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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 o f  t h i s  i n v e s t i g a t i o n ,  a ma t hemat i ca l  
a n a l y s i s  o f  t he  a c o u s t i c a l  p r o p e r t i e s  o f  c e r v i c a l  
b r u i t s ,  was t o d i f f e r e n t i a t e  t he a u s c u l t a t o r y  s i g n a l s  
o f  d i seased  neck a r t e r i e s  ( s t e n o t i c  b r u i t s )  f rom 
s i m i l a r  sound i ng h e a l t h y  a r t e r y  s i g n a l s  ( i n n o c e n t  
b r u i t s ) .

By s t u d y i n g  t he  v a r i a t i o n  and f i r s t  moment o f  *the 
a c o u s t i c a l  s i g n a l  d i s t r i b u t i o n  c u r v e ,  no s i g n i f i c a n t  
d i f f e r e n c e  was f ound between t he  s t e n o t i c  and 
i n n o c e n t  b r u i t .

S i g n i f i c a n t  d i f f e r e n c e  between t he i n n o c e n t  and 
s t e n o t i c  b r u i t  was e v i d e n t  f rom an e x a mi n a t i o n  o f  the 
zero c r o s s i n g  f r e q u e n c y  o f  t he s i g n a l .  The band­
w i d t h ,  mean f r e q u e n c y , and number o f  peaks i n  t he  
energy  spec t rum o f  t he  s i g n a l  a l s o  showed s i g n i f i c a n t  
d i f f e r e n c e  between t he i n n o c e n t  and s t e n o t i c  b r u i t .
The average s t e n o t i c  b r u i t  s t u d i e d  was f ound t o  have 
90% o f  i t s  energy  c o n t a i n e d  i n a f r e q u e n c y  band w i d t h  
o f  188 Hz. w i t h  a c e n t e r  f r e q u e n c y  o f  131' Hz. The 
f r e q u e n c y  band c o n t a i n i n g  90% o f  t he  energy o f  t he 
average i n n o c e n t  b r u i t  was 123 Hz. wide and c e n t e r e d  
a t  82 Hz. Coun t i ng  t he number o f  s p e c t r a l  peaks i n 
t he  energy  d e n s i t y  spec t rum proved t o  be t he most  
r e l i a b l e  t e s t  f o r  i d e n t i f y i n g  t he  two t ypes  o f  b r u i t s .  
S t e n o s i s  was d i agnosed c o r r e c t l y  i n  77% t o . 85% o f  
t he  p a t i e n t s  s t u d i e d  us i ng  t he  s p e c t r a l  peak c o u n t .



I . INTRODUCTION

E a r l y  Warning and P r e v e n t i o n  o f  S t r ok e

Many s t r o k e s  o c c u r ! ng i n  o l d e r  peopl e are t he  r e s u l t  o f  

an o b s t r u c t i o n  o r  n a r r o w i n g  i n  t he  ma j o r  neck ( c a r o t i d )  

a r t e r y  l e a d i n g  t o  t he  b r a i n .  Such an o b s t r u c t i o n ,  an a i l m e n t  

l a b e l e d  s t e n o s i s  by p h y s i c i a n s ,  can be d i agnosed and r e p a i r e d  

by s u r g e r y  because o f  t he  a c c e s s i b i l i t y  o f  t he a r t e r y .  

D i agn os i s  i s  made by a u s c u l t a t i o n  ( l i s t e n i n g  to t he  sound) .

An abnormal  sound heard between t he f i r s t  and second h e a r t  

sounds may be an i n d i c a t i o n  o f  s t e n o s i s .  The medi ca l  term 

a p p l i e d  t o  t h i s  abnormal  s o u n d . i s  t he  c e r v i c a l  b r u i t .

The E x i s t i n g  Problem

U n f o r t u n a t e l y , t he  c e r v i c a l  b r u i t ,  r e f e r r e d  t o  i n  f u t u r e  

r e f e r e n c e s  as t he  b r u i t ,  may a l s o  occu r  i n  no r ma l ,  h e a l t h y  

p e o p l e .  Th i s  t ype  o f  b r u i t  i s  c a l l e d  an i n n o c e n t  b r u i t ,  and 

i t s  e x i s t e n c e  can make the. d i a g n o s i s  o f  s t e n o s i s  f r u s t r a t i n g

and u n c e r t a i n .  - I t  -is " poss i b l e  t o  i n c r e a s e  t he e f f i c i e n c y  and
■ V1

r e l i a b i l i t y  o f  d i a g n o s i s  o f  s t e n o s i s  by a p p l y i n g  modern 

ma t hema t i c a l  methods t o  t he  a c o u s t i c a l  b r u i t  s i g n a l .  The 

purpose o f  t h i s  i n v e s t i g a t i o n  i s  t o  f i n d  a method o f  a n a l y s i s  

whi ch w i l l  a l l o w  d i f f e r e n t i a t i o n  o f  t he  s t e n o t i c  b r u i t  f rom 

t he i n n o c e n t  b r u i t ' .  A l s o ,  any i d e n t i f y i n g  c h a r a c t e r i s t i c s
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whi ch he l p  t o  e x p l a i n  t he mechanism o f  b r u i t  are l a b e l e d .

The General  Approach

An a t t e m p t  i s  made to s o l v e  t he  probl em by a n a l y z i n g  

t he r e co r ded  sound f rom t he neck a r t e r y  o f  13 p a t i e n t s ,  seven 

o f  whom have h e a l t h y  a r t e r i e s  and s i x  o f  whom have d i seased 

a r t e r i e s .  In a l l  cases s t u d i e d ,  a b r u i t  e x i s t s .  In t h i s  

s t ud y  an a t t e m p t  i s  made t o  s e p a r a t e  t he  i n n o c e n t  b r u i t  f rom 

t he s t e n o t i c  b r u i t  by t h r e e  t e c h n i q u e s  - -  s t a t i s t i c a l  a n a l y s i s ,

- 2 -

s p e c t r a l  a n a l y s i s ,  and zero c r o s s i n g  a n a l y s i s .



I I .  REVIEW OF.THE LITERATURE

B r u i t  Research

A s t u d y  o f  o v e r . 4 , 000 p a t i e n t s  made by B r a u n , et_ a I , 

(1966)  r e v e a l e d  t h a t  b r u i t  occur ance v a r i e s  w i t h  age.  Tabl e 

I summar i zes t he t ype  o f  v a r i a t i o n  whi ch was d i s c o v e r e d  i n 

h i s  s t u d y .

TABLE I

INCIDENCE OF BRUIT BY. AGE

Age i n 
Years

B r u i t
Occurance

Per cent age

Number 
Exami ned

0-9 20 30
10-19 14 605

20-29 6 1082

30-39 5 680
40-49 3 ...685

50-59 ,3 ' 566

60-69 4 387
70-79 3 232

80-89 14 28

I t .  i s  ap pa r en t  f rom t h i s  t a b l e  t h a t  b r u i t s  occu r  most  commonly 

i n  t he  ve r y  young and t he ve r y  o l d .  B r u i t s  o c c u r i n g  i n t he 

young can u s u a l l y  be assumed t o  be o f  an i n n o c e n t  n a t u r e  

because t he  i n c i d e n c e  o f  a r t e r i a l  d i sease  a t  t h i s  age i s
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p r a c t i c a l l y  n i l .  B r a u n , ê t a_l_, (1966)  a l s o  f ound t h a t  t he 

i n n o c e n t  b r u i t  o c c u r i n g  i n  20% o f  a l l  young h e a l t h y  peopl e i s  

o f  a s h o r t e r  d u r a t i o n ,  appea r i ng  c l o s e r  t o  t he  f i r s t  h e a r t  

sound t han t he s t e n o t i c  b r u i t .  Th i s  does no t  n e c e s s a r i l y  ho l d  

t r u e  f o r  t he i n n o c e n t  b r u . i t  i n  o l d e r  peop l e .

A s t ud y  by Renn i e ,  E j r u p  and McDowel l  (1964)  f ound t h a t ,  

e s p e c i a l l y  i n  young a d u l t s ,  t he i n n o c e n t  b r u i t  o r i g i n a t e s  

l ower  i n  t he neck on t he r i g h t  s i d e ,  w h i l e  t he s t e n o t i c  b r u i t  

i s  n o r m a l l y  f ound near  t he  mi dd l e  o f  t he neck over  t he  c a r o t i d  

a r t e r y .  An X - r a y  p i c t u r e  o f  an opaque s o l u t i o n  i n j e c t e d  

l o c a l l y  i n t o  t he b l ood s t r e am,  an a r t e r i o g r a m ,  i s . u s e d  t o  

v e r i f y  t he e x i s t a n c e  o f  a s t e n o s i s  i n  t h i s  t ype  o f  s t u d y ,  but  

t h e  d i s c o m f o r t  and t r o u b l e  o f  t h i s  p r ocedur e  make i t  i m p r a c t i ­

cal  f o r  use on h e a l t h y  peop l e  whose b r u i t s  may be i n n o c e n t .

