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ABSTRACT

AN INTERACTIVE COMPUTER ANALYSIS 
OF PHONOCARDIOGRAMS

by

Antal A. Sarkady

Computerized phonocardiogram analysis techniques were 
developed to aid in the positive diagnosis of systolic heart 
diseases and these techniques were applied to noninvasively 
assess the severity of valvar aortic stenosis. Signal pro
cessing algorithms were incorporated into an interactive 
analysis program used to study heart sounds and murmurs in 
the time and frequency domains. The algorithms are appli
cable to several heart diseases, but this study was conducted 
on six normal patients, thirteen catheterized, and four 
clinically-diagnosed valvar aortic stenosis patients.

For each patient, phonocardiogram data (30-1200Hz 
range) from four listening sites, along with an ECG, res
piration, and carotid pulse, were recorded for approximately 
100 seconds. A typical patient data set consists of seven 
data files; two mid-inspiration, two mid-expiration, two 
carotid and one calibration file.

As a starting point of the interactive analysis 
branch, a normalized ensemble-averaged envelogram is



computed and plotted for each file. From these plots, maxi
mum precardium intensity areas, respiration affects, murmur 
shape, and the timing of clicks, murmurs and sounds are 
identified or measured. Using the measured onset times and 
durations, murmur, click, and heart sound signals are gated 
and separately studied in the time and frequency domains.

The severity of valvar aortic stenosis is estimated 
noninvasively from a gated and ensemble-averaged phono
cardiogram murmur power spectrum. The averaged spectrum is 
computed from several cardiocycles (typically 40-50 records) 
recorded from the second right intercostal space. Ensemble 
averaging is essential in this analysis to reduce spectrum 
variance and to obtain consistent results. A high degree 
of correlation exists (correlation coefficient = 0.96) 
between the peak systolic ejection gradient measured by 
cardiac catheterization, and the calculated first moment of 
the mean murmur spectrum.

A Varian 620/1 16 bits/word minicomputer was used 
for this study. The computer was equipped with a 12K word 
memory, two seven-track digital tape recorders, a graphics 
terminal, an analog multiplexer, and an analog-to-digital 
converter.



INTRODUCTION

The computerized phonocardiogram analysis techniques 
presented in this dissertation are applicable to many sys
tolic heart diseases found in a wide age group. However, 
children and adolescents four to twenty years of age were 
selected for this study for the following reasons. A large 
portion of heart diseases are congenital or can be traced to 
a minor cardiac disorder occurring in early life; conse
quently, early detection and correction are necessary for a 
long and active adult life. In addition, innocent murmurs 
are extremely common in children and adolescents, occurring 
in approximately 50 percent of these subjects [36]. There
fore, a need exists for an accurate and rapid screening 
instrument. The analysis techniques presented here can be 
adapted in the design of such an instrument. Finally, 
children are relatively free from arterial diseases such as 
arteriosclerosis and may serve as a ready standard for a 
large number of heart diseases.

In order to assess the merits of the computerized 
phonocardiogram analysis techniques, the study of valvar 
aortic stenosis was suggested by Dr. Roberta Williams of 
Children's Hospital, Boston, Massachusetts. Her proposal 
was an excellent and challenging choice for several reasons.

Valvar aortic stenosis is a frequently detected 
disease representing approximately three to six percent of
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the total heart diseases found in children [10]. Severity 
of the disease requires frequent assessment, particularly 
in moderate and severe cases, since for these patients sudden 
death is a distinct possibility. Accurate assessment of 
the severity of this disease is presently possible only by 
catheterization, an invasive surgical procedure requiring 
three days of hospital care. It is clear that a definite 
need exists for an accurate, noninvasive technique to assess 
the severity of valvar aortic stenosis; such a technique is 
presented in this dissertation. Finally, the valvar aortic 
stenosis murmur is produced by a "turbulent jet" [1] where 
similar jets are found in several other heart diseases 
(pulmonary stenosis, ventricular septal defect, atrial septal 
defect, etc.). Consequently, this anomaly can be considered 
as a representative prototype cf several "noisy systolic 
murmurs" and it may be possible for this analysis technique 
to be extended to these heart diseases as well.
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CHAPTER I

PHYSIOLOGY OF THE NORMAL AND ABNORMAL HEART 

FUNCTION AND OPERATION OF THE HEART

The function of the heart is to pump oxygenated 
blood to all parts of the body. It is readily visualized 
as two serially-connected dual-chamber pumps, activated by 
a common electrical pacemaker through conduction bands [28]. 
The two pumps are similar in size but the left side is a 
considerably higher-pressured system than the right side.
A full scale drawing of a normal child's heart and the 
connecting great vessels is shown in Fig. 1. Pumping action 
of the heart is described with the aid of this diagram.

