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Abstract

The study of biosignals such as Electromyography (EMG) and Electrocardiography
(ECG) signals is significant within the physiological and medical field for diagnosis and
rehabilitation purposes. The extraction of features from these signals by analysing them
can be used to understand the possibilities of health and physiological status further. The
presence of ECG contamination within surface Electromyography signal (SEMG) has
been a problem when analysing the muscle activity. It has been shown that ECG
contamination of the EMG signal in muscles of the trunk can influence time-based
(amplitude) and frequency-based measures of the EMG signal. This has important
implications when interpreting the amount of muscle recruitment and the level of fatigue
of trunk musculature. To date, there is little information showing the degree of
contamination of the ECG when the trunk musculature is contracting at different
intensities. There is no clear information regarding whether the ECG signal can be
effectively extracted from the EMG to detect other physiological variables such as heart
rate and heart rate variability when the trunk muscles are contracting at different
intensities. The significance of the presence of ECG artefacts within SEMG signals at
various levels of muscular activity is seen to be diminishing as the intensity of EMG
signals increases as the activity across the muscle increases. The different levels of EMG
activity are measured by monitoring the degree of Maximum Voluntary Contractions
(MVIC) of the muscle.

This research involved the investigation of the ECG artefacts within SEMG signals that
were obtained from the lower and upper lumbar erector spinae (ES) muscles of the back.
This research involved the extraction of the ECG artefacts from SEMG signals using
Continuous Wavelet Transforms (CWT) with thresholding. This technique was applied
to SEMG signals obtained from the lower lumbar erector spinae muscles during different
levels of static contractions, spanning from 5%-50% of Maximum Voluntary Isometric
Contraction (MVIC) at 5% intervals. Surface EMG signals collected across a group of
healthy participants within the age bracket of 18-35 with no previous history of back

injury or surgeries within the last year.

This research explored the difference in signal properties before and after extracting the
ECG signals from the SEMG signals using the CWT. The CWT provides a scalogram
plot that indicates the power intensity at each scale for the extracted signal within the time

domain. The CWT scalogram can be replotted to show the corresponding pseudo-



frequency-time based spectrum plot. These plots were used to provide the scale values

most suitable for the ECG extraction from the SEMG signals.

Using the selected CWT scales, thresholding of these wavelet coefficients was performed
prior to the reconstruction of the extracted information to diminish the presence of EMG
signals within the reconstructed ECG signals. This technique was used due to the
similarity in nature of EMG signals to that of white Gaussian noise. The reconstructed
ECG signal is cross verified with an independent 3-lead ECG recording that was collected

simultaneously from the same participant during the EMG data collection.

The significance of the ECG signal before and after extracting the ECG signal from the
SEMG signal was validated using Fourier power spectrums and finding the median
frequencies within the selected time segment. The ECG extraction from sEMG signals
using the CWT technique with thresholding was shown to have been successful at lower
percentages (5%-20% of MVIC) and was able to have extracted ECG components
significantly lowering the median frequency of the EMG signal after the removal of ECG
signal. The research showed results demonstrating the extraction of ECG signals from

SEMG signals collected from the back muscles at low values of MVIC.
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Chapter 1

Introduction

1.1 Statement of the Problem

Biomedical signals are generated by the human body in response to either a voluntary or
involuntary event. These are measurable signals which are generated at the site of the
respective muscle or organ, along with other forms of interference from other nearby
muscles or organs. An example is biomedical signals collected from the upper and lower
lumbar (back) muscles, which are likely to contain electromyography (EMG) signals
from the muscular activity and interference from electrocardiography (ECG) signals from
the heart [1]. The ECG signal might hamper the extraction of information from the EMG

signals for monitoring and analysing muscle activity.

Extraction of useful information from biomedical signals is a significant feature in the
field of health and rehabilitation research. The properties of EMG signals collected from
the body in a region near the heart may have ECG signals embedded within them, which
is often difficult to analyse. Due to the complexity of the interference of the individual
components in the EMG signals, digital signal processing techniques can be adapted to

extract and separate the EMG and ECG signals [2-4] from these signals.

Digital signal processing techniques have been used to extract useful information for
quantifying the signal in the study of biomedical signals. There are limitations to the
digital signal processing methods and hence, the quality of result attainable. This is
mainly evident during the analysis of biomedical signals, which requires further research

on these techniques.
1.2 Purpose of the Study

The overall aim of this research was focussed on separating the ECG and EMG
components from biomedical signals collected from the lower lumbar erector spinae
muscles of the participants at different levels of static Maximum Voluntary Isometric
Contractions as a measure to the muscle activity output, applying Wavelet Transform
with Thresholding to the Wavelet Coefficients. Wavelet Transform is a digital signal
processing technique used for performing analysis of a signal when its frequency varies

over time.
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1.3 Significance of the Problem

The study of biomedical signals with digital signal-processing techniques in order to
extract information and characteristics quantifying the signal is an area of research where
engineering and clinical expertise overlap. The advancements in digital signal processing
techniques have improved the quality of results of biomedical signals now outweighed

those provided by analogue filtering of the signals.

