ Rl Eq. 50
afat 2t E,

>
I

where

=

B
Ey= ) Qs — 1@ and
. N
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Eq. 51
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It can be seen from the formula that the pattern of binary flow velocity can be simulated as a
function of maximum displacement &, and vibration phase wyt + ¢5,. The value of maximum

velocity
o = Eq. 52

max = g f At

was derived when E is negative and Ey; is zero. This is correct when E;; = 0. However, in
the case of Ej; = 07, the value of v,,,, becomes negative since calculation of atan division move
abruptly from quadrant II to the quadrant III. This principle explained the mixture of positive and

negative value of binary pattern in the simulation.

4.4.2 FElastography with a commercial US machine
In more generalized cases, when color Doppler imaging is carried out by a commercial
ultrasound machine, the velocity estimation of a propagated shear wave in a medium on the (x, z)

plane by an ultrasonic transducer array is expressed by

cos(2rfpt + 2nKyx + 21K,z + ¢p) cos(a) Ea. 53
qg.

where «a is angle of incidence between ultrasound beam and the shear wave displacement,

which is perpendicular to the shear wave propagation direction. Therefore,

Z

K
cos(2rfyt + 2nK,x + 21K,z + ) cos (tan‘1 K_>

X
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K

VK2 + K,* ' Eq. 54

It can be seen that shear wave velocity could be determined from measurement of

B 2&,, sin (wb %)

T cos(2rfpt + 2nKyx + 21K,z + ¢p)
a

wavenumber K, and K, in spatial dimension. However, line scanning in ultrasound imaging
process changes the appearance of color Doppler image which obscures K, and K,. For instance,
a 1 mS transmit interval between each scanning line when imaging 200 Hz shear wave vibration
means that after 5 transmissions, the medium has completed a cycle of vibration. Consequently,
the 6 line has a same phase with 1% line, meanwhile prevalent phase shifts occur to all beams in

between. Let

2&,, sin (wb %) K, B

=v
Ta JEZ+ K7

and shear wave initial phase ¢;, = 0. If ultrasound beam scanning has a lateral transmission

delay of AT, per unit length (unit: s/m), there is a shear wave wavenumber shift on lateral

direction that is observed in the flow velocity map, that is
(x,z) = v, cos(anlJ (t + xATp) +2nK,x + ZHKZZ)
= v, cos(2nfypt + 2nf,ATyx + 21K, x + 21K, z) Eq. 55

It can be seen from Eq. 55 that the shear wave appears denser or sparser on the CDI images,

depending on the sign of AT,, which physically means the scanning direction.

Consider a sequence of CDI images, with a framerate of R is used. Now, the velocity as a

function of frame number n and framerate given by

9(x,2) = v cos (21, (%) + 20 (f, AT, + K,)x + 21K, z)

In a condition when frame interval is even multiple of half shear wave period which gives

1 — (2K 1
R-E0%
then
D(x,2) = vy cos(2knm + 21 (f, AT, + K,)x + 21K,z) - Eq. 56
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Figure 4.8. Color Doppler images of shear wave by different methods
Since phase shift of each subsequent frame is a multiple of 2xt, the color Doppler image will

display same pattern in all frames. On the other hand, when frame interval is odd multiple of half

shear wave period,

L k41—
7= )Z_fb ’
then
D(x,2) = vy cos((2k + )nm + 2n(f, AT, + K,)x + 2nK,z) - Eq. 57

In this condition, the subsequent color Doppler frames will appear as the same sinusoid but
with inverted sign. As a result, when the two subsequent frames are combined, the algorithm may
detect ambiguity of the sinusoid sign. It might come out as modulated sinusoid surfaces with a
proportional wave number to the observed shear wave. If absolute value of ¥ is taken, the shear
wave wavelength can be calculated from twice of the strips followed by scanning delay

compensation.

This principle apparently underlies a typical flow imaging result of vibrating phantom with
a commercial ultrasound machine. Color Doppler measurement to a shear wave by a commercial
ultrasound machine as seen in Figure 4.8 (a) much resembled a simulated interleaved color
Doppler image in Figure 4.8 (b), rather than what in the high frame rate imaging of small
displacement vibration in Figure 4.8 (c) or binary pattern CDI in Figure 4.8 (d). At this point, the
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shear wave wavenumber can be resolved only if scanning delay AT, is known, which can be

obtained from calibration. From both Eq. 56 and Eq. 57, the sinusoid surface can be recovered by

envelope processing to become
,(x,2) = vy, cos(¢p, + 2n(fpAT, + Ky )x + 2nK,z) - Eq. 58

The relationship between the actual shear wave wavenumber and the observed wavenumber

under the effect of AT}, are given by

KO, = K, + f,AT, Eq. 59

4.4.3 Phase spectrum signal processing

A typical phase spectrum signal processing is shown in Figure 4.9. In a research purpose
ultrasound machine, 1Q data are decomposed, and the spectrum of the moving images are
analyzed. The flow velocity reconstruction follows the pulse Doppler method which is derived
from the autocorrelation techniques [36]. By repeating the process to all area, the shear wave
velocity map is recovered. Instead of IQ data, a commercial ultrasound machine produced a color
Doppler measurement in the form of DICOM formatted movie file. In the signal processing, the

envelope detection takes an absolute value of the CDI images, resulting in strip patterned movies.