Oxygen-poor blood (blue blood) is pooled in the 
right atrium (RA) and enters the right ventricle (RV) through 
the tricuspid valve (TV). The right ventricle pumps the 
blood through the pulmonary valve (PV) into the small capil
laries of the lungs where it becomes enriched with oxygen.
The oxygenated blood (red blood) is pooled in the left 
atrium and enters the left ventricle (LV) through the mitral 
valve (MV).

The left ventricle pumps the red blood through the 
aortic valve (AV) to the aorta (AO) where it is distributed 
by smaller arteries to the rest of the body. The circulation 
path is completed when the blue blood is returned to the
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right atrium via the inferior vena cava (IVC) and the supe
rior vena cava (SVC).

The pumping cycles of the two sides of the heart are 
nearly synchronous. A cardiocycle is divided into systolic 
and diastolic phases, at which times the ventricular muscles 
are contracted and relaxed respectively. In the early part 
of the systole, the ventricle is at a constant volume, while 
during the latter part, blood is being pumped from it. In 
the early part of the diastole, the ventricle is at a con
stant volume, while during the latter part, blood is being 
pooled in it.

Functions of the atria are to assure an adequate 
blood supply to the ventricle during the filling phase and 
to assist in the filling by contracting at the end of the 
diastolic phase. This is often referred to as "topping off" 
the ventricle.

All of the heart valves are operated by the blood 
flow; nearly zero pressure drop occurs across the valves 
during forward flow and they are closed by reverse flow.

STRUCTURE OF THE HEART

A dense connective tissue forms a fibrous "skeleton" 
of the heart surrounding the valves. The atria, ventricles 
and arterial trunks are firmly attached to this "skeleton"

[1] •
The ventricles are composed of sheets of spiralling, 

tightly-bound, myocardial fibers which thicken near the 
apex. The wall of the left ventricle is considerably thicker
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than that of the right ventricle. Capillaries connected to 
the coronary arteries supply blood to the heart muscle at a 
rate ten to twenty times higher than to the skeletal muscle. 
This high nourishment rate is required to support the mechan
ical work performed by the ventricles.

ARTERIAL BLOOD FLOW

The outstanding feature of arterial blood flow is 
its pulsatile character. During the early systole, blood 
is suddenly ejected into the ascending aorta. The ventricle 
has insufficient energy to overcome the inertia of the long 
column of blood in the arteries; consequently, the blood 
tends to pile up in the distended ascending aorta, producing 
a sudden, local pressure increase. A pressure wave propa
gates down the descending aorta with a velocity of 4-5 m/sec. 
[1]. This velocity is ten to twenty times greater than the 
flow velocity of the blood [2] and is a function of the 
physical properties of the vessel wall and the blood.

The advancing pressure wave is reflected by the 
peripheral structures (primarily at the femoral bifurcation) 
producing a reflected wave traveling back toward the heart. 
The observed pressure wave at any point in the aorta is the 
superposition of the forward pressure wave and the reflected 
wave. As t?ie aortic valve closes at the end of the systole, 
drainage from the aorta and arteries into the arterioles 
continues, transforming the highly pulsatile flow into a 
more continuous, steady flow. Dispersion of the pulse
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waveform during its travel is one of the characteristics of 
the vascular system.

A detailed analysis of pulsatile blood flow in dis
tensible arteries is given in a boolc edited by Attinger [3] . 
A recent computer model of the left ventricle and the aorta 
is presented by Watts [4]. He models the aorta as a tapered, 
electrical delay line and studies the pressure pulse propa
gation produced by an impaired left ventricle. Watt's model, 
however, is valid only in the 0-20 Hz frequency range.

