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Abstract
Tissue displacement and thickness are useful parameters for quantifying muscle function.
These parameters can be obtained using ultrasound with high frame rate and reasonable
spatial resolution. However, a conventional hand-held ultrasonic probe that is bulky, rigid,
and heavy may not be suitable for continuous muscle monitoring during physical
activities. This research aimed to measure tissue displacement and thickness variation
during muscle contraction using a wearable ultrasonic sensor. However, the energy of the
transmitted ultrasonic waves using the wearable ultrasonic sensor is lower than that of a
conventional probe. In order to overcome this issue, selected signal processing techniques

were applied and compared. It was found in the numerical simulation experiments that
the frequency-domain techniques, in particular LQ-factorization, had better tracking
accuracy than the time-domain techniques. In the in-vivo experiment, ultrasonic signals
were acquired at a forearm during isometric contraction. The tissue boundary
displacements and thickness changes were successfully obtained.
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Chapter 1
Introduction
This chapter presents an overview of this thesis and includes the research objectives,
contributions and thesis organization.

1.1 Overview
The wide usage of ultrasonic imaging in creating internal human body images noninvasively with its low cost has made it an essential technique in many research fields.
Ultrasonic imaging has been used in many studies to monitor muscle motion and to
measure its thickness variation. Measuring the displacement of the tissue boundaries can
provide useful information about skeletal muscle performance which helps in many
medical and clinical applications such as the diagnosis of neuromuscular disease,
rehabilitation, therapy, and prosthesis control.
In order for one to perform an action or movement, muscle contraction is required,
and this results in changes of muscle thickness. Moreover, muscle thickness variation has
been observed in many medical cases such as neuromuscular disorders [1, 2] and injury
[3], assessment of muscle fatigue [4] and monitoring of muscle motion [5, 6], which
shows the importance and need to do research more deeply in the mechanism of muscle
thickness variation. There are many modalities that can measure change in muscle
1

thickness such as MRI, CT, and X-ray. However, these modalities have either risk of
radiation exposure or high costs to operate. The aim of this research is to measure tissue
boundary displacement and tissue layer thickness variation using a wearable ultrasonic
sensor developed in our research group [7].

1.2 Problem Statement
In this research, the wearable ultrasonic sensor is used in the in-vivo experiment. The
ultrasonic sensor was constructed using a piezoelectric polymer in order to achieve its
flexibility and lightweight. While, a conventional ultrasonic probe is typical constructed
using a piezoelectric ceramic, therefore it is bulky, rigid, and heavy. However, the energy
of the transmitted ultrasonic waves using the polymer sensor is lower than the ceramics
sensor. The low energy of the ultrasonic waves results in low amplitude echoes, therefore,
the signal to noise ratio (SNR) of the desired signals (tissue boundary echoes) become
lower. Low SNR makes tracking tissue boundary echoes more challenging [8].

1.3 Objectives
The objectives of this thesis are to improve the measurement accuracy of internal
tissue boundary displacement that is obtained by a wearable ultrasonic sensor made from
piezoelectric polymer material using the signal processing approach and to continuously
monitor the thickness changes of internal tissue layers during muscle contraction
quantitatively.
2

Signal analysis techniques to measure tissue boundary displacement are tested and
compared in order to find most reliable and accurate technique that can overcome the
challenges and limitations of the wearable ultrasonic sensor. The techniques investigated
are echo peak detection, cross-correlation, phase detection, and LQ-factorization. These
techniques were chosen because they were used in other studies of monitoring muscle
thickness, while the LQ factorization is a new technique applied for muscle thickness
monitoring for the first time.

1.4 Thesis Contributions
The main contributions of this thesis are presented as follows:


Overcome the limitations of the wearable ultrasonic sensor using the signal
processing technique approach.



Investigating the effect of scattering echoes on the motion tracking accuracy by
numerical simulation and in-vivo experiments.



A comparison of chosen signal processing techniques in obtaining tissue
boundary displacement quantitatively.

1.5 Research Publications


Hisham Turkistani, Ibrahim AlMohameed, and Yuu Ono “Continuous Monitoring
of Muscle Thickness Changes during Isometric Contraction Using a Wearable
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Ultrasonic Sensor,” Conference of the Canadian Medical and Biological
Engineering Society, Ottawa, Canada, May 21-24, 2013.

1.6 Thesis Organization
Chapter 1: The introduction of the thesis including the objectives, problem
statement, and the contribution.
Chapter 2: Background information about human muscle and their types of
contractions, muscle monitoring measurement methods, and signal processing
techniques.
Chapter 3: Description of the ultrasound measurement method and the signal
processing techniques applied for measuring tissues boundary displacements and
tissues thickness.
Chapter 4: Investigation of the effects of the scattering echoes on the accuracy of
the tissues boundary echo tracking by means of numerical simulation experiments.
Chapter 5: In-vivo experiment of boundary echo tracking and tissue layer thickness
measurements at the forearm of a human subject.
Chapter 6: A summary of this thesis study of the tissues boundary motion tracking
and tissue layer thickness measurement during muscle contraction. The future work
is also presented.
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Chapter 2
Technical Background Review
In this chapter, background information of human muscles is presented.
Afterwards, several methods for muscle monitoring are introduced and compared. Finally,
selected signal processing techniques applied in this thesis research are presented.

2.1 Muscle Contraction
There are three types of muscles: skeletal muscles, smooth muscles, and cardiac
muscles. A skeletal muscle is responsible for body movements. Skeletal muscles are
connected to bones by tendons, so they support and move the skeleton. Skeletal muscles
are usually voluntary control muscles and are contracted by generating electrical
impulses in the neurons. Smooth muscles are involuntary control muscles. Autonomic
nervous system controls the smooth muscle. Smooth muscles are responsible for the
contractility of hollow organs, such as blood vessels, the gastrointestinal tract, the bladder,
or the uterus. The contraction speed is slow compared to the speed of skeletal muscle
contractions. Cardiac muscles are the heart muscles and they are involuntary muscles.
Cardiac muscles contract continuously and in a rhythm for the entire life of an organism
[9].
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When skeletal muscles are contracted, their forces, shapes, lengths, stiffness
and/or thickness may be changed. These changes vary by types of contractions in each
muscle. There are two main types of muscle contractions: static and dynamic [9-11]. In
static contraction, there is no body movement involved, but muscle force and thickness
still change. This is because the muscle tension or force exerted is equal to an external
load (e.g. pushing against a wall). Static contraction is also called isometric contraction
(iso: same, metric: length) since the length of the muscle does not change during
contraction. In dynamic contraction, there are four types: auxotonic, isotonic, isokinetic
and plyocentric. Auxotonic contraction (auxo: increased, tonos: tension) is a dynamic
contraction where muscle tension changes constantly because of the continual change of
joint angle and speed of the movement. An example of auxotonic contraction is lifting a
barbell.

Isotonic contraction (iso: same, tonos: tension) is a rare case of dynamic

contraction. In the isotonic contraction, the length of the muscle changes but not the
tension. This occurs, for example, when an athlete lowers a heavy barbell slowly with a
constant speed. Muscles also can be contracted with a constant motion in the isokinetic
contraction (iso: same, kinetic: motion). This occurs when someone lifts a heavy object
with a constant speed. In this case, muscles release tension with different joint angle to
maintain the same motion. Finally, the plyocentric contraction is actually an isotonic
contraction but from a muscle stretched position. This contraction maintains the muscle
not to stretch too much. Athletes use this type of contraction for training, such as jumping
to increase muscle’s potential and loses a great amount of calories.

6

2.2 Methods of Muscle Monitoring
Muscle monitoring has been an interest for many researchers and physicians. It
provides a wide range of information about muscles. Therefore, it is used in various
medical and clinical applications, such as diagnoses of neuromuscular disorders,
rehabilitation, physical therapy and prosthetic control. There are several common
measurement methods that are used to monitor the muscle: mechanomyography (MMG),
electromyography (EMG), magnetic resonance imaging (MRI), X-ray, Computed
Tomography (CT), and ultrasound (US).

2.2.1 Mechanomyography (MMG)
MMG detects the mechanical surface motion of the skeletal muscle that results
from skeletal muscle contraction [12, 13]. It uses different types of sensors to record the
mechanomyographic signal such as microphones, piezoelectric contact sensors,
accelerometers and laser distance sensors [13, 14].

2.2.2 Electromyography (EMG)
EMG is a measurement of a muscle’s electrical activities during skeletal muscle
contractions [15]. EMG comes with two different measurement types: invasive and noninvasive [16, 17]. Invasive EMG uses a needle electrode to detect the electrical activity of
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a local region of a selected muscle. Non-invasive EMG, also called surface EMG
(sEMG), measures the summation of electrical activities or signal arising from active
muscles under non-invasive electrodes directly placed on the skin. The sEMG technique
is demonstrated to determine the muscle force, length [18, 19] and action potential
conduction velocity [20-22]. The invasive EMG has better spatial resolution than sEMG
since it detects the electric activity of small and local region of muscles. However, sEMG
is widely used due to its non-invasiveness.

2.2.3 Magnetic Resonance Imaging (MRI)
MRI can take an image of the internal body non-invasively and painless with high
spatial resolution. MRI provides the internal muscle structure. This technology uses a
large magnet, radio waves and a computer to scan the body. [23-26]. However, MRI is
high cost, and does not capture real time images.

2.2.4 X-ray
X-ray is able to visualize body structures because the X-ray attenuation depends
on the type of body tissues. X-ray has been used to measure the X-ray diffraction
differences between resting and rigor muscles by measuring the X-ray diffraction using
low-angle scattering system [27-31]. It is also used in obtaining the total-body skeletal
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muscle mass for studying the nutritional, physiologic, and metabolic of the skeletal
muscle [32-34].

2.2.5 Computed Tomography (CT)
CT is a scanning technique that uses X-rays to take highly detailed images of the
body. CT imaging has been widely used in identifying body structures and in
neuromuscular disorder diseases. It has also been used to measure muscle thickness
changes and lunge volume changes [35-37]. CT scans provide 3D images and real time
images [37]. CT scans can work in conjunction with positron emission tomography (PET)
scans in cardiovascular diseases and for clinical oncology [38-40].