The same spectrum analysis is performed along time dimension for every pixel of CDI image
and the fundamental frequency is determined. On that fundamental frequency, the phase spectrum
is obtained for each pixel. The value of wavenumber is calculated from spatial derivative of the
phase map followed by a compensator to remove the effect of scanning delay on the lateral

direction. The shear wave velocity and propagation direction are obtained at the end of the

processing.
Binary Pattern Raw
[Q Data Flow Velocity Spectrum ; :
=Pl Autocorrelator > FFT Flnniatgi)igggm
Shear Wave Shear W
Wave Number car yave
Phase Map Slope Map / Vibration Velocity Map
Select Detection Freq

Figure 4.9. Signal processing framework of color Doppler elastography
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4.5 Experiments

In this sub-chapter, I will present experiment results as a proof of theoretical concept about
amplitude deviation due to autocorrelator acquisition time, binary pattern simulation on the shear
wave wavefront mapping by different amplitude, binary pattern elastography of homogeneous
phantoms, and mechanically induced color Doppler elastography of homogeneous and non-
homogeneous phantom. The first experiment was performed to demonstrate the relation between
autocorrelator integration time T, and the estimated flow velocity. The last two experiments were
carried out with a commercial ultrasound machine when shear wave frequency and amplitude

condition to observe binary pattern on the CDI are not satisfied.

4.5.1 Vibration amplitude correction

In the sub-chapter 4.3, I have stated that the observed flow velocity under Doppler
measurement is changed by the factor of 5,,. This experiment is aimed to proof this theory by
measuring the velocity of a vibrating phantom by different autocorrelator integration time T,. The
hardware setup for this experiment is shown in Figure 4.7. A sinusoid vibration was generated by
MATLAB® software and delivered to a 3-watt wireless vibration speaker (EWA A106 Pro) with
a 15 mm x 40 mm hemisphere shaped actuator head. The vibration source is attached to the
surface of the 6% Polyvinyl Alcohol (PVA) phantom on the same line with a 7.6 MHz 128 channel
array linear probe. A research purpose ultrasound system (Verasonics, The Vantage 256™,
Kirkland, USA) is used for ultrasound acquisition. The resulting 1Q data are processed with
MATLAB® script to reconstruct the vibration and analyze the velocity by pulsed Doppler method.
As a comparing data, the amplitude of vibration is measured by speckle tracking B-mode image
of the IQ data. In this experiment, the vibration frequency is set to 150 Hz and the PRF is 3000
Hz.

The PVA phantoms are made from mixture of Polyvinyl Alcohol (PVA) granules (JF-17,
Japan Vam & Poval Co., Ltd.), water (H,O) and the Dimethyl Sulfoxide (DMSO) liquid (043-

07211, Fujifilm Wako Pure Chemical Industries, Ltd.) by weight ratio of%: 0.2(1 — %} :

0.8(1 - %), where w is total weight of the phantom. 1 g cellulose powder (036-22225, Fujifilm

Wako Pure Chemical Industries, Ltd.) is added for every 100 g of phantom as reflector. The

vibration velocity on the target is estimated by different value of autocorrelator integration time

(Ta)
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Figure 4.10. Estimated to real velocity ratio

In practice, the measurement may be performed once, and the various value of T, are
obtained by varying the number of samples from 3 to 41 to get different packet size value. The
calculation was repeated to 60 different ROIs which are chosen randomly on the image to measure

velocity correction factor 8, with different normalized autocorrelator integration time (T, /T}).

It can be seen in Figure 4.10 that the measured value of B, with different T, /T}, follows a
theoretical curve. The real flow velocity for each ROI can be recovered accordingly. By

considering velocity correction factor f3,, the real flow velocity is estimated.
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Figure 4.11. Flow velocity by corrected pulse Doppler and speckle tracking
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I compared the corrected flow velocity with speckle tracking of B-mode image on the 60
different locations. It can be seen in Figure 4.11 that the flow velocity by corrected pulse Doppler
are very similar with the measurement by B-mode image speckle tracking. The deviation may
exist due to the inacuracy of measurement. However, this image indicate that the sinusoid flow
velocity estimation by pulsed Doppler method could be improved by taking account the

autocorrelator integration time (T} ) to the calculation.

4.5.2 Binary pattern simulation

A simulation is performed to visualize the effect of changing shear wave amplitude in the
binary pattern color Doppler elastography. An ultrasonic frequency fp = 7.6 MHz and sound speed
¢ = 1540 m/s are used. To follow the frequency condition, PRF = 800 Hz, and shear wave
frequency f» =200 Hz are chosen. Figure 4.12 shows binary pattern in color Doppler elastography
with different amplitudes of shear wave. A cycle of shear wave at amplitude of A/4 is plotted in
Figure 4.12 (a) with the simulated binary pattern of different amplitudes as in Figure 4.12 (b). It
can be seen from the image that each period of shear wave with suggested amplitude produced
four cycles of binary pattern in the color flow estimation. However, it possible to expand the range
of amplitude such up to &y = A. The binary pattern appears more frequent with higher shear wave

amplitude and the duty ratio is altering.

