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ABSTRACT
The heart sounds are non-stationary and non-deterministic signals which are caused by the sudden closure of the heart valves at the different phases of cardiac contraction. They carry information on the anatomical and physiological state of the heart. In spite of the numerous advances and the decades of the declining death rates, cardiovascular diseases (CVDs) remain as the lead in the worldwide death. The effective of cost, accuracy and early detection of the cardiac illness are important in order to curb deaths which are caused by CVDs. Heart auscultation is an early screening method for diagnosis of heart diseases however it has a limitation in human hearing. With the aid of a computer assisted system, it can easily assists the physicians in diagnosing the patients. Analysis of the heart sounds can be an effective tool by non-invasively diagnoses the heart diseases and provides the physicians with the valuable diagnostic and prognostic information of heart malfunction that is related to the heart valves and hemodynamics. The ultimate goal for this project is to implement a heart sound analysis system that aids the physicians in the auscultation of the patients by preventing or reducing in giving wrong diagnosis to the patients. This project makes use of the signal processing techniques, segmentation and feature extraction to perform an automatic detection of heart sounds. The system is created based on a user-friendly concept where a Graphical User Interface (GUI) is been designed using the MATLAB software. The heart sound signal is able to be displayed graphically and classifies into normal or abnormal heart sound. 
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PART 1
CHAPTER 1: INTRODUCTION
1.1 
Background and Motivation
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Cardiovascular diseases (CVDs) are the number one causes of death globally. According to the World Health Organization (WHO), an estimated of 17.5 million people had died of CVDs in 2005. This is about 30 percent of all deaths globally [1]. Of all these deaths, an estimated of 7.2 million people had died of coronary heart diseases and 5.7 million people were due to stroke. By the year of 2030, an estimated of 23.6 million people will die from CVDs [2]. These facts show that CVDs is a major global threat and any developments that will aid in the prevention of these diseases will be of great importance. 
Figure 1.1: Top 10 causes of worldwide deaths

(Source: http://www.who.int/mediacentre/factsheets/fs310_2008.pdf)

Heart auscultation is a fundamental tool in the diagnosis of cardiac diseases during the interpretation of acoustic waves which are produced by the mechanical action of the heart. It is commonly used for screening and diagnosis in the primary healthcare as it is a non-invasive and low cost screening method but it is able to provide valuable information on the integrity and function of the heart valves and several hemodynamic mechanisms about an individual’s physiology in detecting the various heart disorders. However, auscultation is a difficult skill to master which can take up to years to acquire and refine. This is because the heart sounds and lung sounds are of short duration sounds and several sounds will occur within a short interval of time. Auscultation also depends on the experience of the listeners, in this case it will be the physicians. It was reported that an approximately of 87% of patients who were being referred to the cardiologists for evaluation had benign heart sounds [3]. The human ear is poorly suitable for cardiac auscultation and does not enable the physicians to obtain both qualitative and quantitive information about the heart sounds. Hence, any means to aid the physicians in making a better diagnosis will be extremely beneficial.

A computer assisted system can help the general physicians to come out with a more accurate and reliable diagnosis at the early stages and also to reduce the unnecessary referrals of patients to the expert cardiologists. With the usage of electronic stethoscopes and the ability to visually display the heart sounds will help to aid the physicians in diagnosing their patients. The system can also be used for education purposes where the acquired heart signals can be stored, played back at a later stage or even transmitted to a distant site. 

In the present scenario, the rapid growth of medical electronics is possible due to the advancement of microelectronics, micro-processors, imagine, transducers, data conversion techniques, digital signal processing, etc. It will be advantageous if a computer assisted system can assist in the analysis of heart sound and quantitative characterization of abnormalities to improve the overall efficiency of the diagnosis. 
1.2 
Project Objective

The objective of this project is to implement a computer assisted system using a signal processing program for analysis of heart sounds to reveal the important information in cardiovascular disorders. As the analysis of heart sounds by auscultation depends highly on the skills and experiences of the physicians, the implement of this program can benefit those inexperience physicians by preventing them from giving wrong diagnosis to the patients and come up with a more accurate and reliable diagnosis for the patients. 
The detail objectives of this project are to:

1.2.1
Understand the physicians’ requirements in order to provide a suitable program for analysis of heart sounds. 

1.2.2 
Understand the anatomy and physiology of the heart.

1.2.3
Study the normal heart sounds, abnormal heart sounds and heart murmur.  

1.2.4
Implement a program for analysis of heart sounds and demonstrate how it works.
1.3
Overall Objective

Auscultation is a non-invasive and low-cost screening method where it is able to interpret the acoustic waves which are produced by the mechanical action of the heart. It requires great skill as the physicians use a stethoscope to listen to the heart sounds of the patients. The stethoscope will then transmit the sound energy from the patients’ chest wall to the physicians’ ear via a column of air. 