2.2.6 Ultrasound (US)
Ultrasound is a non-invasive, less harmful and relatively low-cost technique. It
can observe the structure and motion of muscles and other tissues in real-time with a high
frame rate. Ultrasonic methods have been applied for diagnosis of neuromuscular
disorders [1, 2] and injury [3], assessment of muscle fatigue [4] and monitoring of muscle
motion [5, 6]. It can identify tendons, muscles, joints, vessels and internal organs for
possible pathology or lesions. It is also being used for the measurement of tissue stiffness,
as in elastography imaging [10].

9

2.2.7 Current Research and Applications
In recent studies, one or a combination of the above methods have been applied in
monitoring muscle activities [41]. The selection of the method depends on the main focus
and what kind of information is needed. EMG has been used in gait analysis to measure
abnormalities in movement due to diseases [42, 43] Muscle fatigue can be evaluated by
EMG [44, 45] and MMG [46]. EMG is also used with MMG to measure both electrical
and mechanical activities during muscle contraction for resistance-trained and
aerobically-trained subjects during a fatiguing muscle action [41, 47-49]. MRI is less
used compared to other mentioned methods due to its high operating cost and limitations
with real time measurements. MRI is used to image interior muscle structures in detail
[50, 51]. X-ray has been used to in a research to find out how the molecular motor in
muscle converts the free energy of ATP hydrolysis into work during muscle contraction
[52]. CT scanner used to monitor muscle growth and tissue changes quantitatively. Also
it was used to monitoring of muscle and bone recovery in spinal injury patients [53, 54].
Because of its low cost, non-invasiveness and less harmful operation, ultrasound
imaging is widely used in many medical and clinical applications such as measurement of
muscle tendon length [55, 56], blood flow [57-59], motion tracking [60, 61] and threedimensional imaging of muscle structure [62]. In addition, it has been used along with
vibration probes to determine muscle and tissue stiffness in liver fibrosis and cancers [10].
It has been successfully used in measuring muscle fatigue as well [63, 64]. Ultrasound
imaging has also been used in conjunction with EMG to determine the time delay
10

between the electrical and mechanical activities of the muscle to determine the onset of
muscle fascicles and tendon motion induced by electrical stimulation [65].

2.3 Advantages of US Method
US imaging in muscle studies is mostly compared with MRI [37, 67, 68] and
EMG [69, 70]. There is a positive correlation between the results obtained by MRI and
US imaging [69, 70]. US image also has strong correlation with CT image. US is safer
than the CT because of no radiation exposures. [67, 71]. Most of the relevant studies
describe US imaging as an accurate, reliable and valid measurement tool in muscle
thickness monitoring [37, 41, 67-71]. US imaging data demonstrated a strong correlation
with muscle contraction and can provide useful information of muscle contraction and
may complement with EMG and MMG techniques [41]. MMG has poor spatial
resolution and can only provide surface motion data. sEMG can measure only the average
electric muscle activities. X-ray and CT scans have high risk of radiation exposures. On
the other hand, US imaging is inexpensive, less harmful, portable, and is a comfortable
modality along with its feasibility and accuracy. Therefore, US imaging is a promising
candidate for muscle thickness monitoring.

2.4 US for Muscle Displacement and Thickness Measurement
The study of muscle monitoring has become an interest of many researches and is
a growing field. The US method is widely applied for muscle thickness measurement [37,
11

41, 67-82]. Different research groups have used different terminologies in their studies
such as muscle thickness, muscle size, deformation, displacement, muscle cross-sectional
and aspect ratio. The terms used in this thesis are muscle thickness and displacement [37,
41, 67-82]. Muscle thickness was obtained through several ultrasonic measurement
modes (e.g. M-Mode, A-Mode, B-Mode, and Doppler) [41, 61, 62, 67, 69, 72-77]. In
abdominal researches, researchers succeeded to measure the thickness change between
rest and contraction [69, 72]. Muscle thickness change was successfully observed in the
investigations of muscle thickness with age and gender using US imaging [78, 79].
Muscle thickness change was also observed in many muscle diseases such as low back
pain [69, 80], shoulder pain [68, 81] and myotonic dystrophy type 2 [82]. Thickness
change has also been observed in chest muscles to report the intraexaminer reliability to
make thickness measurements of the pectoralis major muscle (serratus anterior and
pectoralis major muscles) [75, 76]. Moreover, US has effectively obtained muscle
thickness change of many muscles such as trapezius, pectoralis, serratus, oblique,
shoulder, quadriceps, tibial, multifidus, cuff, rectus femoris and forearm muscle [37, 41,
67-82]. In addition, it has been used in the diagnosis and treatment of various urological
disorders [67]. As MMG and EMG, ultrasound imaging has been used to assess the
behaviour of muscles in muscle fatigue [64]. US imaging was used to evaluate the effect
of long-term physical training [71]. Another study investigated US imaging for
measuring muscle thickness of pigs to find the US imaging accuracy and feasibility in
measuring muscle thickness change to index muscle weakening and atrophy [37].
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2.5 Signal Processing Techniques
Various signal processing techniques to analyse ultrasonic signals have been
applied for estimating muscle thickness changes such as cross-correlation and peak
detection. In this research, four techniques were tested to track the tissue boundary
motion and to measure the tissue thickness changes. The selected techniques are echo
peak detection, cross-correlation, phase detection, and LQ-factorization.

2.5.1 Echo Peak Detection
Detecting the maximum value in a signal is widely used in many studies. Several
methods have been applied to detect the maximum value such as peak detection [83, 84],
peak recognition [85], maximum likelihood [86, 87], maximum amplitude detection [88],
and local and global maximum [89].

2.5.2 Cross-correlation Techniques
Cross-correlation is a method to find the best correlation between two signals and
to measure the time lag between them. It has been used as a tool to detect tissue
displacement in clinical ultrasonic researches [61, 90].
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2.5.3 Phase Detection Techniques
A number of approaches have been proposed to obtain signal phase in different
applications [91-93]. It can provide information about tissues boundaries displacement.
This technique is based on Fourier Transform. The signal phase shift in frequency
domain can be translated to time delay which corresponds to the displacement of a tissue
boundary in this study.

2.5.4 LQ-factorization
LQ-factorization (L: Lower triangular, Q: orthogonal matrix) is a computational
mathematics to solve linear algebra problems [94-96]. It has been used recently in signal
processing. LQ-factorization can decompose a signal into its components, such as signals
and noises. One clinical study has successfully improved their system to record auditory
steady-state response in electroencephalogram (EEG) in shorter recording duration using
the LQ-factorization technique [94, 95].
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Chapter 3
Measurement Method of Tissue Displacement and
Thickness
3.1 Method
The objective of this thesis research is to track the tissue boundary displacement
and tissue layer thickness change using a wearable ultrasonic sensor. As mentioned in
Chapter 2, muscle thickness changes during muscle contraction. Tissue boundary depths
inside a body can be obtained noninvasively using ultrasound. An ultrasonic
pulser/receiver generates electric pulses that are converted into ultrasonic waves by the
wearable ultrasonic sensor. The ultrasonic waves propagate through body tissues with a
certain velocity and are reflected at tissue boundaries where they are received by the
same wearable ultrasonic sensor. The reflection of the ultrasonic waves is caused by the
difference of the acoustic impedance of two different tissues [97]. Boundaries beyond the
bone cannot be visible easily because of the high reflection coefficient of the bone and
the high attenuation of the waves inside the bone. The ultrasonic pulse-echo measurement
model is shown in Figure 3.1.
,

is the

denotes the

tissue thickness in the

boundary echo.
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tissue, and

is the acoustic velocity in

measurement frame, and

denotes the

Figure 3.2 shows the schematic representation of two consecutive measurement
frames ( and

) in space and time domains, to define the tissue boundary depth, time

delay difference of two echoes in the same frame, time delay change of an echo between
two frames, and tissue boundary displacement in our ultrasonic measurements. Each
tissue boundary depth and thickness can be obtained by measuring the time delay of the
reflected ultrasonic waves (echoes) using the known tissue velocities by:

where

is the tissue boundary depth for the

measurement frame,
boundary echoes of

boundary echo (

) in the

is the time delay difference between the consecutive
and

in the

frame, and

is the time delay of

boundary echo.
In addition, a boundary displacement is defined as the depth change of a tissue
layer boundary during muscle contraction. The time delay change of each tissue
boundary echo and the displacement of each tissue boundary between two consecutive
frames can are defined by Equations 3.4 and 3.5, respectively (see Figure 3.2).
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where
and
and

is the time delay change of
,

boundary echo between the frame numbers

is the displacement of the
,

, and

boundary echo between the frame numbers

is the total number of frames.

Therefore, the time delay of the boundary echo is obtained by:

Furthermore, the depth of the tissue boundary is obtained by:

Figure 3.1: Ultrasonic pulse-echo measurement model.
denotes the
tissue layer,
and
is the acoustic velocity in
,
is the
thickness, and
is the boundary
echo.
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Figure 3.2: Schematic representation of two measurement frames and
. a) tissue
boundary locations in space domain , b) tissue boundary echoes in time domain.
denotes the tissue boundary, and
denotes the tissue boundary echo.
is the echo
boundary ( ) depth,
is the time delay of the boundary echo,
is the time delay
difference between two consecutive boundary echoes in the same frame,
is the
time delay change of the boundary echo between two consecutive frames, and
is the
tissue boundary displacement.

3.2 Signal Processing Techniques
In this research, ultrasonic signals within a desired time window covering a tissue
depth of interest were acquired with a fixed frame rate. The detailed signal acquisition
procedure employed for the experiment will be described in Chapter 5. Due to random
18

noises and undesired echoes from scatterers (scattering echoes) in tissues, detecting tissue
boundary echoes is challenging using a wearable ultrasonic sensors in practice because of
its relatively weak ultrasonic signal strength comparing to a conventional ultrasonic
probe made with a piezoelectric ceramic. Figure 3.3 depicts the scattering echo model.
These random noises and scattering echoes require us to use appropriate signal
processing techniques to be able to extract the tissue boundary echoes from acquired
signals and to improve the estimation accuracy of the time delay of the boundary echoes.
Each boundary echo is windowed in signal processing in order to estimate the time delay
of each boundary echo separately as seen in Figure 3.4. The time window is manually
setup wide enough to cover the time delay changes of a selected echo but narrow enough
not to cover the other echoes through the entire measurement frames. The signal
processing techniques investigated in this thesis are described in the following sections.

Figure 3.3: Scattering echoes model.
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Figure 3.4: Time window setup in signal processing to detect a selected boundary echo.
is the lower window limit,
is the higher window limit, for the boundary
echo
.