By calculation from Eq. 52, the maximum velocity in this simulation is 0.0405 m/s. Figure
4.13 shows a simulation result of a shear wave with a propagating speed of 5.353 m/s at an angle
of 15.524° traveling in a 2 x 4 cm phantom. Figure 4.13 (a) shows the shear wave when & is A/4.
Figure 4.13 (b), (c) and (d) shows the resulting binary pattern by color Doppler image when the
&p 1s M4, A/2, and 13)\/16, respectively. It can be clearly seen that the binary pattern changes due

to the change of shear wave amplitude.
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Figure 4.12. Effect of shear wave amplitude in color Doppler pattern
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Figure 4.13. Binary pattern of a shear wave with different amplitude

Figure 4.14. Phantom experiment footage
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4.5.3 Binary pattern elastography of homogeneous phantoms [42]

An experiment was performed by exciting 100 Hz vibration from a speaker with an actuator
head to PVA phantoms. An ultrasonic imaging system with a 7.6 MHz linear probe of 128 channel
array is adopted to observe CDI with Pulse Repetition Frequency (PRF) is set to 400 Hz. The
binary pattern footage and shear wave velocity maps by measurement of 4%, 6%, and 8%

phantoms are shown in Figure 4.14 (a, c, and e).

4.5.4 Shear wave velocity mapping of homogeneous phantoms

On the other experiments, | have measured shear wave velocity of 6%, 8% and 10% PVA
phantoms by a Xario 100 (Canon, Japan) ultrasound machine with a 7 MHz linear array transducer
(PLU-704 BT). The shear wave vibration frequency is 300 Hz. The 1 cm x 2.4 cm Region of
Interest (ROI) is selected 1 cm below the phantom surface. The PRF is 17.1 KHz with a frame
rate of 11 giving flow velocity scale of £12.9 cm/s. All built in filtering configuration is set to

minimum.

The exact scanning delay is unknown and always changed following the CDI configuration
change. Therefore, a setting with the best visual is calibrated by the measurement of the same
phantom with a synchronized Doppler (Verasonics, The Vantage 256™, Kirkland, USA) and is
saved in a user preset for the other phantom measurements. The measurement result is saved as a
DICOM formatted file and moved to the PC for subsequent processing with a MATLAB®
software. The shear wave propagation velocity and direction were calculated accordingly based

on the phase spectrum analysis.

Figure 4.15. Photograph of shear wave elastography measurement
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Figure 4.16. Color flow image and phase map of a shear wave
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Figure 4.17. Shear wave velocity and propagation direction in PVA phantoms
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Figure 4.16 shows volor flow image (left) and phase map (right) of a shear wave in 6% (a)
8% (b) and 10% (c) PVA phantoms by a commercial ultrasound machine. As the PVA phantom
increase, the color flow image displays longer wavelength. After the phase spectrum analysis is

performed, a shear wave velocity and propagation direction map are produced.

The Figure 4.17 shows shear wave velocity (left) and propagation direction (right) in 6% (a)
8% (b) and 10% (c) PVA phantoms respectively. It is demonstrated that the method correctly
displays the stiffer phantom with the higher shear wave velocity. I compared the method which
uses a commercial ultrasound (US) machine with measurement by a research purpose US machine
(Verasonics, The Vantage 256™, Kirkland, USA), where lateral delay is set absent. A
measurement set-up is shown in Figure 4.15. Table 3 shows that the method is capable to

determine the shear wave velocity with a small error.

Table 3. Comparison of shear wave velocity in three different phantoms

concentration  purpose US machine _ Proposed method  Exror
6.00% 3.44 +0.09 m/s 3.54+0.41 m/s 0.1 m/s
8.00% 5.91 +£0.64 m/s 5.71+£0.15 m/s -0.2 m/s
10.00% 7.25+0.74 m/s 7.19+0.37 m/s -0.06 m/s

4.5.5 Shear wave velocity mapping of a non-homogeneous phantom

This experiment is carried out to show that the mechanically induced shear wave
elastography can be used to image non-homogeneous phantom. In the experiment, an 8% PVA
phantom is molded inside a softer 6% phantom. Figure 4.18 is an illustration of how the phantom
is fabricated. An 8% PVA phantom is cut in a close to spherical shape with a diameter of 1.5 cm.
By a small hook, the phantom ball is hooked inside a phantom mold. The 6% PV A liquid is poured
into the mold, and then the 8% PV A phantom immersed in it. After saving in a freezer for about
1 day, the 6% PVA liquid has hardened, and the hook can be removed from the mold. The stiff
8% PV A phantom can be distinguished under B-mode sonography image as in figure Figure 4.18

(d).
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(a) (b)

(c) (d)

Figure 4.18 Fabrication of non-homogeneous PVA phantom

A similar setup of shear wave elastography is used in this experiment, except for the
transducer with higher center frequency, PLU-1204BT 18L7 as shown in Figure 4.19. The non-
homogeneous phantom was observed under a 12 MHz linear array transducer, and a vibration
speaker with a vibration head was attached. In the experiment, 150 MHz sinusoid wave is

transmitted via Bluetooth from a PC with a volume level of 30%.