Digital signal processing techniques provide signal filtering, which is related to
theoretical parameters, as compared to analogue filtering techniques that operate within
constraints of the hardware device parameters and rounding compromises. Analogue
filter designs developed are based on magnitude and pulse response for ECG detection,
which is required to be optimised through multiple stages while accounting for the
limitations of the design [5]. Digital signal processing also provides the advantage of
analysing the signal at different stages of implementations of the technique or algorithms,
providing a better view of quantifying and truncating any possible errors, and providing

efficient information extraction [6].

There has been limited research that has focussed on the extraction of the ECG signals
and EMG signals from biomedical signals, or the filtering of either component. These
researches have concentrated primarily on signals that have been collected close to the
heart in case of ECG, with minor EMG artefacts [3, 7-10]. Other researchers have used
EMG signals collected from muscles and have simulated or added ECG components to
these signals, to study the effectiveness of the signal-processing techniques in extracting
the ECG from the EMG component [1, 11, 12]. This research primarily focusses on the
ability and quality of the ECG extraction from the biomedical signals, collected at

different levels of maximum voluntary static contraction.
1.4 Structure of the Thesis

The general background of the thesis is structured in accordance with the research and its
purpose described in chapter 1. Chapter 2 presents the literature review that describes the
background information associated with the muscles, its structure and information related
to ECG and EMG signals. This chapter also gives a brief overview of the recent
developments associated with the extraction of either component and the techniques using
signal-processing and analysis of ECG and EMG signals. Chapter 3 provides a brief
theoretical overview of the Continuous Wavelet Analysis and Thresholding applied to the
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Wavelet Coefficients used in this research, along with the software development related
to these techniques. Chapter 4 presents the data acquisition, along with an overview of
the protocols, equipment and the procedures implemented for the collection of the
biomedical signals used for this research. The results of the research obtained from the
implementation of the Continuous Wavelet Transform with Thresholding on the acquired
signals using the developed program are presented in Chapter 5. Chapter 6 presents the

conclusion and recommendations for future work related to this research.
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Chapter 2

Literature Review

2.1 Introduction

This chapter presents the history and relevant literature related to this research for
biosignals such as Electromyography (EMG) and Electrocardiography (ECG) signals,
these signals are used in the study of muscular and cardiac activities respectively.
Biosignals means a collective electrical signal that is acquired from an organ that
represents a physical variable of interest [13]. This signal is usually a function of time
and is describable in terms of its amplitude, frequency and phase [13].

Emil du Bois-Reymond in 1849 proposed the possibility of being able to record electrical
activity during any form of voluntary activity [14]. However, it was in 1890 that the first
recording of the activity was made by Marey, who also termed this activity as electrogram
[15]. It was in 1922 that Gasser and Erlanger were able to present electromyography in
the form of electrical signals using an oscilloscope, and the research involving these
electrical signals has been a vital focus of study within the biomedical area of research
[16].

The first electrocardiogram was recorded by Willem Eindhoven, using a string
galvanometer that he invented in 1903 [17]. Advancements have followed this discovery
detailing the electrical response and the nature of the activity of the heart muscles to
identify and diagnose physiological conditions and responses to both medical and
physiotherapy procedures.

2.2 Literature Search

An extensive literature search was carried out to find relevant information and resources
related to ‘electrocardiography’ and ‘electromyography’. When using the word
electrocardiography, other search terms such as ‘ECG’ and ‘QRS’ were used. The term
QRS was included as it is the primary component of the ECG signal that distinguishes
the ECG signal from EMG signals. For information relating to electromyography, the

other search term used was ‘EMGQG”’.

The search terms used for obtaining the information for the research on digital signal

processing were ‘wavelet’ and ‘thresholding’. These terms were used to collect any
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information detailing these techniques being applied to ECG and EMG signals or other
biomedical signals within the signal extraction context.

The literature search comprised of journal articles related to information using the key
terms mentioned above and was focused on the articles dated from 2007 and later. This
ensured that the information obtained during the research was contemporary. The
literature review consisted of 12 articles involving the study of various techniques for the
separation of ECG and EMG signals. These articles were limited to SEMG signals
obtained from healthy individuals and any research studying a particular medical
condition, or physical ailments were excluded. The resources used for the literature
search were obtained from peer-reviewed literature databases such as ScienceDirect,
Scopus and IEEE, and were accessed through the Auckland University of Technology

library website.

The following section in this chapter discusses the background of muscle structure and

signals relevant to this research.
2.3 Muscles, Electromyography and Electrocardiography

The muscular system enables the voluntary and involuntary functions and/or movement
of the human body. Muscular contractions facilitating these mechanisms has been a
primary focus of research and development within the biomedical sector today. This
section focusses on the striated muscles found within the human body that generate the
ECG and EMG biomedical signals.