The b r u i t  has been i d e n t i f i e d  w i t h  s t e n o s i s  s i n c e  1954,  

( F i s h e r ,  1954)  and l i t t l e  r e s ea r c h  has been done whi ch would 

he l p  t o d i f f e r e n t i a t e  between t he s t e n o t i c  and i n n o c e n t  b r u i t .  

N e i t h e r  B r au n ' s  n o r . R e n n i e ' s  s t u d i e s  were c o n c l u s i v e  i n 

i d e n t i f y i n g  t h e . c h a r a c t e r i s t i c s  o f  t he  i n n o c e n t  o r  s t e n o t i c  

b r u i t .  Some c h a r a c t e r i s t i c s  must  be found t o  enab l e  s i m p l e r  

methods o f  d i a g n o s i s .

Re l a t ed  Research.

In o r d e r  t o  d e t e r mi n e  and un der s t and  t he o r i g i n  o f  

b r u i t s  and t he d i agnos i s ,  o f  s t e n o s i s  i t  i s  necessar y  to

- 4 -
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search r e l a t e d  t o p i c s  f o r  p e r t i n e n t  i n f o r m a t i o n .  E s p e c i a l l y  

i m p o r t a n t , because o f  t h e i r  c l o s e  r e l a t i o n  t o  t he  b r u i t ,  are 

f o u r  such t o p i c s :  I )  t he s t r u c t u r e  o f  t he a r t e r i e s ,  2) t he

f l o w  o f  b l ood i n  a r t e r i e s ,  3) t he mechanism o f  h e a r t  mur mur s , 

and 4) t he d i a g n o s i s  o f  h e a r t  murmur .

Rodbard has been p a r t i c u l a r l y  a c t i v e  i n  b l ood vessel  

and b l ood f l o w  r e s e a r c h .  He e x p l a i n s  and has shown by e x p e r i ­

ment  ( 1 956 , 19 57 , 1 959 )  how h y d r a u l i c  f o r c e s  can a c t  upon t he 

v a s c u l a r  l i n i n g  t o  f orm v a l v e s ,  c u s h i o n s ,  and s t e n o s i s .  I t  

i s  known t h a t  b l ood v e s s e l s ,  bes i des  gr owi ng d u r i n g  c h i l d h o o d ,  

t end t o  e l o n g a t e  and become t w i s t e d  ( Rodbar d , 1 95 6) l o s i n g  

t h e i r  e l a s t i c i t y  (Simpson and Nakagawa, 1960) w i t h  o l d  age.  

Blood i s  a v e r y  complex media and i t s  f l o w  i s  v e r y  d i f f i c u l t  

t o  d e s c r i b e  e x a c t l y ,  i n  any bu t  q u a l i t a t i v e  t e r ms .  Blood f l o w  

i s  p u l s a t i l e ,  " . . .  t he  vesse l  d i a me t e r  changes d u r i n g  each 

sur ge i n  p r e s s u r e ,  f i l t r a t i o n  ac r oss  t he vesse l  wa l l  d i s t u r b s  

t he  boundary  l a y e r ,  and t he v i s c o s i t y  o f  t he b l ood p r o b a b l y  

changes anoma l ous l y  f r om moment t o  moment . "  ( Rodbard and 

J o h n s o n , 1 96 2) The red b l ood c e l l s  have a t endency  t o group 

a l ong  t he  a x i s  o f  a vesse l  g i v i n g  r i s e  to a r a d i a l  v i s c o s i t y  

g r a d i e n t .  (McDonal d,  1960)  I t  i s  ap pa r en t  t h a t  t h e r e  i s  a 

wi de l a t i t u d e  o f  v a r i a t i o n  i n bot h t he b l ood f l o w  and the 

vesse l  s t r u c t u r e .

Bruns advances a gener a l  t h e o r y  o f  t he causes o f  murmur
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(1959)  whi ch i s  a l s o  a p p l i c a b l e  to b r u i t s  s i n c e  t hey  are so 

c l o s e l y  r e l a t e d .  Based on t h e o r e t i c a l  and e x p e r i me n t a l  

e v i d e n c e ,  he d i s c o u n t s  t he  i mpo r t a nc e  o f  c a v i t a t i o n  and 

t u r b u l e n c e  as no i se  g e n e r a t o r s  i n  a r t e r i e s  and a s s e r t s  t h a t  

v o r t e x  shedd i ng o r  edd i es  are t he  more l i k e l y  cause o f  the 

no i se  we hear  as murmurs or  b r u i t s .  Anemia o r  o t h e r  causes 

o f  h i gh  c a r d i a c  o u t p u t  as we l l  as s t e n o s i s  are a s s o c i a t e d  

w i t h  b r u i t s  and murmurs;  a l l  t hese c o n d i t i o n s  can cause 

v o r t e x  shedd i ng under  t he  a p p r o p r i a t e  c o n d i t i o n s .  Bruns 

pr oduced murmurs a r t i f i c i a l l y  by i n t r o d u c i n g  o b s t r u c t i o n s  i n  

t he  f orm o f  paper  c l i p  w i r e  and o r i f i c e s  i n t o  r u b b e r  t u b i n g .  

He showed t h a t  t he f r e q u e n c y  o f  no i se  produced i s  r e l a t e d  to 

t he vesse l  geomet ry  and t he r a t e  o f  f l o w ,  and t he no i se  can 

be made s i m i l a r  t o  t h a t  o f  mur mur s .

Bruns has shown t h a t  f o r  l a r g e  d i a me t e r  o r i f i c e s  i n 

t u b e s , t he f r e q u e n c y  o f  sound produced w i l l  be appr ox i mat ed  

by

FREQUENCY. v e l o c i t y  o f  f l u i d  f l o w _______
6 . x  -wi dth o f  o r i f i c e  s h o u l d e r

where t he  w i d t h  o f  t he  o r i f i c e  s h o u l d e r  i s  equal  t o  o n e - h a l f  

t he d i f f e r e n c e  between t he t ube and o r i f i c e  d i a m e t e r s .  For

ve r y  smal l  d i a me t e r  o r i f i c e s ,  however ,  t he f r e q u e n c y  o f  t he 

tone produced by v o r t e x  sheddi ng i s  app r ox i ma t ed  by

FREQUENCY '0.6 x v e l o c i t y  o f  f l o w  
o r i f i c e  diameter.
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" T h u s , as a c o n s t r i c t i o n  o r  s t e n o s i s  becomes g r e a t e r  ( o r i f i c e  

d i a me t e r  dec r eases )  one shou l d  f i n d  t h a t  t he b a s i c  f r e q u e n c y ,  

a t  f i r s t  h i g h ,  w i l l  become l o we r  and t hen i n c r e a s e  once mor e . "  

( B r u ns ,  1959)

Murmurs have been t he s u b j e c t  o f  a c t i v e  s t u d y  i n  r e c e n t  

y e a r s .  Jacobs ,  Hor okosh i  and P e t r o v i c k  (1968)  have dev i sed 

an i n s t r u m e n t  whi ch uses t he phonocar d i ogr am s i g n a l  p l us  t he  

e l e c t r o c a r d i o g r a m  s i g n a l  t o  s e p a r a t e  normal  h e a r t s  f rom 

g r o s s l y  abnormal  ones w i t h  a p p r o x i m a t e l y  94% c e r t a i n t y .  Th i s  

i n s t r u m e n t  uses a f i l t e r  a m p l i f i e r  system t o  boos t  t he  l ow-  

l e v e l  h i gh f r e q u e n c y  components o f  t he  phonocar d i ogr am s i g n a l  

and a zero c r o s s i n g  d e t e c t o r  t o  i d e n t i f y  t he ab no r ma l s based 

on t he number o f  t i mes  per  h e a r t  bea t  t h a t  t he  f i l t e r  a m p l i f i e d  

phonocar d i ogr am a m p l i t u d e  c r osses  t he  zero'  a x i s .  The c o u n t i n g  

i s  s t a r t e d  and s topped by t r i g g e r i n g  f rom t he  e l e c t r o c a r d i o ­

gram s i g n a l . These men a l s o  ran t e s t s  on e x p e r i m e n t a l l y  

s t e nosed a o r t i c  v a l v e s  f rom sheep.  They f ound t h a t  s t enosed 

a o r t i c -  va l v e s  have c h a r a c t e r i s t i c  f r e q u e n c y  s p e c t r a .  They 

a l s o  f o u n d , f o r  a g i ven  h e a r t  and v a l v e ,  t h a t  t he  no i se  

i n t e n s i t y  i n c r e a s e s  w i t h  f l o w  r a t e ,  but  a d e f i n i t e  c o r r e l a t i o n  

c ou l d  no t  be f ound .  . A c o n c r e t e  model  o f  t he sheep h e a r t  w i t h  

a t r i a n g u l a r  brass  o r i f i c e  produced a s i m i l a r  s t enosed 

spec t rum c h a r a c t e r i s t i c ,  w h i l e  t he  model  w i t h  no o b s t r u c t i o n  

produced a normal  c h a r a c t e r i s t i c  spec t r um.  Jacobs ,  e t  a l ,

