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Abstract 

More than 380,000 Americans die every year from coronary artery disease (CAD). Early 

detection and treatment are crucial to reducing this number. Current diagnostic methods are 

invasive, costly, and time-consuming. Using an electronic stethoscope and spectral analysis of 

the recorded heart sound, we investigated the acoustic signature of CAD in subjects with only a 

single coronary occlusion before and after stent placement as well as subjects with clinically 

normal coronary arteries. The power ratio of the total power above 150Hz over the total power 

below 150Hz of the FFT of the acoustic signal was used to evaluate the effectiveness of stent 

placement. The groups were identified with this method with an 82% sensitivity and specificity. 

Power ratios after stent placement are not statistically different than those estimated from 

subjects with no coronary occlusions. Our approach demonstrates that the effectiveness of 

stent placement can be monitored using an electronic stethoscope. 
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Chapter I: Introduction 

Prevalence of coronary artery disease: Coronary artery disease (CAD) is a leading cause 

of death in industrialized nations, killing nearly 380,000 people annually1. Including the cost of 

health care services, medications, and lost productivity, CAD alone costs the United States 

$108.9 billion each year2. CAD is characterized by thickening of the walls in the coronary 

arteries, which slowly restricts the oxygen-rich blood flow to the heart muscle. Total cessation of 

blood flow results in a myocardial infarction, which can then lead to sudden death. Many 

patients are not aware they even have CAD until their first heart attack3. The current standard of 

diagnosis, coronary angiography, is an expensive, risky, invasive, and time-consuming 

procedure. In order to detect the disease in early stages before there is a risk of myocardial 

infarction, a new method of diagnosis must be developed. This method must be efficient and 

non-invasive, as well as easily accessible to patients in rural communities, where heart disease is 

prevalent and access to medical assessment is limited. In order to bring this device to those who 

need it, it must be cost effective, portable, and easy to use. A simple diagnostic tool such as this 

has the potential to save hundreds of thousands of lives each year.  

Background 

Heart Anatomy  

Before delving into the main objective of this research project, the heart and its 

components and functions must be delineated. Known as the “workhorse” of the body, the 

heart is responsible for delivering oxygen depleted blood to the lungs and returning oxygen rich 

blood to the rest of the body, allowing for metabolism within all of our body’s cells. The heart 

may beat more than 2.5 billion times over the course of a human lifetime. The heart is located 

anterior to the vertebral column and posterior to the sternum in the chest cavity. The heart is 
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comprised of four hollow chambers, two upper atria and two lower ventricles, all separated by 

valves responsible for preventing backflow and mixing of oxygenated and deoxygenated blood.  

The atria are smaller and act as receiving chambers for blood, while the ventricles are larger 

chambers with thicker walls which act as the pumps to direct blood to the body3,4,5. 

Blood flow in the heart  

The heart is responsible for taking deoxygenated blood from the body, returning it to 

the lungs for oxygenation, then delivering the oxygenated blood to the body.  To begin this 

process, deoxygenated blood from the body enters the heart through the superior and inferior 

vena cava. Here, blood enters the right atrium, then is pumped through tricuspid valve to right 

ventricle. From the right ventricle, the blood goes through pulmonary semilunar valve to 

pulmonary artery. Then the blood travels to the lungs, where it releases carbon dioxide (CO2) 

and picks up oxygen (O2). Blood returns to the heart via the pulmonary veins to the left atrium.  

Once the left atrium fills, it contracts to pump blood through the mitral valve to the left 

ventricle.  The blood then leaves the left ventricle through the aortic valve into the aorta, 

entering systemic circulation3,4,5. 

Cardiac Cycle  

The heart circulates blood via a coordinated pumping action known as the cardiac cycle. 

The cardiac cycle is directed by a self-regulated electrical conduction system within the heart. 

The heart is mainly composed of striated muscle cells, but about one percent of the cells in the 

heart are dedicated to signal conduction and behave very similarly to nerve cells, producing 

spontaneous electrical impulses4. 
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Figure 1: Conduction pathway of the heart. http://mdmedicine.files.wordpress.com/2011/04/cardiac-conduction-

system.jpg 

The electrical signal originates in the SA node, then travels along three paths to the AV 

node: the anterior intermodal tract, the middle intermodal tract, and the posterior intermodal 

tract. The signal from the SA node also travels to the left atrium via Bachmann’s bundle. The 

signal sent out by the SA node causes the atria to contract by polarizing the cells with an 

electrical charge. When the signal has reached the AV node, the electrical signal is then 

propagated through the septum by the left and right bundle branches. The signal then travels up 

the ventricular walls via the conduction pathways. The signal sent out by the AV node causes the 

ventricles to contract only after atrial contraction. Again, the cells depolarize after contraction. 
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Interruption of this pathway can lead to misfiring of the AV and SA nodes, giving rise to 

arrhythmias in the heart4. 