3.2.1 Echo Peak Detection

The time delay (

) of an

echo where the largest amplitude value (peak echo)

is obtained in the reflected ultrasonic wave represents the location of the tissue boundary.
Figure 3.5 demonstrates the echo peak in acquired signals. The time delay of the
boundary echo is obtained by:
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where

is the tissue boundary echo,

is the amplitude of the boundary echo,

the time delay of the boundary echo, and
time window limit (

is the measured signals between the low

) and the high time window limit (

) of

boundary

echo. Depth of the tissue boundary can be obtained by converting the time delay (
obtained by Equation 3.6 to the distance (

is

)

) using the acoustic velocity of the tissue ( )

by Equations 3.1 and 3.2.

Figure 3.5: Echo peak indicates the tissue layer boundary.
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3.2.2 Cross-correlation
The cross-correlation technique finds the best correlation between the signals in
two frames in order to determine the time lag between the signals (selected boundary
echoes in our case). The time lag at the best correlation value represents the displacement
of a tissue boundary after converting the time lag (time delay difference of a chosen echo
between two frames) into distance using Equations 3.1, 3.2, 3.6 and 3.7. Hence, tissue
thickness change can be calculated. The correlation between two frames is calculated by
[98, 99]:

where

is the correlation between the

number of frames, and
of

is the

frame and

frame,

is the total

frame of the measured signals. The largest value

gives the best correlation where

. When

, the cross-

correlation between first frame and other is calculated to obtain the time delay change of
echo between the first and other frames, while

for the cross-correlation

between two consecutive frames technique.
Due to scattering echoes and body motion in the in-vivo experiment, the boundary
echo shape was changing significantly during muscle contraction. Thus, the correlations
between the first frame and later frames were decreasing (the details are discussed in
Chapter 5). To overcome this problem, cross-correlation between two consecutive frames
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technique was also used so that the echo shape difference between the two frames could
be minimal.

3.2.3 Echo Phase Detection
The aim here is to obtain the tissue boundary depth using the phase of the
boundary echo signals at a selected frequency (typically the center frequency of the echo).
Fast Fourier Transformer was used to transform the acquired signals from the time
domain to frequency domain. Then, the phase at a selected frequency is obtained (the
selected frequency has the largest magnitude among all frequencies) [92, 93].
The obtained phase of an echo in all the frames are subtracted by the phase of the
echo in the first frame as a reference:

where

is the unwrap phase at the chosen frequency

in each

frame and

is

the unwrap phase with the first frame echo phase referenced. Finally, the unwrap phase of
boundary echo at a chosen frequency can be converted to the
by:
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tissue boundary depth

where

is the depth difference of the

frame,

is the wavelength at the chosen frequency.
is the depth of the

boundary from the depth of that in the first

boundary echo in the first frame which is obtained from

the echo peak detection technique by Equation 3.1. The reflected ultrasonic signals have
a frequency bandwidth since the transmitted ultrasonic wave is pulsed ultrasound but not
a continuous wave having a single frequency component. The frequency bandwidth of
reflected ultrasonic signals could be changed due to the attenuation and interference with
scattering echoes. Taking the average of the phases at multiple frequencies around the
center frequency of the desired boundary echo could improve the SNR of the phase
measurement. The frequency range used for the phase averaging is between
centered by the chosen frequency

and

. The averaged phase is obtained by:

The tissue boundary depth is obtained from this averaged phase using the same
calculation procedure given by the Equations 3.10 to 3.13.
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3.2.4 LQ-factorization
LQ-factorization can decompose the measured boundary echo into several
frequency components in order to separate desired signals of the tissue boundary echo
from undesired random noises and scattering echoes which may have different frequency
components from the desired boundary echo. Recently, LQ-factorization has been used
for signal processing. Two studies have used the LQ-factorization in order to separate
noises from the measured signals [94, 95]. Therefore, the LQ-factorization technique is
applied in this research to extract desired signals (boundary echoes) from the measured
signals. The LQ-factorization equations are represented in discrete form.
One or more frequencies can be selected from the frequency components of tissue
boundary echo. Signal is generated from each selected frequency by:

where

is signal generated with

selected frequency,

is the order number of the selected frequency,
signal amplitude value,
index, and

is the initial phase value,

is the sampling rate,

is the selected frequency,

is the

is the ultrasound rf signal sample

is the total sample number corresponding to the tissue depth. The LQ-

factorization is identified by Equation 3.16. The left side of the equation is a matrix with
the measurement signals

and the generated signals
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windowed to include

only

boundary echo. The right side of the equation is the outcome from the LQ-

factorization processes. It contains two matrixes:

where

and .

is the lower triangular matrix of the decomposed measurement signals,

orthogonal unity matrix,

is the total number of frames,

corresponding to the tissue depth,
separated,

is

matrix element,

is the

is the total sample number

is the total number of chosen frequencies to be
is a matrix taken from , and

is a matrix taken

from . The separated signal (or signals) at the chosen frequency (or frequencies) is
given by:
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In this research, only one frequency (most likely the center frequency) was chosen
to be separated from the acquired signals in each boundary echo. Cross-correlation
technique between two consecutive frames is used to obtain the time delay change of the
boundary echo using

.
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Chapter 4
Numerical Simulation Experiments
In the in-vivo experiment, as we will see in Chapter 5, there are several types of
signals were acquired in ultrasonic pulse-echo measurements. These include ultrasonic
waves reflected from tissue boundaries in the human body, and electrical and
environmental noises. The reflected ultrasonic waves are categorized into boundary
echoes and scattering (or speckle) echoes. Our goal is to track the tissue boundary to
measure the tissue displacement and thickness using the boundary echoes. On the other
hand, the scattering echoes are considered undesired signals or noise in this study. In
order to better understand the in-vivo experimental data and investigate the effectiveness,
reliability, and feasibility of the signal analysis techniques descried in Section 3.2, this
chapter will study how the scattering echoes affect the boundary motion tracking
accuracy using numerical simulation experiments.

4.1 Numerical Simulation Method
4.1.1 Boundary Echo
Ultrasonic waves propagate through body tissues and reflect from tissue
boundaries, which results in ultrasonic echoes. The boundary echoes are the reflected
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ultrasonic waves from a boundary between two different mediums (tissues in this study)
because of the difference in the acoustic impedance of the two tissues [97]. A Gaussian
radio frequency (rf) pulse model was used to model the boundary echoes by the following
formula [100]:

where

is the bandwidth factor,

is the total acquisition time for each frame

corresponding to the tissue depth, and
boundary echo where

is the center angular frequency of the

assumed to be 5 MHz (see Section 4.1.6).

Similarly, Equation 4.1 can also be defined in discrete form by:

where

is the total number of sample points corresponding to the tissue depth and

is

the sampling period. An example of a simulated boundary echo is presented in Figure 4.1.

29

Figure 4.1: Simulated Gaussian rf pulse echo which represents the tissues
boundary echo.

4.1.2 Scattering Echoes
Since the scattering echoes are considered as a main noise source (undesired
signals), random noises are not simulated in this study. Therefore, the term “noise” will
refer to scattering echoes hereafter. The scattering particles in the body are the causes of
the scattering echoes that blur the ultrasonic images.
The scattering echoes produced by Gaussian rf pulse signals defined in Equation
4.1 can be modeled by:
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where

is a signal scattering echo from

scatterer,

is the amplitude

factor, is the total number of scatterers within the ultrasonic beam, and
delay between the ultrasonic sensor and

scatterer [100, 101].

is the time

results in a phase

shift in the received scattering echo. Therefore, Equation 4.3 can be rewritten as:

where

which represents the amplitude and

represents the phase of
The time delay

scattering echo.
of an echo propagating between the ultrasonic sensor and

scatterer in the ultrasonic pulse-echo method can be found by:

where

is the distance between the ultrasonic sensor and the

scatterer, and

the velocity of the ultrasonic waves propagating in tissues.
Therefore, the received scattering echoes from all the scatterers are represented by:

By converting Equation 4.6 into a discrete form we obtain:
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is

Figure 4.2 presents the simulated scattering echoes.

Figure 4.2: Simulated scattering echoes.

4.1.3 Signal-to-Noise Ratio (SNR)
The mathematical simulation for each frame in the simulation experiments can be
represented by summing Equation 4.1 (the Gaussian rf pulse echo) with Equation 4.3 (the
received scattering echoes) as follows:
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where

is the simulated signals.
Simulated boundary echoes were tracked in different values of SNR. This step is

to investigate how the noises (scattering echoes) affect the tracking accuracy of the
boundary echoes for each signal analysis technique described in Section 3.2. It is
important to determine the noise level in the ultrasonic signals in relation with the desired
reflected echoes. SNR can be defined by:

where

is the maximum of the absolute value of the boundary echo, and

average absolute value of the scattering echoes (Figure 4.3).
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is the

Figure 4.3: The SNR of the simulated data (Gaussian rf pulse echo + scattering
echoes).

4.1.4 Tissue Boundary Motion
The objective of this study is to track the tissue boundary motion and tissue layer
thickness changes during muscle contraction using ultrasound. As mentioned in Chapter
2, muscle thickness increases during contraction and decreases in relaxation. Tissue
boundary displacement is simulated as one cycle of a sinusoidal shape in the period of the
total frames. Thus, the boundary depth is given by:
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where

is the simulated tissue boundary depth with the sinusoidal displacement,

is the initial boundary depth,
of

signal, and

is the magnitude of displacement,

is the frequency

is the total number of frames. Figure 4.4 shows the sinusoidal

boundary echo motion.
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Figure 4.4: Sinusoidal boundary echo motion. The Gaussian rf pulses are shifted
by the value of sinusoidal signal in each point sample.
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4.1.5 Root Mean Squared Error (RMSE)
The errors of boundary echo tracking for signal analysis techniques described in
Chapter 3 were compared by using the RMSE values. The RMSE is defined by [102,
103]:

where
and

is the boundary displacement value obtained in the simulation experiments,
is the theoretical value (model) given by Equation 4.10 for the simulations with

sinusoidal motion,

is the frame number,

is the boundary order, and

is the total

number of frames.

