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Abstract:

The purpose of this investigation, a mathematical analysis of the acoustical properties of cervical
bruits, was to differentiate the auscultatory signals of diseased neck arteries (stenotic bruits) from
similar sounding healthy artery signals (innocent bruits).

By studying the variation and first moment of *the acoustical signal distribution curve, no significant
difference was found between the stenotic and innocent bruit.

Significant difference between the innocent and stenotic bruit was evident from an examination of the
zero crossing frequency of the signal. The bandwidth, mean frequency, and number of peaks in the
energy spectrum of the signal also showed significant difference between the innocent and stenotic
bruit.

The average stenotic bruit studied was found to have 90% of its energy contained in a frequency band
width of 188 Hz. with a center frequency of 131 Hz. The frequency band containing 90% of the energy
of the average innocent bruit was 123 Hz. wide and centered at 82 Hz. Counting the number of spectral
peaks in the energy density spectrum proved to be the most reliable test for identifying the two types of
bruits. Stenosis was diagnosed correctly in 77% to 85% of the patients studied using the spectral peak
count.
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ABSTRACT

The purpose of this investigation, a mathematical
analysis of the acoustical properties of cervical
bruits, was to differentiate the auscultatory signals
of diseased neck arteries (stenotic bruits) from
similar sounding healthy artery signals (innocent
bruits). :

By studying the variation and first moment of sthe
acoustical signal distribution curve, no significant
difference was found between the stenotic and
innocent bruit.

Significant difference between the innocent and
stenotic bruit was evident from an examination of the
zero crossing frequency of the signal. The band-
width, mean frequency, and number of peaks in the
energy spectrum of the signal also showed significant
difference between the innocent and stenotic bruit.
The average stenotic bruit studied was found to have
90% of its energy contained in a frequency band width
of 188 Hz. with a center frequency of 131 Hz. The
frequency band containing 90% of the energy of the
average innocent bruit was 123 Hz. wide and centered
at 82 Hz. Counting the number of spectral peaks 1in
the energy density spectrum proved -to be the most
reliable test for identifying the two types of bruits.
Stenosis was diagnosed correctly in 77% to.85% of
the patients studied using the spectral peak count.




I. - INTRODUCTION

Early Warning and Prevention of Stroke

Many strokes occuring in older people are the result of
an obstruction or narrowing in the major neck (carotid)
artery ]eadiﬁg fo the brain. Such an obstruction, an ailment
labeled stenosis by physicians, can be diagnosed and repaired
by surgery because of the accessibility of the artery.
Diagnosis is made by auscultation (listening to the sound).
An abnormal sound heard between tHe first and second heart
sounds may be an indication of stenosis. The medical term

applied to this abnormal sound.is the cervical bruit.

The Existing Problem

-

Unfortunately, the cervical b?hit, refer(gd to in future
;efefenqes as the bruit, may also occur 1ﬁ normal, healthy
peop]e.‘ This type of Bruit is called an innocent bruit, and
its'exjstgnpé'cén‘make the_diégnosis of stenosis frustrating

and uhcertain.i It;ﬁs-ﬁossﬁb1e to increase the efficiency and

1

re]iab{lfty of aiagnosis of stenosis by applying modern
mathematical methods to the acoustica]-b}git signal. Thg
purpose of this investjgafion is to find a method of anq]ysis
which will allow differentiation of the stenotic bruit f;ém

the innocent bruit. Also, any identifying characteristics
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which help to explain the mechanism of bruit are labeled.

The General Approach

An attempt is made to solve the problem by analyzing
the recorded sound from the neck artery of 13 patients, seven
of whom have héa]thy arteries and six of whom have diseased
artefies. In all cases studied, a bruit exists. In this .
study an attempt is made to separate the innocent bruit from
the stenotic bruit by'three technfques -~ gtatfstica] analysis,

spectral analysis, and zero crossing analysis.




IT. REVIEW OF THE LITERATURE

Bruit Research

A study of over 4,000 patients made by Braun, et al,
(1966) revealed that bruit occurance varies with age. Table

I summarizes the type of variation which was discovered in

his study.
TABLE 1
INCIDENCE OF BRUIT BY. AGE
Age 1n — Bruit - Number
Years Occurance Examined
Percentage
0-9 20 ) 30
10-19 14 605
20-29 6 .- 1082
30-39 5 o 680
40-49 3 " 685
50-59 3 566
60-69 4 387
70-79 3 232
80-89 14 28

It is apparent from this table that bruits occur most commonly
in the very young and the very old. Bruits occuring in the
young can usually be assumed to be of an innocent nature

bécauée-the incidence of arterial disease at this age is
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practically nil. Braun, et al, (1966) also found that the
innocent bruit occuring in 20% of q]] young healthy people is
of a shorter duration, appearing closer to the first heart
sound than the stenotic bfuit; This does not necessarily hold
true for the innocent bruit in older people.

A study by Rennie, Ejrup and McboWéJ] (]964) found that,
especially in young adults, the innocent bruit originateé |
lower in the neck on the right side, while the stenotic bruijt
is normally found near the middle of the neck over the carotid
artery:. An X-ray picture of an opaque solution injected
locally into the blood stream, an arteriogram, is used to
verify the existance of a éfenqsi§ in this type of study, but
the discomfort and trouble bf this procedure make it impracti-
cal for Qée on healthy people whosg'bruits may be innocent.

The bruit has been 1denfif1ed with stenosis since 1954,
(Fishef,-1954) and 1ft§1e research has been done which would
help to dffferentiate betweenithe sténotic and innocent bruit.
Neither,B%aun'é norL&énniefs studies ‘were conclusive fn
1dent1fyfng thé,éha%éf£erist1cs of the innocent or stenotic
bruit. S&me charécterisfics must be found to enab]eAsimp1er

methods of diagnosis.

Related Research

In order toldetermine and -understand- the drigin of

bruits and the diagnosis of stenosis it is necessary to
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search re]atgd topics for pertinent information. Especially
important, because of;their close relation to fhelbruit, are
four such topics: 1) the structure of the arteries, 2) the
flow of blood in arteries, 3) the mechanism of heart murmurs,
and 4) the diagnosis of heart murmur.

Rodbard has been particularly active in blood vessel
and blood flow research. He explains and has shown by experi-
ment. (1956,1957,1959) how hydraulic forces can act upon the
vascu]ar.]ining to form valves, cushions, and stehosis. It
is known that blood vessels, besides growing during childhood,
tend to elongate and become twisted (Rodbard, 1956) losing
their elasticity (Simpson and Nakagawa, 1960) with old age.
Blood is a very complex media and its f]ow is very difficult
to describe exacf]y, in any but qualitative terms. Blood f]ow
is pulsatile, "... the ves;e] diameter changes during each
surge in pressure, filtration across the vessel wall disturbs
the boundary layer, and the viscosity of the blood probably
changes anoma]ous1y from moment to moment." (Rodbard and
Johnson, 1962) The red blood cells have a tendency to group
along the akis of a Vesgel giving rise to a radial viscosity
gradient. (McDonald, 1960) It is apparent that there is a
wide ]atitude of variation in both the blood flow and the
vessel structure. |

Bruns advances a general theory of the causes of murmur
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(1959) which is also applicable to bruits since theylafe X0
closely related. Based on theoretical and experimental
evidence, he_discounts the importance of cavitation and
turbulence as noise generators in arteries and asserts that
vortex shedding or eddies are the more likely cause of the
noise we hear as murmurs or bruits.. Anemia or other causes
of high cardiac output as well as stenosis are associated
with bruits and murmurs; all these conditions can cause
vartex shedding under the appropriate condifions. Bruns
produced murmurs'artificially by introducing obstructions in
the form of paper clip wire and orifices into rubber tubing.
He showed that the frequenfy of noise produced is related to
the vessel geometry and the rate of f]dw, and the noise can
be made,similar to that of murmurs.
Bruns has shown that for large diameter orifices in

tubes,”the frequenconf sound produced will be approximated

by

- v . velocity of fluid flow
.‘FREQUENCY~—,-6zx.width of orifice.shou1der ?

where tHe'widtHrof the orifice shoulder is equal to one-half
the difference between the tube and orifice diameters.  For
very small diameter brificeé, however, -the frequency of the

tone produéed by vortex shedding is abproximated by

. 0.6 x velocity of flow
- orifice diameter

FREQUENCY
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“Thus, as a constriction or stenosis becomes greater (orifice
diameter decreases) one éhou]d find that the basic frequency,
at first high,'will become lower and then increase once more."
(Bruns, 1959)

Murmurs have been the subject of active study in recent
years. Jacobs, Horokoshi dnd Petrovick (1968) have devised
an instrument which uses the phonocardiogram éigha] plus the
electrocardiogram signal to separate normal hearts from
grossly abnormal ones with approximately 94% certainty; This
instrument uses-.a filter amp]ifier‘sygtém to boost the Tow-
Tevel high frequency components of the phonqcardiogram signal
and a zero crossiﬁg detector to identify the abnorﬁa1s based
on the number of times per heart beat that the filter amplified
phonocardiogram amplitude crosses the zerd”axis. The counting
is startéd and stopped by triggering from the electrocardio-
gram s%gha]. These men also ran tests on experimentéT]y
stenosed AOrtic va]&es'from sheep. fhey found that stenosed
aortjq-vaTveé have;characteristic frequency spectra. They
also fqdndjforﬂa ngéﬁ'heart and valve, that the nofse
intensity increaseé-with:f]ow rate, but a definite correlation
¢6u1d not be found. . A concrete model of the -sheep heart with
a triangular brass bri?ice produced a similar stenosed
spectrum characferistfc, Whi]e_the model with no obstrﬁction

produced a normal characteristic spectrum. Jacobs, et’'al,
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deduced from their studies that the chénges whifh occured in
the spectral ana]ysis'of valve noise were related to the
degree of stenosis induced in ‘the valve. While unable to
ascertain the parameters responsibTle forlthe frequency changes,
they did coné]ude that the noise is not determined uniquely
by the stenosis but by the conditions of the system (heart and
arterial conditions) as a who]el The zero crossing analysis
of this study, while effective in separating grossly different
signals, may not be sensitive enough to detect differences
between two siﬁi]ar signals -- the innocent and stenotic
bruit.

The Humetrics Divisioﬁ of the Thiokol Chemical Corpora-
tion developed a more sophisticated defector called the
PhonoCardioScan (Durin; et al, 1965) for use 1n-school heart
test projects. Specialized aha]og digital circuitry which
ﬁotlﬁniy detects the.p?esence of congenital heart defeéts, but
also helps to 1dent1fy the particu]af type of defect, was
deQe]opédf, The ing}%qment used spectral analysis data
acquifgd’from kndwn'df;eased hearts as é'basis for comparison
and djagndsis.' The rather elaborate data acquisitidn system
recorded simultaneously fhe sounds from four chest micro-
phones, the electrdcardfogram signa],'the respiratofy phase

signal, and a voice comméhtary. The instrument itsélf only

requires two inputs; an electrocardiogram and a chest micro-
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phone input. The micfophone is moved to each of the four
regions and 10 to 30 heart cycles are examined for each
microphone placement. The.who1e testing process only takes
three minutes per patient. A similar approach could be
taken toward identifying stenotic bruits since bruit sounds
are very similar to those sounds originating in heart
defects. It is hoped that spectral analysis of the bruit
will reveal a significant difference between the stenotic
and innocent bruit which could be detgcted by-such an

instrument.




III. NATURE OF THE BRUIT WAVEFORM

Ausculation has been employed for many years by doctors

~to tell the condition of the heart, but varjation in hearing

ability and Timitations imposed by the hearing threshold

have Tled fo recording the heart sounds on strip charts and
magnetic tapes. This record of the heart sound is referred
to as a phonocardiogram. One cycle of the normal phonocardio-

gram appears as in Fig. Tla. As shown, the first and second

sounds are quite distinct. The rehainder of the signal fis

fairly silent. These two sounds are transmitted through the
major arteries and a.similar waveform can be obtained by
listening over an artery such as over the carotid artery

during examination for cervical bruits.

The first heart sound occurs with the onset of
‘ventricular contraction. Before the ventricles
contract, the mitral and tricuspid valves close
by atrial contraction. The closure of these
valves. is the principle source of sound, although
an additional " component may come from vibrations
- of “the chamber - walls ... The second heart sound is
generated by-closure of the aortic and pulmonary
valves ... The intensity of the sound is dependent
on the rapidity with which the value closes and
the -condition of the valve. (Jacobs, et al, 1968)

It is instructive to examine simultaneous signals
obtained from an electrocardiograph and from a pressure
sensing device on the carotid artery such as shown in Figs.