MECHANISM OF THE NORMAL AORTIC VALVE

The aortic valve is composed of three cusps of equal 
size attached around the circumference of the valve orifice. 
In children and adolescents, the cusps are thin, elastic 
membranes which thicken later in life. A considerable over
lap in the cusps' area assures a tight closure; when open, it 
forms a triangular orifice which has a smaller cross- 
sectional area than the aorta. This opening however, is 
sufficiently large to have a negligibly small pressure drop 
across the open valve and to have laminar blood flow through 
the valve. Behind the aortic valve cusps are three cavities, 
the sinuses of valsalva [29], shown in Fig. 2. Left and 
right coronary circulation originates from two of these 
sinuses through small openings called coronary ostia. The 
sinuses perform an important role in the closing mechanism 
of the valve. If a valve leaflet comes in contact with the 
coronary ostia, the rapidly falling coronary pressure and
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the increasing aortic pressure would seal the cusp against 
the wall of the aorta; space provided by the sinus prevents 
this from happening.

Bellhouse’s [5,6,7] experiments with leaflet-type 
model valves demonstrated that vortices trapped in the 
sinuses provided a fluid mechanical valve control and aided 
systolic coronary circulation. In the model valve, the 
cusps presented negligible obstruction to the accelerating 
fluid flow during the opening phase. Thrown open, the 
cusps aligned themselves with the flow, and stagnation points 
were formed at the sinus ridges along with intense vortices 
inside the sinuses. During the early and mid-systole, the 
cusps were positioned so that their tips were slightly pro
jected in the sinuses. The stagnation points, acting as 
high pressure sources, contributed to the systolic coronary 
circulation. During the end of the systole in the de
acceleration phase, the ventricular pressure fell below the 
sinus pressure and the cusps started to close. Streamlines 
were spread downstream and the cusps drifted to a three- 
quarter closed position; the valve was fully closed by a 
small amount of reverse flow. Bellhouse, et al. [7] measured 
four percent regurgitation in the model valves during the 
closing phase. During the entire systole the flow was 
laminar and no sign of turbulence was reported.
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AORTIC STENOSIS

Aortic stenosis is defined as an obstruction to 
blood flow between the aorta and the left ventricle. De
pending upon the location of the obstruction, it is divided 
into three major classes. Obstruction produced by an im
paired valve is called valvar aortic stenosis, while 
obstruction above or below the valve is referred to as 
supravalvar aortic stenosis or subvalvar aortic stenosis 
respectively. Subaortic stenosis is usually further sub
divided into discrete and idiopathic classes. The four 
types of stenosis, along with a normal heart, are shown in 
Fig. 3. Note that discrete subvalvar obstruction is pro
duced by a fibrous band located below the valve, whereas 
supravalvar and idiopathic subaortic stenoses are produced 
by deformation of the aorta and ventricle respectively.
Sub- and supravalvar stenoses are infrequent, while valvar 
stenosis is a common anomaly occurring in three to six 
percent of patients with congenital cardiovascular defects 
[10] .

Valvar aortic stenosis may be acquired during the 
course of a disease, but in children it is most often due 
to congenital fusion of the cusps [12]. When all three 
cusps are fused near the valve root, valve motion is 
impaired, but the cusps can function as three independent 
units. This valve anomaly is called tricuspid valvar aortic 
stenosis. When the cusps are fused in such a way that they
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function as two independent, units, the term bicuspid valvar 
aortic stenosis is used. Occasionally, in congenital 
deformation, the valve may become a single, semi-rigid 
perforated membrane acting as an obstruction rather than 
as a valve, presenting the same cross-sectional area for 
both flow directions. This anomaly is rare and its auscu- 
latory features are distinct from tricuspid and bicuspid 
aortic stenoses [11]. Cross-sectional views of the three 
valve anomalies and of a normal valve for open and closed 
conditions are shown in Fig. 4.

The most common forms of aortic stenosis in children 
are the bicuspid and tricuspid types; the valves are seldom 
if ever calcified [10]. Calcification in humans begins at 
age 13-14 and damaged valves tend to accumulate calcium 
past this age. Consequently, even mild early valve impair
ment may lead to calcified aortic stenosis in adult life 
[12] .

MECHANISM OF THE STENOSED AORTIC VALVE

A marked change in fluid flow occurs when the aortic 
valve area is reduced to approximately less than fifty per
cent of normal size. At the onset of the ejection phase a 
turbulent jet is formed in the ascending aorta and persists 
throughout the systole. Presence of the jet in the aorta 
is routinely observed in angiocardiographic studies [9,13, 
31] and is considered to be a prime distinguishing feature 
in discriminating between valvar and subvalvar aortic
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stenosis [11] . In the laboratory, turbulent flow of fluids 
in tubes and vessels is observed when the Reynolds number 
exceeds a critical value of 970 ± 80 [1].