- 7 -
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deduced f rom t h e i r  s t u d i e s  t h a t  t he  changes whi ch occured i n 

t he s p e c t r a l  a n a l y s i s  o f  v a l v e  no i se  were r e l a t e d  t o  t he 

degree o f  s t e n o s i s  i nduced i n  t he  v a l v e .  Whi l e  unab l e  to 

a s c e r t a i n  t he  pa r amet e r s  r e s p o n s i b l e  f o r  t he f r e q u e n c y  changes,  

t hey  d i d  conc l ude  t h a t  t he  no i se  i s  no t  de t e r mi ned  u n i q u e l y  

by t he s t e n o s i s  bu t  by t he c o n d i t i o n s  o f  t he system ( h e a r t  and 

a r t e r i a l  c o n d i t i o n s )  as a who l e .  The zero c r o s s i n g  a n a l y s i s  

o f  t h i s  s t u d y ,  w h i l e  e f f e c t i v e  i n  s e p a r a t i n g  g r o s s l y  d i f f e r e n t  

s i g n a l s ,  may no t  be s e n s i t i v e  enough t o  d e t e c t  d i f f e r e n c e s  

between two s i m i l a r  s i g n a l s  - -  t he  i n n o c e n t  and s t e n o t i c  

b r u i t .

The Humet r i cs  D i v i s i o n  o f  t he  T h i o k o l  Chemical '  Co r p o r a ­

t i o n  deve l oped a more s o p h i s t i c a t e d  d e t e c t o r  c a l l e d  t he 

PhonoCardioScan ( D u r i n ,  ejt al_, 1 965)  f o r  use i n  school  h e a r t  

t es t ,  p r o j e c t s .  S p e c i a l i z e d  ana l og d i g i t a l  c i r c u i t r y  whi ch 

no t  o n l y  d e t e c t s  t he  presence o f  c o n g e n i t a l  h e a r t  d e f e c t s ,  but

a l s o  he l ps  t o  i d e n t i f y  t he p a r t i c u l a r  t ype o f  d e f e c t ,  was 
.

developed. - , .  The i n s t r u m e n t  used s p e c t r a l  a n a l y s i s  data 

a c q u i r e d  f rom known d i seased  h e a r t s  as a bas i s  f o r  compar i son 

and d i a g n o s i s .  The r a t h e r  e l a b o r a t e  data a c q u i s i t i o n  system 

r ec o r d ed  s i m u l t a n e o u s l y  t he  sounds f rom f o u r . c h e s t  m i c r o ­

phones,  t he e l e c t r o c a r d i o g r a m  s i g n a l , t he r e s p i r a t o r y  phase 

s i g n a l ,  and a v o i c e  commentary.  The i n s t r u m e n t  i t s e l f  on l y  

r e q u i r e s  two i n p u t s ;  an e l e c t r o c a r d i o g r a m  and a ches t  m i c r o -



phone i n p u t .  The mi c rophone i s  moved t o  each o f  t he f o u r  

r e g i o n s  and 10 to 30 h e a r t  c y c l e s  are examined f o r  each 

mi c rophone p l acemen t .  The whole t e s t i n g  process  o n l y  t akes  

t h r e e  mi nu t es  per  p a t i e n t .  A s i m i l a r  approach c ou l d  be 

t aken t oward i d e n t i f y i n g  s t e n o t i c  b r u i t s  s i nce  b r u i t  sounds 

are ve r y  s i m i l a r  t o  t hose  sounds o r i g i n a t i n g  i n  h e a r t  

d e f e c t s . I t  i s  hoped t h a t  s p e c t r a l  a n a l y s i s  o f  t he  b r u i t  

w i l l  r evea l  a s i g n i f i c a n t  d i f f e r e n c e  between t he s t e n o t i c  

and i n n o c e n t  b r u i t  whi ch cou l d  be d e t e c t e d  by such an

-.9-

i n s t r u m e n t .



I I I .  NATURE OF THE BRUIT WAVEFORM

. A u s c u l a t i o n  has been employed f o r  many yea r s  by d o c t o r s  

t o  t e l l  t he c o n d i t i o n  o f  t he  h e a r t , bu t  v a r i a t i o n  i n  hea r i ng  

a b i l i t y  and l i m i t a t i o n s  imposed by t he  he a r i n g  t h r e s h o l d  

have l e d  t o  r e c o r d i n g  t he  h e a r t  sounds on s t r i p  c h a r t s  and 

magne t i c  t ap es .  Th i s  r e c o r d  o f  t he h e a r t  sound i s  r e f e r r e d  

t o  as a phonocar d i og r am.  One c y c l e  o f  the normal  phonocard i  

gram appears as i n  F i g .  l a .  As shown, the f i r s t  and second 

sounds are q u i t e  d i s t i n c t .  The r ema i nde r  o f  t he  s i g n a l  i s  

f a i r l y  s i l e n t .  These two sounds are t r a n s m i t t e d  t h r ough  t he 

ma j o r  a r t e r i e s  and a s i m i l a r  waveform can be o b t a i n e d  by 

l i s t e n i n g  over  an a r t e r y  such as ove r  t he c a r o t i d  a r t e r y  

d u r i n g  e x a mi n a t i o n  f o r  c e r v i c a l  b r u i t s .

The f i r s t  h e a r t  sound occu r s  w i t h  t he  on s e t  o f  
v e n t r i c u l a r  c o n t r a c t i o n .  Be f o r e  t he v e n t r i c l e s  
c o n t r a c t ,  t he  m i t r a l  and t r i c u s p i d  v a l v e s  c l o s e  
by a t r i a l  c o n t r a c t i o n .  The c l o s u r e  o f  t hese 
va l ves ,  is- t he  p r i n c i p l e  sour ce  o f  sound,  a l t h o u g h  
an a d d i t i o n a l  component  may come f rom v i b r a t i o n s  
o f  t he  chamber- w a l l s  . . .  The second h e a r t  sound i s 
ge ner a t ed  by c l o s u r e  o f  t he  a o r t i c ,  and pu l monary  
v a l v e s  : .'. The i n t e n s i t y  o f  t he sound i s  dependent  
on t he r a p i d i t y  w i t h  whi ch t he va l ue  c l o s e s  and 
t he c o n d i t i o n  o f  t he v a l v e . (Jacobs-,  e_t aj_, 1 9 68)

I t  i s  i n s t r u c t i v e  to examine s i mu l t a ne ous  s i g n a l s  

o b t a i n e d  f rom an e l e c t r o c a r d i o g r a p h  and f rom a p r e s s u r e  

sens i ng  de v i ce  on t he  c a r o t i d  a r t e r y  such as shown i n  F i gs ,  

l b .  and Tc.  The two h e a r t  sounds i n  F i g . , l a .  mark t he



b e g i n n i n g  and endi ng o f  s y s t o l e  ( c o n t r a c t i o n )  as seen f rom 

t he c a r o t i d  p u l s e ,  F i g .  l b .

The f i r s t  sound s t a r t s  a f t e r  t he QRS wave o f  the 
e l e c t r o c a r d i o g r a p h  and b e f o r e  t he onset  o f  t he 
a n a c r o t i c  l i mb  o f  t he  c a r o t i d  p u l s e .  The second 
sound beg i ns  j u s t  a f t e r  t he  end o f  t he T-wave o f  
t he  e l e c t r o c a r d i o g r a m  and j u s t  b e f o r e  t he 
d i a c r o t i c  not ch  o f  t he c a r o t i d  p u l s a t i o n .  (Green,
1 957 )

SECOND
FIRST SOUND

DIACROTIC
NOTCHANACROTIC LIMB

ORS T

f\ -------------- / " " V

BRUIT

D- ,V f ’ ' I

F i g u r e  I . a) Norma I phonocar d i ogr am
b) C a r o t i d p r e s s u r e  p u l se
c ) Norma I e l e c t r o c a r d i o g r a m
d) Phonocard i ogram w i t h  b r u i t .