1b.-and 1c. The two heart sounds in Fig. la. mark the




L7
beginning and ending of systole (contraction) as seen from

the carotad pulse, Fig. 1b.

The first sound starts after the QRS wave of the
electrocardiograph and before the onset of the
anacrotic 1limb of the carotid pulse. The second
sound begins just after the end of the T-wave of
the electrocardiogram and just before the
diac;otic notch of the carotid pulsation. (Green,
1957

__sSECOND
FIRST SOUND— _ SOUND

A. MMWW{Z; ”;-——:WNJ \A'w"',\/‘/‘

DIACROTIC
A NOTCH

ANACROTIC LIMB =____

B.
QRS T
: oL
C, -——ﬁ—/\k g /.b
BRUIT
e
D.

‘P“

J AiAA.
ﬁN/~N\/A”“f\ugn\wﬂw~hv’”hvﬁvngxgyqjmﬁ%?“fmw,

Figure 1. Normal phonocardiogram
Carotid pressure pulse
Normal electrocardiogram

Phonocardiogram with bruit.

— e e

a
b
c
d

Note: These sketches are taken from Green (1957).
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The same relationships between the physiological signals
shown in Fig. 1 should hold true in all pergonéﬁ Tﬁe diagram
of the sound over the carotid artery in a normal person will
appear as sketched in Fig. la., but where bruit fs present
the waveform will be that sketched in ng. 1d., an additional
noise being observed between the first and second sound.

Murmurs or other sounds may be transmitted through the
. artery and in some cases- the sound observed at the neck could
appear similar to that of Fig. 1d. but be caused by a murmur.
But unlike murmﬁr sounds the bruit appears loudest at a
particular position on-the a%tery with a diminishing intensity

both up and down stream from the location of.the bruit.




Iv. APPROACH

Hypothesizing that the innocent bruit and the stenotic
bruit belong to two different fami]ies qf waveforms, this
study has as its objective the identification of the
characteristics which may be used to differentiate between
the two waveforms. When the differences are known a
.reliable, more practical methoﬂ of diagnosing sfenosis can
be devised.

Since on]y'the charaétéristics-of the bruit are being
examined it is hatura] to éxc]ude the other components of
the phonocardiogram signal, such as the opening and closing
sounds, from the ana1ysi§. The most ugeab1e type of record
of the waveform is a digital record because it allows the
utilization of the great speed and flexibility of the digitaf
computer. A computer can be programmed to nearly duplicate
any type of analysis which can be formulated, provided the
sampling rate is fast enough to completely describe the
ssignal. |

Working with the sduhd reqordings taken from a large
group of stenotic and innocent bruits, the objective is to
find.cfiteria which will enable the separation of the brujts
by family. Previous 1nvestigation§ of the waveform analysis

type have been successful using one of three types of signal
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analysis: 1) statistical analysis, u;ed most chcessfu]]y'
on the random noise type signal; 2) 'zero crossing analysis,
which has proved to be a simple, highly accurate method of
speech‘ana]ysis'(Scarr, 1968) and murmur analysis (Jacobs, et
al, 1968); 3) spectral analysis using Fourier transform
methods as used in the development of the PhonoCardioScan.
This investigation.inc]udeé all three of these methods of
ana]ysisﬂ |

The statistical methods used here include the determina-
tion of the first moment and the variation of the bruit
histogram.

A zero crossing analysis, which is actually a form of
spectral analysis, usually includes a §eries of broad band
filters whose outputs are .all ana]y;ed for zero crossings.
But for this study, the zero crossings of the unfiltered
_bruit signal were counted.

A spectral analysis was made of the energy density
spectrum obtafned from a Fourier transfdrm'of the signal
_record. Recent advances in computing science have made this
transform on a .digital record feasible using the fast Fourier

transform code, a very efficient method of obtaining the

transform coefficients.




V. DATA COLLECTION

The recordings of arterial noise used in this research
were made at the Western Montana Clinic in Missoula by Dr.
Harold Braun using a Crown Model 55800—3 tape recorder and
a Sanborn surface contact microphone; Model 572-M, placed
over the bruit in the neck artery of the patients. Scotch 202
silicon lubricated, one-fouftﬁ inch magnetic tape wiﬁh a 1.5 |
millimeter polyester backiné was used for the recordings.
During the recofding procesé, patients were instructed to take
a breath, let it out, and remain still without breathing for
. a few seconds. One channel of the two-track recording was
used for voice commentary; tﬁe other Wés used to record the
arterial noise.

From the recordings, digital gamp]e; were taken using a
digital controller,.a Model EECO 765 multiplexer, a Model
EECO 761 analog-to-digital converter, and a voltage limiter
built specifically (See Appendix C) to protect the analog-to-
digital circuitry from overload. The'first sample records
were made digitiiing at.a rate of 4,000'samp1es per second
with the analog-to-digital equipment coupled directly to the
IBM 1620 computer and card punch. The sampling was. done at
a fairly "clean" sbot on the tabé, where the signal wasn't"

obviously ob]ﬁterated by skin noise made by microphone
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slippage or by voice or breafhing interference. Fairly Tong
sample recérds of two-éecond or three-second duration were
. taken and punched directly on cards. The bruit record was
then hand selected by removing the unwanted first and second
heart sounds. Only the portion of the signal labeled bruit
in Fig. 1d. remains in the record.

The remainder of the sampling was done on the Hewlett-
Packard 2116A computer utilizing an improved record selection
process and a faster digitizing rate -- 10,000 samples per
second. A trigger and delay system which eliminated the hand
'-selectidn of records was established using a type 549 Tektro-
- nix storage oscilloscope with a four-channel type TA4 plug-in
unit.” A trigger signal from the scope-ca1ibration output =--
~a one-kilohertz square wave -- wasﬂrecorded on the voice
'channel_neaf a clean portion of the tape. Triggering the
oscilloscope from this signal and looking at the waveform of
the arterial sound on the disp]ay_screen, time delays were
calculated to the beginning and end of the bruit part of the
_signal. The propér time delays were then set on the digital
controller; the tape was positioned at the correct trigger
signal, and the tape recorder was started for each sample;
thus in1t1a£1ng the digitizing process. The Hewlett-Packard
program accepted two lines of description from the teletype

after each sample and punched the description and digital




-17-
record on paper tape. A high-speed interface between the
Hewlett-Packard and the IBM computers allowed the data to be
punched on cards for later analysis on the Scientific Data
Systems, Sigma 7 computer.

The removal of the iBM 1620 aﬁd its card punch cut
short the data collection phase of this project. At that
time 133 samples had beén gathered from a total of 13
different individuals; seven o% whom had innocent bruits,
and six of whom had stenotic bruits. Of'the total samples,
about 55% are from innocent'bruits.- The remainder are from

stenotic bruits.




VI. DATA ANALYSIS

Data Plot

Partly as a check on the aralog to digital sampling
process and partly as a visual check for outstanding similar-
ities or differences between ‘the fémi]ies, a plot was pade'of'
each sampled waveform. Using the IBM 1620 computer and
associated digital plotter, thé magnitude of each data point
in a sample was plotted agajnst time. The time was scaled so
that the time axis.of the piots was.of constant Wength; The
amp]itude was normalized éo that the maximum amplitude. in each
record was 1,000 millivolts. (See Figs. 5; 6, 10'énd 11 for

examples of these plots.)

Statistical Analysis | -

If the waveforms of the innocent bruit fdﬁi]y have a
characteristic shape that is different from the waveforﬁs of
the stenotic bruit family, the difference may be more evident
in the histojrams than in the waveforms themselves. An
histogram frequency distribution curve, was developed from the
digital waveform which had any direct current bias removed
and which was'amp]itude ﬁorma]ized. -1t was made by sorting
the signal by amplitude brackets, counting the number‘off
times that the signal falls within each bracket and p]otting

the frequency of occurrence versus the amplitude. For example,
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the waveform shown in Fig. 2 has a magnitude of +1 at three
different points in time, therefore the frequency of occur-
rence at +1 is plotted on the histogram (Fig. 3) as three,
etc. Th; bruit signal magnitude ranged from -1,000 to +1,000
millivolts and each data point was recorded to the nearest
millivolt. Choosing a bracket width of 20 millivolts gives
a 100 point histogram. This bracket width seems to preserve

enough information to show any differences that exist without

the confusion of a more detailed, smaller bracket, histogram.
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Figure 3. Digital Waveform Figure 4. Associated

Histogram
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The common method for indicating the characteristics of

a histogram, or frequency distribution curve, is to find the
variation and standard deviation of the distribution. The

variatioﬁ is simply the secdnd moment of the histogram.about

the average amplitude;
N .
Variation = ¢ f. (a.-a

where fi is the frequency of occurrence, a% is the amplitude,
and N is the number of points or amplitudes in the histogram.

The mean amplitude, a, is given.by

_ N
a = E] a]' f_i/N. v B

The standard deviation is given by the.square root of the
variation. The variation and standard deviation are always

positive numbers. By taking the first moment of ‘the histogram,

I
o™=

f. (a.-a)/N,

First moment
7 1 i

;
any'lack of symmetry of the histogram will become evident.

In addition to examining these'statisfical characteris-_
tics of each histogram,-a plot was made of the histogram of
“each sample, and an attempt was made to ‘find some differentia-

ting characteristic visually.

Zero Crossing Analysis

The zero crossing analysis used here consisted of counting
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the number of times that a bruit signal passed througﬁ its
average value. The average magnitude for each'bruit record
was adjusted to zero. The number.of crossings was divided
by the period of the sample to give a pseudo frequency of
zero crossing. It Was thig pseudo frequency that was examined
to see if the innocent bruit differed significantly from the
stenotic. This type of zero crossing test of an unfiltered
signal, in effect, disregards the low-level higher frequency

components of the bruit signal.

Spectral Analysis

Using Fourier transform techniques, a waveform such as
the bruit signal can be represented as a series of sine and
cosine functions or as a series of complex exponentials. The
energy density gpectrum can then be obtained from the Fourier
transfo?m coefficients. (See Appendix A %or a review of
theofy.) This energy spectr&m provides a very complete
description of the signal characteristics._ Recent advances
in computing science have provided the fast Fourier transform,
an efficient and powerful tool in signal analysis of small
digital records. Thg fast Fourier transfqrﬁ is an algorithm
which computes the discrete Fourier transform coefffcieqts
with a minimum number of computational steps. It is use%ﬁ] in
spectral analysis and in filter simulation. The fast Fourier

transform changes the discrete time series representation of a
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waveform to a discrete frequency series. :By examining the
representation in the fréquency domain, called spectral
ana]ysis, certain characterisitcs may appear which are not
evident in the time doméinl The periodﬁgram,'a form of the
energy density spectrum, is a function of amb]itude.versus
frequency constructed from the representation of the waveform
in the frequency domain. Examp1e§ of periodograms constructed
from two bruit samples are shown in the results (Figs. 9 and
14).

Neither the sampling rate norithe‘sampling”period haS
been heid constant in this §tudy; so different sized periddo—

8 o 212,

grdms' have been 'generateﬁ whose sizes range- from 2
There are several ways to oBtain simplified information which
is available from the periodogram.__In this study four tests
of the periodogram were devised and three were used in an

attempfhto differentiate the innocent signal from the stenotic.

Frequency Limits:

Ih.usihg ﬁhe'dfséméte'finite Fourier transform it is
necessary to aééume that the bruit signal is band limited.

Older sampling theory (Cochran, et al, 1967) dictates that

no frequencies higher than w, given by

w = w/At,

be present in the signal, where At is the time between samples.
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On the other hand, a theoretical study by Lees and
Dougherty (1966) uéing ideal examples has shown that conver-
gence of the numerically calculated Fourier transform is
obtained only when there is an upper limit of the frequency

content of the signal given by

0.1w/At radians/secbnd, or

=4
I

~h
1

0.05/At cycles/second.