The result of experiment is shown in Figure 4.20. A 10°steering angle was applied to the
Color Doppler Imaging. The 8% PV A phantom appears on the upper left of the B-mode image in
Figure 4.20 (a). When the shear wave was induced, the captured shadow shows a larger

wavelength on the area with stiffer elasticity as shown by Figure 4.20 (b).
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Figure 4.19 Experiment set-up for non-homogeneous phantom measurement

The phase map at fundamental frequency of this color Doppler shadow is shown in the Figure
4.20 (c). By calculating the slope of phase map, the shear wave velocity and direction are
reconstructed as seen in the Figure 4.20 (d) and (e) respectively. In the Figure 4.20 (d), the area
with higher concentration, which has higher stiffness can be correctly represented with the higher

velocity of shear wave.

4.6 Discussion

I have demonstrated a method and experiment to resolve shear wave velocity map by a
commercial ultrasound machine. In contrast to the binary pattern method [37], there is no need to

satisfy shear wave frequency and amplitude conditions to obtain the maps.

Current day ultrasound machine has a sufficiently high PRF. However, a key parameter to
observe the shear wave such as auto correlator packet size and the scanning speed as well as the
detailed image processing algorithm of the built-in software remain confidential. Somehow, by
adjusting the available setting of a commercial ultrasound machine, the shear wave shadow can
be observed. My derivation to the pulsed Doppler formula explained the shadow formation and
suggested that any number of PRF can be used to observe sinusoid vibration, except in some
precise condition. Eventually the relation between the appearing image pattern and the real shear

wave parameters is explained.
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Figure 4.20 Shear wave map of non-homogeneous PVA phantom

The measurement result is a convincing evidence that the appearing color flow image in the
commercial ultrasound machine is not the binary pattern since the probability of matching a
precise condition by random choice is low and the small vibration amplitude is used. Nevertheless,
the used PRF of Color Doppler Imaging (CDI) is much higher than the tested shear wave

frequency. It is obvious that the measurement results by a commercial ultrasound machine do not
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appear as binary pattern as suggested by the previous method [37]. It is not a sinusoid surface as
expected from original small displacement method as the measurement by a research purpose
ultrasound machine either. In fact, it appears as a mixture of positive and negative velocity with
a sinusoid envelope. This result can be understood since the frame rate the imaging system is not
high enough to catch up the vibration frequency. However, the shadow of the shear wave is still
captured by the CDI system. The built-in algorithm of the ultrasound machine might combine two
subsequent frames to produce a better image to display. In this case, image registration algorithm
may work to determine the correct position of two images which lead to ambiguity. It has been
demonstrated that in a certain condition, the color flow image appears as a mixed two sinusoid
with the same frequency. The frequency of this interference pattern is proportional to the shear
wave wavenumber. However, the correct value of shear wave wavenumber is only known after

the scanning delay is given. In this case, the logical scanning delay is obtained by calibration.

Basically, the method is developed from the small displacement method, so that, a small
amplitude vibration source which is a universal vibration speaker is used. The novelty in this
research is the resolving interference pattern captured by commercial ultrasound machine to

obtain the real shear wave velocity, and thus, tissue elasticity.

On the other hand, when the binary pattern method employed with a given amplitude, the
appeared pattern is four time denser than the shear wave original wavelength. It means that a
lower vibration frequency will give the same number of wave pattern than with a direct Doppler
elastography. In the experiment of binary pattern color Doppler elastography, the wavelength of
the shear wave increases as the phantoms become harder following the PVA concentration
increase. The larger the wavelength of the shear wave, the faster the propagation, which means,
the higher the elastic modulus. Therefore, this result reflects the difference in the elastic modulus
of the phantom. By looking at all measurement data, it is demonstrated that imaging the stiffness

of the phantom is possible.

I have completed an investigation of general principles of shear wave velocity shadow
forming in a Color Doppler Imaging (CDI) system. This finding has enabled a shear wave velocity
to be measured by a commercial ultrasound machine. The experiment has shown that proposed
method is capable to differentiate soft material with hard material. It has been tested to measure

PVA phantoms with average error of 2.37%.

In the other experiment, I have shown the result of imaging non-homogeneous phantom by

the color Doppler elastography method. It is demonstrated that the method is capable of
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distinguishing stiff area inside a softer phantom. This result might lead to the clinical
implementation of clinical elastography to non-homogeneous tissue, such as distinguishing

ligament with muscle.

4.6.1 Clinical Values

Color Doppler shear wave elastography is preferable for clinical application for the reason
of its non-invasiveness. Since it uses an external vibrator to induce a shear wave, the estimation
of elasticity could be considered more accurate and may penetrate deeper into the tissue. The
result of experiments may lead to clinical application of this method as a diagnostic tool for tissue
stiffness related diseases such as diffuse liver disease, breast cancer, thyroid nodules, renal

fibrosis, prostate gland, lymph nodes and AC.