The cardiac cycle is divided into three phases: atrial systole, ventricular systole, and 

diastole. In atrial systole, the atria contract, sending blood into the ventricles and opening the 

atrioventricular (AV) valves. However, the semilunar valves stay closed to prevent arterial blood 

from re-entering the heart.  In ventricular systole, the ventricles contract, sending blood to the 

rest of the body via the aorta and the pulmonary trunk.  During this phase, the semilunar valves 

are pushed open to facilitate blood flow while the AV valves close to prevent backflow. Also 

during this phase, the cardiac muscles of the atria repolarize, entering diastole. During diastole, 

blood pours into the heart from the connecting veins, and all chambers of the heart are in 

diastole, or not contracting. The blood entering the heart during this phase contributes to 75% 

of the volume of the ventricles, while the other 25% is delivered only after the atria enter 

systole, or contraction.  The AV valves opened to allow for free blood flow and the semilunar 

valves close to prevent backflow into the ventricles. 

Heart Sounds 

The typical heart sounds “lubb, dub” are generated by blood crashing into the closed 

valves of the heart. The “lubb” sound, or the first heart sound S1, is produced by the closing of 

the AV valves at the beginning of ventricular systole. This is the longer heart sound. The “dub” 

sound, or the second heart sound S2, is produced by the closing of the semilunar valves at the 

end of ventricular systole. S2 is shorter than S1, and is followed by a pause.  These sounds are 

typically clear and uninterrupted. Any disruption of these sounds, such a liquid rushing or 

gurgling, indicates a structural problem within the heart. Examples of normal and non-normal 

heart sounds are shown in figure 2.  Heart sounds S1 and S2 are audible using a simple 

stethoscope. Other heart sounds, S3 and S4, may be detected in some phonocardiogram 
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recordings, provided the background noise is very small. S3 is caused by blood moving from the 

atria into the ventricles, and S4 occurs after the atria polarize and force more blood into the 

ventricles. Blood movement causes the walls of the heart to vibrate, causing low frequency 

sounds. These are hard to detect as their magnitude is small compared to that of S1, S2, and 

background noise6. 

 

 

Figure 2: Sound recordings of normal and diseased hearts. Adapted from USMLE Fast Track. 
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Coronary Artery Anatomy 

The coronary arteries play a vital role in proper heart function: they provide oxygenated 

blood to heart muscle. Without a steady supply of oxygenated blood, the heart muscle will die 

and cease contraction. A diagram of the coronary arteries is shown below7. 

 

Figure 3: Views of the coronary arteries. Adapted from ekgcasestudies.com. 
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The left coronary system and the right coronary system stem from the aortic sinus (base 

of the aorta), just above the aortic valve.  The left main coronary artery branches into the left 

anterior descending (LAD), the circumflex (Cx), and in about 15% of patients, the Ramus, which 

falls between the LAD and Cx.  The LAD separates into diagonal branches D1 and D2, while the 

Cx eventually forms the marginal branches M1 and M26. 

The right coronary artery (RCA) branches into three vessels: the acute marginal (AM), 

the Av node branch, and the posterior descending artery (PDA).  If the PDA is supplied by the 

RCA, then the system is considered “right-dominant”, which occurs in 70% of patients.  If the 

PDA is supplied by the Cx, then the system is considered “left-dominant”, which occurs in about 

10% of patients.  If the PDA is supplied by RCA and Cx, then the system is considered “co-

dominant”, which occurs in roughly 20% of patients.  Dominance is determined by the artery 

which gives blood flow to the AV node, which is usually the right coronary artery6. 

Coronary arteries vary in size depending on the height and weight of the patient, as well 

as other factors.  Coronary arteries are muscular vessels with well-defined internal and external 

elastic lamina sandwiching the medial walls. The medial walls are composed of smooth muscles 

cells with proteoglycans and collagen fibers. Endothelial cells line the lumen surface.  The intima 

lies just beneath the endothelium, and the entire vessel is enclosed a a fibrous layer called the 

adventitia6. 
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Figure 4: Layers of the arterial wall. 

http://journals.cambridge.org/fulltext_content/ERM/ERM4_01/S1462399402004039sup006.htm 

Coronary blood flow  

 

Figure 5: Coronary pressures during the cardiac cycle. The dotted lines represent S1 and S2 respectively. The 

highest pressures for the left coronary system is in diastole, after S2.  
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Coronary blood flow is determined by the arterial pressure, which can vary greatly. 

Therefore, the pressure gradient and coronary blood flow depend on the state of contraction of 

the heart. Coronary blood flow through the left side of the coronaries is maximal during early 

diastole, whereas blood flow through the right side of the coronaries is maximal during peak 

systole7. 