This T1imit is one-tenth that given by conventional sampling
theory previously used. (See Appendix A)

Data used in this investigation was digitized.both at
10,000 samples per second and at 4,000 samples per second
giving allowable upper frequency limits qsﬂsuggested_by
Lees and Dougherty, of 500 cycles pér second qt the faster
rate and 200 cycles per sgcond at the slower rate. The
computer code for the fast qurier transform used required

that the number of data points in each sample record be equal

‘to an integral power of two. To adjust the number of total

points in each record an interpolation scheme was used which
1qwéred the effective sampling rate and with it the upper
frequency Timit. _

The lower 1imit of the frequency which will be detegéed
by discrete finite Fourier methods is'given by

W, = 2n/T radians per second:
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Being interested only in the bruit characteristics and having
sampled over the entire bruit period, it can be assumed that
any frequencies -lower than w, are not unique characteristics
of the bruit but are associated with the longer period of the
.heart cycle. Any frequency present in the bruit which is
lTower than the w, Iimit will show up as a zero frequency bias
and is ignored in this analysis. Any frequency components
appearing at 60 Hz. or less must be ignored because of the
limitations in amplifier -and recorder response in this range.

So, in general, this study is limited to frequencies between

60 Hz. and 200 Hz. (depending on the sdmp]ing rate).

-

Mean Frequency and.Band Width Tests

If the two bruit families are composed strongly of one
frequency band and the center frequency or’the band width are
different for each fdmi]y, then_the distinctidn may show up
by looking at the energj—mean frequency and the 90% energy
band of each spectrum. The energy-mean frequency is defined
here to mean that frequency which divides the signal energy
“in half. Half of the energy in the signal is presént in
frequencies above the mean and half below the mean. The 90%
energy-band .width- is defined hére tovbe that frequency band,
centered on the mean energy frequency, encompassing 90% of
the energy of the signal. A éomputer program was written to

find this energy-mean and energy-band.




Peak Count

The fast Fourier transform generates as many.complex
transform coefficients as there are pofnts in the record.
When this is converted to periodogram form, there are N/2
points including the zeroth term where N is the number of
points in the waveform record. Th1§ gives a spectrum with
half as many points as are in the digital record- from which
it came, and since the digital records range in size from 256
to 4096 there are some very lengthy spectra to analyze. It
is noted from examining these speqfra'that the magnitude of
freduenéy components drops about two orders of magnitude in
the first 50 spectral coef?icients. Therefore if interest is
confined.to the major peaks in the speétrum, say those whose
magnitudé is greater than 10% of.that of the greatest peak,
only the first 50 spectrum components need be examined. This
éimﬁ]ification reducés)thé computing time considerab]y;‘

The beak count test of the energy spectrum compares the
samp]esAby.the.ﬁumbg;,of different major frequency components
.which.makemup thé wéVé?ﬁrm,. since each major component shows
up as a peék in the spectrum. For example, look ét a time

function,

f = sin(wt),

which is a pure tone having one frequency component - namely
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w. The period of this tone is given by

If the tone is sampled for a period, TS, the associated

periodogram will have points at frequencies given by

W, = ZTrk/TS, | S Pl e Rl T S

For the case where w is equal to one of the wk's, the periodo-

gram will have only one non-zero point at w. But for the case

where w falls between two of the wk‘s, the periodogram will

appear similar to that shown in Fig. 4. In either case a

V)
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MAGNITUDE OF FOURIER COEF-
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1 l § ot tad l l
500 1000 2000
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5000

Figure 4. Typical digital computation of the spectrum
of a pure tone at 1021 Hz, where the Fourier
coefficients have a frequency spacing of
45.4 Hz. ~{(Maling, ekt al, 1967
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single tone is shown to yield a single peak in the perjodogram
whose width is roughly proportional to the difference between
w and the nearest Wy - Now for this analysis the peaks in
our more complicated spectra can be interpreted as each |
originating from a tone whose frequency is that of the crest
of the peak. By counting the number of méjor peaks 1in each
spectrum, it is postulated that the innocent family of bruits
will be found to- be composed.of MOre or less major tones tHan
the stenotic family of bruits.

A computer code was written to count the number of peaks
.1n the first 50 spectral coefficients which were abéve 10% of
the maximum amplitude. ‘Seé'Appendix B for the 1isting of this

program.

Filter and Zero Crossing Analysis

-As stated previously some success has been realized in
distinguishing norma1 from abnormal phonocardiograms by using
brdad.band filter amplification together with analog-to-

digita1 cJﬁVer§iQn'%ndwiero crossing counters (Jacobs, et 1,
1968). - Iﬁ”hﬁéxgtudy, Jacobs used the electrocardiograph
signal as a gate tqlsamp1e an entike heart beat and ran the
sample through a filter amplifier series which eliminated the
very low frequency components and amp]ified fhe high frequency

components. The reason for the amplification of high

frequency components was to boost this part of the
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phonocardiogram .signal enough to:be-detected by zero brossing
counters. This method ofisignal testing could be .used on the
bfuit signal, but it-was not pursued in this study. The
advent of the fast Fourier transform has made it practical to
perform this test ana]ytTcé]]y. The -fast Fourier transform
is especially applicable to jdeal filter éimu]atﬁon because
of its simple convolution relationship. A f%]tering operation
can be simulated by multiplying the discrete transform coef-
ficients by discrete filter characteristics of matching |
frequency and performing an inverse transform to give the
system output. Then a zero crossing count can be made much
the same as was done with the unf1]tered bruit s1gna1

It should be emphas1zed that the mean frequency, band-
width, peak count, and zero cross1ng tests in this -section
do not pfovide information in addition to that contained in
the-enérgy épectrum,.bgt only supply a method for obtaining
the.same 5nformation 6# part of the éamehinformation‘in a

.simp1ifﬁed, more rggdab]e and identifiable form.




VII. DISCUSSION OF RESULTS

Plots

Figs. 5 through 9 show the type of plots that were made
for each innocent bruit sample. "Fig. 5 shows the noisy part
of the heart beat cycle for an innocent bruit. An envFlope
of this curve would contain three peaks. The first envelope
peak is what is called the first heart sound; the second peak
contains the cervical bruit, and the third'peak in the envelope
is the second heart sound. .This plot actually covers only
about half of the normal heart beat cycie, but the other half
is comparatively level or silent. Fig. 6 shows that part of
the heart cycle which was chosen as a bruit sample. It is
fhat subset of the previous plot whose position {s 1ndjcated
in Fig. 5. As can be seen, the attémpt‘to exclude the first
heart sound was not completely successful in this case. Figs.
7 and 8 are the histograms for Figs. 5 and 6, respectively.
Fig. 9 is a plot of 50 coefficients in the energy spectrum for
the innocent bruit of Fig. 6. Figs. 10 through 14 are similar
to Figs. 5 through 9, bdt are for a stenotic bruit. . Note in
Fig. 10, the noisy part of a stenotic bruit beat{'that the

first heart sound is not easily distinguished from the bruit. .
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' A visual examination of the bruit waveform plots of the
sampled populations failed to reveal any outstanding differ-
ences between the stenotic waveform and the innocent waveform.
While the innocent waveforms from one patient may be similar,
their variatién between innocent.patients 15 about. as muéh as
between an innocent and a stenotfc patient. .

The appearance of the bruit histograms is affected not
only by the differences between any two heart beats of an
individual but also by the q1fferences in sample position,
sample length, and by the &1ffefences between individuals. No
conclusions which would help to separate the two bruit
families could be drawn from a visual examination of ‘the
histogrém.plots. |

Plots of the energy spectra, while cdhtaining as much -
information as the signal or histogram plots, -appear in a
simpler visual form. Visual examination showé the stenotic
spectra to have more peaks than the innocent spectra, thus

suggesting the idea of a major peak count for identification

purposes.

'Relating Bruit Characteristics to the Innocent or Stenotic
Population A

To demonstrate thé success of using a bruit charactéristig
such as the number of major spectral peéks,‘to prgdict disease,

it must be shown that this characteristic is dependent on the
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population, either innocent or stenot{c, from which it is
taken. In order to test the 1hdependence of the variable or
bruit characteristic, a t test for the significance of the
difference between two sahp]e means was used. The t test
involves making the assumption that the mean of the stenotic
characteristic is equal to the mean.of the innocent charac-
teristic; this assumption is called the null hypothesis. A
t.test of the peak count characteristic compares the mean and
variation of all the.innocent peak results with the mean and
variation of all the stenotic peak reéu]ts to show how well
that characteristic can be used to separate the two popula-
tions. The t value and its associated alpha probability will
allow rejection of the null hypothesis'if the difference in
the two family means could not .be obtaiﬁed by random sampling
from a §ing]e population. AFér example, look at a t test of
the stenotic population spectra] peaks versus the innocent
pqpu]ation peaks. Suppose a value of t is computed wjth
appropriate degrees of freedom which corresponds to an alpha
probability level of 0.05. This would mean that there is.only
one chance in 20 that the stenotic population's mean number of
peaks could come froh'a randém sampling of.the innocent bruit,
spectral peék population. The two populations cou]d be_sgid
to be independent wifh-95% certainty.

Table II gives the results.obtained using the t test to
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TABLE 11

T TEST OF SEVERAL BRUIT CHARACTERISTICS DETERMINING THE
VALIDITY OF USING THE CHARACTERISTIC AS A METHOD OF SEPARATING
THE STENOTIC AND INNOCENT BRUIT.

Characteristic Innocent Stenotic Degrees T Alpha
Mean Mean Freedom Test Prob.
Histogram
Standard dev. 315.7 324.0 131 782 .5
Variation 105090.0 107580.0 131 .315 .8
First moment -707.5  -565.0 131 .952 A
Zero-Crossing
Frequency 175.3 273.5 131 .000 ST
Spectral Analysis
Energy-Band width 123.3 . 188.4 115 .732 --
Energy-Mean 82.0 130.; 115 . 604 --
frequency -
Number of major 5.23 7.55 112 .577 --
peaks
*Probability of a larger t is less than .001.
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test the sjénificance of the difference between the innocent
and stenotic mean of each characteristic used in this study --
standard deviation, variation, first moment, zero crossing
frequency, energy-band width, energy-mean freq@ency, and
number of major spectral peaks. In locating a characteristic
which will reliably separate.the bruit families it is impor-
tant to minimize the type I error, false rejection of the null
hypothesis, so that time and money are not wasted working with
marginal characteristic tests. Therefore, it would be
reasonable to chose an alpha probability of 0.01 as the
dividing line between rejection and acceptance of the null
hypothesis. As seen from Table II, the null hypothésis can
be rejected for all but the histogram characteristics.

The sample cross-section which has been used in this
;tudy is quite irregular. Although there are samples from
severai individuals with each type bf bruit, the numbér of
useable samples from each person var{es considerably. One
1ndivjdﬁa1ifufnishes“abou£_70% of the stenotic bruit samples;
another,ﬁﬁ@ividuai %u}ﬁﬁshes about 50% of the innocent bruit
samp]és; and a third individual furnishes about 25% of the
innocent bruit sampjés. Becausé»the tWo'means, innocent and
stenotic, in each of the tests tabulated in Table II are so
greatly influenced by thé Vafqes from three individuals, the

mean of each individual sampled must be checked to insure
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that he can be considered a member of the population whose
mean he helps to establish.  This check is determined by a
t test between the individual's mean and each family's mean.

In a t test between an individual and the innocent
populationone must minimize the possibility of falsely
accepting the null hyhofhesis, a type II error, so thq
rejection point should be set high; say at the 0.05 level.

In the t test between an indivfdua] and the stenotic popula-
tion the type I error is the Teast desirable and the rejection
level should be set low; say at the 0.01 level. In other
words, care must be taken so that a diseased artery is not
judged healthy even at the risk of classifying some healthy
arteries as diseased. | .