The Chronic Liver Disease (CLD) occurs everywhere around the world. The treatment
recommendation relies on the accuracy of lived fibrosis/cirrhosis staging. Due to accumulative
collagen deposition, the fibrosis progresses resulting in a stiffer liver. The US elastography
method can be used to monitor this change of stiffness non-invasively. In a measurement of the
stiffness, a standardized procedure is critical to guaranty the result accuracy and reliability. More
specifically, when ARFI SWE techniques are used, the maximum measurement depth is limited
to hinder it from the pulse refraction. With a 1D Transient Elastography (TE), it is found that liver
stiffness values are correlated with histopathologic fibrosis stages in CLD patients. This result is
compared with liver biopsy with a significant agreement. On the other hand, by a Point Shear
Wave Elastography (pSWE) method, an assessment of liver fibrosis shows a good result. The
assessment of fibrosis by 2D-SWE is considered more accurate than 1D-TE. However, a precise
comparison is difficult due to different terminology, shear-wave frequency, reported parameters,
or other technical factors for each technique, such as the using of elasticity units by m/s or kPa.
The US elastography of the liver has a limitation in which the measurement may show ambiguity
due to pathologic and normal physiologic processes. More specifically the surrounding capsule
and the increasing volume of liver may affect elasticity measurement with increasing stiffness
[43]. Overall, the US elastography has a limited capability in differentiating fibrosis stages. The
future work in this area includes improving accuracy of differentiating fibrosis stages and
standardizing techniques such as measurement units to enable results comparison across studies

from different sites.

With an implementation of US elastography in the breast cancer, Tsukuba score (elasticity

score) can be determined based on the stiffness map of the tissue in and around breast lesion [44].
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The Tsukuba score has been a standard measure to differentiate benign from malignant breast
lesions. Current applications of ultrasound elastography for clinical breast analysis call attention
to the World Federation for Ultrasound in Medicine and Biology (WFUMB), where Shear Wave
Imaging (SWI) is recommended only as a supplement of B-mode US when identifying
abnormality. As a result, it is possible to downgrade lesions with soft elasticity which is obtained
by strain imaging or Shear Wave Imaging (SWI). On the other hand, if Shear Wave Elastography

or Shear Wave Imaging detect a malignancyi, it is possible to upgrade lesion to a biopsy [45].

The US elastography is used in endocrinology to distinguish benign from malignant thyroid
nodules. There is also an evidence that of follicular malignancy diagnosis can be helped by shear
wave imaging [46]. Although the preliminary studies have shown various results, the promising

future application could be gained by further validation and techniques standardization.

In the detection of chronic kidney disease (CKD), the ultrasound elastography is considered
as a promising alternative to renal biopsy, due to its low cost and non-invasiveness. The reliability
of US elastography is not good enough in the use for CKD stages differentiation or transplanted
kidneys fibrosis grading. Many improvements in this field are still required in understanding the
fibrosis progress and kidney elasticity relationship. Furthermore, the usage of US for focal renal

mass characterization did not give a satisfactory result [47].

The use of US elastography in prostate cancer detection has a prospective as a complement
or even replacement of biopsy. Studies on transrectal ultrasonography (TRUS) for cancer prostate
detection shows good results, even though some prospective studies need to confirm the clinical
values. Multimodal imaging has shown its superiority beyond the conventional single mode
imaging [48]. However, future capability of USE in differentiating aggressive from non-

aggressive prostate cancer should be investigated.

A preliminary result in a research has shown that US elastography can be used to identify the
malignancy of superficial lymph nodes as well as in deep lymph nodes. In this method, the
combination of B-mode US with elastography is used to increase the accuracy of diagnosis [49].
However, the existing studies on elastography of lymph nodes are restricted to small sample sizes,
thus, research with larger sample sizes and avoided selection bias towards malignant lymph nodes

should give clearer description on the disease [50].
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In addition to the aforementioned diseases, the method of color doppler elastography has a
potential for implementation for detection of AC which indicate a distinct elasticity on the
ligament [11]. Also, it can be combined with other modality such as ligament velocity difference

method to further improving the presentation of the disease [10].

-66 -



Chapter 5

Conclusion

In this dissertation, I have presented two methods of quantitative tissue assessments as well
as a clinical application in orthopedics for identifying Adhesive Capsulitis (AC) disease. The

summarize of all findings of the research is described in this chapter.
5.1 Summary

A sonography method-based software to evaluate AC is implemented. The software is a speckle
tracking algorithm implemented in MATLAB® 2019a code and the App Designer GUIL. By
measurement of a subject with a commercial ultrasound machine, shoulder ligament displacement

and layers of tissue is visualized based on their velocity.

In addition, a novel measure of subscapularis adhesion is introduced as Adhesion Index (AdI),
which can be calculated from the velocity difference between subscapularis and the deltoid
muscle. It is shown that patient with restricted motion encounter a noticeable adhesion on the
subscapularis, quantified by Adl. A relationship between AdI with the Range of Motion (ROM)
and the AC is shown. The experiment results suggested that the origin of motion limitation could
be explained by the AdI. Therefore, Adl could be a promising candidate as substitute or
complement to the existing physical ROM examination, as it rules out the effect of pain in the

motion limitation.