Coronary artery disease  

 

Figure 6: Development and progression of CAD. 

http://www.nature.com/nature/journal/v420/n6917/fig_tab/nature01323_F4.html 

There are three layers in the coronary artery, with endothelial cells lining the inner tube. 

The endothelium sandwiches the intima and the media with the adventitia.  The coronary artery 

naturally contains a lipid core, but this lipid core can grow if subjected to chronic inflammatory 

conditions. The expansion also causes degradation of the extracellular matrix, leading to a thin 

fibrous cap. The fragile cap is susceptible to rupture, which can then instigate thrombus 
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formation. The thrombus may travel down the coronary artery and create a blockage, resulting 

in a myocardial infarction.  Alternatively, a stabilized plaque may form and grow, slowly 

restricting flow in the coronary artery8. 

CAD Diagnosis 

Patients with CAD suffer symptoms which include shortness of breath, substernal chest 

pain upon exertion, sweating, light-headedness, or rapid or irregular heartbeats9. Risk factors for 

coronary artery disease include high cholesterol, smoking, diabetes, sedentary lifestyle, and 

family history of heart disease8.  CAD can be diagnosed with a stress electrocardiogram (ECG), 

where the patient must undergo exercise in order to induce changes in the ST section of the 

waveform which may indicate CAD. However, this may cause the patient to enter cardiac arrest 

if the blockage is unstable, causing it to break off and block flow to the coronary arteries.  

Coronary Angiogram is the only definitive test for CAD. In a coronary angiogram, the patient’s 

coronary arteries are injected with contrast dye using a catheter from the groin, and the heart is 

x-rayed while the dye is pumped out of the coronary arteries. However, during this procedure 

the patient is exposed to radiation and contrast dye, both of which pose a risk to the patient. 

Additionally, the procedure is very expensive and risky, with side effects including potential 

death8. 

Treatment  

If caught early enough, medical management with blood thinners such as Coumadin and 

Warfarin, or cholesterol-modifying medications may be effective in slowing the progression of 

the disease. Angioplasty and stent placement (percutaneous interventions) allow the surgeon to 

re-open the stenosed artery using minimally invasive catheters.  Some stents are drug-eluting to 

prevent re-stenosis at the stent site. Restenosis is characterized by plaque formation within the 
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stent placed over the previous plaque. Drug eluting stents release drugs which prevent plaque 

build-up on the stent struts. If multiple vessels are diseased, coronary artery bypass surgery, or 

CABG, may be the last resort. Surgeons use vessels from patients’ own legs or Dacron grafts to 

bypass the diseased section of the vessel and restore blood flow to the distal regions of the 

vessel.  Without prevention, detection, and intervention, plaque build-up within the coronary 

arteries may lead to death6,9. 

The ideal case is medical management, as it is the least invasive and least expensive. 

Medical management includes prescribing a variety of medications aimed at reducing the 

buildup of the existing plaque and preventing new plaque formations. A change of diet to a low 

fat, low salt, and low cholesterol diet may also be recommended to the patient. Therefore, CAD 

must be detected before the disease progresses to a stage requiring CABG or multiple stent 

placements6,9. 

Therefore there is a clear and present need for an inexpensive and accurate diagnostic 

tool to determine the presence of CAD.  In order to maximize the effectiveness of the diagnostic 

tool, analysis methods must be optimized as well. We have chosen to use an electronic 

stethoscope, which is commercially available, to determine the effectiveness of stent placement 

using signal processing and analysis of patient heart sound recordings before and after stent. In 

this way, the patient can serve as his own control when comparing heart sounds of blocked and 

unblocked coronary arteries. In this study, we focused on patients with single coronary artery 

occlusions. With only one physiological change occurring within the patient, the restoration of 

flow in one coronary artery, all other variables remain constant. Therefore, any change in sound 

theoretically only corresponds to the affected coronary artery. 
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Identification and Analysis of Acoustic Signatures in CAD 

Sound caused by turbulent flow in Coronary Arteries 

The acoustic approach to diagnosing coronary artery disease relies on the principle that 

there are sounds associated with turbulent flow caused by partially occluded pipes. In this case, 

the partially occluded tubes are coronary arteries. This principle has been demonstrated in 

other vessels in the body, such as the bruits (sounds) associated with blocked carotid arteries, 

and the Korotoff sounds used to measure blood pressure, which occur when the brachial artery 

is restricted by a pressure cuff and sounds are produced10-29. 

 

Figure 7: Disrupted flow through a pipe or artery causes vibrations, producing sound. Total occlusion (100% 

stenosis) does not produce sounds, as there is no flow to be disrupted. From 

http://www.blobs.org/science/article.php?article=55. 