The results of the major peak_counting test are shown
in Table III. Comparing the mean number of peéks for each
stenotic patient with the mean of the innocent population it
can be seen thatthe null hypothesis Qou]d be rejected at the
0.05 probability level in all cases but one. |

Comparing these same patients with the stenotic popula-
fion we see that at the 0.01 1eve1'the null hypothesis can in
no case be fejected.' AT1 of the stehotic bruit patients have
been cérrect]y identified with this criteria. Now comparing
each innocent patient's mean with the_ihhocent popy]ation:mean,

we reject the null hypothesis for .one patient only, identify-
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TABLE III

“T TESTS ON THE NUMBER-OF MAJOR PEAKS OF THE BRUIT SPECTRA

Patient Tested

With

Innocent

Population

With .
Stenotic
Population
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Innocent Bruit Patients
31 132323 4 .94 63 0.62 0.60 78 5.03 -
15 129768 5.87 63 1.07 0.30 62 2.67 0.01
77 122252 4.86 - 63 0.44 0.70 54 3.01 0.01
5 133447 7.60 - B3 2.34 0.05 52 0.04 0.90
3 50268 3.33 63 1.51 0.20 50 3.18 0.01
2 116971 4.50 63 0.48 0.70 49 1.88 0.10
2 131824 4.00 ' 63 0.80 0150 49 2.20. 0.05
“ Stenotic Bruit Patients
35 129379 7.11 98 4.20 -~ - 47 0.89 0.40
4 111111 7.50 67 2.04 0.05 47 0.04 0.90
4 115326 8.50 67 2.88 0.01 47 0.79 0.50
3 222222 10.33 66 4.08 -- 47 2.11 0.05
2 131921 7.50 65 1.48 0.20 47 0.03 0.90
1 64 2.66 0.01 47 1.51 0.20

124918 11.00
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ing six out of seven correctly with this criteria. Comparing
these innocents with the stenotic population there are tliree
cases where the null hypothesis cannot be rejected, giving
only 57% accuracy with this test. The accuracy of the t tést
jdentifications, summarized in Table VII show that this
characteristic is vefy successful in.separating the stenotic
bruit from the innocent bruit.

The results of the individual t tests for energy-band
width, energy-mean frequency and zero crossing frequency are
tabulated in Tables IV, V, and VI respectively; all three
showed promise in.Tab]e IT. Although these thfee_character—
istics also show some trend toward correct prediction of
stenosis, there are several cases in each table of results
where an 1nnocent_pat1ént is showh to be most likely classi-
fied as stenotic or the opposite mistake is made. It is felt
that‘thése discrepanéies may disappear with an accurate, more
uniform sampling proceaure, and with a large, more balanced
popu1ationQ | ‘ ﬁ

fabiéwVIlfsﬂmméf{gés the accuracy of the tests shown in
Tables III“thrdugh'VI. It clearly shows that we have biased
our test to torrect]y diégnose the stenotic.bruit over the |
innocent bruit, and all four characteristic tests show’goqd
results in the t test between the stenotic patient mean and

the stenotic population mean. The major peak counting test
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TABLE IV
T TESTS ON THE'ENERGYjBAND WIDTH OF THE BRUIT SPECTRA
Patient Tested With With
Innocent Stenotic
Population Population
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Innocent Bruit Patients
16 129768 130. 66 0.51 0.7 63 6.38 --
33 132323 97. 66 - 2.41 0.02 80 0.09 -~
7 122252 163. 66 2.02 - 0.05- 54 1.98 0.1
3 50268  89. 66 1.12 0.3 50 4.99 --
2 166977 130. 66 0.19 0.9 49 2.42 0.02
5 133441 200. 66 3.21 0.01 52 0.71 0.5
2 131824 208. 66 2.29 0.05 49 0.81 -0.5
Stenotic Bruit Patients
5 129379 191. 101 7.42 . -- 47 0.37 0.8
4 115326 133. 70 0.36 0.8 47 3.31  -0.01
4 111111 228. - 70 3.97 -- 47 2.25 0.05
3. 222222 231. 69 3.59 . -- 47 2.20 0.05
2 131921 120. 68 0.10 0.9 47 2.88 0.01
1 124918 180. - 67 1.01 0.3 47 0.24 0.8
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TABLE V

T TESTS ON THE ENERGY-MEAN FREQUENCY OF THE BRUIT SPECTRA

Patient Tested “With With
' Innocent Stenotic
Popu]ation . Poputlation
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Innocent Bruit Patients
16 129768 89. 66 - 0.73 0.5 63 - 5.31 --
33 132323 61. - 66 2.88 0.01 80 1.03 --
7 122252 85. - 66 0.20 0.9 54 4.08 -+ --
5 133441 149. 66 3.89 -- 52 1.35 0.2
3 "50268 76. 66 0.29 0.01 50 3.26 0.01
2 116971 114 . 66 1.19 0.3 49 0.78 0.5
2 131824 171. 66 3.32 0.01 49 1.93 0.1
! ' Stenotic Bruit Patients
35 129379 123. 101 6.40 -- 47 1.14 0.3
4 115326° 115. 70 1.78 0.1 47 1.01 0.4
4 111111 154, 70 3.78 -- 47 1.55 0.3
3 222222 215. 69  6.06 -- 47 4.92 -
2 131921 100. 68 0.66 0.6 47 1.50 0.3
1 124918 124. 67 1.1 - 0.3 47 0.23 0.9 .
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. TABLE VI
T TESTS ON THE ZERO-CROSSING FREQUENCY OF THE SAMPLES

Patient Tested With With
Innocent - Stenotic
Population Population
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Innocent Bruit Patients
41 132323 146, 72 2.99 0.01 98 11.27 -
16 129768 181. 72 0.41 0.7 73 5.33 --
7 122252 212. 72 1.60 0.2 64 2.36 0.50
3 50268 167. 72 0.26 0.8 60 2.72 0.01
2 166971 249, 72 1.75 0. 59 0.51 0.7
5 133441 322. 72 5.45 - 62 1.57 0.2
Stenotic Bruit Patients
46 129379 257. . 118 8.57 -- 57 1.51 0.2
4 1156326  249. 76 2.51 0.02 57 0.70 0.5
4 222222 - 465. 76 9.86 - 57 5.63 --
2 131921 199, 74 0.58 0.6 57 1.54 0.2
2 111111 399. - 74 5,38 - 57 2.61 0.02
1 1.49 0.2 57 0.16 0.8

124918 263. 73




TABLE VII
T TEST ACCURACY"

Characteristic Tnnocent Bruits Stenotic Bruijts - A11 Patients

used for Test Compared to . Compared to Compared to

Inhdceht Stenotic . Innocent Stenotic Innocenf Stenotic
Population Population Population Population Population Population

p=0.05"  p=0.01 p=0.05 p=0.01 p=0.05 p=0.01

Major Peak "

Count - : 86% - 57% 83% 100% 85% 77%

Zero Crossing : . ' ,

Frequency 67% 50% 67% 83% 62% 62%

Energy-Mean ' o o '

Frequency 43% . 57% 50% ~ . 83% 46% - . 69%

90% Energy

Band Width - . 43% 43% 50% 67% 46% - 54%

*

Given in percentage of correct diagnosis.

_09_
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is shown to be the best overall diagnostic tool, followed in
accuracy by the zero crossing test, the energy-mean frequency
test and the 90% energy band width test respectively.

The center or energy—meah frequency and band width of
the bruits used in this study are shown for each individual
in Tables IV and V. fhe mean values of all characteristics

are shown for the two populations studied (Table VIII).

TABLE VIII

ZERO CROSSING, ENERGY-MEAN FREQUENCY, BAND WIDTH AND -PEAK
COUNT AVERAGES FOR THE TWO POPULATIONS STUDIED.

'Innopent " Sténotié

Energy Spectrum Mean Frequency 81.96 Hz - 130.7 Hz
Energy Spectrum 90% Band Width ©123.3 Hz  188.4 Hz
Zero Crossing Frequency _ 175.3 Hz 273.5 Hz

Major -Spectral Peaks 5.23 Hz 7.55 Hz

Problem Areas

The author waé responsible for choosing the period of
the arterial noise to be sampled. The policy estab]i;hed was
to exclude the first and second heart sounds which are tkéns-
_mitted through the blood and akfse from the closing of heart

valves. It has been shown (Brauﬁ; et al, 1966) that the
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cervical bruit can vary in length and in position relative to
the first and sgcond sounds. Braun theorized that thfs varia-
tion itself may be an identifying mark, since the stenotic
‘bruit seems to be longer, exteﬁding closer to the second
sound than the innocent bruit. Any 1dentif1cafién of
position is destroyed by omitting the first and 'second sounds,
but the reasoning used here was that to find the charactef—
istics unique to the bruit noise, all other sounds. must be
removed. Differenbes in length may show up in the band width
test -- short samples having a wider energy band than long

samples of the same signal. (Cochran, t al, 1966) But the

samp]eé.taken in this study don't necessarily reflect the true
bruit length since emphasis.was piaced on ending the sample
just before onset‘of the second sound, rather than on trying
to locate the end of the bruit.noisé. This could explain
Whyifhe.bahd width difference shown .in Table VIII is opposite
than that‘expected. .f% the stenot1c5bfuit is longer, it
lshoﬁ]d‘hayg fhé shor%gf band Qidth. Another possiblé"exp1éna—
tion iS‘that.th@ s;éhdfic bruit has a more complex signal
than tHe innocent.: |

For éT] patients contributing seven or'more bruit
samples. to Ehis study aAsémp1ing rate of 10,000 hertz was

used, and band width studies show that the upper frequencies

pkesent are well under the suggested 1imit of 500 cycles per
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sgcond._ For patients with Tess than seven samples the
“earlier sampling method and slower sampling rate was used.
Band width studies showed that the frequencies present in
these bruits extended, in many céses, 50 to 100 hertz abo&e
the 1imit suggested by Lees and Dougherty (1966). Therefore,
the spectra computed for these samples may not be correct,
but with upper frequencies well under the 1imit suggested by
samp]ing.fheory, these spectraAw111 be.an aﬁproximate repre-
sentation of the actual spectra. A po]yhomia] interpolation
funftion has been used to cénveft our records to appropriate.
lengths. Thus; the effective samp1ing-rate is slower and the-
upper 51gna1 frequency 1imit is lowered some. Nevertheless,
all of the spectra used should still be.good approximations.

There was some systematic- error present in the sampling
process. The sampling perjods were determined as mentioned.
and the pfoper timelde]ay settings were dialed on the digital
controller. In several cases it was noticed that the digital
controller was sampling earlier than was expected, but only
by a fraction of a second which was enough to include the
first heart sound. This-cou1d possibly be caused by a noise
on the voice channel of the tape near the trigger signal.

THe magnetic tape was handled a great deal in setting
the préper time delays. It was necessary to stop and reverse

the tape quite often in the area of the sampled bruits; the
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delays for as many as ten samp]es were measured from the same
trigger signal. Since high gquality tape was used for the
recordings, tapg handling should not have had much effect on
tHe signal quality. The tape recorder used in this study was
not extremely accurate, but 1t'was.a_good quality, musical
type, tape recorder which would be available to mosf doctors.

The actué] accoustical signal originating in a stenotic
lesion or other brqit production site may be quite different
from the signal used in a study such as this because of
several problems associated with the recording process. The
effect that the skin may have as a filter on the signal is
unknown and subjeEt to chanée Qith the jndividué] ;nd'with
thé location of the microphone. Some work has been done on
this problem by lowering a speaker down the esophagus; but the
1nteresf in that sfudy (Lepeschkin, et al, 1957) was centered
on the. chest cavity,'ndt the neck area. According to'Bfuns'}'
generéi theory (1959) a frequency shift can occur near.sound
produqing;drﬁfices;: The frequency heard upstream is equal to
the vonfexgsheéding-f?equehCy, but the frequency heard down-
stream from the or%fice is 1Qwer due to vortex coalescence.
This effect,will a]so‘introduce a variable in the recorded
signal whiéh is a function of position, not of disease or
lack of disease. The micrbphone used herehintroducéd another

change in the bruit waveform. It is a special type of micro-
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phone, used by the medical profession, which filters the
signal so that it duplicates the sound heard through a stetho-
scope, but this fi]téring is not the most important effect of
this type microphone.

Even though we may know what the characteristics
of the contact microphone itself are when placed
against the chest, the various conditions or
variables that ex1st due to the amount of fat
underlying the skin, the toneness of the skin,
how hard you press, and the stiffness of the
microphone itself, are all variables on which
I.cannot give you any data. They change from
one subject to another and are just a mass of
unknowns. (M. B. Rappaport, Sanborn Co.,
Boston, Mass. 1957)

It is felt that the problems with sample Tocation, upper
frequency limitations, tape handling and recording accuracy
due to artery, tiésue, microphone and recorder response were
of some significance but did not invalidate the ‘results of
this study. The stated purpose of the investigation was
accomplished by (1) identifying the stenotic from the
innocent bruit by four methods, the most successful of which
consisted of counting the major spectral peaks, and (2)

discovering the important frequency componenté found 1in

bruits (Table VIII).