4.1.6 Parameter Setting For Numerical Simulation
Tissue boundary echoes with the boundary motion having different SNR values
were simulated. The signal processing techniques described in the Section 3.2 were
applied to obtain the boundary displacement.
The signal acquisition conditions and parameters employed in in-vivo experiments
were used to simulate the boundary echoes and motion in the numerical simulations
experiments. Boundary echoes in the in-vivo experiment were found to have center
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frequency (

) of 5 MHz with a bandwidth factor ( ) of 0.025 MHz2. Sampling points

of the depth ( ) was 1000 points in the simulation experiments, corresponding to the
time window of 8 µsec at the sampling frequency of 125 MHz (or the depth of 6.52 mm,
with the ultrasonic velocity of 1630 m/s). The total frame number was 100 frames,
corresponding to the acquisition time of 10 sec at the frame rate of 10 Hz. In motion
simulations, one cycle of the sinusoidal motion was simulated in the entire simulated time
as shown in Figure 4.4.

4.2 Simulation experiment results
In this section, three types of simulations were conducted: no boundary motion
with random scattering echoes, sinusoidal boundary motion with fixed scattering echoes,
and sinusoidal boundary motion with random scattering echoes. The SNR values
employed in the simulated echoes were 0, 5, 10, 15, 20, 25 and 30 dB. These SNR values
were chosen to cover the cases when the noise amplitude is larger than the boundary echo
amplitude. Then, the four signal analysis techniques (peak detection, cross-correlation,
phase, and LQ factorization) presented in Chapter 3 were applied for ultrasonic signals
simulated. Finally, results were compared among the techniques in each simulation to
find the displacement estimation accuracy using the RMSE values.
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4.2.1 No Boundary Motion with Random Scattering Echoes
4.2.1.1 Simulation Model
Gaussian rf pulse echo was simulated with random scattering echoes to test the
noise effects on the boundary echo detection when there is no boundary displacement.
The random scattering echoes were generated with random scatterer distribution for each
frame. Figure 4.5 presents this simulation model. Signals were simulated with seven
different SNR values using Equation 4.10 with

mm and

for no

boundary displacement. Figures 4.6 and 4.7 show the simulated signals of all 100 frames
in the case of 30 dB SNR as an example in M-mode and A-mode format, respectively.

Figure 4.5: The simulation model for the no displace of tissue boundary between
two tissue layers (
and
) with the scattering echoes.
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Figure 4.6: All 100 frames (10 sec at 10Hz frame rate) of simulated boundary
echoes with no boundary motion having random scattering echoes with 30 dB
SNR in M-mode format.
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Figure 4.7: All frames of simulated boundary echoes with no boundary motion
having random scattering echoes with 30 dB SNR in A-mode format.
The boundary echo is located at 3.26 mm, around the middle of the total depth of
6.52 mm. As see in Figures 4.6 and 4.7, the boundary echo is fixed and the scattering
echoes are random among the frames.
Figure 4.8 shows the simulated signals of 0, 5, 10, 15, 20, 25 dB SNR in the Mmode format. In 25 dB SNR (a), the boundary echo is clearly seen in red/blue colour.
When the SNR value decreases below 10 dB, the boundary echo becomes unclear and
almost unobservable at 5 dB (e) and 0 dB (f).
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Figure 4.8: No motion with random scattering echoes simulation M-mode format
(a: 25 dB, b: 20 dB, c: 15 dB, d: 10 dB, e: 5 dB, and f: 0 dB).

Figure 4.9 shows the influence of the scattering echoes to the boundary echo with
two different SNRs of 30 dB and 10 dB.
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Figure 4.9: Gaussian rf pulse boundary echo with scattering echoes in 30 dB SNR
(left), and 10 dB SNR (right).

4.2.1.2 Displacement Estimation Results
The signal analysis techniques mentioned in Chapter 3 were applied to this
simulation experiment to determine the boundary location. The results is shown in Figure
4.10 (a: echo peak detection, b: cross-correlation between first frame and all frames, c:
cross-correlation between two consecutive frames, d: single frequency phase detection, e:
mean of narrow band frequencies phase detection, and f: LQ-factorization). The
frequency chosen for the techniques of single frequency phase detection, mean of narrow
band frequencies phase detection, and LQ-factorization was the center frequency of
simulated Gaussian rf pulse echoes (

). In the mean of narrow band

frequencies phase detection, ten frequencies were chosen before and after the center
frequency, i.e. 4.38, 4.51, 4.63, 4.76, 4.88, 5.00, 5.14, 5.26, 5.39, 5.51, and 5.64 MHz.
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Figure 4.10: Boundary track of each technique in seven different SNR values of
30, 25, 20, 15, 10, 5, and 0 dB (a: echo peak detection, b: cross-correlation
between firs frame and all frames, c: cross-correlation between two consecutive
frames, d: single frequency phase detection, e: mean of narrow band frequencies
phase detection, and f: LQ-factorization).
As it is observed in Figure 4.10, in general, all techniques had successfully
tracked the boundary echo with 20 dB and larger SNR, where the errors are less than 0.1
mm. However, for all the techniques, tracking the echo boundary had more errors with 15
dB and lower SNR values. In Figures 4.11 and 4.12, the RMSE values with respect to the
SNR were presented. In Figures 4.10a, b, and f, random changes (or sudden jumps) of the
obtained depth are observed, while in Figures 4.10c, d, and e, gradual changes of the
obtained depths are observed. It was observed in Figure 4.10c that with a technique of
cross-correlation between two consecutive frames, the depth of the boundary echo
changed from 3.26 mm to beyond -20 mm, thus the error was more than 23 mm. This
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large error happened because this technique started to track other echoes such as
scattering echoes or noises. Moreover, errors from each cross-correlation between two
consecutive frames process are accumulating. This differs from the cross-correlation
between first frame and all frames technique, which had its first frame data fixed in all
cross-correlation processes.
The simulated signals were also analysed using the absolute values of the signal
amplitude for the following signal processing techniques in time domain: echo peak
detection, cross-correlation between first frame and all frames, and cross-correlation
between two consecutive frames. Results are discussed using RMSE values in the next
section. Figure 4.11 is the comparison between applying the time-domain techniques on
the raw signals (left) and on the signal absolute value (right).
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Figure 4.11: The comparisons between applying the techniques on raw signals
and on signals absolute value for boundary depth estimation for simulation 1
where a) echo peak detection, b) cross-correlation between first frame and all
frames, and c) cross-correlation between two consecutive frames.

4.2.1.3 Root Mean Squared Error (RMSE)
RMSE values were obtained from the results shown in Figures 4.10 and Figure
A.1 in appendix A to compare the techniques with respect to the SNR values. The results
are presented in Figures 4.12 and 4.13, where A denotes the echo peak detection
technique, S: cross-correlation between first frame and all frames, F: cross-correlation
between two consecutive frames, P: single frequency phase detection, MP: mean of
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narrow band frequencies phase detection, LQ: LQ-factorization, and ABS: absolute value
of the signal amplitude with the techniques of A, S, and F.

Figure 4.12: RMSE values of all techniques including the absolute value analysis
for A, S and F in 30, 25, 20, 15, 10, 5, and 0 dB SNR (A: echo peak detection, S:
cross-correlation between first frame and all frames, F: cross-correlation
between two consecutive frames, P: single frequency phase detection, MP: mean
of narrow band frequencies phase detection, LQ: LQ-factorization, and ABS:
absolute value).
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Figure 4.13: The same results in Figure 4.11 but without the result of the crosscorrelation between two consecutive frames (F).
From Figures 4.12 and 4.13, the overall trend is that RMSE decreases as the SNR
increases. However, the values of RMSE by the techniques of F ABS, P and MP had
fluctuated values. This may be because of the amplitude of the scattering echoes being
occasionally larger than that of the boundary echo in low SNR. The scattering echoes
would therefore be detected instead of the boundary echo.
Figure 4.12 shows a closer view of the results in Figure 4.10 without the results
obtained by F which had the largest RMSE values. The three techniques in frequency
domain analysis, such as S: single frequency phase detection, MP: mean of narrow band
frequencies phase detection, and LQ: LQ-factorization, had better tracking accuracy
compared to the other three techniques in time domain analysis such as A: echo peak
detection, S: cross-correlation between first frame and all frames, and F: cross-correlation
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between two consecutive frames. In addition, the absolute value of the signals with the
techniques of A, S and F improved the accuracy. Using the absolute signal amplitude, the
RMSE at the 0 dB, 5 dB, 10 dB, and 15 dB SNR in the technique of F decreased from 2.5
mm, 4 mm, 5 mm, and 1.5 mm to 0.36 mm, 0.34 mm, 0.58 mm, and 0.23 mm
respectively (85.6%, 91.5%, 88.4%, and 84.7 %) and in the technique of S from 0.54 mm,
0.52 mm, 0.5 mm, and 0.2 mm to 0.09 mm, 0.09 mm, 0.05 mm, and 0.03 mm
respectively (83.3 %, 82.7 %, 90 %, and 85 %). While in the technique of A, the largest
decrease was less than 0.2 mm (3.1%) at 0 dB.

4.2.2 Sinusoidal Boundary Motion with Fixed Scattering Echoes
4.2.2.1 Simulation Model
Gaussian rf pulse boundary echoes were simulated with sinusoidal boundary
motion with total tissue boundary displacement of 1 mm, where

= 3.26 mm and

=

0.5 mm in Equation 4.10. Therefore, the boundary depth changes from 2.76 mm to 3.76
mm as shown in Figure 4.14. The scattering echoes added to the boundary echo were the
same (fixed) for all frames. The simulation model shown in Figure 4.15 assumed that
tissue 2 (

) is the muscle in relaxation and contraction. Figure 4.16 shows the entire

frames of simulated boundary echoes with fixed scattering echoes in M-mode format in
30 dB SNR. Figure 4.17 shows the simulated signals of the entire frames in A-mode
format. In Figure 4.18, it can be said that the sinusoidal boundary motion is more clearly
observed with larger SNR values.
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Figure 4.14: The theoretical value (model) motion track of this simulation.

Figure 4.15: The simulation model of the Sinusoidal boundary motion with fixed
scattering echoes simulation and the Sinusoidal boundary motion with random
scattering echoes. Tissue 2 (
) is the contracted muscle. (Right figure is
confusing. Why there are two boundary echoes? Delete the one at 2.76 mm.)
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Figure 4.16: : All 100 frames (10 sec at 10 Hz frame rate) of simulated boundary
echoes with sinusoidal boundary motion having fixed scattering echoes with 30
dB SNR in M-mode format.
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Figure 4.17: All frames of simulated boundary echoes with sinusoidal boundary
motion having fixed scattering echoes with 30 dB SNR in A-mode format.
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Figure 4.18: Sinusoidal boundary motion with fixed scattering echoes simulation
M-mode format (a: 25 dB, b: 20 dB, c: 15 dB, d: 10 dB, e: 5 dB, and f: 0 dB).