 However, the sounds associated with coronary artery disease are not easily detected 

with simple stethoscopes and the human ear. Instead, they require special instrumentation 

and/or signal processing in order to recognize the change between diseased and normal 

arteries. Previous studies have shown the difference between the heart sounds of normal and 

diseased patients occur in the high frequency range of the signal, between 120 and 500 Hz10-29. 
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Detection of Coronary Artery Flow Using Microphones 

 

Figure 8: Diagram of phonocardiology from Semmlow and Rahalkar. Heart sounds are detected by a microphone, 

the sounds are amplified, and using a reference to determine S1 and S2, the microphone sounds are given 

a reference. 

One way to improve detection of coronary brutes is to improve the sensing mechanism. 

Several groups have worked on improving the microphones used in recording heart sounds. 

Advances in microphones are based on noise reduction and improving the interfacing between 

the skin and the microphone. Padmanbahn et al developed a microphone consisting of a 

magnetic cantilever beam, with movements detected by the piezoelectric biomorphs. This 

microphone showed good sensitivity out to 2 kHz10. The US Army research laboratory has 

focused on an impedance matching microphone, where the transducer is enclosed in a gel 

bladder to improve the interface between the skin and the sensor11. Similar devices have been 

developed by Kroli and Schwartz12, 13. Many more iterations of these technologies are expected, 

and these advances will surely improve the accuracy of acoustic CAD detection. 

While advances in microphone technology are important, we focused on systematic 

CAD detection using commercially available electronic stethoscopes. Using commercially 

available recording devices will allow for an expedited path to clinical use. The 3M Littmann 

Electronic Stethoscope Model 3200 with ambient noise reduction was used for this study, and 
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shows promise as a useful tool in phonocardiology and CAD detection. The Littmann Model 

3200 is widely available and well recognized by clinicians, and a brand that is the current 

standard of care in many clinical settings.  

Coronary Flow Analysis Techniques 

Diastolic window: The first step investigators must take in searching for acoustic 

signatures of CAD in heart sound recordings is finding the ideal segment of the signal to analyze 

which will contain sounds from the coronary arteries. Previous studies have shown the diastolic 

window to have the most promise. In the diastolic window, there is little extraneous noise, and 

the signal to noise ratio is greater when searching for sounds associated with occluded coronary 

arteries16,20. 

 

Figure 9: Example of a diastolic window. 

Many groups have pursued spectral analysis techniques in the quest for the acoustic 

signature of CAD. In order to study the spectra of the heard sound recordings, the selected 

diastolic windows must undergo fast Fourier transform, or FFT. FFT provides the magnitude of 

energy associated with each frequency. Studies by Akay et al in canine femoral artery models 

confirmed the association of artery occlusion with increased energy in high frequencies15. 

Semmlow et al. then used FFT on human heart sound recordings and observed a clear 

difference in higher frequency components between diseased and healthy adults. In this study, 
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12 diseased and 12 healthy patients were analyzed. The total energy of the higher frequency 

(above 90Hz) and the total energy below that cutoff were compared in a ratio (high frequency 

energy over low frequency energy).  These results gave a sensitivity of 83% and a specificity of 

83%28. 

Similar studies have been performed using autoregressive (AR) method instead of FFT 

with similar results, indicating a change in the higher frequency range between diseased and 

normal patients. AR is a statistical analysis of time series used to detected differences in time 

signals14. 

The autoregressive moving average (ARMA) spectral method was first tested by Akay et 

al, which gives a more flexible spectrum than AR and has better noise immunity. Again, 

differences were found in the high frequency energy of the sound recordings. When using this 

method comparing pre and post angioplasty patients, 8 out of 10 patients were correctly 

identified, and when comparing normal versus diseased patients, 17 out of 20 cases were 

correctly identified17. 

In an effort to improve noise immunity Akay et al also applied adaptive line 

enhancement (ALE) filtering.  ALE is similar to adaptive noise cancellation, where a reference 

channel of noise is subtracted from the experimental signal. Using this method, frequency peaks 

between 400 and 800 Hz were shown to decrease after corrective surgery in 18 out of 20 

cases18. 

Akay et al compared several methods, including FFT, AR, and ARMA (autoregressive 

moving average) using the same data set. The FFT method yielded a sensitivity of 75% and 

specificity of 62.5%, while the AR model yielded a sensitivity of 72% and a specificity of 88%. The 

ARMA method yielded an even lower specificity of 71% and a specificity again of 88%. The most 

accurate method, however, proved to be spectral parameters given by the eigenvector 
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methods, with a specificity of 91% and a sensitivity of 79%21. The high sensitivity and specificity 

given by these methods demonstrate that non-invasive CAD detection is in fact a successful 

mode of diagnosis. 

The Akay group has previously tested normal and diseased subjects using an electronic 

stethoscope. Work by Dominque Gauthier of the Akay group demonstrates that normal and 

abnormal subjects can be distinguished using spectral analysis of the acoustic signals from each 

patient. In her study, Gauthier used power ratios taken from the Fast Fourier Transform (FFT) of 

the recorded acoustic signals to compare recordings of patients. These ratios were the total high 

frequency energy over the low frequency energy. Consistently she found the power ratios of the 

diseased subjects to be higher than those of the normal subjects29.  