Auscultation is used as a basic tool in the diagnosis of cardiovascular disorders as it provides valuable information such as the function of the heart valves and the hemo-dynamics of the heart. It possesses high potential in detecting the various cardiovascular disorders as compared to the other methods of heart examination. It is important to have a proper diagnosis of heart diseases in order for the patients to survive as the physicians will have to know the condition of the patients’ hearts in order to decide whether the treatments for the patients required surgery or are non-invasive. It will be beneficial for the physicians to have a computer assisted system that will assist them in ascertaining the diagnosis of the heart conditions and prevent the unnecessary referrals of patients to the expert cardiologists. The system can also be used as educational circumstances where the acquired signals can be stored, played back at a later stage and transmitted to distant sites. 

The objective of this project is to implement a program for the physicians to analysis the heart sounds to obtain a more accurate and reliable diagnosis for the patients. The program can also be used as an aid for the inexperience physicians, as training purposes or even for lab purposes where everybody is able to easily use the system. 
1.4 
Proposed Approach and Methods to be employed

Electronic stethoscopes can be used to record the heart sounds by picking up the body sounds, convert the physical sound into electrical signal and delivered the amplified sound signal to the program as the source of input. The signals are then segmented into individual components and cycles. With the usage of spectrogram, the features are extracted from the individual components. Once a murmur is detected, the signals are classified into different heart sounds based on their timing within the cardiac cycle. 

In this project, a MATLAB signal processing program will be used to develop the computer assisted analysis of heart sounds to assist the physicians. This program uses the heart sounds signals which are the input and processed through sophisticated signal processing algorithms before a final diagnosis can be made. A heart sound signal processing program mainly consists of:

· Data acquisition and pre-processing

· Segmentation

· Feature extraction of heart sounds
CHAPTER 2: LITERATURE REVIEW
2.1
Anatomy of the Human Heart 

2.1.1
The Human Heart
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The human heart is a muscular organ of the circulatory system which acts as a pulsating pump that plays a vital role by providing a continuous blood circulation through the cardiac cycle throughout the body. The heart is about the size of a human being’s fist and is shaped like a pear which is upside down. It is made up of cardiac muscle tissues which are very strong and are able to relax and contract rhythmically about 70 to 80 times per minute throughout a person’s lifetime. A network of nerve fibers coordinates the relaxation and contraction of the cardiac muscle tissues to obtain an efficient, wave-like pumping action of the heart. 

                                Figure 2.1: The Human Heart
                              (Source: http://planetearth.nerc.ac.uk/news/story.aspx?id=369)
The periodic activity of the heart is controlled by a normal electrical conduction system which is also known as the cardiac conduction system where it controls all the events that occur during the pumping of the blood. It allows the impulse that is generated by the sinoatrial (SA) node of the heart to be propagated to the cardiac muscles which get contract after stimulation. The electrical system of the heart is made up of three main parts: 

1) Sinoatrial (SA) node which is located at the right atrium of the heart

2) Atrioventricular (AV) node which is located at the inter-atrial septum which is closed to the tricuspid valve
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His-Purkinje system which is located along the walls of the heart’s ventricles [5]. 

Figure 2.2: Electrical system of the heart
(Source: http://www.lpch.org/DiseaseHealthInfo/HealthLibrary/cardiac/0018-pop.html)
The stimulation of the cardiac muscles allows efficient contraction of the heart to allow blood to get pump throughout the entire body. It is propagated through the atria to the AV node and the ventricle. The electrical signal gets originate in the specialized pacemaker cells in the SA node and the electrical action potential excites the muscle cells and causes the mechanical contraction of the heart chambers.
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There are mainly two circuits that exist through where the blood flows in the human body. The two circuits are called the systemic circuit and the pulmonary circuit. Both the circuits begin and end at the heart. The pulmonary circuit carries the blood to and from the lung whereas the systemic circuit carries the blood to and from the rest of the body. These two circuits must be interconnected to allow the blood that passes thorough one circuit to be able to pass through the other circuit.  
Figure 2.3: The cardiovascular circulatory system
 (Source: https://etd.sun.ac.za/bitstream/10019/672/1/Visagie,%20C.pdf.pdf)
2.1.2 Path of Blood flow

The heart composes of four chambers and four valves where the valves will open or close periodically to allow the blood to only flow in one direction. The two upper chambers are thin walled chambers that are  called the left and right atria (LA and RA) which collect and receive the blood that is coming to the heart and deliver the blood to the lower two chambers which are called the left and right ventricles (LV and RV). The RA has a relatively thin muscular wall and is highly compliant as it can be easily expand with blood when it is filled up. The LV consists of thick muscular wall which is able to withstand the high pressure during the powerful and rhythmic contraction when the blood gets pump to the rest of the body. The free wall of the RV is not as thick as the LV and anatomically, it wraps itself around the part of the larger and thicker LV. The RV wall is thicker and more muscular than the RA. When it gets contract, it develops more pressure than the RA. The RA and RV are separated by the tricuspid valve whereas the LA and LV are separated by the mitral (bicuspid) valve. The two ventricles and arteries are separated by the valves whereas the RV and the pulmonary artery are separated by the pulmonary valve and the LV and aorta are separated by the aortic valve. 
The four heart valves are called the mitral valve, aortic valve, pulmonic valve and tricuspid valve which are thin leaflets of tissues that open when each chamber contracts and close to prevent the backflow of blood between the strokes during the complete contraction. The filmy, thin tricuspid and mitral valves which are also called the AV valves lie between the atria and ventricles. They prevent the backflow of the blood from the ventricles to the atria. The semi-lunar aortic and pulmonary valves will prevent the backflow of blood from the aorta and pulmonary arties into the ventricles. The septum separates both the LA from the RA and the LV from the RV.   