N o t e : These ske t ches  are t aken f rom Green ( 1 957 ) .
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The same r e l a t i o n s h i p s  between t he  p h y s i o l o g i c a l  s i g n a l s  

shown i n  F i g .  I shou l d  ho l d  t r u e  i n  a l l  pe r sons .  The d i agram 

o f  t he  sound over  t he  c a r o t i d  a r t e r y  i n  a normal  person w i l l  

appear  as ske t ched  i n  F i g .  I a . ,  bu t  where b r u i t  i s  p r e s e n t  

t he  waveform w i l l  be t h a t  ske t ched  i n F i g .  I d . ,  an a d d i t i o n a l  

no i se  be i ng observed between t he f i r s t  and second sound.

Murmurs o r  o t h e r  sounds may be t r a n s m i t t e d  t h r oug h  t he 

a r t e r y  and i n  some cases- t he sound observed a t  t he  neck cou l d  

appear  s i m i l a r  t o  t h a t  o f  F i g .  I d .  bu t  be caused by a murmur.  

But  u n l i k e  murmur sounds t he b r u i t  appears l o u d e s t  a t  a 

p a r t i c u l a r  p o s i t i o n  on t he a r t e r y  w i t h  a d i m i n i s h i n g  i n t e n s i t y  

bot h up arid down s t ream f rom t he l o c a t i o n  o f  t he b r u i t .
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IV.  APPROACH

H y p o t h e s i z i n g  t h a t  t he  i n n o c e n t  b r u i t  and t he s t e n o t i c  

b r u i t  be l ong to two d i f f e r e n t  f a m i l i e s  o f  wa v e f o r ms , t h i s  

s t udy  has as i t s  o b j e c t i v e  t he i d e n t i f i c a t i o n  o f  t he 

c h a r a c t e r i s t i c s  whi ch may be used t o  d i f f e r e n t i a t e  between 

t he two w a v e f o r ms . When t he d i f f e r e n c e s  are known a 

r e l i a b l e ,  more p r a c t i c a l  method o f  d i a g n o s i n g  s t e n o s i s  can 

be de v i s e d .

S i nce o n l y  t he  c h a r a c t e r i s t i c s  o f  t he b r u i t  are being 

examined i t  i s  n a t u r a l  t o  exc l ude  the. o t h e r  components o f  

t he  phonocar d i ogr am s i g n a l ,  such as. t he  openi ng and c l o s i n g  

sounds,  f rom t he a n a l y s i s .  The most  useab l e  type'  o f  r eco r d  

o f  t he  waveform i s  a d i g i t a l  r e c o r d  because i t  a l l o w s  the 

u t i l i z a t i o n  o f  t he g r e a t  speed and f l e x i b i l i t y  o f  t he  d i g i t a l  

comput e r .  A comput er  can be programmed to n e a r l y  d u p l i c a t e  

any t ype  o f  a n a l y s i s  whi ch can be f o r m u l a t e d ,  p r o v i d e d  t he 

samp l i ng  r a t e  i s  f a s t  enough to c o m p l e t e l y  d e s c r i b e  t he 

s i g n a l .

. Wor k i ng  w i t h  t he  sound r e c o r d i n g s  taken f rom a large,  

group o f  s t e n o t i c  and i n n o c e n t  b r u i t s ,  t he o b j e c t i v e  i s  t o 

f i n d  c r i t e r i a  whi ch w i l l  enab l e  t he  s e p a r a t i o n  o f  t he  b r u i t s  

by f a m i l y .  P r ev i o us  i n v e s t i g a t i o n s  o f  t he waveform a n a l y s i s  

t ype  have been s u c c e s s f u l  us i ng  one o f  t h r e e  t y pe s  o f  s i g n a l
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a n a l y s i s :  I )  s t a t i s t i c a l  a n a l y s i s ,  used most  s u c c e s s f u l l y

on t he  random no i se  t ype  s i g n a l  ; 2) zero c r o s s i n g  a n a l y s i s ,  

whi ch has proved t o  be a s i m p l e ,  h i g h l y  a c c u r a t e  method o f  

speech a n a l y s i s  ( S c a r r ,  1968) and murmur a n a l y s i s  ( Jacobs ,  ejt 

a I , I 968 ) ;  3) s p e c t r a l  a n a l y s i s  us i ng  F o u r i e r  t r a n s f o r m  

methods as used i n  t he  deve l opment  o f  t he  PhonoCar d i oScan. 

Th i s  i n v e s t i g a t i o n ,  i n c l u d e s  a l l  t h r e e  o f  t hese methods o f  

a n a l y s i s .

The s t a t i s t i c a l  methods used here i n c l u d e  t he d e t e r m i n a ­

t i o n  o f  t he  f i r s t  moment and t he  v a r i a t i o n  o f  t he  b r u i t  

h i s t o g r a m.

A zero c r o s s i n g  a n a l y s i s ,  whi ch i s  a c t u a l l y  a form o f  

s p e c t r a l  a n a l y s i s ,  u s u a l l y  i n c l u d e s  a s e r i e s  o f  broad band 

f i l t e r s  whose o u t p u t s  are a l l  ana l yzed  f o r  zero c r o s s i n g s .

But  f o r  t h i s  s t u d y ,  t he zero c r o s s i n g s  o f  t he  u n f i l t e r e d  

b r u i t  s i g n a l  were coun t ed .

A s p e c t r a l  a n a l y s i s  was made o f  t he energy  d e n s i t y  

spec t r um o b t a i n e d  f r om a F o u r i e r  t r a n s f o r m  o f  t he  s i g n a l  

r e c o r d .  Recent  advances i n  comput i ng  sc i en ce  have made t h i s  

t r a n s f o r m  on a d i g i t a l  r e c o r d  f e a s i b l e  us i ng t he  f a s t  F o u r i e r  

t r a n s f o r m  code,  a v e r y  e f f i c i e n t  method o f  o b t a i n i n g  t he 

t r a n s f o r m  c o e f f i c i e n t s .
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V. DATA COLLECTION

The r e c o r d i n g s  o f  a r t e r i a l  no i se  used i n  t h i s  r esear ch  

were made a t  t he  Western Montana C l i n i c  i n M i s s ou l a  by Dr.  

Ha r o l d  Braun us i ng  a Crown Model  SS800-S t ape r e c o r d e r  and 

a Sanborn s u r f a c e  c o n t a c t  mi c r o pho ne ,  Model  5 7 2 - M', p l aced 

over  t he  b r u i t  i n  t he  neck a r t e r y  o f  t he  p a t i e n t s .  Scot ch 202 

s i l i c o n  l u b r i c a t e d ,  o n e - f o u r t h  i nch  magne t i c  t ape w i t h  a 1.5 

m i l l i m e t e r  p o l y e s t e r  back i ng  was used f o r  t he r e c o r d i n g s .  

Dur i ng  t he r e c o r d i n g  p r o c e s s ,  p a t i e n t s  were i n s t r u c t e d  to t ake  

a b r e a t h ,  l e t  i t  o u t ,  and remai n s t i l l  w i t h o u t  b r e a t h i n g  f o r  

a few seconds.  One channel  o f  t he  t w o - t r a c k  r e c o r d i n g  was 

used f o r  v o i c e  comment ar y ; t he o t h e r  was used t o  r e c o r d  t he 

a r t e r i aI n o i s e .

From the- r e c o r d i n g s ,  d i g i t a l  samples were t aken us i ng a 

d i g i t a l  c o n t r o l l e r , a  Model  EECO 765 m u l t i p l e x e r ,  a Model  

EECO 761 a n a l o g - t o - d i g i t a T  c o n v e r t e r ,  and a v o l t a g e  l i m i t e r  

b u i l t  s p e c i f i c a l l y  (See Append i x  C) t o  p r o t e c t  t he  a n a l o g - t o -  

d i  g i t  a I c i r c u i t r y  f r om o v e r l o a d .  The f i r s t  sample r ecor ds  

were made d i g i t i z i n g  a t  a r a t e  o f  4,000'  samples per  second 

w i t h  t he  a n a l o g - t o - d i g i t a l  equi pment  coup l ed d i r e c t l y  t o t he 

IBM 1620 comput er  and card punch.  The sampl i ng  was. done a t  

a f a i r l y  " c l e a n "  s po t  on t he t a p e ,  where t he  s i g n a l  w a s n ' t  ' 

o b v i o u s l y  o b l i t e r a t e d  by s k i n  no i se  made by mi c rophone



s l i p p a g e  o r  by v o i c e  o r  b r e a t h i n g  i n t e r f e r e n c e .  F a i r l y  l ong 

sample r ec o r d s  o f  t wo- second o r  t h r e e - s e c o n d '  d u r a t i o n  were 

t aken and punched d i r e c t l y  on c a r d s .  The b r u i t  r e c o r d  was 

t hen hand s e l e c t e d  by removi ng t he unwanted f i r s t  and second 

h e a r t  sounds.  Onl y  t he  p o r t i o n  o f  t he  s i g n a l  l a b e l e d  b r u i t  

i n  F i g .  I d .  remai ns i n  t he  r e c o r d .