VIII. "CONCLUSIONS AND RECOMMENDATIONS

Summary of Results |

The stated purpose of this study was to identify the
stenotic bruit from the innocent bruit, and to Tabe] poésib]e
identifying features or characteristics of each. It was
found that these two families.could be réliably separaled by
counting the number of major peaks in a per{odogram (a form
of the energy density spectrum) of the bruit. From the
results of a t test, rejectfng the null hypothesis at the
0.01 Tevel, significant differences were found between the
following: (1) the mean numbér of spectral peaks -in stenotic
bruits (7.55) and in innocent bruits.(5.23); (2) the mean
zero crossing frequency for stenotic bruits (273.5 Hz) and
for innocent bruits (175.3 Hz); (3) the average energy
spectrum, mean frequency for stenotic bruits (130.7 Hz) and
for innocent. bruits (82.0 sz; and (4) the mean of the energy
spectrum 90% band width for stenotic bruits (188.4 Hz) and
for innocent bruits (123.3 Hzl.

"Treating the accou;tical signal as random stationary
noise and examining the-histogram for differenceslin variation
and first mément was found to be unsatisfactory for‘differeh—\

tiating between innocent and stenotic bruits. Although no.

definite conclusions about the mechanism of bruit can be
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drawn from these results, Appendix D suggests some possibil-

ities.

Future Work

Some difficulty was encountered in sampling fhe bruit
section of the guscu]tatory signal without 1nc]ud1ng parts
of the first and second heart sounds. By using the electro-
cardiograph signal to trigger the digital sampling process,
it should be possible to pick out the bruit poftion of the
signal mo}e quickly and reliably.

"1f the same number of discrete points could be'used to
completely ‘describe- each-sample, a comparison of the periodo-
grams would be more revealing by merit of having compared
exactly the same frequency components in each periodogram.
E]iminatihg the Teakage in the frequency spectrum by digital
fi]terihg.df the Fourier coefficients may be hé]pfu] in
studying the spectrum. " This technique was used by Maling
(1967) to obtain a closer convergence to theory.

It is the author's belief that since zero'crossing”of
the raw signal was so successful, a band filtered zero cros-
sing analysis would be as re]fab]e.in'diagnosis sfudies as it
has proved to be in the case of heart murmurs. This type of
analysis can be made.by an electrical circuitry setup, fﬂhs‘
eliminating the use of expensive computer time where extenéive

testing is involved.
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APPENDIX A
REVIEW OF SIGNAL THEORY AND FOURIER TECHNIQUES

Fourier Series

.If a function f(t) can be expanded in the time series

a,
n

[{ I

a cos(2¥”t) + b sin(gﬂﬂi) (A1)
1 .

then the coefficients of this series can be found by the

Euler formulas for Fourier Coefficients:

+T/2
-2 2

a =% J f(t) cos [ ?“t] dt, n = 0,1,2,... (A2)
-1/2
T/2 , .

. 2 .2

b = T J f(ﬁ) sin [—E%EJIdt, n=1,2,...- (A3)
-T/2 -

For the time series in equation (1) to converge to the true

value.-of the function, f(t), the s{gnal f(t) must satisfy the

Dirich]et.conditionsf]
Within the finite time interval, -T/2 to +T/2,
f(t) must be single valued; must have a finite
" number of makima and minima; must possess a

o finite number of discontinuities; and must
-satisfy the. .inequality:

S
'J I.f(t)]-dt <

-T/2

.

]The actual time function f(t) corresponding to any
physical signal will satisfy these conditions although some
common mathematical representations do not. (Cooper and
McGillem, 1967)
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With a 1ittle manipulation, the Fourier series in
equation (A1) can be expressed in complex notation. Using
the relationship
e'® = coso+ i sin 6 l (A4)

it can be shown that

€COS nx 1/2 (einx_+ e-inx) (A5)

and

1/2_(e1nX - e—inx)’ where i = /=T. (A6)

sin nx

Now using equations (A5) and (Aé) equation (A1) becomes

_ oy inx -inx ' ‘
f(x) = cy ¥ § (cne + kne ) ) (A7)
n=1 .
' %9 . : .
where x = 21Tt/T,-co = 5, Cp = (an—1bn)/2, and kn=(an+1bn)/2.

The coefficients can be found by these relations;

(T/2 o
c =4 f(x) e '™ dx (A8) -
n . T | ;
-T/2
T/ 2
_ 1 inx e
Ky = T | f(x) e " dx (A9)
-T/2
But it can be seen that'kﬁ = C_p» s0 we can write
f(x) = 2 c.einX = I ejnzwt/T (A10)
. - n i n ,
n-——.oo n=-co
where Ch is now expressed by
+T/2 . .
Cn=]TJ Cof(x) e ™ dx;n=0, 1, 2, ... (AT1)

-T/2
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Now let us call the fundamental component frequency CPR
recognizing that this is also the spaciﬁg between components

or harmonics (wo = 21/T). Now the complex Fourier series can.

be written

[o)

f(t) = I <, exp(inwot) ' : (A12)

n:—OO

‘and the coefficients can be written

T/2
n

C - wO/ZHJ f(t) exp(—iwont) dt (A13)

-T/2

Fourier Transform

The Fourier integral relation can be derived from the
complex Fourier series by taking the 1imit as the period, T,
approaches infinity. Letting T » «, w, > dw, n > o, and

nw, > w, the summation can be written as an integral

. or

4 4 -
£(t). = J -exp(iwt)[dw/ZﬂJ F(t) exp(-iwt)dt]  (A14)
. + o + o0 )
f(6) = 1/2n [ L[] £(8) exp(-fut) dt] explist) do.

(A15)
Equation (A15) is the Fourier integral relation, and the

inner integral is called the Fourier Transform of f(t),

+ . .
FIF(t)] = Fliw) = [ £(t) exp(-iut) dt. (A16)
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The function f(t) can be obtained from F(iw) using equation
(A15). We actually have two complete represenéations of the
function: f(t) in the time domain and F(iw) in the frequency
domain. |
In representing the bruit signal it can be assumed that
the value of the function is zero outside of the samp1ing
‘period; since this part of the signal doesn't interest us in
this particular 1nvestigation. So with fhe stipufation that
f(t)=0; t<T/2, t>T/2, the transform limits can be changed, and
T/2 : ’ :
F(iw) = j f(t) exp(-iwt) dt. (A17)
-T/2 . :
Notice the similarity between equation (A13) the Féurier
series coefficients, and equation (A17), the Fourier transform

coefficients.

Finite Discreté Analysis

"If digital analysis techniques are to be used for
analyzing a continuous waveform then it is necessary that
the data be sampled (usually at equally spaced intervals
.of time) in order to produce a time series of discrete
samples which can be fed into a digital computer. As 1is well
known (Cochran, et.al., 1966) such a time series completely

represents the continuous waveform, provided this waveform is

frequency band-limited ..." (Cochran, et al., 1967), and

provided that the upper 1imit in frequency is gfven by w, and
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w < 0.1m/At radions per second, (Lees aﬁd Dougherty, 1966)
where At is the time between sampled points.
Let the continuous periodic function x(t) in the fange
-7 < t < % (where T = NAt) be represented by the finite
discrete function x(jAt) consisting of N total samples with
"J = 0,7,2,...N-1. To represent this discrete function, x(jAt)

L]

we can use the discrete Fourier series,

x(idt) = x(5y) = I c(n) exp(Zind) (A18)
n:—OO
where
p Mo -2ming |
c(n) = T x{(jAt) exp(f——N——), n=0,+1,...%w (A19)
j=0 :

(Cooley, et al, 1967)
The finite discrete Fourier transform can also be used. to

represent x(jAt) over the interval of interest in the follow-

ing manner:

N-1 L
x(jAt) = % ¢ (n) exp.(gﬂﬁﬂi), §=0,1,2,...N-1 (A20)

0 P

it

where

-1 : .. _ .

¢ (n) = - x(jat) exp(:g%lﬂl), n=0,1,2,...N-1. (A21)
) (Cochran, et al, 1967)

The following development of the re]afionﬁhip between the

Fourier series and the finite Fourier transform is quoted.

from Cooley, et al, 1967. . Tl

RELATIONSHIP BETWEEN THE FOURIER SERIES AND THE FINITE
FOURI.ER TRANSFORM

Suppose, we have a function x(t) which is periodic




x(Jat)
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of period T. Then x(t) hds a Fourier series
expansion

o)

X(t) - 5 C(n)e—Zﬂi(nt/T)

= w00

where the c(n) are given by

c(n) = % JT

o
Now, if we sample x(t) at N equally spaced points
between 0 and T, we generate the sequence x(jAt)
where t = T/N. This sequence is perijodic of peri
N; substituting in (A22), we obtain

X(t)e—Zﬂi(nt/T) dt

o

x(3T/N) = = c(n)e2mi(ni/N)

= =00

[ ; C(n+N2)]é2ﬂ1(nj/N)
0 f=-w :
]

= 1 c_(n)elmi(ni/N)
=9 P

Thus, we see that x(jAt) is the finite Fourier
transform of

e}

c (n) = I c(n+Ng)
p 9= — o -

This is summarized by Theorem 2.

. Theorem 2

If the period function x(t) with period T has the
Fourier series expansion c(n),

x(t) <> c(n)

then the periodic sequence x{jAt) of perjod N,
where.t = T/N, has the finite Fourier transform

-cp(n):

x(jat) <« cp(n) =z c(n+aN)

(A22)

(A23)

od

(A24)
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From this we see that in using the algorithm for
harmonic analysis we should pick an N such that the
error due to aliasing in the approximation of c(n)
by 22* c(n+taN) . is acceptable. Then let At = T/N
form™ X(jAt), and take its finite Fourier transform.
Again, as with the Fourier transform, if we let

2
[ee)

c (n) © c(n+aN)

“p oo
then (n) = ¢c(n) for n=0,71,2,...,N/2
p( B ="¢c(-n) for n=-1,-2. .»=N/2 (Cooley, et al, 1967)

C
-n
If we pick"N large enough so that the frequency compo-
nents for |n| > N/2 are negligible as would be true for a -
band  1imited function with no components above w = w/At, then

the approximations in Theorem 2 above 'should become exact’

equalities:
cp(n) = ¥ c(n+aN) = c(n), n = 0,+1,%¥2,...+N/2

and

cb(N—n) = c¢(-n), n=-1,-2,...-N/2.

As ‘has been shown by Lees and Dougherty (1966), the approxi-
‘mations in Theorem 2 can be quite accurate even for non-band
lTimited fuﬁctions provided we look on1y at the coefficients
for frequencies lower than or equal to 0.1lw/At radians per

second.
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Energy Spectrum

The energy spectrum, P(f), is obtained from the Fourier

transform coefficients and is defined by

2

- T/2 y
! J x(t)e 19t gy

P(f) = Tim T |

T -T/2
This definition includes positive and negative frequeqcies,
but the usual reference to the energy spectrum. is for
.posjtive frequencies referring to 2P(f) over the range 0 <. f.

Since we have considered our signal to have zero value

for -T/2 < t < T/2, our spectrum is given by

P(£) = (1/T) F(iw)?

We are only interested here in the relative magnitudes of
the spectral values so thé constant can be dropped and the

spectrum can be expressed as

. N2 2
2P(f) = A © + B °.




FOR

Contents

Histogram Check

Peak Count

Enefgy Mean Frequency and Band Width

T-Test of Two Means

Subroytines: FRT

| ZCROS
GNRATE
CHECK
PLOT 2
TAPER
DATAID
RTAPE

APPENDIX B '
TRAN PROGRAMS

‘T TEST

PEAK

Page

68
71
75
78
81
83
84
85
85
87
88
89
90
91




O OO0O0O0n

153

29 C

159

98

HISTEGRAM CHECK

THIS PROBGRAM CHECKS THE HISTGRAM FBR FIRST
MOMENT VALUE, VARIATIGN, AND STANDARD DEVIATIGN,

AND FINDS THE PSEUDG-FRENUENCY BR ZERB~CRESS FREQUENCY

6F THE BRUIT SIGNAL
INTEGER BLANK, CLEAR,REM
CAMMBN 1X(9010)sNFTS,DTsLERR
DIMENSION REM(13),DISC(6)

LEGICAL LLIT.BRUIT t
DATA RLANK/! -'_'/
l Tl»nTRU’_«

WRITE(108., 153)

FPPMAT(lY;'STENGT;C'T16:'SANPLE'T?EJ'VAX MEAN MOBMENT
{1 !'CRA8S FREQ!' T77;’VARIATIBN’T91p’STAVDARD DEV!)
WRITE(108,6) ‘ ’

ANTINUE
IRCAD=1
READ(1052150,END= 999,ERR=170) CLFAR
FARMAT (1%, A%)

IF (CLEARWNE*BLANK) G§ T8 170
CALL, CHECK(LIT) -

T'(DVPTeLIT) G .-T8 170

I.LERR=
jQ_AD 2 \

READ (MNDSK({1)s5,END=999,ERR=888)

CALL CHECK(LIT)

IF(NOTLIT) GB TB8 170
I“EAD 3 .