The inferior and superior vena cavae transport the deoxygenated blood from the body cells and body tissues back to the right atrium of the heart. The blood will then flow through the opening of the tricuspid valve into the right ventricle when the right atrium gets contract. The contraction of the right ventricle will propel the blood across the pulmonary valve into the pulmonary artery which will deliver the blood to the lungs for the oxygen to get absorbed as well as for the removal of carbon dioxide. The oxygenation blood is then returned back to the left atrium via the pulmonary veins. The contraction of the left ventricle will pump the blood across the aortic valve into the aorta and distributes the oxygenated blood to the body cells via a network of smaller blood vessels. 
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Figure 2.4: Anatomy of the heart
                    (Source: http://www.texasheart.org/HIC/Anatomy/anatomy2.cfm)
2.1.3
The Cardiac Cycle

The cardiac cycle is the sequence of events that are related to the pressure or the flow of blood that occurs from the beginning of one heartbeat to the beginning of the next heartbeat. The frequency of the cardiac cycle can be referred as the heart rate. 

There are two basic stages for a single cycle of cardiac activity. The first stage is diastole where the ventricular is filling and there is a brief period just prior to the filling at which the ventricles are relaxed. The second stage is systole where the ventricles get contract and there is ejection of blood from the ventricles. The cardiac cycle is divided into seven phases where the first phase starts with the ‘P’ wave of the electrocardiogram (ECG) which refers to the atrial depolarization whereas the last phase ends with the appearance of the next ‘P’ wave. 
[image: image23.png]



Figure 2.5: The cardiac cycle
(Source: http://en.wikipedia.org/wiki/Cardiac_cycle)
Phase 1: Atrial contraction

This is the first phase of cardiac cycle where it is initiated by the ‘P’ wave of ECG which represents the electrical depolarization of the atria. At this phase, the AV valves open and the semi-lunar valves close. 

Phase 2: Isovolumetric contraction

This begins with the appearance of the ‘QRS’ complex of ECG which represents ventricular depolarization. At this phase, all the valves are closed.

Phase 3: Rapid ejection

This phase represents the initial and rapid ejection of blood into the aorta and pulmonary arteries respectively from the LV and RV. Ejection will begin when the intra-ventricular pressures exceed the pressures within the aorta and pulmonary artery. The aortic and pulmonic valves will open and the AV valves will remain close. No heart sounds should be heard during this ejection as the opening of the healthy valves is silent. 

Phase 4: Reduced ejection

Ventricular re-polarization occurs which is shown as the ‘T’ wave of ECG after ‘QRS’ and the beginning of the ventricular contraction. At this phase, the aortic and pulmonic valves are opened and the AV valves remain closed. 

Phase 5: Isovolumetric relaxation

The aortic and pulmonic valves abruptly closed when the intra-ventricular pressures fall sufficiently at the end of phase 4. This causes the second heart sound and the beginning of isovolumetric relaxation. At this phase, all the valves are closed. 

Phase 6: Rapid filling

The intra-ventricular pressure will fall below their respective atrial pressure when the ventricles will continue to relax at the end of phase 5. This causes the AV valves to open rapidly and it is the beginning of the ventricular filling. The ventricular filling is normally silent and at this phase, no third heart sound can be heard. 

Phase 7: Reduced filling

In normal resting heart, the ventricle is about 90% filling by the end of this phase which means 90% of the ventricular filling occurs before atrial contraction at phase 1. At this phase, the AV valves are opened. 

2.1.4
The Heart Sounds
The heart sounds are short-lived bursts of vibration energy which have a transient character. They are the sounds that are generated by the beating of the heart from the interplay of dynamic events that are associated with the contraction and relaxation of the atria and ventricles, the movement of the valves as well as the resultant flow of blood through it. They are also called as the heartbeats. The heart sounds are produced by the mechanical actions that occur in the response to an electrical impulse that is originated in the SA node. The electrical impulse travels through the myocardium and activates the atria and ventricles which can be depicted using ECG. In cardiac auscultation, the physicians use a stethoscope to listen for these sounds. The normal heart sounds are generated from the closing of the heart valves whereas the abnormal heart sounds are any other sounds such as murmurs which are generated when the blood is either flowing through an abnormal small valve or a valve which is not properly closed. The heart sounds can consist of normal heart sounds, abnormal heart sounds and murmurs.
	Sound
	Origin

	1st heart sound
	Closure of mitral and tricuspid valves

	2nd heart sound
	Closure of aortic and pulmonary valves

	3rd heart sound
	Rapid ventricular filling in early diastole

	4th heart sound
	Ventricular filling due to atrial contraction

	Murmurs
	Turbulent flow of blood

	Others (Clicks, Snaps, Rubs)
	Clicks: Aortic and pulmonary stenosis
Snaps: AV valve stenosis
Rubs: Inflammation of sac surrounding heart


Table 1: Various heart sounds 
(Source: http://www.cs.tau.ac.il/~nin/Courses/AdvSem04B/HeartSoundAnalysis.ppt#12)
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Figure 2.6: Heart sounds
(Source: http://www.cs.tau.ac.il/~nin/Courses/AdvSem04B/HeartSoundAnalysis.ppt)
Figure 2.7: Locations of heart sounds during systole and diastole

(Source: http://www.bsignetics.com/S3%20S3Gallop%20-%20Current%20Science%20Manuscript.pdf)

There are two normal heart sounds which can be described as ‘lub’ (first heart sound, S1) and ‘dub’ (second heart sound, S2). They occurred in sequence with every heart beat. The contraction of the ventricles will cause S1 (systolic) while the closing of the semi-lunar valve will cause S2 (diastolic). S1 is of a lower pitch and of longer duration than S2. 