Study Design 

Previous work described encouraged us to use an electronic stethoscope further in a 

clinical setting to assess the effectiveness of stent placement non-invasively and develop the 

acoustic signatures associated with the heart sounds before and after stent placement. 

Therefore, we implemented a study which would help identify the acoustic signature with a 

particular electronic stethoscope. We recorded acoustic signals from subjects with only a single 

coronary artery occlusion before and after stent placement at the Houston VA Hospital. We 

analyzed the recorded signal using spectral analysis techniques based on FFT. In this research 

study we focused on FFT power ratios. FFT is a widely used and understood transform. Its 

simplicity allows for easy implementation. Because of its simplicity, many sets of data have been 

previously analyzed by other groups using FFT.  We then compared these recordings to the 

recordings of clinically normal patients with no coronary occlusions. 
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Chapter 2: Materials and Methods 

Patient inclusion and exclusion criteria 

Patients were screened and tested at the Michael E. DeBakey Houston VA Hospital in 

collaboration with the Winter Center for Cardiology Research of the Baylor Medical School. The 

inclusion criteria for study patients were as follows: 

 Body mass index (BMI) less than 30 

 Single lesion CAD 

 Patient consents to procedure 

Patients were not enrolled in the study if they had one or more of the following exclusion 

criteria: 

 Heart valve disease 

 Multi-vessel CAD 

 Implanted pacemaker or defibrillator 

We enrolled patients with a low BMI in order to minimize the amount of fatty tissue 

between the heart and the electronic stethoscope. The fatty tissue could muffle and attenuate 

the sounds in the recording. We excluded patients with valve disease, as this can disrupt the 

duration and magnitude of S1 and S2. Leaky valves could also allow for regurgitation, which 

would cause high frequency noise in the diastolic window and interfere with our analysis of 

coronary artery sounds. Similarly, implanted pacemakers and defibrillators create noise which 

would be difficult to eliminate from recordings. Based on these criteria, we tested 11 patients. 

The patients’ disease state is listed in table 1 below. Due to the skewed population at the VA 

Hospital, all patients included in the study are male.  
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Table 1: Patient number and the corresponding coronary artery disease with percent stenosis. Abbreviations 
represent the following: Obtuse marginal (OM), Left Anterior descending (LAD), Circumflex (Cx), Postero-
lateral artery (PLA), and Right coronary artery (RCA). 

Recruited Patient Information 

Patient 

Number 

Diseased 

Coronary 

Percent 

Stenosis 

1 OM2 90 

2 Mid LAD 50 

3 Left Main 70 

4 Mid Cx 90 

5 Mid Cx 80 

6 Right PLA 70 

7 Mid LAD 75 

8 Mid LAD 95 

9 Proximal LAD 95 

10 Mid RCA 80 

11 Mid Cx 80 

Data recording 

Heart sound recordings were made using a Littman Electronic Stethoscope, 

accompanying software, and a laptop. Heart sounds were recorded before and after stent 

placement on the same day as the procedure.  The electronic stethoscope has three recording 

modes: bell, diaphragm, and extended range. The stethoscope was set to diaphragm mode, 

which amplifies sounds from 20 to 2000Hz, and emphasizes sounds between 100 and 500Hz, 

our spectra of interest. 

 

Figure 10: 3M Littmann Electronic Stethescope Model 3200. http://www.3m.com/product/information/Littmann-

Electronic-Stethoscope-3200.html 
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The stethoscope was placed at 4th intercostal space, 6-8 cm to the right of the midline of 

the sternum and held in place for the duration of the recording.  Sound was recorded for 15 

seconds while the patient held his breath to reduce chest cavity noise. The patients were in the 

supine position.  If the recording appeared noisy on the display provided by the Littmann 

software, the test was repeated, and the best recording was kept for analysis. Out of this 

recording, the ten best cycles were chosen for analysis. The ten best cycles were defined as 

having the lowest relative noise levels in the recording assessed visually. 

 

Figure 11: Patient recording as it appears in the 3M Littmann Steth-Assist Software. 

Windowing 

In order to determine the diastolic window for each cycle, the end of S2 was first 

identified using the graphic indicator function in MATLAB.  The diastolic window was then 

selected 100 milliseconds after the end of S2to avoid signal contamination by valve or 

regurgitation sounds. The next 128 milliseconds were then selected for analysis. This time 

segment corresponds with heavy coronary artery flow while avoiding other heart sound noise.  

The signal was sampled at a rate of 4 kHz.  