4.2.2.2 Displacement Estimation Results
Figure 4.19 shows the boundary displacement estimation results obtained by the
mentioned techniques in Chapter 3 (a: echo peak detection, b: cross-correlation between
the first frame and all frames, c: cross-correlation between two consecutive frames, d:
single frequency phase detection, e: mean of narrow band frequencies phase detection
and f: LQ-factorization techniques). The center frequency for the techniques of d, e, and f

53

and the bandwidth frequencies for the technique e were chosen to be the same values as
in the previous simulation (Section 4.2.1.2).

Figure 4.19: Boundary track of each technique in seven different SNR values of
30, 25, 20, 15, 10, 5, and 0 dB (a: echo peak detection, b: cross-correlation
between firs frame and all frames, c: cross-correlation between two consecutive
frames, d: single frequency phase detection, e: mean of narrow band frequencies
phase detection, and f: LQ-factorization).
As seen in Figure 4.19, the techniqus (a) and (b) estimated a fixed displacement
at the depth of 4.80 mm and 3.35 mm respectively at 10 dB and lower SNR. These
estimation error of fixed displacements were caused by a larger amplitude of scattering
echoes than those of the boundary echo since the scattering echoes were fixed. A large
scattering echo can be seen at 4.80 mm in Figures 4.16, 4.17 and 4.18. Another large
scattering echoe at 3.35 mm is not visilbe in these figures because of the overrapping
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with the boundary echoes. The phase detection techniques of (d) and (e) in Figure 4.19
tracked the sinusoidal motion well but the accuracy had reduced in lower SNR values.
The single frquency phase detection technique (d) estimated the total displacement of
0.30 mm and 0.60 mm in 0 dB and 5 dB SNR respectively. While the mean of narrow
band frequencies phase detection technique (e) estimated the total diplacement of 0.05
mm, 0.10 mm, 0.20 mm, and 0.70 mm in 0 dB, 5 dB, 10 dB, and 15 dB SNR
respectively. These estimated total thickness changes was less than the theoretical value
of 1 mm. This is probably because both the simulated boundary echoes and the scattering
echoes had the same center frequency and bandwidth of 5 MHz and 0.025 MHz2
respectively. With lower SNR values, the magnitudes of frequency spectrum of the
boundary echo and the scattering echoes became comparable. Moreover, one or more of
these frequencies could be noise. Hence, the noise reduces the averaging? effectiveness to
improve the accuracy.
The LQ-factorization in Figure 4.19f successfully tracked the motion with better
accuracy even in lower SNR values. The results show unsmooth tracknig in lower SNR
values, but still had the best accuracy among all other techniques.
The absolute value of the simulated echoes was also used for the simulate
experiments of boundary displacement estimation. The comparison between the raw
signals and the absolute value signals is presented in Figure 4.20. Results are discussed in
the next section.
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Figure 4.20: The comparisons between applying the techniques on raw signals
and on signals absolute value for boundary depth estimation for simulation 2
where a) echo peak detection, b) cross-correlation between first frame and all
frames, and c) cross-correlation between two consecutive frames.

4.2.2.3 Root Mean Squared Error (RMSE)
As discussed in Section 4.2.1.3, the RMSE values were obtained from the results
shown in Figures 4.19 and 4.20 to compare the techniques with respect to the SNR values.
The results are presented in Figures 4.21 and 4.22.
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Figure 4.21: RMSE values of all techniques including the absolute value analysis
for A, S and F in 30, 25, 20, 15, 10, 5, and 0 dB SNR (A: echo peak detection, S:
cross-correlation between first frame and all frames, F: cross-correlation
between two consecutive frames, P: single frequency phase detection, MP: mean
of narrow band frequencies phase detection, LQ: LQ-factorization, and ABS:
absolute value).
As shown in Figure 4.21, using the absolute value of the signals with the
techniques of A, S, and F (A ABS, S ABS, and F ABS) did not improve the results
accuracy, unlike the previous simulation results presented in Section 4.2.1.3.
Moreover, these three techniques in time domain signal analysis had less accuracy
compared with the frequency domain techniques of P: single frequency phase detection,
MP: mean of narrow band frequencies phase detection, and LQ: LQ-factorization.
From Figure 4.22, mean of narrow band frequencies phase detection (MP) had the
best accuracy among all techniques in 30-20 dB SNR (less than 0.003 mm RMSE).
However, the RMSE increased in 15 dB and lower SNR values. The LQ-factorization
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technique had less accuracy in 30-25 dB than both phase detection techniques, but its
accuracy was still very good (0.01 mm RMSE) The LQ-factorization technique had
constant accuracy even in low SNR ranges.

Figure 4.22: RMSE values of only single frequency phase detection (P), mean of
narrow band phase detection (MP), and LQ factorization (LQ).

4.2.3 Sinusoidal Boundary Motion with Random Scattering Echoes
4.2.3.1 Simulation Model
Section 4.2.1 has examined the random scattering echoes with no motion
boundary echo. While in Section 4.2.2, the scattering echoes were fixed and examined
with sinusoidal boundary motion. In this section, the random scattering echoes are
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examined along with the sinusoidal boundary motion with the same total displacement of
1 mm where

= 0.5 mm and

= 3.26 mm as it can be seen in Figure 4.14. This

simulation is the closest model to the in-vivo experiment. Figure 4.15 is the model of this
simulation. Figure 4.23 shows the simulated boundary echoes with the random scattering
echoes in M-mode format in 30 dB SNR.

Figure 4.23: All 100 frames (10 sec at 10 Hz frame rate) of simulated boundary
echoes with sinusoidal boundary motion having random scattering echoes with 30
dB SNR in M-mode format.
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Figure 4.24: All frames of simulated boundary echoes with sinusoidal boundary
motion having random scattering echoes with 30 dB SNR in A-mode format.
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Figure 4.25: Sinusoidal boundary motion with random scattering echoes
simulation M-mode format (a: 25 dB, b: 20 dB, c: 15 dB, d: 10 dB, e: 5 dB, and f:
0 dB).
The sinusoidal boundary motion is more clearly observed with larger SNR values
in Figure 4.25 until it is no longer can be seen in Figure 4.25e and f.

4.2.3.2 Displacement Estimation Results
Similar processes to the previous simulations have done here. Figure 4.26 shows
the boundary displacement estimation results obtained by the six techniques a: echo peak
detection, b: cross-correlation between the first frame and all frames, c: cross-correlation
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between two consecutive frames, d: single frequency phase detection, e: mean of narrow
band frequencies phase detection and f: LQ-factorization techniques.

Figure 4.26: Boundary track of each technique in seven different SNR values of
30, 25, 20, 15, 10, 5, and 0 dB (a: echo peak detection, b: cross-correlation
between firs frame and all frames, c: cross-correlation between two consecutive
frames, d: single frequency phase detection, e: mean of narrow band frequencies
phase detection, and f: LQ-factorization).

As can be seen in the above figure, the techniques (a) and (b) estimate the
sinusoidal boundary motion at 15 dB and higher SNR. However, the displacement
estimation has become noisy at 10 dB and lower SNR. The estimation error of the noisy
displacements were caused by a larger amplitude of scattering echoes than those of the
boundary echo since the scattering echoes were random distributed in the frames. In (c),
the estimation error is very large at 15 dB and lower SNR value. The reason behind the
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very large error was the changing of the first frame in every cross-correlation process.
Hence, the target of the correlation was changed. The single frequency phase detection in
the previous simulation in Section 4.2.2 has estimated the sinusoidal displacement well at
all the SNR value in Figure 4.19d but with lower accuracy in lower SNR values.
However, in this simulation, the displacement estimation had large errors at 15 dB SNR
and below as seen in Figure 4.26d. Therefore, it can be concluded that the random
distribution of the scattering echoes have reduced the effectiveness of the single
frequency phase detection technique. The technique (e) in the above figure tracked the
sinusoidal motion well but the accuracy reduces in lower SNR values. The random
scattering echoes have no significant impact on this technique, unlike with the single
frequency phase detection technique. Therefore, the mean of narrow band frequencies
phase detection has overcame with the random scattering echoes limitation.
The LQ-factorization in Figure 4.26f successfully tracked the sinusoidal motion
with good accuracy at all SNR values. The displacement estimation had become
unsmooth with lower SNR. However, LQ-factorization can still be estimates the overall
motion with a total of 1 mm boundary displacement at all SNR values.
The absolute value of the simulated echoes was also used for this simulation
experiment as done with the previous simulations. The comparison between the raw
signals and the absolute value signals is presented in Figure 4.27. Results are discussed in
the next section.
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Figure 4.27: The comparisons between applying the techniques on raw signals
and on signals absolute value for boundary depth estimation for simulation 3
where a) echo peak detection, b) cross-correlation between first frame and all
frames, and c) cross-correlation between two consecutive frames.

4.2.3.3 Root Mean Squared Error (RMSE)
The RMSE values as it can be seen in Figures 4.28 and 4.29 were obtained from
the results shown in Figures 4.26 and 4.27.
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Figure 4.28: RMSE values of all techniques and the absolute value analysis in 30,
25, 20, 15, 10, 5, and 0 dB SNR (A: echo peak detection, S: cross-correlation
between first frame and all frames, F: cross-correlation between two consecutive
frames, P: single frequency phase detection, MP: mean of narrow band
frequencies phase detection, LQ: LQ-factorization, and ABS: absolute value).
As shown in Figure 4.28, signal absolute value improved the results of A: echo
peak detection, S: cross-correlation between first frame and all frames, and F: crosscorrelation between two consecutive frames. It can be observed that in both crosscorrelation techniques (S) and (F), the improvemets were large and the RMSE decreased
from 1 mm, 1.7 mm, 1 mm, and 1.8 mm to 0.8 mm, 1.2 mm, 0.9 mm, and 0.15 mm (20
%, 29.4 %, 10 %, and 91.7 %) at 0 dB, 5 dB, 10 dB, and 15 dB SNR respectively for the
cross-correlation between two consecutive frames and from 0.55 mm, 0.5 mm, 0.4 mm,
and 0.2 mm to 0.13 mm, 0.16 mm, 0.1 mm, and 0.05 mm respectively (76.3 %, 68 %,
0.75 %, and 75 %) for the cross-correlation between first frame and all frames. The
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largest decrease of RMSE in A: echo peak detection was less than 0.01 mm (1.6 %).
Even with the improvement of (A), (S), and (F), the techniques of P: single frequency
phase detection, MP: mean of narrow band frequencies phase detection, and LQ: LQfactorization had better accuracy exept for the (S ABS) compared with (P). From Figure
4.29, the (MP) accuracy was the best in 30 dB but with a small differeance than the (P)
and (LQ) with less than 0.0025 mm RMSE. However, (P) and (MP) RMSE increased in
20 dB and lower SNR values, while the (LQ) had constant accuracy entire SNR values.