Figure 2.8: Normal heart sounds during systole and diastole


(Source: http://depts.washington.edu/physdx/heart/tech1.html)



2.1.4.1
First Heart Sounds (S1)
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The first heart sound (S1) is a soft, low-pitched and prolong sound that is caused by the sudden block of reverse blood flow due to the closure of the AV valves which are bicuspid/ mitral (B/ M) and tricuspid (T) valves (refer to figure 2.12) at the beginning of ventricular contraction or systole that lasts for an approximately of 0.15 seconds with a frequency of 25 – 45 Hz [7]. It composes of two major high-frequency components (M1 and T1) which reflect the vibrations set up in the valve cusps, chordae, papillary muscles and ventricular walls during the closure of the mitral and tricuspid valves. The contraction of the ventricles results in the contraction of the papillary muscles in each ventricle. The papillary muscles are attached to the mitral and tricuspid valves via the chorda tendina which closes the cusps of the valves. The closure of the inlet valves prevents the regurgitation of the blood from the ventricles into the atria. S1 becomes softer when the heart rate is decreased and when the heart rate is increased, it becomes louder in pitch. 
Figure 2.9: First heart sound (S1)
(Source: http://myunisim.unisim.edu.sg/courses/1/BME307_JUL09_L01/content/_
186701_1/embedded/Seminar-7(Sound,BP,%20SPO2).pdf?bsession=4632114&bsession
_str=session_id=4632114,user_id_pk1=2931,user_id_sos_id_pk2=1,one_time_token=)
2.1.4.2
Second Heart Sounds (S2)

[image: image26.png]


The second heart sound (S2) is a short, sharp and high-pitched sound that marks the end of ventricular systole and the beginning of diastole. It is caused by the sudden block of reverse blood flow due to the closure of the aortic (A) and pulmonary (P) valves (refer to figure 2.12) at the end of the ventricular systole when the blood exits the heart to the body and the lungs. S2 lasts for an approximately of 0.12 seconds with a frequency of 50 Hz [7]. It is composed of two high-frequency components (A2 and P2). When the LV gets empty, the pressure falls below the pressure in the aorta which causes the aorta blood to flow reverse towards the LV, catching the aortic valve leaflets and stops by the closure of the aortic valve. The pressure in the RV will fall below the pressure in the pulmonary artery and causes the closure of the pulmonary valve.


Figure 2.10: Second heart sound (S2)
(Source: http://myunisim.unisim.edu.sg/courses/1/BME307_JUL09_L01/content/_

186701_1/embedded/Seminar-7(Sound,BP,%20SPO2).pdf?bsession=4632114&bsession

_str=session_id=4632114,user_id_pk1=2931,user_id_sos_id_pk2=1,one_time_token=)
[image: image27.png]ECG

Heart
sound

Fourth

Time, s




Figure 2.11: Normal heart sounds (S1 & S2) 

(Source: http://www.ip-sl.org/procs/2008/ipsl0810.pdf)
Figure 2.12: Front of thorax with heart valves labeled as ‘P’, ‘A’, ‘B’ and ‘T’

(Source: http://en.wikipedia.org/wiki/Heart_sounds)
2.1.4.3 Third (S3) and Fourth (S4) Heart Sounds

The heart also produces third (S3) and fourth (S4) heart sounds which are much lower in intensity and are normally inaudible. S3 and S4 occurred in normal person or in people who are associated with pathological problems. These are called the gallop rhythms due to the cadence or rhythmic timing that are of lower frequency sounds which are associated with diastolic filling. 

S3 occurs shortly after S2 which is associated with early diastolic filling and is of no valvular origin. It can be heard pathologically when the volume is overloaded with left ventricular systolic dysfunction. It is lower in pitch as compared to S1 or S2, has a longer duration and is best heard at the mitral and tricuspid areas. S3 can be heard at an approximately of 0.10 – 0.15 seconds after S2 [7] and is commonly heard in both children and young adults. It is caused by the oscillation of blood flowing forth and back between the ventricle walls that are initiated by the in-rushing of blood from the atria. If S3 is present in a person above the age of 40, it is usually considered as abnormal heart sound. 
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S4 is a late diastolic sound which can be heard in the pathologic states such as uncontrolled hypertension, conduction block or ventricular failure. It is caused by the vibrations that are created in the ventricles as they expand in the second phase of rapid diastolic filling when the atria contracts. It occurs immediately before S1 and after the atrial contraction at the end of diastole. S4 is never audible in a person with normal and healthy heart.