EAI(”DSK(1);7;END 999;ERR 8338) BRUIT:DISC
FALL CHECK(LIT) :
TF(LIT) G8 T/ 170
IREAD=4 .
HEAD(NDSK(1);2:END=999;ERR=888) NPTS
CALL CHECK(LITY
IF(LITY GA T8 170
IREAD=S .
READ(NDSK (1), 4,ERR=888)NREC

v

NCROSI'T60,

-.89..




ar+ 3\

. S
N
Wal ~No

51

‘FARMAT ( 80H

DT=.0001
FORMAT(1415)
FARMAT (1I5)

FARMAT (/7)) _ ,
FORMAT (L6s 6AL) . .
IF (MNPTSY170,170,175
TR1=6+2831852

"YNPTS=NPTS

PRD=(XNPTS=1)}%#DT
FST=TPI1/PRD

FINC=FST

Ni=1

INth=14

Nia=IN14

NCAR D"(N“TS/IN14)
CRD=NCARD
CDS=XNRTS/INLY
IF(CDSEQ«CRD)Y GB T6 51

- NCARD= (NPTS/IN1%)+1

DA 60 L=1,NCARD

CALL CHECK(LIT)

JF (LIT)GE T8 170

IREAD =8 _ _ . :

READINDSK{1)s 2,ERR=888)(IX(1),IsN1,N14)
ARMAT(1515)

. DA 43 TL=N1,N14

43

£,

210}

41

CANTINUE '
MAi=NLI+TN14 :
M14=N14+INLS

CANT INUE

TL. =0 ’

NE 41 I=1,NPTS
TL=TL+IX(1)
CANTINUE.
MEAN=TL/NPTS

KVA\/ f\

06 ﬂO'I=1pNPTS

_69_




REMBVE THE DC CBMPONENT B8F THE SIGNAL
IX(I)=TX(1)=MEAN , _ _
FOLIABSUIX(I))aLTaKMAXY GO TO 40
KMAX=TABS(IX(1)) .
IMAX=IX(]) '
40 CONTINUE ' o
CALL ZCR2S(NCRASAXHZ) ) -
CALL: ~ DATAID(WEAN;KMAX;MGMENT,VARIAN;STDEV)
WRITE( 106, 7)BRUIT,DISC
J“I|E<106;155)BRUIT;(DISC(II);II 1;;);IMAX;MSWFNT;VCRBS;XHZ:VARIAN
1 2STDREV
155 Fﬂ”MAT(leL1l1X13A4;1A:;4;1X:I511XrIR;?(1X)E14 5))
wRIuE(lO%z154)RRUIT:D18C;IMAX;MEAN MBMENT;NCROS;XHZ;VARIAN.STDEV
154 FARMAT(LY, 1X,6A4)1x;14116,;x;16;LX 15;3(2X1E1405>) :
GR TR o9
FRRAR R@UTINE
170 CENTINUE
WRITE(10R,151)
228 NDITF(108J?>IRFADILEQR . )
151 FERMAT('ERREBR IN READING _THIS SAMPLE!")
171 READ(105,150,END=999,ERR: 888) CLEAR
TF(CLEARNE«BLANK) G6& TB 171 ¢
G2 THB 98
999 CALL EXIT
END

-.OL—.




OO0 N

FEE

PRAGRAM  PEAK

THIS PROGRAM PLBTS THE ENERGY SPECTRUM,

PRINTS THE FIRST 50 CREFFICIENTS,

AND CBUNTS THE MAJOR PEAKS

DIMENSION RM(2400),RN(4200)2DATA(2,4200) s TABLE (4200)

DIMENSIAGN 1X(8400)

NIMENSTIEN DISCL(20)

DIMENSION DISC(6)

31?&V?18“ PDS(50)

CAMMAON MaN,RMLRN

LORGICAL LIT,BRUIT -

DATA BLANK/! v/ -

LIT=TRUE.

TP1=6+.2831853

J_\_-'Q

REWIND 1

CENTINUE : >

READ (105, 150,END= 999,ERR 170) CLEAR
IF(CLEARNE+BLANK) G& T8 170 :

CALLLL CHECK(LIT) :
Ir(aV“T LITY GA T8 170
FAD(NDSV(l);152;EhD 999, ERR= 888)DISC1 ,

FRRMAT (20A4) N

WRITE(108,152)D1SC1 :

CALL CHECK(LIT)

IF(aNATLIT) 68 T8 170

READ (NDSK{1),7,END=999,ERR= 88°) BRUIT;DISC
w“ITF(1oR;7)% UITsDISC

CALL CHEFK(LIT) .

JF(LITY GO T8 170 _ \
READINDSK(1),3,END=999,ERR=888) M

MDIM=R399 _

IF(MaOTeMDIMY GB TH 170

CALL CHECK(LIT)

IF(LITY -G& TB 170

READ(NDSK (1) ,1,END= 999,ERR 838) DT
FARMAT(1XaF14-3)

- l[-
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110

[RE G TP T Y
HRS RO N

1w
O~ N0 Ut

FORMAT (1X,14)
FORMAT (15)
FARMAT(1X,15)
FARMAT(1X2//) ,
FAORMAT(1X2L526A4) .
FAORMAT(4(1642ELhe6))
FAR MAT(4(?X;I4,2(1X;Ei3o6)))
FARMAT{80H :
)

F@RMAT(BOH

R o)
FORMAT (1%, ' - MEANs 115)
FORMAT (1%, 9F12s3) . -
FARMAT('1") e
FRRMAT(14F5.0) .
FerAT(lx;A/)
READ IN DATA

? A\(LOS:HP;END=9°9;FRR 888)(RM(I)JI 1;M)

ARMAT (19F5.0)
00 38 I1=1:M-
IX(I)=RM(I)

FIND POWER 8F TWG BR - NEXT SMALLER

D') \j\:Q !
NPTS =M
PT=ALRG({RDNGS) /ALBG(24.0)

S IT=IFIX(PT) .

32

Nesgx*IT
RMAX=ABS(RM(1))
nDe 25 J=1.M _ .
IF(ABS(RM(J) ) =RMAX) 25.,25,24
RMAX=ABS (RMJ) )
CANTINUE )
KMAX=RMAX
nDe 32 1=1sM
OM(T)-loOO *RM (1) /RMAX
CANT INUE
CALL GNRATE

WE HAVE GENERATED RN(N) FRBM RM(%),

D& 20-1=1,N

MUST ADD IMAGINARY PART

-7/-




20

36

37

112
111

170

888
151

BATACL,T)=RN(T)
DATA(2,1)=20.0"
CABNTINUE

. CALL TAPER(DISC1,DISC,NPTS,DT,IX,BRUIT)

CALL. FRT (DATALTABLE,IS,Ns=1)

1921 o
WRITE(108s 36)

FARMAT( /! HZ PDs
18N XLAM 1 /) '

MEAN=TIFIX(DATA(L1,1)/FLBAT(N))
wnITE(108J115)WEAN
MEF=N/2=1
MET=MF
CWRITE(108,37) MF

FARMAT (1Xs 'NUMBER 6F CGEFFICIENTS = 1 15) -

IF (MFT.06T-5Q0) MFT=50
WRITE(106,7) BRUIT,D!ISC

N2 111 KEZ12MFT
HZ=K/(DT*{M=1))
AKLAM=TPI®HZ .
AN:Z!*DATA(11K+1)/FLBAT(N)

AN=Z2«#DATA(Z2,X+1)/FLBAT(N)

CPDS(K)=sAN*%2+BN#%2 -

WRITE(10R,112) K,HZ.PDS! K)/ANJBNJXLAM
WETTE(LO06,212) K,HZ,PDS(K) , ANS BN, XLLAM
FARMAT(LX,I327(2X0E1346)) .

CONT INUE

WRITE(108,125)

WRITE(108,7)BRUIT,DISC

WRITE(108,6)

CALL PEAK(MFT,PDS) =

CALL PLBT2(PDS»MFT, e TRUE.)
WRITE(108,125)

G TH 99

ERRGR RABUTINE

CANTINUE '

WRITE(108,151)

WRITE(10826) L ,
FERMAT('ERROR IN READING THIS SAMPLE!)

AN

.-SL..




171 READ(105,150,END=999,ERR5888) CLEAR
Ir(”LrAnoMEoBLANK) Go T 171
G8 T9 98

999 -END FILE |
REWIND. 1 .
END _ o

...17[_




onn o

20
25

30

35

" BRUIT PROBGRAM 10 J M BOWERS

FALCULATIDN 8F THE MgAN FREQUENCY AND THE
WIDTH BF THE FR;GbL\CY BAND (ABBUT THE MEAN)

WHICH CONTAINS 90% 8F THE SIGNAL ENERGY

LAGICAL BRUIT
DIMENSTIBN R%(&i@O);RN(4aoo>,DATA(L,4200)
DIMENSIBN TARLE (8400),D1SC1(20)
DIMENSTIBN DISC(6),PDS(2100),H2(2100)
CAMMEN M,N,RM, RN
REWIND 1
ILINE=1 : '
CALL RTAPE (DISC1, DISC;DT,BRJIT1&99>
FIND PAWER 8F 2 FOBR INTERPOLATIBN SCHEME
F.v M
=ALBGIFM)IZALSG(2.0)
IT:IFIX(PT)
Me 2%%17 ;
NERMALTZE SIGNAL ¢ MaXs1000
RMAX=ARS(RM(1))
e 25 J=1,M
TF(RM(J)=RMAX) 25,25,20 :
RMAX=ARSIRM(J)) L ' .
CAONTINUE : .-
DA 30 T=1.M
RM(1)=1000e%RM( ) /RMAX
GENERATE INTERP@LATED SAMPLE RNAN) -
CALL GNRATE
D& 35 1=1,N
DATA(1,I)=RN(1) _ : -
DATA(2,1)=0e0 - . ‘. 3
15=0 . \ -
1FRD==1 :
CALL FPT(DATA;TABLE:IS:N:IFRD)
MIDF=N/2~1
HAF =0
ne 40 K=1,MIDF
HZ(K)=K/(DT*({Ma1))
AN=2« ¥xDATA(1,K+1)/FLEATI(N

..9[-.




40

45
50

110
115

120

100
101

BMN=Zs#DATA(Z,K+1) /FLBAT IN)
PDS({K)=AN*%2+BN* %2

HAF =HAF+PDS(K)

HALF =0

neg 45 1=1:MIDF

PINC=PDS(]) .
HALF =HALF+PINC '

HAF  =HAF =PINC

IF (HALF=HAF) 45,50,50 _ \
CANTINUE

FMEAN=HZ ()

MEEN =]

PMEAN =PDS(])

PTET .=040

npA 55 Js1.MIDF- ‘
PTaT = RPTBT+PDS(J) : o
P2=0.0%PTET :

PSB =PMEAN

CH 85 J=1,MIDF

IF (MEEN = J) 70470465
PaUR=PQUR+PDS(MEEN=J) -

ILOW =MEEN=J o

IF (MIDF=MEEN=J) 80,75+75

PSUB  =PSUB+PDS(MEEN+J)

THIGH =J+MEEN | ‘

IF ( PSUE=PS) 85,90,90"

CONTINUE o

WRAND =HZ (IHIGH)=~HZ(ILAY) .
WRITE(1062,100) BRUIT,DISC,FMEAN,JWBAND,

1 HZOTLAW) ) HZ(IHIGH)

IF(LINE=1) 115,115,110
IF(LINE=37)120,11b,115 , '
WRITE(10R,101) :
LINE=3 -
WRITE(108,1Q0) BRUITSDISC,FMEAN, WBAND,

1 HzZUILBW)ILHZ(IHIGH)
LINE=LINE+]

FERMAT (L6 6ALS 4 (2X,F10ak)) y _
FERMAT (1M1, 'STEN',T9, 'DISCRIPTION', T33, MEAN FRER

BAND WIDTH!