The r e ma i nde r  o f  t he  samp l i ng  was done on t he H e w l e t t -  

Packard 2116A comput er  u t i l i z i n g  an i mproved r e c o r d  s e l e c t i o n  

p r ocess  and a f a s t e r  d i g i t i z i n g  r a t e  - -  I O 9OOO samples per  

s e c o n d . A t r i g g e r  and de l ay  system whi ch e l i m i n a t e d  t he hand 

s e l e c t i o n  o f  r ec o r d s  was e s t a b l i s h e d  us i ng  a t ype  '549 T e k t r o ­

n i x  s t o r a g e  o s c i l l o s c o p e  w i t h  a f o u r - c h a n n e l  t ype  I A4 p l u g - i n  

u n i t .  A t r i g g e r  s i g n a l  f rom t he  scope c a l i b r a t i o n  o u t p u t  - -  

a o n e - k i l o h e r t z  square wave - -  was r eco r ded  on t he  vo i ce  

channel  near  a c l ean  p o r t i o n  o f  t he t ap e .  T r i g g e r i n g  t he 

o s c i l l o s c o p e  f rom t h i s  s i g n a l  and l o o k i n g  a t  t he  waveform o f  

t h e  a r t e r i a l  sound on t he  d i s p l a y  s c r e e n ,  t i me  de l ays  were 

c a l c u l a t e d  to t he  b e g i n n i n g  and end o f  t he b r u i t  p a r t  o f  the 

s i g n a l  . The p r o p e r  t i me  de l ays  were then s e t  on t he  d i g i t a l  

c o n t r o l l e r ,  t he  t ape was p o s i t i o n e d  a t  t he c o r r e c t  t r i g g e r  

s i g n a l ,  and t he t ape r e c o r d e r  was s t a r t e d  f o r  each sample;  

t hus  i n i t i a t i n g  t he d i g i t i z i n g  p r o c e s s .  The H e w l e t t - P a c k a r d  

program accep t ed  two l i n e s  o f  d e s c r i p t i o n  f rom t he t e l e t y p e  

a f t e r  each sample and punched t he  d e s c r i p t i o n  and d i g i t a l
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r e c o r d  on paper  t a p e . A h i g h - s p eed  i n t e r f a c e  between t he 

H e w l e t t - P a c k a r d  and t he  IBM computers  a l l owe d  t he  dat a to be 

punched on cards  f o r  l a t e r  a n a l y s i s  on t he S c i e n t i f i c  Data 

Systems,  Sigma 7 comput er .

The removal  o f  t he  IBM 1620 and i t s  card punch c u t  

s h o r t  t he  data c o l l e c t i o n  phase o f  t h i s  p r o j e c t .  At  t h a t  

t i me  133 samples had been g a t he r ed  f rom a t o t a l  o f  13 

d i f f e r e n t  i n d i v i d u a l s ;  seven o f  whom had i n n o c e n t  b r u i t s ,  

and s i x  o f  whom had s t e n o t i c  b r u i t s .  Of  t he t o t a l  sampl es,  

about  55% are f rom i n n o c e n t  b r u i t s .  The r ema i nde r  are f rom 

s t e n o t i c  b r u i t s .

- 1 7 -
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V I . DATA ANALYSIS

Data P l o t

P a r t l y  as a check on the ana l og t o  d i g i t a l  sampl i ng  

pr ocess  and p a r t l y  as a v i s u a l  check f o r  o u t s t a n d i n g  s i m i l a r ­

i t i e s  or  d i f f e r e n c e s  between t he f a m i l i e s ,  a p l o t  was made o f  

each sampled wa v e f o r m. Using t he IBM 1620 computer  and 

a s s o c i a t e d  d i g i t a l  p l o t t e r ,  t he  magn i t ude  o f  each data p o i n t  

i n  a sample was p l o t t e d  a g a i n s t  t i m e . The t i me Was sca l ed  so 

t h a t  t he t i me  a x i s . o f  t he p l o t s  was o f  c o n s t a n t  l e n g t h .  The 

a m p l i t u d e  was n o r ma l i z e d  so t h a t  t he  maximum a m p l i t u d e  i n  each 

r e c o r d  was 1,000 m i l l i v o l t s .  (See F i g s .  5,  6,  10 and 11 f o r  

examples o f  t hese  p l o t s . )

S t a t i s t i c a l  A n a l y s i s

I f  t he  waveforms o f  t he i n n o c e n t  b r u i t  f a m i l y  have a 

c h a r a c t e r i s t i c  shape t h a t  i s  d i f f e r e n t  f rom t he waveforms o f  

t he  s t e n o t i c  b r u i t  f a m i l y ,  t he d i f f e r e n c e  may be more e v i d e n t  

i n  t he  h i s t o g r a ms  t han i n  t he waveforms- t he ms e l v e s .  An 

h i s t o g r a m f r e q u e n c y  d i s t r i b u t i o n  c u r v e ,  was deve l oped f rom t he 

d i g i t a l  waveform whi ch had any d i r e c t  c u r r e n t  b i a s  removed 

and whi ch was a m p l i t u d e  n o r m a l i z e d .  I t  was made by s o r t i n g  

t he  s i g n a l  by a m p l i t u d e  b r a c k e t s ,  c o u n t i n g  t he  number of .  

t i mes  t h a t  t he  s i g n a l  f a l l s  w i t h i n  each b r a c k e t  and p l o t t i n g  

t he f r e q u e n c y  o f  o c c u r r e n c e  ver sus  t he  a m p l i t u d e .  For  exampl e.
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t he waveform shown i n  F i g .  2 has a magni t ude o f  +1 a t  t h r e e  

d i f f e r e n t  p o i n t s  i n  t i m e ,  t h e r e f o r e  t he f r e q u e n c y  o f  o c c u r ­

rence a t  +1 i s  p l o t t e d  on t he h i s t o g r a m ( F i g .  3) as t h r e e ,
/

e t c .  The b r u i t  s i g n a l  magn i t ude ranged f rom - 1 , 0 0 0  to +1,000 

m i l l i v o l t s  and each da t a  p o i n t  was r ecor ded  to t he ne a r e s t  

m i l l i v o l t .  Choosing a b r a c k e t  w i d t h  o f  20 m i l l i v o l t s  g i ves  

a 100 p o i n t  h i s t o g r a m .  Th i s  b r a c k e t  w i d t h  seems t o  p r ese r ve  

enough i n f o r m a t i o n  to show any d i f f e r e n c e s  t h a t  e x i s t  w i t h o u t  

t he c o n f u s i o n  o f  a more d e t a i l e d ,  s m a l l e r  b r a c k e t ,  h i s t o g r a m.

F i g u r e  3. D i g i t a l  Waveform F i g u r e  4.  A s s o c i a t e d
Hi s t og r am



- 2 0 -

The common method f o r  i n d i c a t i n g  t he c h a r a c t e r i s t i c s  o f  

a h i s t o g r a m ,  or  f r e q u e n c y  d i s t r i b u t i o n  c u r v e ,  i s  t o  f i n d  the 

v a r i a t i o n  and s t a n d a r d  d e v i a t i o n  o f  t he d i s t r i b u t i o n .  The 

v a r i a t i o n  i s  s i mp l y  t he  second moment o f  t he h i s t o g r a m about  

t he average a m p l i t u d e ;

N . o
V a r i a t i o n  = Z f .  ( a . - a J ^ / N ,  

i =1 1 . 1

where f .  i s  t he  f r e q u e n c y  o f  o c c u r r e n c e ,  a  ̂ i s  t he  a m p l i t u d e ,  

and N i s  t he  number o f  p o i n t s  o r  a mp l i t u d e s  i n  t he  h i s t o g r a m.  

The mean a m p l i t u d e ,  a,  i s  g i v e n  by

N
a = Z a . f . / N .

i = I 1 1 '

The s t a n d a r d  d e v i a t i o n  i s  g i ven  by t he square r o o t  o f  the 

v a r i a t i o n .  The v a r i a t i o n  and s t a n d a r d  d e v i a t i o n  are always 

p o s i t i v e  numbers.  By t a k i n g  t he  f i r s t  moment o f  t he  h i s t ogr am,

N
F i r s t  moment = Z f  . ( a . - a ) / N  ,

i = 1 1 1

any l a c k  o f  symmet ry o f  t he h i s t o g r a m w i l l  become e v i d e n t .

In a d d i t i o n  t o  exami n i ng  t hese  s t a t i s t i c a l  c h a r a c t e r i s ­

t i c s  o f  each h i s t o g r a m ,  a p l o t  was made o f  t he h i s t o g r a m o f  

each sampl e,  and an a t t e m p t  was. made t o  f i n d  some d i f f e r e n t i a ­

t i n g  c h a r a c t e r i s t i c  v i s u a l l y .