                                       Figure 2.13: Third (S3) and fourth (S4) heart sounds
(Source: http://myunisim.unisim.edu.sg/courses/1/BME307_JUL09_L01/content/_

186701_1/embedded/Seminar-7(Sound,BP,%20SPO2).pdf?bsession=4632114&bsession

_str=session_id=4632114,user_id_pk1=2931,user_id_sos_id_pk2=1,one_time_token=)
2.1.4.4
Heart Murmurs

Other extra heart sounds such as heart murmurs are considered as heart noises and they are normally non-stationary signals. Heart murmurs are continuous series of heart sounds with variable number of different frequencies of sound waves that are present at each instant which are generated by the turbulent flow of blood which occurs inside or outside the heart where there are sufficient turbulence to produce audible noises. They are usually heard as whooshing sounds. Heart murmurs are abnormal, extra sounds during the heart beat cycle that are created by moving the blood through the heart and its valves. Heart murmurs are either physiological (benign) which are short, quiet systolic murmurs or pathological (abnormal) which are long systolic murmurs, diastolic murmurs and continuous murmurs. Murmurs are the sounds that are related to the non-laminar flow of blood in the heart and the blood vessels. The abnormal murmurs are caused by stenosis which restricts the opening of a heart valve that resulted in turbulence when the blood flows through it. Abnormal murmurs occur with regurgitation which allows the backflow of blood upon the closure of incompetent valves. When the valve does not open fully, there will be lesser blood circulation and when the valve does not closed properly, the blood may leak backward or regurgitated. Different murmurs are audible in different parts of the cardiac cycle which depend on the causes of the murmur and they are graded based on its intensity [8].

	Grade
	Description

	Grade 1
	Very faint

	Grade 2
	Soft

	Grade 3
	Heard all over the precordium

	Grade 4
	Loud with palpable thrill 

	Grade 5
	Very loud with thrill. Could be heard when stethoscope is partly off the chest. 

	Grade 6
	Very loud with thrill, Could be heard when stethoscope is entirely off the chest. 


Table 2: Grading of Murmurs

(Source: http://en.wikipedia.org/wiki/Heart_murmur)

Systolic murmurs are related to S1 whereas diastolic murmurs are related to S2. These murmurs can be distinguished from the normal heart sounds as they are noisier and have a longer duration. The normal heart sounds have a lower frequency range below 200Hz while murmurs are of higher frequency up to 1,000Hz.
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              Figure 2.14: Heart murmurs
(Source: http://myunisim.unisim.edu.sg/courses/1/BME307_JUL09_L01/content/_

186701_1/embedded/Seminar-7(Sound,BP,%20SPO2).pdf?bsession=4632114&bsession

_str=session_id=4632114,user_id_pk1=2931,user_id_sos_id_pk2=1,one_time_token=)

2.1.4.5
Abnormal heart sounds

Clicks, snaps or rubs can be heard in abnormal heart sounds. Clicks are short and high pitch sounds whereas snaps are high frequency diastolic sound that is associated with mitral stenosis. The AV of the patients with mitral stenosis may open with an opening snap during the beginning of diastole. For patients with mitral valve prolapse, they might have a mid-systolic click along with a murmur. Both aortic and pulmonary stenosis may cause an ejection click immediately after S1. 
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Rubs have characteristics of scratching, creaking and high pitch sounds that emanating from the rubbing of both layers of inflammated pericardium. Patients with pericarditis may have an audible pericardial friction rub. It can be heard the loudest at systole and can often be heard at the beginning and ending of diastole. It depends on the position of the body and the breathing which can varies from hour to hour. 
Figure 2.15: Diagram for systole and diastole for clicks and snaps

(Source: http://depts.washington.edu/physdx/heart/tech3.html)
CHAPTER 3: SIGNAL PROCESSING TECHNIQUES
3.1 Fourier Transform (FT)
The Fourier Transform (FT) is used to represent a continuous-time non-periodic signal as a superposition of complex exponentials (sinusoids) as building blocks and provides the frequency amplitude representation of the signal. It defines the frequency spectrum 
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 which shows the amount of frequency exists in the signal. FT is an operation that transforms one complex-valued function of a real variable into another. FT is effective when applied to the analysis of stationary signals. In signal processing, the domain of the original function is typically the time and is called as the time domain. FT refers to the frequency domain which is a representation of the function and the formula that ‘transformed’ one function into the other. The Fourier coefficients are indicative of the frequency content of a signal 
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where t and f are the time and frequency parameters respectively. 