Figure 4.29: RMSE values of only single frequency phase detection (P), mean of
narrow band phase detection (MP), and LQ factorization (LQ).
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Chapter 5
In-vivo Experiment
In Chapter 4, the effects of the random scattering echoes on tracking tissue
boundary motion were examined by means of numerical simulation experiments. In this
chapter, in-vivo experiments at the forearm are conducted using a wearable ultrasonic
sensor. The acquired ultrasonic signals are analysed using the signal processing
techniques mentioned in Chapter 3. The results of tracking the boundary displacement
and tissue thickness changes due to muscle contraction are presented and discussed as
well.

5.1 Experimental model
The study was performed in compliance with the Carleton University Research
Ethics Board and with the approval of the board. In the experiment, a wearable ultrasonic
sensor (see Section 5.4.1) was placed on a right proximal forearm of a human subject
(Male 28 years old). Ultrasonic signals were acquired while isometric muscle contraction
was performed. Four tissue boundary echoes were detected between the ultrasonic sensor
and the bone. Figure 5.1 shows the experimental model of this study. Through human
anatomy study of the forearm in Section 5.3, these four tissues might be as follow:
(fat),

(muscle),

(nerve or muscle), and
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(muscle).

5.2 Tissue Thickness Measurement
During isometric muscle contraction, muscle thickness changes. In order to
investigate the thickness variations, ultrasonic signals were acquired at a proximal right
forearm in the in-vivo experiment. The signals were analysed to determine the tissue
thickness using the discussed techniques in Chapter 3 and 4. Echo depth at each frame
can be measure by Equation 3.1. In this research, we assumed that the propagation
velocities are equal in all soft tissues. The fixed velocity (

) was assumed to be

1630 m/s which is the velocity in muscle from [104, 105]. Hence, Equation 3.1 can be
modified to:

Thickness of each tissue layer

Total thickness

is obtained by Equation 3.3 or by:

between the ultrasonic sensor and the bone at the

be obtained by:
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frame can

where

is the total number of detected boundary echoes between the ultrasonic sensor

and the bone.
The total thickness (

) is also equivalent to the depth of boundary located

between a tissue and the bone (the fourth tissue in this study).

Figure 5.1: Ultrasonic pulse-echo measurement model of in-vivo experiment for
tracking tissue boundaries.

5.3 Forearm Anatomy and US Sensor Placement:
Forearm representation has two different positions: supination and pronation.
Supination is a position of the forearm when the palm is facing up while the human is
lying on the back. Pronation is the opposite (palm is facing downward). In the supination
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position, both bones of radius and ulna are parallel. In pronation, the radius crosses the
ulna interiorly causing the hand to rotate (Figure 5.2) [106-109]. Therefore, forearm
structure is not the same in both positions of a particular area. There are muscles
responsible for the rotation of the forearm while other muscles do not intervene in that
action such as pronator teres, pronator quadrates, brachioradialis, supinator, and anconeus.
Furthermore, specific muscles appear in the posterior side of the forearm. Understanding
the forearm anatomy helps us to identify the tissues beneath the ultrasonic sensor
attached.
Figure 5.3 presents a posterior view of right forearm muscles. In the posterior side
of the forearm, extensor muscles are located in the posterior side of the forearm. While,
flexor muscles locate in the opposite side of the forearm (anterior side). Hence, the first
tissue layer after the fat beneath the ultrasonic sensor might be an extensor muscle. Table
5.1 shows the kinds of muscles that appear on each side of the forearm (posterior and
anterior) and their level of depth [106, 109].
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Figure 5.2: Supination and pronation position of right forearm [107].
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Figure 5.3: Muscle structures of the right forearm in posterior view [107].
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Table 5.1: Forearm’s component of tissues in anterior and posterior sides and
tissue level [106-109].

Forearm side

Level of the Muscle

Name of the Muscle
flexor carpi radialis
palmaris longus

superficial

flexor carpi ulnaris
pronator teres

Anterior

superficial (or

flexor digitorum superficialis

intermediate)

(sublimis)
flexor digitorum profundus

deep

flexor pollicis longus
pronator quadratus
extensor carpi radialis longus

superficial

extensor carpi radialis brevis
extensor carpi ulnaris
extensor digitorum (communis)

intermediate

extensor digiti minimi (proprius)
abductor pollicis longus

Posterior

extensor pollicis brevis
extensor pollicis longus

deep

extensor indicis (proprius)
supinator
anconeus
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As seen in Table 5.1, there are three levels of depth of muscles in each side of the
forearm: superficial, intermediate, and deep. The posterior side is mostly composed of
extensor muscles. Since the ultrasonic sensor in this research was placed on the posterior
side, anterior muscles are excluded from the possible muscles that could be under the
ultrasonic sensor. As observed in the in-vivo experiment in Section 5.5, three tissue layers
were detected by the ultrasonic sensor between the fat layer and the bone. These three
tissue layers explain the three levels of the muscle in the forearm (superficial,
intermediate, and deep). Therefore, layers detected from the in-vivo experiment can be
defined as follow:

(fat),

(extensor carpi radialis longus, extensor carpi radialis

brevis, or extensor carpi ulnaris),

(extensor digitorum, or extensor digiti minimi),

(abductor pollicis longus, extensor pollicis brevis, extensor pollicis longus, extensor
indicis, supinator, or anconeus), and

(radius bone). The boundary echoes obtained in

the in-vivo experiment (Section 5.5) could also be from blood vessels and/or the radial
nerve. Identification of tissue types are beyond the scope this thesis. The tissue types can
be determined more accurately using anatomical images taken by a medical ultrasonic
imaging machine in the future study.
A wearable ultrasonic sensor was placed on the right proximal forearm close to
elbow in a pronation position on the posterior side. Figure 5.4 demonstrates the location
of the ultrasonic sensor on the proximal forearm in the pronation position (Figure 5.4a)
and in the posterior view with superficial and deep level of muscles (Figures 5.4b and
5.4c respectively). Hence, From Figure 5.4, we can assume that tissues beneath the
ultrasonic sensor are extensor digitorum muscle (Figure 5.4c 12), deep branch of radial
nerve (Figure 5.4b 18), supinator muscle (Figures 5.4b 17 and a 3), and the radius bone
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(Figure 5.4b 5). The cross-sectional of a MRI image in Figure 5.5 shows the same tissue
layer components as in Figure 5.4 (17: extensor digitorum muscle, 16: deep branch of
radial nerve, 11: supinator muscle and 1: radius bone) [106].
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Figure 5.4: a) 1- lateral epicondyle, 2- medial epicondyle, 3- supinator muscle, 4pronator teres muscle, 5- radius, 6- ulna, and 7- pronator quadrates muscle. b) 1superior and inferior ulnar collateral branches of brachial artey, 2- middle collateral
branch of deep brachial artery, 3- medial intermuscular septum, 4- lateral
intermuscular septum, 5- ulnar nerve, 6- brachioradialis muscle, 7- posterior ulnar
recurrent artery, 8- lateral epicondyle of humerus, 9- medial epicondyle of humerus, 10extensor carpi radialis longus muscle, 11- triceps brachii tendon (cut), 12- common
extensor tendon (partially cut), 13- olecranon of ulna, 14- extensor carpi radialis brevis
muscle, 15- anconeus muscle, 16- supinator muscle, 17- interosseous recurrent artery,
18- deep branch of radia nerve, 19- flexor carpi ulnaris muscle, 20- pronator teres
muscle (slip of insertion), 21- posterior interosseous artery, 22- radius, 23- ulna, 24posterior interosseous nerve, 25- extensor pollicis longus muscle, 26- abductor pollicis
longus muscle, 27- extensor indicis muscle, 28- extensor pollicis brevis muscle, 29anterior interosseous artery (termination), 30- extensor carpi radialis brevis tendon, 31extensor carpi ulnaris tendon (cut), 32- extensor carpi radialis longus tendon, 33extensor digiti minimi tendon (cut), 34- radial artery, 35- extensor digitorum tendons
(cut), 36- 1st metacarpal bone, 37- extensor retinaculum, 38- 2nd metacarpal bone, 39- 5th
metacarpal bone, and 40- 1st dorsal interosseous muscle. c) 1- triceps brachii muscle, 2olecranon of ulna, 3- posterior ulnar recurrent artery, 4- brachioradialis muscle, 5medial epicondyle of humerus, 6- extensor carpi radialis longus muscle, 7- ulnar nerve,
8- common extensor tendon, 9- anconeus muscle, 10- extensor carpi radialis brevis
muscle, 11- flexor carpi ulnaris muscle, 12- extensor digitorum muscle, 13- extensor
carpi ulnaris muscle, 14- abductor pollicis longus muscle, 15- extensor digiti minimi
muscle, 16- extensor pollicis brevis muscle, 17- extensor retinaculum, 18- extensor
pollicis longus tendon, 19- dorsal branch of ulnar nerve, 20- extensor carpi radialis
brevis tendon, 21- extensor carpi ulnaris tendon, 22- extensor carpi radialis longus
tendon, 23- extensor digiti minimi tendon, 24- superficial branch of radial nerve, 25extensor digitorum tendons, 26- abductor pollicis longus tendon, 27- 5th metacarpal
bone, 28- extensor pollicis brevis tendon, 29- extensor indicis tendon, 30- anatomical
snuffbox, and 31- extensor pollicis longus tendon [107].
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Figure 5.5: Cross-sectional MRI image anatomy of the proximal forearm: 1)
radius, 2) ulna, 3) flexor digitorum profundus, 4) ulnar nerve, 5) flexor carpi
ulnaris, 6) flexor digitorum superficialis, 7) Palmaris longus, 8) flexor carpi
radialis, 9) pronator teres, 10) median nerve, 11) supinator, 12) radial nerve,
superficial branch, 13) brachioradialis, 14) extensor carpi radialis longus, 15)
extensor carpi radialis brevis, 16) radial nerve, deep branch, 17) extensor
digitorum, 18) extensor carpi ulnaris, and 19) anconeus [106].