..9[—




1 ' L8wW FREQ HIGH FREQ1/)
GR TH 10

99 REWIND 1
END

-11-
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&0

€5
70

T TEST 6F TWe MEANS

THIS PREGRAM WILL ACCEPT TWe SETS 6F SUBGRBUPS
BELANGING T8 TWO DIFFERENT POPULATIBN

AND PERFERM A T TEST ON THE GRBUPS &r PBPULATISNS

Al.sd FH:F ING FEACH SU%GRBUP BY A. T TEST WITH
THE TuWe P“PULATIGNS
NIMENSION F (1002 ):|R(100;3)1NFS(1O)1NTS(1O)
DIMENSTION Al(JO):AE(lo):Ttlo);TI(10),TS(1O)
LEGICAL BQUITAIN;ST :
IV-nrALQ
hT-aTRUEe

EAD (10“1115) 2
FERMAT(' .
11=1 _ _ '
T=1 '
NR=1
I\.J-'—'l
\-.J=1
C?NTIPUE

Aﬁ(105;105;FND 60) BRUIT:IDISC;XHZ
FFRMAT(SV;LI:I6;20X:F10!4)
GA T (40, 65)NR
IF(BRUIT) GB T8 50
F(Ja2)=InISC
FlJdsl)axHz '
J=J+l
GR T8 20
FS(ITY=d=1
TI=11+1 .
0 79 30 , .
NR=NR+ , .
IF(NR.EQe3) GB TO 85
G8 T8 35 . ,
IF(«NBTBRUITY GO T8 80
TR{1.2)=IDISC
TR(Is1)=XHZ
I=]+1

1).

_.8[_




G TH.35
80 NTStIJ)=1=1
Td=1d+1
Ge Ta 2%
55 CANTINUE . - , ,

TE1=dn1 S . L
TFE"‘I-“ : ' . *
PRINT JO&;((F(L:M) M 1»?>,L 12 1F1) ;
r\’)vNT 11!} 1
PRINT 10(1(<TA(L)V>)H~112)1L 1IIFE) '

106 FﬁRMAT (1X2F10. 3;1X:F1090)
PRINT 110 _ ‘ ‘

110 FARMAT(1X: /) _
IQ=]Twq L
PRINT 11P;(MFS<IP) IP=1s1Q)
1G=1d=1 :

' PRINT 112, (NTS(IP),1P=1s10)

112 FORMAT(11(1X,17))
RPRINT 125

125 FEQMAT(!1!)

T1=1
12=1

CALL T TFST(F,TR,IN,11;I2,IF1,IF2:T;A1,A2)
PRINT 115

PRINT 104;A¢(1);NFS(II =13, A2(1)SNTS (T Jm 1);T(1)

108 FERMAT( | " //»' INNBCENT PBPUL

LATION MEAN=!,2X,E14,5,' FOR',I5,! SAMPLES';/;' STENBTIC PBPULATI
pﬁw MEAN=! » 2X F14e5, 1 . Fah':IJ}' SAMPLES',///,' T TEST 8F INNBCENT
3 POPULATIGN VERSUS STEN 9TIC PEPULATION YIELDS',F7e32//7)

PRINT 107 - - - S
107 FAERMAT(! # SAMPLES Y T TEST 8F | MEAN - Vs INNSC SAMPLE P8P
1 1 - V8 STEN oAW“LF PEP 1

103 FORMAT(4Xs 14,3%Xa 1 [ V)3%a 16, 2% ' | 121X, F&n 3;1X:'|';ﬂX:F8o3:1OX:'!';RX
1 » F8w3 ) ’
PRINT 109 . _ .. e e L ) )
1C9 FORMAT(! memwm~e- T N N N S N N N e N N e LN E S e e m .- bl B o)

6L~




94

Q7

28

93

--

Ll

TF (I11~L=1+EQ-0) GO Tﬂ 25

MUMB=NFS( 1w L)-NFS(II L~1)
T1aNFS(IIm =1)+1

Gﬂ 70 96

Z
a
u}
r—s
—t
f“

Fi=N
\=F(Il)c)

ALL TTEST(F;rpST;Il IE:IFl:IFE;TI AL, A2)

IFesInt

CALL TTEST(F,TR,IN, 11,12, 1F1,1F2, TS, A1,A2)
PRINT 103,NUMB, IDN, Al(l);TI(l):To(l)' S

PRINT 110

IF{I1+GT»1) GB TB 94

L=0 :

L=L+1

FLld==1+EQ.0) GB T8, 98

NU“R NTS(IJ=L)=NTS(IJ~=L™1)

T1=aNTS(IJ=L=1)+1

Ge 78 99

11=1

NMUMB=NTS (1)

IF1=NTS(TJ=L)

Thw:TR(I*;E)
2=l=1 S
FALL TTEQT(TR;TRpsrallaIB,IFl;IFZ;’S;Al;AE) . e
1EP=,)ad . .
CALL TTEGT(TP.r,IN;IJ I?,jFl;IFE;TI Al;AE)

PRINT 1032NUMBLIDN,AL(4)2TI (L ) TsS(1)

PRINT 110 ,

IF(ILeGT>1) GB TB 97
PRINT 125 ’
END '

\

|

11 Iq qu MBRE THAN # OF MFANS;I&J ARE ONE: MORE THAN # OF SAMPLES

-08- .




CCCCFFCF@F”CFCCCLCCCCCCCCCCCCCCCCCCC'CCCCCFCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
g?IEnggsﬁggigs PERrﬁRPS THE FAST FOURTER TRANSFORM. ALGORITHM GF

CALL STATEMENT:CALL FRT(A,TABLEsIS,NCPLX,sISIGN)

PARAMETERS! A=THE ARRAY 8F NCPLX CBMPLEX NUMBERS T8 BE TRANSFORMED, (
: WHERE MCPLX=2%x% (SUME INTEGER)). DIMENSIBN OF A IS 2*NCPLX .
THE. ARRAY A STBRES CBMPLEX NUMBERS AS BRDERED PAIRS
8F REAL NUMBERS WITH THE REAL PART OF THE W8RD IN 8DD
ADDRESS STORAGE LBCATIBNS AND THE IMAGINARY PART O8F THE
NUMBER IN THE IMMEDIATELY ADJACENT NEXT EVEN ADDRESS .
STBRAGE LECATIBN,

A MUST BE DIMENSIGBNED AS TWICE THIS NUMBER IN THE
CALLING PRBGRAM,

* TABLE=AN ARRAY OF TABULATED .VALUES BF SINE AND COSINE.
AFTER AN INITIAL CALL SETTING 1S:0, THE SUBRBUTINE
MAY Bg SUBSEQUENTLY CALLED ANY NUMBER 8F 'TIMES '
WITH IS=1 WITH AN EXECUTIBN TIME SAVING BF APPROXIMATELY -
1/3+ DIMENSIGN 6F TABLE IS 2#(NCPLX~1).AND MUST

BE S0 DIMENSISNED IN THE CALLING PRSGRAMo

ISIGM ED POINT VARIABLE .GIVING THE DIRECTION BF. THE.
D)

FERMATIANS SETTING ISIGN==1 GIVES THE® FBUQIER

=FIX
TRAN
SP CTRUM#NCP|_X;SETTING ISIGN=+1 GIVES THE INVERSE

e
lRAhQF“RM- )

cceececee CCPFCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

SUSRBUTINE FRT (A, TABLE,IS,NCPLX, ISIGNY

DIMENSISN A(1)LTABLE (1) -

M’E*NCPLX

JFL

DO 11 T=1.Nu2

JP1=sd+t

IP1<1+1

CcC
Cx
C
C
C
C
c
C
C
C
c
C
C
C
c . :
E NCPLX= NUVBER 8F CoMPLEX NU%B;RS T6 BE TRANSFORMED.
C
C
c
c
C
C
C
C
C
C
C
C
c
C
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11

13

A

21

TF(I=D)2s 404
TR=A())
TI=A(JPL)
AlJY=ALT)
ACJPLY=ACIPL)
AlI)=TR -

ACIPL)=TI

MaN/2

TF{M=J)&2r 11011
JEd=

MEM/R2
IF(M=2)11,5,5
J=J+M

MMAX=2

MCBS=-1
TF(MMAX=N)Y14,99,99
INCR=2%MMAX A :
PIMI=3+14159265/F.BAT (MMAX)
DA 21 M=1,MMAXL,2
MECB3=MCHS+2
MSIN=MCAS+1

IF(15)16216,17

ANG=PIMI%FLOAT(M=1)

TABLE(MCBS)=CAS(ANG)
TABLE(MSIN)=SIN(ANG)
WI=TARLE(MSIN) '
IF(ISIAN)18,99,19
Wlzwt

8 21 1=M,NyINCR

J= [+MMAX

JP1=J+1

IP1=1+1 - o
TR=TABLE(MCOS) *A(J)=WI*¥A(JP1)
TI=TABLE(MCOS) xA(JPL)+WI%A(J)
ALY =ACT)=TR “
ALJPL)=A(IPL)=T]

ACT)SALTY+TR

ALTPL)=ACIPL)+T]

MMAX=INCR '

_28{




99

GO TH 13.
RETURN

END

THIS %UBQOUTINE CB"‘lPUTEq THE NUMBER OF ZERB- CRSSSING
SAMPLE (NCRES) AND THE PSEUDBFREGUENCY OF CR@SSING (AHZ)

,¢U“RGUTI\E ZCRBS (NCRBS, XHZ)Y
COMMEN IV(9010):NPTS DT)LERR

' NCRBS=

NP9 = NPTS -1

P 10 J=2sNP1

IFCIXCU) P EQeIX(J=1)) @B TG 10
TF{IXGU)) 4210.5
TF(IXIJ+1))10,9,9

IF(IX(J+1))Y 9292410
NCRAS=NCRES+1

CanTINUE ’
XHz = FLBAT(NCR@S)/(DT*FL@AT(NPTS))
RETURN

END

_88_
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32

34
36
23

68 70 38 - | _ S i

SUBRAUTINE GNRATE '
DIMENSTION RM(8400),RN(4200)
CaMMaN M, N,RM,RN

- SUBRBUTINE GNRATE PﬁODUCES THE ARRAY RN(I).HAVING N TBTAL ELEMENTS

FRoM THE ARRAY: RM(1) HAVING M TOTAL ELEMENTS BY USE 6F A FBUR TERM
L FGRANGTAN INTERPGLATIBN SCHEME (NBTE RM{1)=RN(1), RM{M)=RN(N))e-

VARIARLES»e0o .
RM GIVEN ARRAY

RN ARRAY T8 BE GENERATED |

M TATAL ‘NUMBER @F ELEMENTS IN RM

N TETAL NUMBER 8F ELEMENTS IN RN _

IN  ELEMENT NUMBER 8F RN BEING COMPUTED
" IM  NEAREST L8WER FLEMENT .8F RM LESS GNE -

T cXACT FLBATIVa PEINT LBCATIAGN IN THE ARRAY RM 8F IN

X TweIM

DN - . (M= 1)/<N-1); RATI6 6F THE DISTANCE BETWEEN INDICIES 8F
. RM T8 RNo )

DA 40 IN=2INLL - I
T" IN 1 N ' . . . .
Tz TxDN+1e

THMe Tl - )

CHECK FBR PROXIMITY eF LOWER BOUND.
IF(IM=1)32,38,34 :
T'\A_l

eCK FBQ PRGXIMITY 8F UPPER BOUND )
IF(IM+3 iM)38.38,36

M= Mw3

= IM
Ys Te=A ) ' e o
RM({IN)= (X=le)#(X=20)u(X=3e)*xRM(IM)/(=60)

K (Xo2rv )% (X=Be )¥RM{IM+1 )1/ (+20) -

-.-i78_.




a0 OO0

2
3

“(X)*(Xm 1.)%
+(X)*(Xm lv)*(X 29)*

40 CONTINUE

o1,

n

1

Y

6
1

Q

g

RETURN | B o

- END

0
0

4

1
9

CARD ‘CHECKING SUBRBUTINF

(X=3e ) %RM(IM+2)/ (=24
RM({IM+3)/(+6,)

READS A CARD AND STORES IT BN THE

‘DISK THE 'VALUE 6F LIT IS SET TRUE FBR A LITERAL STRING FALSE’

1

FER A NUMERIC STRING
SUBRBUTINE CHECK(LIT).