To the best of my knowledge, this implementation first quantitative method in orthopedics that
uses speckle tracking to analyze the AC disease. The merit of using method includes non-
invasiveness nature of the sonography, and that the data is obtainable by a common ultrasound
machine. However, the subscapularis AdI value cannot distinguish secondary from idiopathic AC
without introducing additional modality. This issue is tolerable since the Adl is not aimed to
replace other modality to recognize the associated stiff and painful shoulder source such as MRI

for Rotator Cuff Tears (RCT).

On the other part, a method of color Doppler elastography by mechanically induced shear wave
with commercial US is described. The method is tested to resolve elasticity map of homogeneous

and non-homogeneous phantom. The novelty of this method is, that it reconstructs elasticity
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without necessity for precise control of ensemble size to the ultrasound machine as well as shear
wave frequency and amplitude condition. As an advantage, since it does not need a precise control,
it can be implemented in a common commercially available ultrasound machine. The
measurement results suggested that the method is capable to obtain the accurate estimation of the

shear wave velocity, thus elasticity. However, it has a limitation in a still low imaging resolution.

5.2 Future Works

The method of measuring Subscapularis AdI as quantity that is linked to the AC disease
has a limitation in that it cannot distinguish idiopathic and secondary AC. Therefore, it cannot be
used alone in the specific diagnosis of AC without involving additional data. A future research
that involves additional motions other than 1*' ER as well as examining different region of interest

should be considered, since shoulder adhesion may occur in different part of the shoulder.

On the other hand, the imaging resolution of mechanically induced color Doppler
elastography is relatively low. In our experiment, the method is still capable differentiate the
elasticity of 1.5 cm harder phantom, inside a softer phantom. The result of measuring smaller
object, as well as application to the human shoulder still needs an investigation, more specifically,
the effect of using different type of vibrating source to induce the shear wave in a shoulder.
Eventually, mechanically induced shear wave elastography could be tested for use in combination
of the speckle tracking method to give more clear description of the stiff and painful shoulder

disease.
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Veloc Interface v10.7
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4. Veloc Interface v10.7 - O >
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2. New Features

>

Velocity vectors reload

< Click this button to reload previous velocity analysis result and variables without
restarting new analysis from the beginning.

Debug button

< Click debug button to display all global variables used in veloc10.m (for
development purpose only)

4 Cut methods

<> Choose any cut method to display different lateral view.

Saved cut angle and offset last values

<> Cut angle and offset values are saved when exit button is clicked. The variables
are reloaded on the next program start.

Reliable status and ping indicator

< Status label displays ‘busy’ when the program is busy, please wait for a while.
The ping/connect indicator stop blinking when the program is busy or encounter

an c€rror.
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1. Open the Veloc Interface v10.4 with ‘run’ matlab script.

2. The Veloc Interface v10.4 GUI opened. The connect indicator blinks in 1 second period. Wait
until the label on the lower left side change to ‘Ready’.
The ‘command window’ displays the executed Matlab commands.

4. Click ‘Load’ button.
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5. Choose a DICOM formatted file. It could be a file without an extension.

6. Click ‘Preview’ button. Wait until a movie player displays.
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Click *Analyze’ button to start velocity analysis to the desired 1
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9. Click ‘Analyze’ button to start velocity analysis to the desired ROI.

10. Wait for some moments until analysis result appear in the screen.

|4 Figure 1038 -

File Edit View Insert Tools Desktop Window Help

Ugde @ 08| E

Velocity Vectors

Merged Angle and Magnitude

Magnitude

08
06
04

02

- Velocity vectors display on the top left in green arrows with a proportional length and
angle representing velocity scale and direction of tissue in particular points.

- The magnitude and angle (phase) of the velocity vectors are plotted on the separated
images on the bottom left and right.

- The phase image and the magnitude image are merged in a new image on the top right.

11. Move to ‘adjust’ tab.
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I Veloc Interface w104
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12. Adjust the brightness level and phase offset to obtain the best velocity map image.
13. Move to ‘Lateral’ tab.
|4 Veloe Interface v10.4 - [m|
r— Home |Adj|.|st ‘Lateml
Window
-10 10
@ 30 Al 30 yo_ﬁ'r:{:
50 ;'I/ /ﬂ\\‘ 50 :
A =40
70" gggW- 70 =
-an a0 m l:l S
2
x offset
1
[ Update | Left | Jrnqrongupio oo | Right
(gt ) o 10203040505070
Ready.. [ Closean | | Exit ]
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14. Click ‘Update’ button.

) Figure 2038
Fle Edt View

Dodse |2

Insert  Tools Desktop Window  Help

08| rE
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3 5 14 / \
n . ( |
2 ‘ [,\j ‘ ﬂ‘ |
IR : ol
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; ) ‘ \ [ ] |
\ | . N W |
2 “ | \ |V ) I\ !
1% J"\/"NVJ
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Intense .

strong Quote

Intense Q.. Subtle Ref.. IntenseR... - Change

Styles

a

o % A Fina -
I 4aBbCcl AaBbCe AaBbCe AaBbCel AaBbCe A:BiCcl AABBCC eplace
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5| Edting

(It

7]

luh Nopember

15. Adjust angle and the position of the image cut. Phase gradation and the magnitude gradation

of velocity vectors displayed on the screen.