5.4 Experimental Tools and Setup
5.4.1 Wearable Ultrasonic Sensor
The conventional ultrasonic probe for medical imaging is bulky, rigid, and heavy.
A rigid and wide ultrasonic probe surface will not be perfectly attached to curvy body
surfaces, which may leave gaps between the body surface and some areas of the probe.
Moreover, pressing the probe onto the body surface applies force to the underlying
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tissues. Therefore, muscles cannot be freely contracted and their motion may be restricted
causing to reduce the measurement accuracy. Furthermore, monitoring the muscle
thickness changes often requires body movement by muscle dynamic contractions. It may
be difficult to keep a steady and consistent contact between the bulky probe and body
surface due to body movement. Hence, it was not suitable to use a conventional
ultrasonic probe for muscle monitoring in this research. In additional to these limitations
(bulky, rigid, and heavy), the conventional probe is expensive.
To overcome the limitations of the conventional ultrasonic probe mentioned
above, we developed a wearable ultrasonic sensor using a piezoelectric polymer [7].
Piezoelectric polymers such as polyvinylidene fluoride (PVDF) are flexible and have
acoustic impedance that matches human soft tissues [110]. Moreover, the PVDF is
commercially available as a film. Figure 5.6 presents the schematic of the ultrasonic
sensor. Figure 5.7 shows photographs of the ultrasonic sensor. The ultrasonic sensor was
composed of three materials: the piezoelectric PVDF, the electrodes and the protection
films. It had an active area of 15 mm by 15 mm which is the overlapped area of the top
and bottom electrodes. The PVDF film was 110 μm in thickness. The total thickness of
the sensor was 200 μm and its weight was 0.3 g. Therefore, this ultrasonic sensor could
fulfill the requirements in the experiments of muscle monitoring in this research.
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Figure 5.6: Schematic representation of the wearable ultrasonic sensor structure
[111].

Figure 5.7: Photographs of the wearable ultrasonic sensor. A) top view, and b)
side view while bending [111].
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5.4.2 Ultrasonic Pulser/Receiver
Figure 5.8 shows the ultrasonic pulser/receiver (Model 5900PR) from
Panametrics-Olympus (Waltham, MA, USA) used in the experiment. The pulser/receiver
applies electric pulses to an ultrasonic sensor to generate ultrasound. The pulser/receiver
also receives electric signals converted from ultrasound by the ultrasonic sensor.

Figure 5.8: The used ultrasonic pulser/receiver device (NDT 5900PR).

5.4.3 Data Acquisition System
The data acquisition system contains two parts: PCI digitizer and acquisition
program, as shown Figure 5.9. In this research, a PCI digitizer (Model ATS 460) from
AlazarTech (Montreal, QC, Canada) was used. It has a 14-bit resolution and a sampling
rate range from 10 kHz to 125 MHz. An acquisition program was developed using the
LABVIEW platform.
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Figure 5.9: a) PCI Digitizer and b) acquisition program.
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5.4.4 Signal Processing Tool
MATLAB version 7.12.0.635 (R2011a) was used to analyse the acquired
ultrasonic signals. It was also used for the numerical simulation experiments discussed in
Chapter 4.

5.4.5 In-vivo Experimental Setup
The wearable ultrasonic sensor was attached on the right proximal forearm as
seen in Figure 5.10. Figure 5.11 shows a block diagram of the experimental setup. The
sensor was connected to the ultrasonic pulser/receiver to transmit and receive the
ultrasonic waves. The RF output of the pulser/receiver was connected to the PCI digitizer
to correct ultrasonic signals reflected from a body in the ultrasonic pulse-echo mode. As
mentioned in Section 5.3, the arm was in the pronation position on the posterior side. .
a)

b)

Figure 5.10: Wearable ultrasonic sensor attached on the right proximal forearm
a) muscle relax b) muscle isometric contract.
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Figure 5.11: The experiment setup in the ultrasonic pulse-echo mode.

5.4.6 Experiment
The PCI digitizer was set up to acquire signals with sampling rate of 125 MHz (8
sec) and frame rate of 10 Hz. The total sampling number of the acquired signals is 5000
points, which corresponds to 40 sec. The 5000 sampling points correspond to the total
depth of 32.6 mm with the ultrasound velocity of 1630 m/s. During the signal acquisition,
isometric contraction of the forearm muscles beneath the sensor was performed by
clenching and relaxing the right hand alternately for 10 seconds with the transition
interval of 2 seconds. The signals were acquired for total 60 seconds in M-mode
ultrasound measurement.
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5.5 In-vivo Experiment Results
In Chapter 4, the effect of the scattering echoes on the accuracy of tissue
boundary motion tracking was investigated using the selected signal processing
techniques with three cases of numerical simulation experiments. In this section, the
techniques were used to track the tissue boundary motion during the isometric contraction
in the in-vivo experiment. Tissue boundary depths were obtained by Equation 5.1. In this
section, the subscript is omitted from the symbols.

5.5.1 M-mode Ultrasonic Measurement Result
The tissue boundary motion during the isometric contraction was observed
qualitatively with M-mode ultrasonic measurement as seen in Figure 5.12.
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Figure 5.12: The experimental M-mode ultrasonic measurement image, where
is the tissue and
is the tissue boundary.

In Figure 5.12, four boundary echoes, corresponding to tissue boundaries (
and

) and tissue layers (

,

,

and

,

,

), were observed. The depths of the

boundaries changed during the isometric contraction. The relax and contract periods are
indicated by the green (0-10 sec, 25-36 sec, and 51-60 sec) and red (12-22 sec and 39-49
sec) dotted lines, respectively. Figure 5.13 presents the acquired raw ultrasonic signals of
all frames in A-mode format. It can be seen that the echoes from
SNR values, while the echoes from

and

and

have good

have very poor SNR values. The variation

in the echo amplitude is because of the variation in the differences between two
consecutive tissues acoustic impedance, i.e. the less difference, the less echo amplitude.
In the following sections, each boundary echo are analysed to determine its boundary
depth change using the signal processing techniques discussed in Chapters 3 and 4.
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Figure 5.13: All frames raw signal showing the location of the tissue boundary
echoes.

5.5.2 Boundary #1
Figure 5.14 shows the M-mode image of the first boundary echo from
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.

Figure 5.14: Boundary echo from
As observed from Figure 5.12, the

in M-mode image.

boundary depth was decreasing from 12 sec

to 22 sec and from 39 sec to 49 sec during the contraction states. Since the first boundary
depth

variation is equivalent to the first tissue layer thickness (

) changes, this

layer thickness decreased during the contraction. This tissue layer is probably composed
of the skin and fat. It was squeezed by the muscle layers of which thickness increased
during the contraction. In order to get the boundary depth changes quantitatively,
ultrasonic echoes were analysed using the signal processing techniques discussed in
Chapters 3 and 4.
To apply the techniques of the single frequency phase detection, mean of narrow
band frequencies phase detection, and LQ-factorization, the frequency spectra of the first
echoes from

was obtained by discrete fast Fourier transform. The center frequency (
87

)

was found to be 5.034 MHz as shown in Figure 5.15. The narrow bandwidth was
selected in the range between 2.936 MHz ( ) and 7.131 MHz (

), which includes

eleven frequencies with the center frequency in the middle.

Figure 5.15: Frequency spectrum of , where
narrow band,
is the high frequency, and

is the low frequency of the
is the center frequency.

Figure 5.16 presents the results of the depth of the boundary

. It was observed

that cross-correlation of two consecutive frames (c), single frequency phase detection (d),
mean of narrow band frequencies phase detection (e), and LQ-factorization techniques (f)
tracked the echo boundary

motion better than a) echo peak detection and b) cross-

correlation between first frame and all frames.
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Figure 5.16: Depth of tissue boundary
obtained by: a) echo peak detection, b)
cross-correlation between first frame and all frames, c) cross-correlation between
two consecutive frames, d) phase detection using single frequency, e) phase
detection using the mean of narrow band frequencies, and f) LQ-factorization.

5.5.3 Boundary #2
Boundary echo from

was difficult to observe in Figures 5.12 and 5.13 because

of the low SNR. Figure 5.17 shows the enlarged M-mode image of the boundary echo
from

.
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Figure 5.17: Boundary echo from

in M-mode image.

From Figure 5.17, it can be seen that the depth of

was increased during the

contract states from 12 sec to 22 sec and from 39 sec to 49 sec. The thickness of the
second tissue layer (

) will be calculated and discussed in Section 5.5.7.

The frequency spectra of the echoes from

are presented in Figure 5.18. The

center frequency was found to be 5.339 MHz. The narrow bandwidth was selected in the
range between 3.769 MHz and 6.91 MHz. The variation between each boundary echo
frequency components are because of variations in the acoustic impedance differences of
two consecutive tissues and the depth of each boundary tissue where high frequency
waves attenuated more than lower frequency waves for a given distance.
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Figure 5.18: Frequency spectrum of

.

In Figure 5.18, a frequency of 1.57 MHz appeared with the greatest amplitude. It
was identified as electrical noises from electrical wire since it appeared even when the
ultrasonic sensor was disconnected.
Unlike the results for the boundary

shown in Figure 5.16, cross-correlation

between two consecutive frames c) and mean of narrow band frequencies phase detection
techniques e) in Figure 5.19 were not able to track the

motion, while the single

frequency phase detection d) and LQ-factorization f) tracked it successfully.
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Figure 5.19: Depth of tissue boundary
obtained by: a) echo peak detection, b)
cross-correlation between first frame and all frames, c) cross-correlation between
two consecutive frame, d) single frequency phase detection, e) mean of narrow
band frequencies phase detection, and LQ-factorization techniques.

5.5.4 Boundary #3
Boundary echo from

has the weakest signal amplitude among all boundaries.

Figure 5.20 shows the M-mode format of

.

92

Figure 5.20: Boundary echo from

in M-mode image.