Zero Cr os s i n g  A n a l y s i s

The zero c r o s s i n g  a n a l y s i s  used here c o n s i s t e d  o f  c o u n t i n g
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t he number o f  t i mes  t h a t  a b r u i t  s i g n a l  passed t h r ough  i t s  

average v a l u e .  The average magn i t ude f o r  each b r u i t  r eco r d  

was a d j u s t e d  to z e r o . The number o f  c r o s s i n g s  was d i v i d e d  

by t he  p e r i o d  o f  t he  sample t o  g i v e  a pseudo f r e q u e n c y  o f  

zero c r o s s i n g .  I t  was t h i s  pseudo f r e q u e n c y  t h a t  was examined
1X

t o  see i f  t he  i n n o c e n t  b r u i t  d i f f e r e d  s i g n i f i c a n t l y  f rom the. 

s t e n o t i c .  Th i s  t ype  o f  zero c r o s s i n g  t e s t  o f  an u n f i l t e r e d  

s i g n a l  , i n  e f f e c t ,  d i s r e g a r d s  t he l o w - l e v e l  h i g h e r  f r e q u e n c y  

components o f  t he b r u i t  s i g n a l .

S p e c t r a l  A n a l y s i s

Using F o u r i e r  t r a n s f o r m  t e c h n i q u e s ,  a waveform such as 

t he b r u i t  s i g n a l  can be r e p r e s e n t e d  as a s e r i e s  o f  s i ne  and 

c o s i n e  f u n c t i o n s  or  as a s e r i e s  o f  complex e x p o n e n t i a l s .  The 

energy  d e n s i t y  spec t r um can then be o b t a i n e d  f rom the F o u r i e r  

t r a n s f o r m  c o e f f i c i e n t s .  (See Append i x  A f o r  a r e v i e w  o f  

t h e o r y . )  Th i s  energy  spec t rum p r o v i d e s  a v e r y  compl e t e  

d e s c r i p t i o n  o f  t he  s i g n a l  c h a r a c t e r i s t i c s .  Recent  advances 

i n  comput i ng  s c i e n c e  have p r o v i d e d  t he f a s t  F o u r i e r  t r a n s f o r m , 

an e f f i c i e n t  and po wer f u l  t o o l  i n  s i g n a l  a n a l y s i s  o f  smal l ,  

d i g i t a l  r e c o r d s .  The f a s t  F o u r i e r  t r a n s f o r m  i s  an a l g o r i t h m  

whi ch computes t he d i s c r e t e  F o u r i e r  t r a n s f o r m  c o e f f i c i e n t s  

w i t h  a minimum number o f  c o m p u t a t i o n a l  s t e p s .  I t  i s  u s e f u l  i n  

s p e c t r a l  a n a l y s i s  and i n  f i l t e r  s i m u l a t i o n .  The f a s t  F o u r i e r  

t r a n s f o r m  changes t he  d i s c r e t e  t i me  s e r i e s  r e p r e s e n t a t i o n  o f  a
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waveform to a d i s c r e t e  f r e q u e n c y  s e r i e s .  By exami n i ng  t he 

r e p r e s e n t a t i o n  i n  t he  f r e q u e n c y  domai n,  c a l l e d  s p e c t r a l  

a n a l y s i s ,  c e r t a i n  c h a r a c t e r ! ' s i t c s  may appear  whi ch are not  

e v i d e n t  i n  t he t i me domain.  The p e r i odogram, a f orm o f  t he 

energy  d e n s i t y  spe c t r um,  i s  a f u n c t i o n  o f  a m p l i t u d e  versus 

f r e q u e n c y  c o n s t r u c t e d  f rom t he r e p r e s e n t a t i o n  o f  t he waveform 

i n  t he  f r e q u e n c y  domain.  Examples o f  pe r i odogr ams c o n s t r u c t e d  

f rom two b r u i t  samples are shown i n  t he r e s u l t s  ( F i g s .  9 and 

14) .

N e i t h e r  t he  samp l i ng  r a t e  nor  t he sampl i ng  p e r i o d  has 

been he l d  c o n s t a n t  i n  t h i s  s t u d y ,  so d i f f e r e n t  s i z e d  p e r i o d o -
Q I p

grams have been ge ner a t ed  whose s i z e s  range f rom 2 to 2 

There are s e v e r a l  ways t o  o b t a i n  s i m p l i f i e d  i n f o r m a t i o n  whi ch 

i s  a v a i l a b l e  f rom t he p e r i odogr am. In t h i s  s t ud y  f o u r  t e s t s  

o f  t he pe r i odogr am were dev i sed  and t h r e e  were used i n  an 

a t t e m p t  t o  d i f f e r e n t i a t e  t he  i n n o c e n t  s i g n a l  f r om t he s t e n o t i c

Frequency L i m i t s  ■

In us i ng  t he d i s c r e t e  f i n i t e  F o u r i e r  t r a n s f o r m  i t  i s  

necessar y  to assume t h a t  the b r u i t  s i g n a l  i s  band l i m i t e d .  

O l d e r  samp l i ng  t h e o r y  ( Coc h r an , et. aj_,. 1 967 )' d i c t a t e s  t h a t  

no f r e q u e n c i e s  h i g h e r  t han to, g i ven  by

to = i r / A t ,

be p r e s e n t  i n  t he  s i g n a l  , where At  i s  t he t i me between samples
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On t he o t h e r  hand , a t h e o r e t i c a l  s t udy  by Lees and 

Dougher t y  (1966)  us i ng  i d e a l  examples has shown t h a t  c o n v e r ­

gence o f  t he  n u m e r i c a l l y  c a l c u l a t e d  F o u r i e r  t r a n s f o r m  i s 

o b t a i n e d  o n l y  when t h e r e  i s  an upper  l i m i t  o f  t he  f r e q u e n c y  

c o n t e n t  o f  t he s i g n a l  g i ven  by

9

co = O . l i r / A t  r a d i a n s / s e c o n d ,  or  

f  = 0 . 0 5 / A t  c y c l e s / s e c o n d .

Th i s  l i m i t  i s  o n e - t e n t h  t h a t  g i v e n  by c o n v e n t i o n a l  sampl i ng  

t h e o r y  p r e v i o u s l y  used.  (See Append i x  A)

Data used i n  t h i s  i n v e s t i g a t i o n  was d i g i t i z e d - b o t h  a t  

10,000 samples per  second and a t  4 , 000 samples per  second 

g i v i n g  a l l o w a b l e  upper  f r e q u e n c y  l i m i t s  as sugges t ed by 

Lees and Dou ghe r t y ,  o f  500 c y c l e s  per  second a t  t he  f a s t e r  

r a t e  and 200 c y c l e s  per  second a t  t he s l ower  r a t e .  The 

comput er  code f o r  t he f a s t  F o u r i e r  t r a n s f o r m  used r e q u i r e d  

t h a t  t he number o f  da t a p o i n t s  i n  each sample r e c o r d  be equal  

to an i n t e g r a l  power o f  two.  To a d j u s t  t he number o f  t o t a l  

p o i n t s  i n  each r e c o r d  an i n t e r p o l a t i o n  scheme was used whi ch 

l ower ed  t he e f f e c t i v e  sampl i ng  r a t e  and w i t h  i t  t he  upper  

f r e q u e n c y  l i m i t .

The l ower  l i m i t  o f  t he f r e q u e n c y  whi ch w i l l  be d e t e c t e d  

by d i s c r e t e  f i n i t e  F o u r i e r  methods i s  g i ven  by 

Wq = 2tt/ T  r a d i a n s  per  second:
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Bei ng i n t e r e s t e d  o n l y  i n  t he  b r u i t  c h a r a c t e r i s t i c s  and hav i ng 

sampled over  t he  e n t i r e  b r u i t  p e r i o d ,  i t  can be assumed t h a t  

any f r e q u e n c i e s  l owe r  t han w are no t  un i que c h a r a c t e r i s t i c s  

o f  t he b r u i t  bu t  are a s s o c i a t e d  w i t h  t he  l o n g e r  p e r i o d  o f  t he 

h e a r t  c y c l e .  Any f r e q u e n c y  p r e s e n t  i n  t he b r u i t  whi ch i s 

l owe r  t han t he Wq l i m i t  w i l l  show up as a zero f r e q u e n c y  b i as  

and i s  i g n o r e d  i n  t h i s  a n a l y s i s .  Any f r e q u e n c y  components 

ap p e a r i n g  a t  60 Hz. o r  l e s s  must  be i gn o r e d  because o f  t he 

l i m i t a t i o n s  i n  a m p l i f i e r  and r e c o r d e r  response i n  t h i s  range.  