 

Figure 12: Determining the diastolic window in a cardiac cycle. 
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Filtering 

First, the signal is detrended using the detrend function in MatLab. When detrending 

the signal, a linear trend that best fits the data in the least squares sense is subtracted, creating 

a flat baseline for the date.   

 In order to normalize the signal, the root mean square (RMS) was calculated in the time 

domain for each recording, and the signals were normalized by dividing by the RMS. The RMS 

was calculated using MATLAB, whose RMS function is based on the equation below: 

 𝑥𝑟𝑚𝑠 = √
1

𝑛
(𝑥1

2 + 𝑥2
2 +⋯+ 𝑥𝑛

2) .                 (1) 

Once the signal is detrended and RMS normalized, a bandpass filter is applied.  A 5th 

order Butterworth bandpass filter was applied with a low frequency cutoff at 60 Hz and the high 

frequency cut off at 500 Hz. In Butterwork filters, the frequency response is maximally flat in the 

bandpass region and rolls of toward zero in the stopband. The algorithm in MatLab for 

Butterworth filtering is based on the equation below: 

 𝐻(𝑧) =
𝑏(1)+𝑏(2)𝑧−1+⋯+𝑏(𝑛+1)𝑧−𝑛

1+𝑎(2)𝑧−1+⋯+𝑎(𝑛+1)𝑧−𝑛
 ,                 (2) 

where n is the order of the filter, in this case 5. The 5th order gives a sharp cut off for bandpass 

filtering without disrupting the phase of the signal. 

The result of the filtered signal is shown below. The raw signal is reduced to a more 

discernible signal where one can easily distinguish S1, S2, and the diastolic window. 
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Figure 13: Cardiac cycle of a patient before and after filtering, with the diastolic window in each identified 

Analysis 

The Fast Fourier transform (FFT) of each diastolic window was determined for spectral 

analysis. We chose to use FFT for signal analysis because it is simple, easy to implement, and 

universally understood. 10 segments for each patient before stent and 10 segments for each 

patient after stent were identified.  The FFT was performed in MATLAB based on the following 

equations: 

 𝑋(𝑘) = ∑ 𝑥(𝑗)𝜔𝑁
(𝑗−1)(𝑘−1)𝑁

𝑗=1  and                 (3) 

 

 𝑥(𝑗) =
1

𝑁
∑ 𝑋(𝑘)𝜔𝑁

−(𝑗−1)(𝑘−1)𝑁
𝑘=1  ,                 (4) 

 

where 
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 𝜔𝑁 = 𝑒(−2𝜋𝑖) 𝑁⁄                  (5) 

 

is an Nth root of unity.30 Representative FFTs of a diastolic window from the pre-stent recording 

and a diastolic window from the post-stent recording are shown in figure 14 below. 

 

 

Figure 14: High frequency changes in FFT of diastolic window before and after stent. 

In order to compare the FFT of each diastolic window before and after stent placement, 

a ratio of the power above and below a frequency threshold was determined. The area below 

the FFT curve above threshold (A) represents the total power above 150Hz, where we observe 

changes in the FFT. Frequencies above 150 Hz have been shown in previous study to have 

changes between normal and disease patients.15-29 The area below the FFT curve below 

threshold (B) represents the total energy below 150Hz. The ratio A/B was used to differentiate 

between occluded and non-occluded flow. A larger power ratio indicated disease, while smaller 

power ratio indicates normal physiology. The power ratio is represented as 

 𝑟 =
𝐴

𝐵
 .                 (6) 
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Equation 6 represents the power ratio r which is illustrated in figure 15. The red area 

represents A while the blue area represents B. 

 

Figure 15: Area above (A) the 150 Hz cutoff and area below (B) the 150 Hz cutoff 

Receiver Operating Characteristic (ROC) Curve 

In order to determine the optimal cut off ratio for distinguishing between occluded and 

non-occluded arteries, a receiver operating characteristic (ROC) curve was constructed. ROC 

curves are used in binary classifications and take into account the true positives, false positives, 

false negatives, and true negatives31.  

Sensitivity is found by the sum of the true positives divided by the sum of condition 

positives. The specificity is found by the sum of the true negatives divided by the sum of the 

condition negatives. 
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Chapter 3: Results 

Patient Enrollment 

Based on the inclusion and exclusion criteria detailed in the Materials and Methods 

section, 11 patients were enrolled in the study. The patient enrollment can be found in the 

Materials and Methods section under table 1.  

Power Ratios Before and After Stent 

The power ratios for each patient enrolled were determined for each patient’s pre-stent 

recording and post-stent recording using power ratios from 10 diastolic windows for each test. 

Patient 6 had only 8 usable windows, therefore only those 8 were analyzed with FFT to yield 

power ratios. The p-value was calculated using a two tailed student T-test.  

Table 2: Each patient’s pre-stent and post-stent power ratios. The p-value comparing the two values was 
performed using a student T-test, and n represents the number of diastolic windows analyzed in each 
recording. 