In this project, Fast Fourier Transform (FFT) is used to compute the energy spectra of the signals. The time information is lost as FT does not indicate the time where the frequency components of a signal exist during the transforming to the frequency domain. This causes FT not suitable for time varying or non-stationary signals.
The major drawback of using FT is the temporal information in the signal that is lost. FT can only be applied to a signal if the signal is assuming to be stationary which is defined as a signal with statistical properties that does not change with time. As the heart sounds consist of non-stationary characteristics or a sudden changes in the frequency or transients which are important and are not able to be detected in time using FT, it is not suited for analysis of these signals. The disadvantage of FT leads to the development of Short-Time Fourier Transform (STFT) which will be mentioned under section 3.2. It can correct the disadvantage on the lost of temporal information and rectify the deficiency.
3.2 Short-time Fourier Transform (STFT)

In Short-Time Fourier Transform (STFT), it is implemented by performing FT on a small portion of the signal 
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 which is divided into small segments of time and is assumed to be stationary. STFT is nothing more than Fourier analysis which is performed on the slices of the time-domain signal. It can also be called as Short-Term Fourier Transform. STFT is a Fourier-related transform which is used to determine the sinusoidal frequency and the phase content of the local sections of a signal when it changes over time. It can map a time signal into two-dimensional time-frequency plane. The time and frequency information are obtained with the limited precision which is determined by the window size. When the window function for the time domain gets narrower, the localization information in the frequency domain gets wider and vice versa. When the window function is being chosen, STFT uses the fixed-frequency window to analyze the whole signal which causes it to be inaccurate for the signals that are having relatively wide bandwidths which change rapidly with time. The STFT of a signal 
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where 
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 is the signal, 
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 is the conjugate of the window function, 
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 is duration and 
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 is the time location. For every new ‘t’ and ‘f’, a new STFT coefficient is computed. STFT provides a time-frequency representation of the signal. 
STFT is not able to track very sensitive changes in the time direction and therefore is not suitable for analysis non-stationary and rapidly changing heart signals. STFT is more suitable for signals with short duration and low frequency components or long duration with high frequency components. The heart sounds signals required a more flexible approach where the window size can vary accurately to determine the time or frequency. Wavelet transform will be a more suitable tool used for the analysis. 
3.3 Continuous Wavelet Transform (CWT)
Continuous Wavelet Transform (CWT) can be used to produce spectrograms which show the frequency content of the sounds as a function of time and divides the continuous-time function into wavelets. It has the ability to construct a time-frequency representation of a signal which has a very good time and frequency localization and analyzes a signal at different frequencies with different resolutions. CWT has very much in common with STFT. The only difference is the windowing function which shifts frequency by scaling rather than modulating. The time window is narrower for higher frequencies and is wider for lower frequencies. The CWT is continuous in term of shifting during computation, the analyzing wavelet is shifted smoothly over the full domain of the analyzed function. CWT returns a coefficient which is a measure of the similarity between the wavelet at a particular scale, time point and the signal at a particular instant. CWT provides a good resolution and a poor frequency resolution at high frequencies but poor time resolution and good frequency resolution at low frequencies. The CWT of a signal 
[image: image12.wmf](

)

t

x

 is calculated by scaling and shifting the basic wavelet 
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 to cover the whole signal. It can be defined as:
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where 
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 is the conjugate of the basic wavelet, a is the scale factor, b is the translation factor and 
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 is the signal to be analyzed. The introduction of a scale parameter in CWT makes the time-frequency window flexible by allowing compression and dilation of the wavelet. The terms of scale is proposed as an alternative to the frequency and is inversely proportional to the frequency. The CWT of a signal can be described in a time-scale representation. CWT is very efficient in determining the damping ration of the oscillating signals and is very resistant to the noise in the signal. 
CHAPTER 4: METHODOLOGY
A signal processing module has been developed to analysis the heart sounds. The heart sound signals which are used as the inputs have been processed through the embedded signal processing algorithms. The process on the analysis of heart sounds will be discussed in this section which includes the data acquisition and pre-processing, the segmentation and the feature extraction of the main heart sounds (S1 and S2). The whole process is outlined in figure 4.1 and each section will be discussed separately in this chapter. 
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Figure 4.1: Block diagram of the classification system
4.1 Data Acquisition and Preprocessing

The software that is used to analyze the heart sound signals have been written and tested in one of the programming languages which is called the MATLAB. The heart sound signals that are used in this project had already been recorded in the wave formats which can be easily obtained directly from the internet source under ‘Med students’ Heart Sounds’ [4]. The ten heart sounds that are used in this project are mentioned below:

a) Aortic Insufficiency

b) Atrial Septal Defect

c) Ejection Click

d) Mitral Stenosis

e) Normal heart sound (S1 & S2)

f) Third Heart sound (S3)

g) Fourth Heart sound (S4)

h) Opening Snap

i) Pulmonary

j) Summation Gallop

The initial step of the program is to use the function of ‘uigetfile’ to browse for the heart sound file which is already in the wave (wav) format that is previously saved in the directory on the computer. By using the function of ‘wavread’, the function is able to extract the heart sound signal and the sampling frequency from the sound file in the wav format. The software will then be able to play and display the heart sound so that the power spectral density (PSD) and the duration of the entire displayed waveform can be displayed graphically as shown in figure 4.2. The program makes use of two variables named as ‘mydata’ and ‘Fs’. The variable ‘mydata’ is used to store the amplitude values of the heart sound whereas the variable ‘Fs’ is the frequency at which the heart sound signal has been sampled. 
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Figure 4.2: Displayed waveform for abnormal heart sound (Aortic Insufficiency)