Bellhouse, et al. [8] simulated valvar aortic 
stenosis by glueing the leaflets of the model valve together, 
reducing the valvar area by fifty percent. Under these 
conditions, instead of laminar flow in the systole, a 
turbulent jet formed at the valve and no vortices were 
observed in the sinuses. Pressure at the coronary ostia 
was slightly lower, indicating mild impairment of systolic 
coronary circulation and becoming more significant at a 
higher degree of stenosis. During the closing phase, the 
amount of reverse flow was only slightly more than that for 
the normal valve since the stenosed valve was never fully 
open.

PATHOPHYSIOLOGICAL DESCRIPTION OF 
VALVAR AORTIC STENOSIS

When the aortic valve area is reduced from the normal 
range of 2.5-3.5 cm2 to a critical range of 0.5-1.0 cm2, 
compensatory mechanisms fail and the following physiological 
symptoms develop: a marked increase in flow impedence [30],
a marked left ventricle pressure increase accompanied by a 
slow rise in the aortic pressure wave, and a pressure drop 
across the valve. Peak pressure drop across the valve may 
exceed 100 mm. Hg in severe stenosis. Cardiac output remains 
nearly the same at rest but is reduced during exercise,
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indicating that the left ventricle relies on cardiac reserve 
to handle the overload. The overstressed ventricle responds 
by gradually increasing muscle mass [10], commonly observed 
in angiocardiography [31]. The increased muscle mass and 
wall tension greatly increase oxygen consumption of the 
ventricle at the time when coronary circulation is seriously 
impaired. Impairment is produced partially by the increased 
and prolonged intramural blood pressure and partially by the 
reduced systolic sinus pressure [12]. When oxygen demand 
exceeds the ability of the coronary blood flow to provide 
oxygen, myocardial ischemia and angina pectoris result 
[10,12]. Contractibility of the oxygen-starved cardiac 
muscle is reduced and congestive heart failure, syncope, or 
angina pectoris develops. At this stage the history of 
patient survival averages two, three, and five years, de
pending on the symptoms, where ten to fifteen percent die 
suddenly [32] if corrective surgery is not performed. In 
most instances the surgery is a valvarlaremy, but in some 
cases, particularly in older individuals, replacement of 
the impaired valve with a prosthetic valve is involved.

It is important to emphasize that the human heart 
tolerates mild aortic stenosis well, and not until the 
aortic valve area is reduced to less than fifty percent of 
normal, do clinical symptoms develop [12]. Surgery is 
required only in severe cases.



16

ESTIMATING THE SEVERITY OF AORTIC STENOSIS

Vector ECG and phonocardiography are considered to 
be adequate noninvasive diagnostic techniques for the 
identification of aortic stenosis; however, estimating the 
degree of stenosis has been poor with these techniques.

The most reliable invasive techniques for assessing 
the degree of stenosis are considered to be internal 
pressure measurements by cardiac catheterization, and 
simultaneous blood flow studies of X-ray motion pictures, 
known as angiocardiography. In these methods, access to 
the left ventricle is gained through hazardous routes, 
either by a transseptal needle [14] or by a retrograde 
arterial route past the aortic valve [15]. If the trans
septal needle (catheter with a needle tip) is used, it is 
inserted into the femoral vein and advanced into the right 
atrium. The interatrial septum is punctured and the 
catheter is advanced into the left atrium and left ventri
cle. Proper positioning of the needle prior to puncturing 
is one of the more hazardous aspects of this procedure.

Retrograde arterial catheterization is usually per
formed through the femoral artery or the bronchial artery. 
This procedure often involves some degree of arterial trauma 
and is occasionally difficult to perform in children.

After the catheter is placed irto the left ventricle 
by one of the foregoing routes, oxygen saturation and 
pressure measurements are taken. An X-ray absorbing dye is
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injected and angiocardiographic studies are performed. Next, 
the catheter is withdrawn and pressure measurements are per
formed in the ascending aorta. The peak systolic pressure 
drop (referred to as peak systolic ejection gradient,
P.S.E.G.) across the aortic valve is determined and the 
valve area is calculated from Gorlin's formula [16]. The 
degree of stenosis is determined on the basis of these 
measurements and is classified as mild, moderate, or severe 
according to the limits [11] listed in Table 1.