Patient 

Number 

Diseased 

Coronary 

Artery 

Percent 

Stenosis 

(%) 

Before stent 

Power Ratio 

After stent 

Power Ratio P-value n 

1 OM2 90 0.00995 0.00468 0.000207 10 

2 Mid LAD 50 0.01274 0.02077 0.0228 10 

3 Left Main 70 0.00878 0.00663 0.25865 10 

4 Mid Cx 90 0.01549 0.00583 0.000277 10 

5 Mid Cx 80 0.01184 0.00693 0.002126 10 

6 Right PLA 70 0.02275 0.01044 0.044681 8 

7 Mid LAD 75 0.01618 0.00447 0.0000675 10 

8 Mid LAD 95 0.01664 0.00939 0.011143 10 

9 Proximal LAD 95 0.02335 0.01256 0.0023 10 

10 Mid RCA 80 0.01710 0.00483 0.0000043 10 

11 Mid Cx 80 0.01217 0.00655 0.0148 10 
 

As demonstrated in the table above, all patients except for patient 3 had a significant 

difference (p<0.05) between their pre- and post-stent recordings. In all but one patient, the 
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power ratio showed a downward trend between pre- and post-stent recordings. Patient 2 was 

the only patient who showed an increase in the power ratio. Subject 2 shows a significant 

increase in the power ratio from pre to post procedure, going against the established trend for 

the data. This is most likely due to a heart murmur associated with a leaky valve. The heart 

murmur was not diagnosed until after the data was collected, otherwise the patient would most 

likely have not been included in the study. Additionally, the lesion repaired was a borderline 

50% stenosis, which could affect the analysis. Therefore, subject 2’s trend opposition is not 

unexpected.  

Not only was there a decrease in the power of the high energy frequencies (150Hz or 

greater) from before stent to after stent, there was also in increase in the low frequency energy 

(below 150Hz) in some patients’ FFT spectral analysis. An example of both phenomena is shown 

below in figures 18 and 19. 

 

Figure 16: Cardiac cycle signal before and after stent placement with the diastolic window identified and magnified. 
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Figure 17: Example of an increase in the energy of the lower frequencies, below 150Hz, from pre-stent to post-

stent. Data is from patient 10. 

 

Figure 18:Pre-stent and post-stent FFT stacked for comparison. 

This increase in low frequency is most likely attributed to the improvement in heart 

function after stent placement. When blood flow is restored to the coronary artery, oxygen is 

again brought to the ischemic area of the heart. The heart muscle can then contribute to the 

contraction of the heart during the cardiac cycle, increasing the ejection fraction of the blood 
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and therefore increasing the pressure on the valves when closing. The closing sounds may then 

become stronger, adding low frequency noise to the heart sound recording.  

All power ratio values were averaged across patients to give an average pre-stent ratio 

and an average post-stent ratio value. Ratios were compared using an n-way ANOVA statistical 

test. 

 

Figure 19: Average of the power ratios before and after stent placement. The p value is less than 0.05, and n is the 
number of patients and the number of power ratios averaged for each value. 

ROC Curve 

A MATLAB script written by G. Cardillo with an input of a 2 column matrix, with the first 

column containing the power ratio values and the second column containing the corresponding 

expected classification, produces the following Receiving Operator Characteristics (ROC) curve 

(see figure 20)31. Using all 11 patients and their pre and post power ratios, the ROC curve 

constructed was found to have an optimal cut-off value of 0.0104, a sensitivity of 81.8%, a 
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specificity of 81.8%, and an overall efficiency of 81.8%. The area under the curve was found to 

be 0.899, which classifies this curve as a good test.   

 

 

Figure 200: ROC curve for all patients.  

 

 

Figure 211: Graph of sensitivity and specificity for all patients. 
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Differences between the values of the ratios for pre or post stent between patients 

placement may be attributed to differences between patients, such as differences in coronary 

anatomy, differences in aortic pressures, differences in diet and exercise, all of which would 

affect the coronary artery sounds the corresponding spectral energy.  

Normal Patients 

Healthy patients with normal coronary physiology have smooth blood flow through 

these arteries, and therefore should not exhibit high power in frequencies above 150 Hz in 

recordings made by the Littmann electronic stethoscope. Healthy patients may serve as a 

baseline in future studies, and serve as an interesting comparison in ours. We would expect the 

ratios of healthy subjects’ recordings to be lower than the ratios of the pre-stent recordings of 

study patients. 

In order to compare the results of post-stent recordings, we analyzed a recording from 

three normal patients who underwent angiography in the cardiology clinic at the VA hospital. 

The representative results are shown below: 

 

Figure 222: Single representative cardiac cycle of a normal subject with the diastolic window identified. 
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Figure 233: A sample FFT of a clinically healthy senior subject and its power ratio. 