4.2
Segmentation of heart sounds

The segmentation process of the heart sound signals is a very important task in order to perform the detection of the murmur and to diagnosis other cardiac pathologies using a computer analysis. The segmentation algorithm is mainly based on the spectral analysis of the heart sounds and to separate the heart sounds into individual cycles with each cycle containing the normal and/ or abnormal heart sounds. The main objective of the segmentation is to clearly identify the boundaries of all the sound lobes that are presented in the heart sounds. 
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The segmentation is carried out by filtering the signal where the heart sounds are being low-pass filtered using a 6th order Butterworth filter with a cut-off frequency of 180Hz. The whole algorithm is implemented in MATLAB. This is required as to remove off any electrical noise or fluctuation of the heart sound signals that could have been occurred during the recording of the heart sounds. 
Figure 4.3: Original heart sound signal (Ejection click)
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Figure 4.4: Low-pass filtered heart sound signal (Ejection click)
The energy of the signal is obtained by squaring the signal with a moving window frame of 30ms. The local maxima of the signal are able to be determined by using the function of ‘findpeaks’. In order to analyze the data, the local maxima which are not the actual peak of the segment will have to be removed and to obtain the starting and ending positions of each segment. If the separating duration between the segments is less than 0.15s, the heart sound is classified as S3 or S4 as both the heart sounds is having relatively small energy. If the energy of the segment peak is larger than 0.2, the segment will be classified as S3 instead of S4. When the separating time between S1 and S2 is smaller than the time duration between S2 and S1, it can be used to classify the segments of S1 and S2. 
When the wave file is loaded to the MATLAB program, the signal will be analyzed. The segmentation algorithm which is based on the spectral analysis of the heart sounds will separate the heart sounds into individual cycles with each cycle identifying S1 and S2. The recorded heart sound is segmented by locating the position of S1 and S2. Once the positions of these components are being identified, the average of the cycles within the heart sound will be computed. The whole algorithm is implemented in MATLAB. 
A Graphical User Interface (GUI) is created in the program to enable the user to easily use the program. GUI is a pictorial interface that enables the users to easy access the program as it provides a simple and user-friendly platform with simple components such as edit buttons, push buttons, axes and etc. This eases the inconvenience in the comparison against text navigation interface. In addition to those mentioned, the data can be displayed in a graphical form as shown in figure 4.6. Figure 4.5 shows the GUI for the program. 
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Figure 4.5: GUI of the imported normal heart sound signal

[image: image18]
Figure 4.6: Segmentation of normal heart sound signal into cycles of S1 and S2
4.3
Feature extraction

Pattern recognition is widely used in many different applications as it is a very powerful tool in automated data analysis. In this program, the features are extracted from the individual periods with a window based FFT. Only the segment of S1 is extracted from the whole string of data. By using the function of ‘pwelch’ to obtain the PSD of the S1 signal, it will segment the data into eight sections of equal length each with a 50% overlap. Each segment is then windowed using a Hamming Window that is of the same length as the segment. It will fft the signal and obtains the power of each frequency. If S3 or S4 is detected, they will be classified as the abnormal heart sound. If the power of the PSD of S1 is between 30 - 60Hz and is less than 75% of the total power of S1 PSD, it will also be classified as the abnormal heart sound. 
4.4
Rate of heart beat
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Besides performing the segmentation of the signal, the system will calculate the rate of the heart beat. It is obtained by finding the time duration between the starting point of S1 and the time duration between S1 and S2. The time that appeared mostly in the mode function is used as the period of one cycle for the heart sound. By inputting the mathematics formula (60 / time for one cycle) into the program to find the number of time of heart beat in one minute (beats per minute – bpm). The heart beat will be shown once the segmentation has completed and the calculation is shown in figure 4.7.

Figure 4.7: Calculation of heart beat for normal heart sound
CHAPTER 5: RESULTS AND DISCUSSION
All the heart sounds are firstly preprocessed with low-pass filter using a 6th order Butterworth filter with a cut-off frequency of 180Hz. In most of the heart sounds, the program algorithm is able to segment the heart sounds into the periodic cycle and the entire algorithm is simulated in MATLAB (version R2007b). This program takes about an approximately of 6 - 10 seconds for a complete segmentation for a heart sound. 

The system is tested with ten heart sound signals where one of the sound signals is the normal heart sound and the other sound signals are the abnormal heart sounds as mentioned in section 4.1. The program is able to clearly identify S1 and S2 for each cycle as well as S3 or S4 if they exist in these heart sounds. Figure 5.1 and 5.2 shows the displayed results for the ten heart sounds that are used in this project. 
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Figure 5.1: Heart sound signal for a normal heart sound
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Figure 5.2: Heart sound signal for abnormal heart sounds
In order to identify S1 and S2, the main features that need to consider will be the time and frequency domains. Based on these results, the longest time interval between two adjacent peaks is the diastolic period which extended from the ending of S2 to the beginning of S1. The results also show that the duration of S1 is longer than the duration of S2. In most of the heart sounds, it has been observed that the peak of S1 is higher than the peak of S2 except for the Aortic Insufficiency heart sound.
When using wavelet analysis, the high frequency is able to analyze using poor frequency resolution and good time resolution. The murmur frequency is normally high where high coefficients are spread over a wide range of frequencies. The frequency of the murmur can goes up to 100Hz whereas those moderate cases will have the murmur frequencies to go up to 120 – 150 Hz. For those severe cases, the frequency is able to exceed 150 Hz.  
CHAPTER 6: CONCLUSION AND RECOMMENDATION
6.1 Conclusion