So,  i n  g e n e r a l ,  t h i s  s t udy  i s  l i m i t e d  to f r e q u e n c i e s  between 

60 Hz. and 200 Hz. ( depend i ng  on t he sampl i ng  r a t e ) .

Mean Frequency and Band Wi dt h Tes t s

I f  t he two b r u i t  f a m i l i e s  are composed s t r o n g l y  o f  one 

f r e q u e n c y  band and t he c e n t e r  f r e q u e n c y  or  t he band w i d t h  are 

d i f f e r e n t  f o r  each f a m i l y ,  t hen t he  d i s t i n c t i o n  may show up 

by l o o k i n g  a t  t he energy-mean f r e q u e n c y  and t he 90% energy 

band o f  each spec t r um.  The energy-mean f r e q u e n c y  i s  d e f i n e d  

here t o  mean t h a t  f r e q u e n c y  whi ch d i v i d e s  t he s i g n a l  energy 

i n  h a l f .  H a l f  o f  t he  energy  i n  t he s i g n a l  i s  p r e s e n t  i n 

f r e q u e n c i e s  above t he mean and h a l f  below t he mean. The 90% 

ener gy - band  w i d t h  i s  d e f i n e d  here t o  be t h a t  f r e q u e n c y  band , 

c e n t e r e d  on t he mean energy  f r e q u e n c y , encompassing 9 0% o f  

t he  energy  o f  t he s i g n a l .  A comput er  program was w r i t t e n  to 

f i n d  t h i s  energy-mean and ene r gy - band .
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Peak Count

The f a s t  F o u r i e r  t r a n s f o r m  gener a t es  as many complex 

t r a n s f o r m  c o e f f i c i e n t s  as t h e r e  are p o i n t s  i n  t he r e c o r d .

When t h i s  i s  c o n v e r t e d  t o  p e r i odogram f o r m,  t h e r e  are N/2 

p o i n t s  i n c l u d i n g  t he z e r o t h  term Where N i s  t he number o f  

p o i n t s  i n  t he waveform r e c o r d .  Th i s  g i v e s  a spec t rum w i t h  

h a l f  as many p o i n t s  as are i n  t he  d i g i t a l  r e c o r d  f rom whi ch 

i t  came, and s i n c e  t he  d i g i t a l  r e c o r d s  range i n  s i z e  f rom 256 

to 4096 t h e r e  are some v e r y  l e n g t h y  s p e c t r a  t o  a n a l y z e . I t  • 

is'  noted f rom exami n i ng  t hese s p e c t r a  t h a t  t he  magni t ude o f  

f r e q u e n c y  components drops about  two o r de r s  o f  magni t ude i n  

the f i r s t  50 s p e c t r a l  c o e f f i c i e n t s .  T h e r e f o r e  i f  i n t e r e s t  i s  

c o n f i n e d  to t he  ma j o r  peaks i n t he  spec t r um,  say t hose whose 

magn i t ude i s  g r e a t e r  t han 10% o f  t h a t  o f  t he  g r e a t e s t  p e a k , 

o n l y  t he  f i r s t  50 spec t rum components need be examined.  Th i s  

s i m p l i f i c a t i o n  reduces t he comput i ng  t i me c o n s i d e r a b l y .

The peak coun t  t e s t  o f  t he energy  spect rum compares t he 

samples by the. number o f  d i f f e r e n t  ma j o r  f r e q u e n c y  components 

whi ch make up t he wa v e f o r m, .  s i n c e  each ma j o r  component  shows 

up as a peak i n  t he spec t r um.  For  exampl e,  l o o k  a t  a t i me 

f u n c t i o n ,

f  = s i  n(o) t )  ,

whi ch i s  a pure t one hav i ng one f r e q u e n c y  component  - namely

- 2 5 -
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co. The p e r i o d  o f  t h i s  t one i s  g i ven  by

I f  t he  t one i s  sampled f o r  a p e r i o d ,  T5 , t he a s s o c i a t e d  

p e r i odograrn w i l l  have p o i n t s  a t  f r e q u e n c i e s  g i ven  by

GÔ = 2mk/T s , k = 1 , 2 , 3 , . . .

For t he  case where co i s  equal  t o  one o f  the c o ^ ' s ,  t he p e r i o d o -  

gram w i l l  have o n l y  one non- ze r o  p o i n t  a t  co. But  f o r  t he case 

where co f a l l s  between two o f  t he c o ^ ' s ,  t he p e r i  odograrn w i l l  

appear  s i m i l a r  t o t h a t  shown i n F i g .  4.  In e i t h e r  case a

3O CD
U- ^  O
LU
Q

% b 

Ii

30 -
« .

20  - .

IO - • * “  *

0

I I I i i l l  I I —I----
500 1000 200 0  5000

FREQUENCY (HZ)

F i g u r e  4.  T y p i c a l  d i g i t a l  c o mp u t a t i o n  o f  t he spec t rum 
o f  a pure t one a t  1021 Hz,  where t he F o u r i e r  
c o e f f i c i e n t s  have a f r e q u e n c y  spac i ng o f  
45 . 4  Hz. ( M a l i n g ,  ejt aj [ ,  1 967 )
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s i n g l e  t one i s  shown to y i e l d  a s i n g l e  peak i n  t he p e r i odogram 

whose w i d t h  i s  r o u g h l y  p r o p o r t i o n a l  t o  t he d i f f e r e n c e  between 

u and t he  n e a r e s t  oo^. Now f o r  t h i s  a n a l y s i s  t he peaks i n 

our  more c o m p l i c a t e d  s p e c t r a  can be i n t e r p r e t e d  as each 

o r i g i n a t i n g  f rom a t one whose f r e q u e n c y  i s  t h a t  o f  t he c r e s t  

o f  t he  peak.  By c o u n t i n g  t he number o f  ma j o r  peaks i n each 

s p e c t r u m , i t  i s  p o s t u l a t e d  t h a t  t he  i n n o c e n t  f a m i l y  o f  b r u i t s  

w i l l  be f ound to be composed o f  more o r  l es s  ma j o r  t ones t han 

t he s t e n o t i c  f a m i l y  o f  b r u i t s .

A computer  code was w r i t t e n  to count  t he  number o f  peaks 

i n  t he f i r s t  50 s p e c t r a l  c o e f f i c i e n t s  whi ch were above 10% o f  

t he  maximum a m p l i t u d e .  See Append i x  B f o r  t he l i s t i n g  o f  t h i s  

program.

F i l t e r  and Zero Cr os s i n g  A n a l y s i s

■ As s t a t e d  p r e v i o u s l y  some success has been r e a l i z e d  i n 

d i s t i n g u i s h i n g  normal  f rom abnormal  phonocar d i ogr ams by us i ng 

broad band f i l t e r  a m p l i f i c a t i o n  t o g e t h e r  w i t h  a n a l o g - t o -  

d i g i t a l  c o n v e r s i o n  "knd, .zero c r o s s i n g  c o u n t e r s  ( J a c obs ,  e t  a I ,

1 968) .  ' I n-1Ii i  s s t u d y , Jacobs used t he  e l e c t r o c a r d i o g r a p h  

s i g n a l  as a gat e t o  sample an e n t i r e  h e a r t  beat  and rah t he 

sample t h r oug h  a f i l t e r  a m p l i f i e r  s e r i e s  whi ch e l i m i n a t e d  t he 

ve r y  l ow f r e q u e n c y  components and a m p l i f i e d  the h i gh  f r e que nc y  

components.  The reason f o r  t he  a m p l i f i c a t i o n  o f  h i gh 

f r e q u e n c y  components was t o  boos t  t h i s  p a r t  o f  t he



I

phonocar d i ogr am s i g n a l  enough to be d e t e c t e d  by zero c r o s s i n g  

c o u n t e r s . Th i s  method o f  s i g n a l  t e s t i n g  c ou l d  be used on t he 

b r u i t  s i g n a l ,  bu t  i t  was no t  pursued i n  t h i s  s t u d y .  The 

advent  o f  t he f a s t  F o u r i e r  t r a n s f o r m  has made i t  p r a c t i c a l  t o 

pe r f o r m t h i s  t e s t  a n a l y t i c a l l y .  The f a s t  F o u r i e r  t r a n s f o r m  

i s  e s p e c i a l l y  a p p l i c a b l e  t o  i d e a l  f i l t e r  s i m u l a t i o n  because 

o f  i t s  s i mp l e  c o n v o l u t i o n  r e l a t i o n s h i p .  A f i l t e r i n g  o p e r a t i o n  

can be s i m u l a t e d  by m u l t i p l y i n g  t he d i s c r e t e  t r a n s f o r m  c o e f ­

f i c i e n t s  by d i s c r e t e  f i l t e r  c h a r a c t e r i s t i c s  o f  mat ch i ng  

f r e q u e n c y  and p e r f o r m i n g  an i n v e r s e  t r a n s f o r m  t o  g i v e  the 

system o u t p u t . Then a zer o  c r o s s i n g  count  can be .made much 

t he  same as was done w i t h  t he u n f i l t e r e d  b r u i t  s i g n a l .