From the M-mode image above, it was clear that the boundary depth was
increasing from 12 sec to 22 sec and from 39 sec to 49 sec. The third tissue thickness
(

) will be calculated and discussed in Section 5.5.7.
As shown in Figure 5.21, the center frequency is 4.229 MHz. The narrow

bandwidth of the mean of narrow band frequencies phase detection technique was in the
range between 3.446 MHz and 5.013 MHz.
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Figure 5.21: Frequency spectrum of
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.

Figure 5.22: Depth of tissue boundary
obtained by: a) echo peak detection, b)
cross-correlation between first frame and all frames, c) cross-correlation between
two consecutive frame, d) single frequency phase detection, e) mean of narrow
band frequencies phase detection, and LQ-factorization techniques.
From Figure 5.22, d) single frequency phase detection, e) mean of narrow band
frequencies phase detection, f) LQ-factorization techniques successfully tracked the
motion compared to the M-mode image in Figure 5.20. However, the techniques d), e),
and f) had difficulties tracking the boundary motion from 0 sec to 18 sec.
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5.5.5 Boundary #4
Finally, boundary echo from
tissue and the bone.

is the echo from the boundary between the fourth

has good SNR as seen in Figure 5.13.

Figure 5.23: Boundary echo from

in M-mode image.

In Figure 5.23, the depth of the boundary was increasing from 12 sec to 22 sec
and from 39 sec to 49 sec. The depth of

is equivalent to the total thickness changes

between the ultrasonic sensor and the bone. The thickness of tissue 4 (
thickness between the ultrasonic sensor and the bone (
discussed in Section 5.5.7.
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) and the total

) are calculated and

Figure 5.24: Frequency spectrum of

The center frequency for

.

was 2.865 MHz and the narrow bandwidth was in

the range of 1.97 MHz and 3.761 MHz, as can be seen in the above figure.
Figure 5.25 represents the results of the displacement of tissue 4 (

) and the

total thickness change as well. All techniques discussed in Chapter 3 have successfully
tracked the boundary motion, but with unsmooth tracking in a) echo peak detection and b)
cross-correlation between first frame and all frames.
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Figure 5.25: Depth of tissue boundary
obtained by: a) echo peak detection, b)
cross-correlation between first frame and all frames, c) cross-correlation between
two consecutive frame, d) single frequency phase detection, e) mean of narrow
band frequencies phase detection, and f) LQ-factorization techniques.

5.5.6 Discussion
Unlike what was observed from the simulation experiments in Chapter 4, crosscorrelation between two consecutive frames in the in-vivo experiment was more feasible
than the cross-correlation between first frame and all frames. A reason for this was
probably that the amplitude and waveform of the boundary echoes significantly changes
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during muscle contraction due to the geometrical configuration changes between the
sensor and tissue layers in the in-vivo experiment. Hence, the correlation between the first
frame and the other frames decreased as measurement time increased.
There were two boundary echoes from

and

with very low SNR values. It

was very challenging to track these boundary echoes with low SNR. It was verified that
the signal processing techniques in frequency domain (the phase detection and the LQfactorization) worked better than those in time domain (the each peak detection and the
cross-correlation).
From the in-vivo experiment, the single frequency phase detection and the LQfactorization techniques were able to track reasonably all of the tissue boundary echoes.
However, the LQ-factorization was more reliable for the in-vivo experiments as well as
for the simulation experiments conducted in Chapter 4 with low RMSE values at all SNR
values investigated in this study. Therefore, it is confirmed that the LQ-factorization
technique was most accurate in tracking the boundary motion among the techniques
investigated in this study.

5.5.7 Thickness Measurements
The LQ-factorization technique was proved effective in tracking the boundary
echo. Hence, the results of boundary displacements obtained by the LQ-factorization
technique in Figures 5.16, 5.19, 5.22, and 5.25 were used to calculate each tissue
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thickness variations during muscle contraction. Figure 5.26 shows the depth change of
the tissue boundaries of

,

,

and

obtained by the LQ-factorization technique

from Figures 5.16f, 5.19f, 5.22f, and 5.25f.

Figure 5.26: Tissue boundary depths obtained by the LQ-factorization technique.

The thickness of each tissue layer was calculated using the results in Figure 5.26
by Equation 3.3. Figure 5.31 presents the thickness changes of the tissue layers of
,

and

.
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,

Figure 5.27: Thickness variations of each tissue layer due to muscle contraction.

From Figure 5.27, the thickness of

(skin/fat) decreased during muscle

contraction since the increase of the muscle layers caused the

to be compressed or

squeezed. The thickness change ratio of each tissue was calculated. During the isometric
muscle contraction, the thickness of the fat tissue layer (
(13.7%). For

and

) decreased by 0.41 mm

, the total thickness increased by 1.47 mm (19.9%) and 1.81

mm (27.1%) for tissue 2 and tissue 4 respectively. It can be observed that

slightly

increased during the muscle contraction. However, the total thickness of

was

gradually decreasing from 0 sec to 60 sec. The reason of the gradual decreases of the
is not clear at the moment. It could be due to the errors in the signal analysis. Further
investigation is required to verify this in the future study. The accuracy of the tissue
thickness measurement is predicted based on the LQ-factorization RMSE from the third
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numerical simulation experiment in Section 4.2.3. The accuracies are as follows: 1.823%,
1.582%, 1.465%, 1.008%, 0.6025%, 0.4711%, and 0.4369% for 0, 5, 10, 15, 20, 25, and
30 dB SNR respectively.
Figure 5.28 shows the total thickness variations between the ultrasonic sensor and
the bone. The total thickness variations (
boundary located between the fourth tissue (

) is equivalent to the depth of the
) and the bone (Equation 5.4).

Figure 5.28: Total thickness changes between the ultrasonic sensor and the bone.
The total thickness increased by 0.97 mm (4.15%) during isometric muscle
contraction. The largest thickness value of 24.5 mm was detected at sec 48 with, while
the smallest thickness value was detected at sec 29 with the value of 22.6 mm. The
difference between the largest value and the lowest value is the total thickness change
(1.91 mm).
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Chapter 6
Conclusions and Future Works
In this chapter, conclusions of this thesis study of continuous monitoring of the
tissue boundary motion and thickness change due to muscle contraction using a wearable
ultrasonic sensor are given. Future works are also discussed.

6.1 Conclusions
This research aimed to measure tissues thickness variation quantitatively during
muscle contraction using ultrasound. It was very challenging to use a conventional
ultrasonic probe for medical imaging due to its limitations (bulky, rigid, and heavy) on
this study. However, an ultrasonic sensor developed in our research group is very thin,
light, flexible and wearable. Thus, this wearable ultrasonic sensor could overcome the
conventional ultrasonic probe limitations. The ultrasonic sensor used in this study was
constructed by the PVDF piezoelectric polymer. The total thickness and weight of the
sensor were 200 μm and 0.3 g, respectively. Its active element size was 15 mm by 15 mm.
Hence, this ultrasonic sensor can be stably attached to a curved and deformable human
body surface without restricting the muscle motion underlying the sensor.
However, relatively weak piezoelectric properties and large dielectric/elastic
losses of PVDF polymers result in small ultrasonic signal strength. In addition, the echo
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from tissue boundary of two consecutive soft tissues having the similar acoustic
impedances had small amplitude. These two factors resulted in the poor SNR of the
desired boundary echoes due to noise signals such as scattering (speckle) echoes and
random environmental noises. Therefore, signal processing techniques suitable to extract
the desired echoes from noise signals needed to be investigated.
Selected signal processing techniques including echo peak detection, crosscorrelation, phase detection, and LQ-factorization were tested by means of numerical
simulation experiments to detect tissue boundary echoes to measure tissue thickness
variation quantitatively. These signal processing techniques mainly differentiate in two
categories: time domain analysis (echo peak detection and the cross-correlation) and
frequency domain analysis (phase detection and LQ-factorization). The frequency
domain techniques showed better performance than the time domain techniques to detect
the boundary echoes and to obtain the boundary displacement. In particular, LQfactorization technique showed the best accuracy among all the techniques tested in the
simulation experiments.
In the in-vivo experiment, the phase detection and the LQ-factorization techniques
were able to track all of the tissue boundaries. Furthermore, the LQ-factorization
technique provided most accurate results among the techniques tested in tracking the
boundary motion even with a low SNR signals.
Tissue thickness changes were obtained based on the results from the LQfactorization technique. It was showed that the in-vivo experiment with our experimental
configuration showed that that muscle thickness increased during isometric contraction. It
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was also shown that the skin/fat tissue layer thickness decreases during muscle
contraction because the muscle layer thickness increased, which squeezed the skin/fat
layer.

6.2 Future Works
The accuracy of tracking tissue boundary had improved using the signal
processing techniques approach as seen in this study. In future work, more signal
processing techniques will be considered such as quadrature-phase demodulation,
frequencies filters, and adaptive filter.
The electrical and environmental noises should be identified to eliminate them
from the measured signals in order to improve the signal processing techniques. It is
suggested to search more deeply in the signal components of the boundary echoes and the
scattering echoes and to find the differences between them. We are hoping to improve the
measurement accuracy of tissue displacement and thickness further during muscle
contractions using the wearable ultrasonic sensor, in order to develop medical and
clinical applications such as diagnosis of neuromuscular disease, rehabilitation, therapy,
and prosthesis control.
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Appendix A
LQ-factorization Technique Frequency Spectrums
In the LQ-factorization technique processes as applied in Chapter 5, the center
frequency of the boundary echo was found in each boundary echo as follow: from
(

=5.034 MHz), from

(

=5.339 MHz), from

(

=5.339 MHz), and from

(

=4.119 MHz) as seen in Figures B.1, B.2, B.3, and B.4. These frequencies are the

separated frequencies from the boundary echoes (only one frequency from each boundary
echo). Figures B.1, B.2, B.3, and B.4 show the frequency spectrum of: a) the acquired
first boundary echo signals, b) the separated signals at the center frequency, and c) the
signals without the center frequency.
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Figure A.1: The frequency spectrum of the
a) the acquired signals, b) the
separated signals at the center frequency, and c) the acquired signals without the
center frequency.

Figure A.2: The frequency spectrum of the
a) the acquired signals, b) the
separated signals at the center frequency, and c) the acquired signals without the
center frequency.
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Figure A.3: The frequency spectrum of the
a) the acquired signals, b) the
separated signals at the center frequency, and c) the acquired signals without the
center frequency.

Figure A.4: The frequency spectrum of the
a) the acquired signals, b) the
separated signals at the center frequency, and c) the acquired signals without the
center frequency.
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