Based on statistics, there was an estimated of 17.5 million people died of CVDs which was about 30 percent of all deaths globally. The ability to analysis the heart sounds for the patients makes the system a potentially useful tool to assist the physicians in making the assessment of the patients. 
The main advantage of this project is its ability to analysis the heart sounds as it can be an effective tool which non-invasively diagnosed the heart diseases as it will be able to provide the physicians with valuable diagnostic and prognostic information which concern the heart valves and hemodynamics. This clinical information is important during the diagnostic process of heart malfunction and most importantly, this non-invasive method does not cause any discomfort or inflict pain to the patients and is easy to use. 
The normal and abnormal heart sounds are obtained from the internet and these signals have been analyzed using the software technique (MATLAB) which shows the usability of the project on the purpose of analysis. In this project, the system is able to automatically identified S1 and S2 and classifies the heart sounds into normal or abnormal heart sounds. A GUI is developed to input and plays the heart sound signal, to perform the segmentation of the heart sounds, to display the result and to calculate the rate of the heart sound. The GUI is designed in an understandable way to ensure this automated diagnosis program is easy to access and can be easily used by the physicians or even the nurses to carry out the analysis. With these results, the project has managed to meet the objectives.

6.2
Recommendation for further studies

In this project, the heart sound analysis is only using the existing heart sounds that can be found from the internet. In the future, the system can be extended to the ‘real’ patients with different heart disorders by modified the system to include a function that will be able to record the heart sounds from the ‘real’ patients using an electronic stethoscope. More data will be required to quantify the relative strength of the abnormal heart sounds and understand how these sounds can be related to the clinical outcome. Interface with the needs of the physicians can be carried out to make the system to be more ‘user-friendly’ and satisfy the needs of the physicians. 
The project can also be further improved by include the classification on the different type of heart diseases so that in future whenever a new heart sound is being loaded to the program, the program is able to analysis and classified what type of  the heart disease does the patients possess. 
PART 2

CHAPTER 7: CRITICAL REVIEW AND REFLECTIONS
For the past few decades, there are a lot of researches done on the analysis of heart sounds but the analysis of heart sound is a new and challenging project for me. Literature research on the overview of the different heart sounds and the different approaches to analysis the heart sounds were been carried out in order to proceed with the initial stage for the project. The Tay Eng Soon Library, Lee Kong Chian reference library, National library, IEEE technical papers and the World Wide Web are the main sources for my literature research. After spending a month on the literature search, I had started the preparation of my initial report which included the project background, objectives, management, proposed approaches, methods to be employed and the skills review.  Initial planning for the project was important in order to complete the objectives for this project and the proposed approaches were being systematically analyzed and selected to achieve a successful end system. The project plan was also scheduled with details.
While working on this project, I have encountered some problems which will be mentioned below.

1) Firstly, I encountered difficulty in sourcing the program language, MATLAB for this project. However with the help from my classmate, I was able to obtain the MATLAB program and get started with the project. 

2) As I had little experience in MATLAB programming during the course of my study and the MATLAB codes of algorithms were complex to comprehend, I had encountered some difficulties in writing the algorithm for the program. This created a lot of obstacles for me. By using the trial and error approach and continuous practicing, my understanding on algorithms has gradually improved and I steadily get better over time. 

3) During the phases of completing the project, a lot of unforeseen problems on the algorithms for the program had cropped up along the way. Fortunately with the help from my project supervisor, Dr Yuan and some references from the internet, I was able to resolve the problems in time. 
4) Throughout the end of the project, I still encountered one main problem which was on the segmentation portion. I encountered difficulties in writing the algorithm for the segmentation portion as the system was not able to perform the proper segmentation for one specific heart sound (Ventricular septal defect) however the algorithms for the program were able to work for the rest of the heart sounds. 
Throughout this project, I had improved my skill in MATLAB programming. The strive in completing this project has certainly improved my skills in research, problem solving, project and time management, analytical and technical report writing as project and time management plays a very essential roles in the success of project. This project has provided me a chance to learn and improve myself with technical and critical thinking skills and the ways for me to handle stress efficiently. I believe the completion for this project was due to my positive attitude throughout the whole project and with the guidance from Dr Yuan. 
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GLOSSARY
· CVDs - Cardiovascular diseases
· GUI – Graphical User Interface
· WHO - World Health Organization

· SA – Sinoatrial

· AV – Atrioventricular 

· LA – Left Atria

· RA – Right Atria

· LV – Left Ventricles

· RV – Right Ventricles 

· ECG - Electrocardiogram

· S1 – First Heart Sound
· S2 – Second Heart Sound
· B – Bicuspid

· M – Mitral 

· T – Tricuspid

· A – Aortic

· P - Pulmonary
· S3 – Third Heart Sound

· S4 – Fourth Heart Sound

· FT – Fourier Transform
· FFT – Fast Fourier Transform
· STFT – Short Time Fourier Transform

· CWT – Continuous Wavelet Transform

· Wav - Wave
· PSD – Power Spectral Density
· bpm - Beats per min
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