It is clear that cardiac catheterization is an 
accurate diagnostic technique; however, it is a surgical 
procedure requiring three days of hospitalization and is 
not a clinical diagnostic tool.

TABLE 1
LIMITS OF P.S.E.G. AND AORTIC VALVE AREA IN V.A.S.

Degree of 
Stenosis

Peak Valvar Pressure 
Drop P.S.E.G. in mm. Hg

Value 
Area cm2

Mild 10 - 40 1.5 - 0.8
Moderate 40 - 80 0.9 - 0.6
Severe > 80 < 0.6
Surgery
Recommended > 110 < 0.5
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CHAPTER II 

THE PHONOCARDIOGRAM SIGNAL

In this chapter the normal and abnormal phonocardio- 
gram signal waveforms are discussed and the various signal 
components are correlated with hemodynamic events. In addi
tion, production and transmission of vibrational energy is 
described. Finally, diagnostic signal features of aortic 
stenosis are tabulated and the differential diagnosis of the 
disease is presented.

STETHOSCOPIC AUSCULTATION

Vibrations in the 1-750 Hz frequency range are 
commonly observed on the surface of the human chest. A 
representative power spectrum of the vibrations measured in 
normal subjects, along with the mean threshold of hearing, 
are given by [17] and shown in Fig. 5. Note that stetho- 
scopic auscultation is limited to the 40-750 Hz range and 
that most of the vibration energy is below this range.

In the audible range, the human ear and stethoscope 
is an extremely sensitive detector and assisted by the brain, 
forms an adaptive filter; however, it is a time variant, 
nonquantitative, ausculatory system. Perhaps the most 
serious problem with stethoscopic auscultation is the lack 
of data storage and retrieval features which often leads to
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subjective diagnosis. These shortcomings were demonstrated 
by recent tests performed on physicians [18].

THE PHONOCARDIOGRAM

The phonocardiogram is an intensity versus time 
display by a high-frequency chart recorder of the audible 
vibrations observed on the human chest by a microphone. In 
principle, phonocardiography is a clinically-quantitative 
diagnostic technique; however, lack of amplitude calibration 
and nonstandardization of the recording equipment render 
this technique semi-quantitative; direct waveform comparison 
among clinical recordings is difficult. Still, a great deal 
of quantitative timing information has been gained by phono
cardiography and it offers permanent data storage and display 
features .

The crystal microphones which are most often used in 
clinical phonocardiography have a relatively flat, frequency 
response curve in the 40-750 Hz range. Within these bounds 
the acoustical frequency region of interest can be selected 
by a band-pass filter. The filter characteristics are not 
standardized in phonocardiography, but most clinics use 
"mid-frequency filtration" [21] or "stethoscopic filtration" 
[33,34]. "Mid-frequency filtration" is produced by a filter 
with a flat frequency response function in the approximate 
band-pass range of 120-500 Hz and a roll-off of 6 db/octave 
outside this range. "Stethoscopic filtration" is similar 
to "mid-frequency filtration" with the notable exception
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that the band-pass is modified to produce a response at the 
filter output in the 120-500 Hz range which resembles the 
acoustical response of the human ear (see Fig. 5).

In this experiment "stethoscopic filtration" is 
employed with a slight low-frequency accentuation. This 
filter setting produces good sensitivity over a wide 
frequency range while essential identification features 
of the time series are preserved.

HEART SOUNDS IN THE PHONOCARDIOGRAM SIGNAL

Typical normal phonocardiogram (PCG) findings in 
time correlation with ECG, aortic pressure, left ventricular 
pressure, and left atrial pressure waves are shown in Fig. 6. 
Note the presence of four distinct groups of vibrations
(marked S^,..... in the phonocardiogram record. These
are called heart sounds. Characteristics of these sounds 
will now be described and correlated with hemodynamic events.

Duration of the systole on a phonocardiogram is 
defined as the period from the onset of to the onset of 
S^, and duration of the diastole is from the onset of S£ to 
the onset of the next S-̂ .

HEMODYNAMIC CORRELATION OF HEART SOUNDS

First Heart Sound - S^. Onset of the first heart 
sound occurs at the beginning of the systole following the 
ECG Q wave by approximately 10-20 ms. The entire event 
lasts for an average of 100-120 ms. It is generally
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