COMMAN X (9010), NPrSJDTILERR
DIMENSIEBN CARD(80)

LesIcAL LIT

INTEGER, CHPDIQLINEG)DEC)LOILS

DATA LOsL 9)DEC)BL;\JEG/'O','9'1'v'l' 'l""_/_

LERR=LFRR+1

LIT=FALSE, :
READ(105»152,ENDs )99:FRR 11) CARD
FARMAT (80AL)
WRITE(NDSK(1),152)CARD

Da 1q 1CH=1,72

TE(CARD(ICH) «GEeLOAND CARD(ICH) LE«L9) GB T8 10

~gg-

TF((CARD(ICH)-EQ!DEC)oBRo(CARD(IuH)QEQ BL)«BR, (CARD(ICH)vEQoNEG))

68 TH 10
LIT=eTRUE,
CENTINUE
RETURN
FERMAT(15)

WRITE (108, 4) LERR
STOP 1

STRP 2

END




o

w

(@ B\

" SUBROUTINE PLET2(X,N,BAR)

GRBUP: BASIC

REAL X(AN),HEAD(LO) :
IWT GER lINE(lOO);BLANK,sTAa
LQGICAL BAR .

DATA BLANK,STAR/!' ty1xt/
JF(NelLTe1)GB-TH 25

WRITE( 108.502)

e 1 I=1,100

LINE(I)=RLANK

XMAX=m1aE70

AMIN= i«f?O- S

DA 2 I=1,N L -
IF(X(I)oLT XMIV) XMIN=X({1)
[FUX(TYeGT e AMAX) XMAX X{1y
CANT INUE

IF(X”AX XMIN)DS;S;
AMAK=XMIN® 1o

CXMIN=XMIN=14

CARNTINUE
ne 8 1 =1,10

AR
HEAD(T) = (XMAX« XMIN)*Z/10.+XMIN

WRITE( 08)3001)
WRITE( 108,507) XMIN,HEAD

"WRITE( 108,3002) \

WRITE( 108,504).
DE 6 T=1sN

KPLBTX= ((X(1)=XMIN)/(XMAX=XMIN) ) %9904l a

IF(+NBT.BAR) GB T8 &
D& 7 K=2,KPLETX

LINE(K=1)=STAR

LINE (KPLSTX) =STAR
WRITE( 108,508) 1, X(IJ4LINE
IF («NBTBAR) GB T8 10

DR 9 K =2,KPLBTX

LINE (K=1) =BLANK

LINE(KPLATX) =BLANK

_98_
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6 CANTINUE
WRITE( 108,504)
RETURN
25 WRITE( 108,506)
RETURN
BO2 FARMAT (1H1 ) _ o
504 FGH%AT ( 1Xs 14(4iH=), 1H., gogsH-~--.), 1H= )
507 IRMAT ( 1Xso S5X» 11(FSo 3;1HX) )
5C8 FﬁRMAT (1Xs I3, File4, 1MI, 99A1, AL, 1HI )
506 FARMAT { 1Xs 12HPLOTER ERRAR.)
"3001 FRRMAT ( D1X,12HSCALING 6F X )
3pc2 rf*RMAT(J.XllL"(lH );1HI;10(9X:1HI)/12X;1HX;2X;1HI:10(9X:1HI))

- GURRBUTINE T\DFR(DISCl,DISC,NPTS DT,IX,BRUIT)
DIMENSTEN IX(l))DI¢C(l)JDISCL(l)
LBGICAL RRUIT
WRITE(124)
WRITE(1,1)(DISCL(I), 1=
WRITE(142) BRUITs(DISC
WRITE(1.3) NPTS
~\ITE(1,3) DT -

RITE(1,3)(IX(1),1= 1, \JPTo)

4 FQQMAT(SOH . :

1 . ) : L oo

FARMAT (20A4) ‘ T

FARMAT (Lb46A4)

FARMAT(1415)

FERMAT(F10e6)

RETURN

END

[S2 53V AV ol
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10

THIS SUBRAUTINE NCFMALIZES THE STIGNAL (IX) SB THAT THE NAX VqL TAG
I“ THE SAMPLE = 1000 V. IT QUTPUTS THE MEANs FIRST MOMENT (MBMEN
(
Y

Z0)

£
&

SECONn MAMENT 8R VARIANCE (VARIAN), AND THE STANWARD DEVIATL?N
(°TDEV)9 1T REQUIRES THE NPTS AND THE KMAX PLUS THE DATA ARRA
SURRIUTINE DATAID (MEAN,KMAX,MOMENT, VARIAN, STDEV)

-CQMMGN IX(9010),NPTS,DT+LERR . '

T2TAL=0
hP 5 1=z1:.NPTS
nMALIZ" THE SIGNAL
IV(I)-IFIX(IX(I)*1OOO/FLGAT(KMAX))
TATAL=TOTAL+IX(I) .
C“)\IT I\lL,E
AV~TFIX(T8TAL/FL8AT(NPTS))
WPMPHT 0
VARIAN=0
ne 10 J=1,NPTS
MAOMENT=MOMENT+I X (J) =MEAN .
VARIAM VAQIAN+(IX(J)nMEAV)**E/FLBAT(NPTS 1
ONTINUE
GTDFV ABS(VARTAN)#%0.5
RETURN
END

—88.—.
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QUARRABUTINE RTAPE - (DISC1,DISCsDTsBRUTT, %)

DIMENSION RM(B100),RN(4200),DISC(6),D1ISC1(20)
CRMMBN M, M,RMJRN

"LRGICAL BRUIT

READ (1,1,END=99) IBLANK
READ (1,2) (DISCI(I),1=1,20) :
READ (1,3) BRUITA(DISC(I),1=1,6)

. READ (1.4) M

ROAD (1,5 DT . .
REA 106) (RM(1)als1.M)
FAORMAT (1X2A4 ) L
FARMAT(2CA4 )

FORMAT (L6, 6A4 )

FARMAT (15 )
FORMAT(F10:6 - )

FERMAT (14F5eQ )

af T8 7

RETURN 1

RETURN

END

..68_ .




%UBRHUfi”E'T'TEéT(Y 1,Y2,L8, 11212, 1FLIF2,ToAL) AR)
DIMENSION Y1(10042)5Y2(100,2),T(10),A1(10), AE(lO):Xl(lOO)r
1 X2(100)
LeGICAL LB
M1-1F1'11+1
N2=IF2=124+1
FN1=NT
FNRaND
=1,10

~ U1

I
20

D= X D ~4 T 10
Y XX 0~
—~ o~ N =

N Dxn g

M e
K7
—_

G TH 100

17 DB 7 K=l2,1F2 "

7 X (KY=Y2(K,L)

100 DO 10 I=14,1F1

10 TX1=TX1+X1(1)
AL(L)=TXL/FLBAT(NL)
DO 20 1=12s1F2

20 TX” TX2+X2(1)

2L =TX2/FLBAT(N2)

SX1~0
D8 30 I=I11,1IF1
30 GX1=8X1+(X1(])=Al(L))*x2
aX2=0 _ ' \

DY 40 I~I?;IF2
40 °X2~»¥?+<X2<I>-A2(L))**?
SRAR=( (SX1+8XP) /(N1&NR=2
TUL)=ABS(AL(L)=AR(L)) /(S
50 COBNTINUE
RETURN
END

Yi*xe8
BA *ofRT(lo/FN1+1 /FNE))
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120
110

40

60
65
80

2C0

104
300

PURRﬂJTIVE PtAK(V:PD ) ~
NIMENSTIBN PDS(l)«hP<12):L(*2)
NPTS= qQ

na 100 J 1,12

x|p(J)

PMAX= ﬂ
N 110 1J=1. NPTS
IF(PDS(IJ) ~PMAX) 110,110,120
PMAX= AQQ(PDQ(IJ))
CONTINUE S

Pﬁ—Q

B8 200 122,NPTS °

CHECK SLBPE . . -

IF(PDS(1)=PDS( ' 1>> 40»50,60
LS=wl )

GA T8 65

.8=LSS

G TH 65

LS=1
TF(LQ"LSQ+2)dOO)SD:200
PK=PDS(I~1)%10+/PMAX -
KP=PK+1

NP (KP)YaNP (KP)#1

LSs=Ls .
v“(lﬂ)-ND(10)+VP(11)
1J=10

11)=0
(TJ)=NPCIU)#L(TU+1) \

}.< 250,250,220

CANTINUE

Ne 300 K=1,11

K1=10%(K=1) :
WRITE(108,104) L(K), K1 . .
FORMAT(1Xs16,!' PEAKS ABAVE',16,!
CANT INUE ' '

RETURN

END

)=
Ji=
I Jw
Id

_.l-6.-
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APPENDIX C
VOLTAGE LIMITER

Back to back zeiner diodes, 1N702, having a breakdown
voltage of 2.6 volts were used to insure that excessive
voltage would not reach the analog to digital equipment. A
schematic of the five channel voltage limiter which was built

is shown in Fig. 15.

7.5K 26V VZ

T
i

4 o] [ :

INPUT OUTPUT

-

Figure 15. Schematic of the Voltage Limiter




APPENDIX D
POSSIBLE MECHANISM FOR THE BRUIT

This investigation has shown that the energy spectrum of
the stenotic Bruit"differs from that of the innocent bruit
for the 13 patients studied. The energy in the stenotic
spectrum was found té be more broadly distributed and'concen—
trated in higher frequencieg than the energy in the innocent
spectrum. The stenotic spectrum had. an average of 7.55 major
peaks while the innocent spéctr@m averaged only 5.23 peaks.
From these results, spebu]ation on the mechanism of bruits
is possible. o -

Looking at the vortex shedding phenomena it can be seen
that a "perfect" cylindrical rod or circular orifice in a
flowing fluid of constant ve]oéity broduces a_tdne of
discrete frequency. Should the shape be }ough or of 1ncoﬁsis—
tent diameter the sound produced is a noise composed of a
multitude of frequencies, not a clear note. Let roughness be
represented by the-nﬁmber of differeﬁt diameters on a finely
machined rod. Bégin with a “s]ightiy rough" rod half the .
length of which 1is ﬁachined to one diameter, the other.half
being a different diameter. .From this "slightly rough" rod
in a flowing stream two tones would be 6bserved, giving %Wo-

discrete peaks in the energy density'spectrum. Listening to
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a "very rough" rod composedlof a large number of perfecf
diameters{ a large number of tones would be heérd.giving rise
to a large number of peaks 1in thé spectrum. Possibly this
analogy cou]d be extended to include imperfect (non-cylindri-
cal and rough surféced) rods and imperfect orifices. If so,
it could be concluded that the stenotic bruit, having more
peaks in its energy density spectrum,ﬂis produced by an
obstruction which is more irregular than that producing
innocent bruits. One of the prob]emé which must be fecognized'
with this type of analogy is that in pulsatile flow the
frequency of vortex shedding from a rod is more likely to be
distributed throughout a frequency band rather thaﬁ a pure
toﬁe, but the same type of conclusion méy be drawn.

It.may be possible to make an gstimate‘of the size of
a stenotic or innocent orifice using the frequency of a few
of the greater peaks in the energy density spectrum along with
a value for the velocity of flow through the orifice during
bruit. The flow is at its peak rate during this period, but
.still varying. Possibly by using the average flow rate (Ua)
during this period a "typical" family of curves could be
constructed relating this average to the degree of pbstruction;
such as the:orifice diameter.(do). . Such a proposed family is
shown in Fig. 16. ‘The members of the famiiy would differ by

such factors as blood pressure, pulse rate, and/or diameter




OB
of artery (da). A trial and error method would then have to
be employed using the points along the correct curve in the

correct frequency relationship:

)... innocent bruit (large orifice)

-
R

Ua/3(da—dO

0.6 Ua/do ie4 . stegotic bruit (small orifice),

=
14

where N is the frequency of the peak in the spectrum which,
hopefully, arises when an average pulsating velocity Ua passes
through an orifice or approximate diameter do’ in an artery

of diameter da‘

B

Figure 16. Average Velocity over Obstruction vs its Size.
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