2.3.1 Muscle Classification

The muscles within the human body are classified based on their structure and are
primarily classified as striated muscles and non-striated muscles. Striated muscles are
mainly responsible for the voluntary movement functions of the body except for cardiac
muscles that are involuntary. Non-striated muscles are responsible for the involuntary

movement functions within the body.
2.3.2 Striated Muscles

Striated muscles are cylindrical multinucleated cells consisting of cylindrical structures
known as myofibrils. The myofibrils are composed of myofilaments that are thick and

thin filaments of protein such as actin, myosin and titin, shown in Figure 2-1 [18]. The
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myofibrils are bundled and maintained within the parallel structure by sarcomeres, which

are the functional units responsible for maintaining the muscle structure in striated

muscles [18].

Basement membrane

Muscle e
\4, e AR WY £ Satellite

cell

Epimysium

Thin filament
Thick filament
Crossbridge

Two-dimensional schema
of myofilaments. Three-
dimensional arrangement is
shown below.

A

). Perkins
MS, MFA

Figure 2-1:  Structure of the Skeletal Muscle [18]
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The sarcomere shows overlapping arrays of thick and thin filaments. The thin filaments
are anchored perpendicularly to the Z lines, which are located on the two sides of the
longitudinal axis of the sarcomere [19]. The thick filaments, with the myosin heads
toward the Z lines, arise from both sides of a perpendicular line, named M line, at the
centre of the sarcomere [19]. During contraction, the myosin heads form cross-bridges
with actins and pull the thin filaments toward the M line [19]. Such an arrangement of the
thick filaments is known as bipolar geometry, shown in Figure 2-2 [19].

Thin Myosin
myofilament  head

!

M line Z line

Contraction

Figure 2-2:  Bipolar geometry structure of striated muscles, when they are in (a) state

of relaxation and (b) state of contraction (bottom) [19].

The contraction of striated muscles in response to neural impulses has been a focus of
study to observe the EMG signals. Striated muscles are classified into skeletal muscles,
which facilitate the voluntary movements of the human body and the cardiac muscles that

facilitate the functioning of the heart.

Skeletal muscles are attached to the human skeleton and are responsible for the reflexive.
postural and voluntary responses of the human body. The skeletal muscles are comprised
of a number of motor units (a motor neuron and all the muscle fibres it innervates). A
motor neuron sends electrical signals (action potentials) to the neuromuscular junction
that, will, in turn, induce impulses to muscles, to initiate the contraction of the muscle
cells to facilitate the voluntary movement or response. The motor neurons attached to the
muscles are the primary factors that control the force produced by a muscle. The
bioelectrical signals generated at the skeletal muscles by the muscle cells during skeletal
muscle contraction can be detected using electromyography signals.
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Cardiac muscles are striated in structure. Unlike skeletal muscles, they are involuntary in
their functional behaviour]. The functioning of the cardiac muscles (heartbeat) during
the circulation of blood is controlled by the autonomic nervous system via the sinoatrial
node. The human heart has four chambers consisting of cardiac muscles that facilitate
the functioning of the heart. The contraction of the cardiac muscles makes the heart
circulate blood throughout the body. The bioelectrical signals generated in the heart is
the response to the cardiac muscle activity are referred to as electrocardiography signals
that represent electrical signal transmission across the atria (P-wave) and ventricles (QRS

complex and T wave).
2.3.3 Non-Striated Muscles

Non-striated muscles (commonly known as smooth muscles) are made of thin and thick
filaments. The thin filaments of non-striated muscles are made of actin monomer double
helixes, and the thick filaments of non-striated muscles are made of type 2 myosin that
can interact with the actin and hydrolyse adenosine triphosphate (ATP) for muscle

contraction.

In smooth muscle, thin and thick filaments are arranged less orderly, so there is no clear
appearance of the existence of sarcomere [19]. The myosin heads of the smooth muscle
on one side of the thick filament face in one direction with myosin heads on the opposite
side facing in the opposite direction [19]. Such an arrangement, termed side polar
geometry, would enable a thin filament to slide unimpeded along a thick filament “side”

until the end of the thin filament is reached, shown in Figure 2-3 [19].

D?\se body Thin myofilament Myosin

Contraction

Figure 2-3:  Polar geometry structure of non-striated muscles or smooth muscles,

when they are in (a) state of relaxation (top) and (b) state of contraction (bottom) [19].



Chapter 2

The non-striated muscles are mainly in the vascular walls of the blood vessels,
gastrointestinal tract and airways. These vascular smooth muscles are responsible for the
circulation of blood within the human body by muscular contractions, and they are a

significant influencer of the blood pressure.
2.3.4 Electromyography

Electromyography studies signals that measure the electrical current generated in muscles
during contraction [13]. Electromyography provides information on the muscle activity
and can be classified into two types (Surface EMG and fine-wire EMG), based on the
type of electrode and procedure followed for the extraction of the EMG signals [20].
Surface electromyography (SEMG) signals are collected using surface electrodes placed
on the skin and can provide the EMG signal from a collection of muscle fibres (motor
units) within the muscle below the site of electrode placement [20]. On the other hand,
fine-wire or intramusc