16. Click ‘Close all’ button to close all images.

17. Click ‘Exit’ button to exit from the Veloc Interface v10.4 application.
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Appendix B
Muscle Adhesion Analyzer User Guide

Strain Interface v1.5

User Guide
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>

Interface

1. Interface

4\ Strain Interface w1 — O pd
File Path JCWErasoundi 1 73417
Filename | 15t ER front Open
Frame MNo. | 82 n Close
ROl Select Height 24 : Y 310 : Left (e Right
Width a1 : X 227 : Select ROl
Bick Miching Size|  6[2] step 2= Velocity
Filter 6[2] bir | -33[3] BA 16423
strainPts  x0| 10[=2 x1| 20[2] [ calcstain
yo| 20} v 10@ Stm
Angle | -45 Length | 14.1421 Load Setting
Updating Frame .. Exit Save Sefting
» Main Window
4 Main Window
File Edit View |Inset Tools Desktop Window Help
Ngde | 0EH|kE
Phase 0 Magnitude at 0*
Frame 88 o .
100 15
(1] 10
. 100 5
R ;
Filtered Angle Filtered Magnitude
/ 100 10
=it :
*h 100

- 88 -




» Movie Player

1

Eile Tools VYiew Playback Help o
REIEEEIE IR =T v
H AL B PF MBI M |28+

Stopped [603x7 79 100% (20 fps) (17302
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2. User Guide

18. Extract the *.zip file to a folder
19. Open Matlab, navigate to the extracted folder

4\ MATLAB R20183 - academic use

8868 Y
Design Get More Install Package Optimization
App Apps  App  App |

FILE

- X
S s<orch Documen tation p

8 @ ¥l 0 8 @

DTuner  Anabghput  AnalogOutput  Modbus  SignalAnalyzer Instrument  Classification  Regression  Distribution  Control System Control System
Recorder Generator Explorer Control Learner Leamner Fitter Designer Tuner

9

APPS.

Rl At T » E » OneDrive - Institut Teknologi Sepuluh Nopember » PhD » Ultrasound » 173417 » strainl.3 -

Current Folder Command Window [Of  Workspace

SRS

20. Open the Strain Interface v1.5 by typing command
strainIFC1l
The GUI window is displaying Strain Interface v1, but this is version 1.5.

21. Depending on the running PC, it might be necessary to rebuild the *.mex file by ‘mex
fastCPlotVelocVect.c’ Or ‘mex fastCPlotVelocVect.c -R2018a’.

22. The Strain Interface vl GUI and a main figure window are opened. Wait until the label on
the lower left side change to ‘Ready’.

23. Click ‘Open’ button.

24. Choose a *.dicom file to analyze

25. Click ‘Preview’ button. Wait until a movie player displays.

26. Play movie. Pause to the desired frame. Check if the frame number in movie player is equal
with ‘Frame No.’ edit field on the GUI.

27. Select default ROI from radio box, either left or right position.

28. Click ‘select ROI’ button. Move and resize rectangular ROI to the desired position. Click
‘select ROI” button again.

29. Move and resize two A and B triangles to compare in magnitude window. The default position
is left or right diagonal, but it is changeable.

Left Right

30. Select direction angle of velocity. In our software, 0° is motion to the right, 90° is down
motion, -90 is up motion and 180 is motion to the left, and so on.
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31.
32.
33.
34.
35.
36.
37.

38.
39.
40.
41.
42.

-90°

. 4
-135 a5e
-180° < > 0°
135 :
! 45
90°

Adjust block size, frame step and filter size parameters

Click ‘Velocity’ button to start velocity analysis to the desired ROI.

Wait for some moments until analysis result will appear to the screen.

The B/A value appears on the interface window

Repeat step 14 until the desired result is obtained

Repeat to step 11 until the desired result is obtained

Move and resize the line on the Filtered Angle window with mouse, this line is the desired
ROI for strain calculation. The line on Filtered Magnitude is moving, following line change
on Filtered Angle window.

Click Calc Strain to get strain value on the ROI.

Repeat step 20 until the desired result is obtained.

Click Save Setting to save all GUI setting to a *.mat file.

Click Load Setting to load a *.mat file to GUI setting.

Click ‘Exit’ button to exit from the Strain Interface v1.5 application.
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3. Strain Interface v1.5 Change Log

1.5 - Put most used default ROI
1.4 - Avarege velocity in a ROI
1.3 - Add inteactive ROI selection
- Calculate strain
1.0 - Forking from velocll
11.10 - Add strain analysis feature
11.9 - split processing and ploting veloc vect

- forced LS regression to estimate ROI track
11.8 - splitted ROI track processing and plotting

11.7 - using ROI as landmark instead of different region with offset

- corrected anglOfset (vectors orientation) value
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Appendix C

Vector Projection and Comparison

(a,b)

A
~
5

Illustration of a vector

1. A vector is characterized by magnitude and direction. The magnitude of a vector gives
the length of the line segment, while the direction gives the angle the line forms with
the positive x-axis. The magnitude of vector is usually written as |v|.