As shown in figure 24, the ratios for the diseased subjects before and after stent are 

significantly lower after stent placement. The recordings after stent placement are not 

statistically different, however, from the clinically normal subjects. 

 

Figure 244: Comparison of all experimental group power ratios. The starred data has a p value of 0.0036. 
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Chapter 5: Discussion and Conclusion 
 

Previous studies suggested occluded coronary arteries can produce turbulent flow 

associated with coronary artery disease. If these sounds can be identified, they can be used as a 

clinical diagnostic tool. In this study, we proposed to use the electronic stethoscope to evaluate 

this hypothesis. 

The results above confirm previous study findings, that power ratios determined from 

FFT of acoustic signals recorded with an electronic stethoscope are an effective combination for 

distinguishing between occluded and non-occluded coronary artery flow. The before stent 

power ratios in this study are statistically larger than the after stent power ratios, mimicking the 

results of previous work done by the Dominique Gauthier.  

In order to effectively assess stent placement, there must be a precise method for 

distinguishing coronary arteries with occlusions from coronary arteries without occlusions. Using 

the 3M Littmann Model 3200 electronic stethoscope to record heart sounds and FFT to analyze 

the power of the spectra in those recordings, we were able to successfully distinguish diseased 

from non-diseased subjects using the calculated power ratios for each group with an overall 

efficiency of 82% even including the second subject who was later diagnosed with a heart 

murmur. The sensitivity and specificity, both 82%, are consistent with previous studies which 

use similar methodologies (cite here). Though the sample group is small (n=11), the results hold 

promise for larger future studies.  

Not only are the before and after stent power ratios significantly different, but the 

senior normal power ratios and the post stent power ratios are not statistically different, 

implying they are in fact similar. The similarity in the ratios implies similar sound profiles and 

similar acoustic signatures. Because the senior normal patients have un-obstructed flow in the 
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coronary arteries, the similar power ratios in the post-stent group implies that again the flow is 

un-impeded and has returned to a normal flow state.  

Because acoustical parameters after stent placement are not statistically different than 

those estimated from healthy subjects with no coronary occlusions, our approach demonstrates 

that the effectiveness of stent placement can be traced or can be monitored using an electronic 

stethoscope. By establishing a baseline power ratio in normal senior subjects, we can compare 

other subjects’ power ratios to the normal power ratio and determine whether or not an 

occlusion or flow disturbance is still present. A power ratio statistically higher than normal 

would indicate there is still an obstruction in the flow., indicating a need for repair and 

treatment. While the baseline normal group for this study was small, only three subjects, it 

serves as a starting guideline. A much larger group of normal subjects would be needed for a 

true baseline guideline. 

This study does suffer a few limitations. First, the study enrolled 11 patients who 

underwent stent placement procedures with single occlusions, which is a small sample size, but 

adequate for a preliminary efficacy study. For more robust results, future studies will include 

more patients, strengthening the statistics. This was a great challenge as it is difficult to find 

patients with single coronary artery occlusions. The second challenge is to have patients without 

any other cardiac disease. These two criteria limited the enrollment in our study.  

For long term studies including a large number of patients, a band will be required to 

hold the electronic stethoscope in place. This will limit the variations in heart sound recordings 

and could even help reduce ambient noise. 

In future studies, we would want to include more subjects to strengthen the statistical 

relevance of our study and make the results more robust. For each subject, we would like to 

collect more recordings to increase the sample size for each subject; instead of simply 10 cardiac 
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cycles for analysis, we could use 20 or 30 cycles. Additionally, we want to improve the recording 

quality, possibly by reducing the noise in the recording room. This would require patient 

isolation in a room with little to no electromagnetic interference. 

While the FFT power ratio method is both computationally efficient and simple to 

implement, we plan to compare other FFT-based signal analysis methods. Previous studies, as 

mentioned before, have used AR, ARMA, and ALE. 

 Furthermore, implementation of a multichannel recording system would not only 

provide more data about the acoustic signature, it might also be used for ascertaining the 

location of the lesion. The channel with the strongest indication of the acoustic signature would 

be the channel closest to the lesion.  

Finally, we would want to automate the recording analysis for clinical use. Instead of 

visually inspecting the signal and choosing the best sections by hand, we would create a 

program to perform these functions and calibrate it in another clinical study. Once the CAD 

acoustic signature, or the power ratio, threshold has been optimized, the system could easily be 

implemented in a clinical setting, providing a simple, inexpensive, and accurate screening tool 

for CAD.  
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Appendix 

Supplement Figures 

 

Figure 255: Heart chambers and valves. http://www.mayoclinic.org/chambers-and-valves-of-the-heart/img-
20007497 
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Figure 266: Blood flow in a healthy heart. http://pediatricheartspecialists.com/articles/detail/normal_blood_flow 
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