2. A particle velocity is an example of a vector.

3. Comparing velocity of two vectors (or more) is only possible if the direction is the
same. If the directions are different, all vectors must be projected to the same direction
so called ‘orientation’

Velocity vectors in different directions

velocity vectors projected to a same direction

4. The vector projection of a vector a on a nonzero vector b, is the orthogonal projection of

a onto a straight line parallel to b. The scalar projection of a on b is a scalar equal to

y = |la|| cos 8, . N
a1 = [laf cos , where 0 is the angle between a and b. A scalar projection can be used as a

scale factor to compute the corresponding vector projection.
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5.

6.

r/”\

|A| cos@

Projection of vector A to the direction of B

In the software, the projection direction of velocity vectors can be specified from ‘dir’
spinner of the Ul In our case,

4\ Strain Interface v1 - [m}

File Path | AWlrasound 1734970

Filename | 1st ER front

Frame Mo.

ROI Select Height| 502 v |

Width 50

&
-
B

Bick Miching Size | 6|

Filter

-

pr | 0/3] [ calcStain |

Strain Pts %0

[ [z sm

yo| 20(2] 1| 10}2] [ LoadSetting |
Angle | -45 Length | 14.1421 | Save Setting |
Ready.. | Exit |

‘dir’ spinner on the Ul

In our software, 0° is motion to the right, 90° is down motion,
is motion to the left.

-90°
N A
-135 450
-180°« > 0°
135 .
1 45
90°

Angle of direction used in our software
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Appendix D
Derivation of Pulsed Doppler for Sinusoid Velocity

Suppose a color Doppler imaging system is estimating a flow velocity of a propagating sine
wave in a medium with packet size N = 4. For —n/2 < A¢; < m/2, the estimated velocity is

calculated by

5= 4c tan-1 (1—2Q—1 =110, +11Q0—1)Q-1 +1,Qy —1,Qy + 1,Q; — 1201)

—tan
anfoT, 11 3+ Q4103+ ol +QoQ_1 + L1y + Q1Qp + L1; + Q0

By trigonometric decomposition,

5 4c . _1< sin(B — D) cos(C — A) + sin(D) cos(C — Z) )

Anfy T, an cos(B — D) cos(C — A) + cos(D) cos(C — Z))
where
_ 47Tf0 . Ta
A= ¢, +T§m sin(wyt + ¢p) cos (wb ?) )

4
o _ 4o

. Ta
&Em cos(wpt + ¢p,) sin (a)b 7) )

4'7Tf0 . Ta
C=d¢, +T§m sin(wy,t + ¢;) cos (wb Z) )

_Anf,
o

D

T,
&m cos(wpt + ¢p,) sin (a)b f) and

Z = ¢, +4T[Tfofm sin(wpt + ¢p)

If shear wave frequency is much smaller than PRF, the approximation is

cosC — A cos (47TTf° &m sin(wyt + ¢3,) (cos (41{ PJI%F) — cos <2n P%F))
im ————== lim
pboCosC =2 b cos (47?0 & sin(wyt + ¢p) (cos (27‘[ P]I%F) - 1))

= ¢ =1

cos <4nf° & sin(wpt + ¢p) (cos(0) — 1))

c

cos <4nf0 Em sin(wpt + ¢p,) (cos(0) — cos(O))

In this condition, the velocity is approximated by

4c ) _1<sinB—D+sinD)
an cosB—D +cosD
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~ 4c ¢ 14 (B —D+ D)
= 47‘[f0Ta an an 2
_ 2 B
- 4‘7Tf0Ta N (Al)
On the other hand,
4 .
Jim == Jim Cfo fp cos(wpt + @) sin (4” P%F)
f - 7 2 .
ﬁ—m D ﬁ—»o 7£f0 fp cos(wpt + ¢p) sin (zn Pf#)
2 cos (471 %)
= flim — =
ﬁ_)o cos (21{ _PISF)
Therefore

D=

N|

In this approximation, the similar result is obtained by

4¢ sinB—gcosC—A+sin§cosC—Z
1954 T tan™ B B
mfoTa cosB—jcosC—A+c057cosC—Z)
. B
4c (cosC—A+cosC—Z)sm7
54 T tan~ B
mfoTa (cosC—A+cosC—Z)c057
2c
= B
4nfoTy (A2)

If packet size is reduced to N = 2 by removing second and fourth pulse from the calculation,

the velocity estimation is

2c 1 (I—ZQO — Q> + 1[,Q; — leo)

U= tan
4nfoTy Iol_3 + QoQ—; + L1y + Q2Q0
2 tan-1 2asin B (sinAsinZ + cos Acos Z)
" 4nf,T, M \2acosB (cosAcosZ + sinAsinZ)
__z tan~!(tan B)
= I an~'(tan
_ 2c
anf,yT, (A3)
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If it is reduced further to a single packet size, leaving only first and last pulse on the

calculation, the velocity estimation becomes

o c -1 (1—202 — 120—2)
D= tan™! | ————=
4nfoTy L1, +Q,0Q0-;
c _,( a@*2cosBsinB
= tan -
At f T, a?(cos? B —sin? B)
¢ tan-1 (sin 23)
" 4nf,T, an cos 2B
2c
= B .
4nf,T, (A4)

This derivation implies that omitting the ultrasound pulse other than the first and the last

signal does not affect the estimation of sinusoid flow velocity significantly.
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