I t  shou l d  be emphasi zed t h a t  t he  mean f r e q u e n c y ,  band­

w i d t h ,  peak c o u n t ,  and zero c r o s s i n g  t e s t s  i n  t h i s  s e c t i o n  

do no t  p r o v i d e  i n f o r m a t i o n  i n  a d d i t i o n  to t h a t  c o n t a i n e d  i n  

t he  energy  spe c t r um,  bu t  o n l y  s u p p l y  a method f o r  o b t a i n i n g

t he same i n f o r m a t i o n  o r  p a r t  o f  t he  same i n f o r m a t i o n  i n  a
'

s i m p l i f i e d ,  more r e ada b l e  and • .

- 2 8 -
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V I I . DISCUSSION OF RESULTS

P l o t s

F i g s .  5 t h r ough  9 show t he t ype  o f  p l o t s  t h a t  were made 

f o r  each i n n o c e n t  b r u i t  sample.  F i g .  5 shows t he n o i s y  p a r t

o f  t he h e a r t  beat  c y c l e  f o r  an i n n o c e n t  b r u i t .  An envel ope
#

o f  t h i s  cu r ve  would c o n t a i n  t h r e e  p e a k s . The f i r s t  envel ope 

peak i s  what  i s  c a l l e d  the f i r s t  h e a r t  sou nd ; t he second peak 

c o n t a i n s  the c e r v i c a l  b r u i t ,  and t he t h i r d  peak i n  t he envel ope 

i s  t he  second h e a r t  sound.  Th i s  p l o t  a c t u a l l y  cove r s  on l y  

about  h a l f  o f  t he  normal  h e a r t  bea t  c y c l e ,  bu t  t he o t h e r  h a l f  

i s  c o m p a r a t i v e l y  l e v e l  or  s i l e n t .  F i g .  6 shows t h a t  p a r t  o f  

t he h e a r t  c y c l e  whi ch was chosen as a b r u i t  sampl e.  I t  i s  

t h a t  subse t  o f  t he p r e v i o u s  p l o t  whose p o s i t i o n  i s  i n d i c a t e d  

i n  F i g .  5. As can be seen,  t he a t t e m p t  t o  ex c l ude  t he f i r s t  

h e a r t  sound was no t  c o m p l e t e l y  s u c c e s s f u l  i n  t h i s  case.  F i g s .

7 and 8 are t he h i s t o g r a ms  f o r  F i g s .  5 and 6,  r e s p e c t i v e l y .

F i g .  9 i s  a p l o t  o f  50 c o e f f i c i e n t s  i n  the energy  spect rum f o r  

t he i n n o c e n t  b r u i t  o f  F i g .  6. F i g s .  10 t h r ough  14 are s i m i l a r  

t o  Figs. .  5 t h r oug h  9,  bu t  are f o r  a s t e n o t i c  b r u i t .  . Note i n  

F i g .  10,  t he  n o i s y  p a r t  o f  a s t e n o t i c  b r u i t  b e a t ,  t h a t  t he 

f i r s t  h e a r t  sound i s  no t  e a s i l y  d i s t i n g u i s h e d  f r om the b r u i t .
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FIGURE 8. HISTOGRAM OF AN INNOCENT BRUIT SAMPLE 029763-512-H)
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FIGURE II. STEN O TIC  BRUIT SAMPLE (129379-4-A)
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FIGURE 13. HISTOGRAM OF A STENOTIC BRUIT SAMPLE (129379 -4 -A )
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| A v i s u a l  e x a mi n a t i o n  o f  t he  b r u i t  waveform p l o t s  o f  t he 

sampled p o p u l a t i o n s  f a i l e d  to r e v ea l  any o u t s t a n d i n g  d i f f e r ­

ences between t he s t e n o t i c  waveform and t he i n n o c e n t  wave f o r m. 

Whi l e  t he  i n n o c e n t  waveforms f rom one p a t i e n t  may be s i m i l a r ,  

t h e i r  v a r i a t i o n  between i n n o c e n t  p a t i e n t s  i s  about  as much as 

between an i n n o c e n t  and a s t e n o t i c  p a t i e n t .  ,

The appearance o f  t he b r u i t  h i s t o g r a ms  i s  a f f e c t e d  not  

o n l y  by t he d i f f e r e n c e s  between any two h e a r t  beat s  o f  an 

i n d i v i d u a l  bu t  a l s o  by t he  d i f f e r e n c e s  i n  sample p o s i t i o n ,  

sample l e n g t h ,  and by t he d i f f e r e n c e s  between i n d i v i d u a l s .  No 

c o n c l u s i o n s  whi ch would he l p  to s e p a r a t e  t he two b r u i t  

f a m i l i e s  c ou l d  be drawn f rom a v i s u a l  e x a mi n a t i o n  o f  the 

hi  s tograni  pi  o t s  .

P l o t s  o f  t he energy  s p e c t r a ,  w h i l e  c o n t a i n i n g  as much 

i n f o r m a t i o n  as t he s i g n a l  or  h i s t o g r a m p l o t s ,  appear  i n  a 

s i m p l e r  v i s u a l  f o r m . V i s u a l  e x a mi n a t i o n  shows t he s t e n o t i c  

s p e c t r a  to have more peaks t han t he i n n o c e n t  spectra- . ,  thus 

s u g g e s t i n g  t he i dea o f  a ma j o r  peak count  f o r  i d e n t i f i c a t i o n  

p u r p o s e s .

R e l a t i n g  B r u i t  C h a r a c t e r i s t i c s  t o  t he I n n oc e n t  or  S t e n o t i c  
P o p u l a t i o n

To demon s t r a t e  t he  success o f  us i ng  a b r u i t  c h a r a c t e r i s t i c ,  

such as t he number o f  ma j o r  s p e c t r a l  peaks,  t o  p r e d i c t  d i s e a s e ,  

i t  must  be shown t h a t  t h i s  c h a r a c t e r i s t i c  i s  dependent  on t he

- 4 0 -
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p o p u l a t i o n ,  e i t h e r  i n n o c e n t  o r  s t e n o t i c ,  f rom whi ch i t  i s  

t a k e n . In o r d e r  t o t e s t  t he  i ndependence o f  t he v a r i a b l e  or  

b r u i t  c h a r a c t e r i s t i c ,  a t  t e s t  f o r  t he s i g n i f i c a n c e  o f  t he 

d i f f e r e n c e  between two sample means was us e d . The t  t e s t  

i n v o l v e s  making t he assumpt i on  t h a t  t he mean o f  t he  s t e n o t i c  

c h a r a c t e r i s t i c  i s  equal  t o  t he mean o f  t he i n n o c e n t  c h a r a c ­

t e r i s t i c ;  t h i s  assumpt i on  i s  c a l l e d  t he  n u l l  h y p o t h e s i s .  A 

t  t e s t  o f  t he  peak coun t  c h a r a c t e r i s t i c  compares t he  mean and 

v a r i a t i o n  o f  a l l  t he  i n n o c e n t  peak r e s u l t s  w i t h  t he  mean and 

v a r i a t i o n  o f  a l l  t he s t e n o t i c  peak r e s u l t s  t o  show how we l l  

t h a t  c h a r a c t e r i s t i c  can be used to se p a r a t e  t he two p o p u l a ­

t i o n s .  The t  va l ue  and i t s  a s s o c i a t e d  a l pha p r o b a b i l i t y  w i l l  

a l l o w  r e j e c t i o n  o f  t he n u l l  h y p o t h e s i s  i f  t he  d i f f e r e n c e  i n  

t he  two f a m i l y  means c o u l d  no t  be o b t a i n e d  by random sampl i ng  

f rom a s i n g l e  p o p u l a t i o n .  For exampl e ,  l o o k  a t  a t  t e s t  o f  

t he  s t e n o t i c  p o p u l a t i o n  s p e c t r a l  peaks versus  t he  i n n o c e n t  

p o p u l a t i o n  peaks.  Suppose a va l ue  o f  t i s  computed w i t h  

a p p r o p r i a t e  degrees o f  f reedom whi ch co r r esponds  t o  an a l pha 

p r o b a b i l i t y  l e v e l  o f  0 . 0 5 .  Th i s  would mean t h a t  t h e r e  i s  o n l y  

one chance i n  20 t h a t  t he  s t e n o t i c  p o p u l a t i o n ' s  mean number o f  

peaks c ou l d  come f rom a random sampl i ng  o f  t he i n n o c e n t  b r u i t ,  

s p e c t r a l  peak p o p u l a t i o n .  The two p o p u l a t i o n s  c o u l d  be .said 

to be i ndepe nde n t  w i t h  95% c e r t a i n t y .

Tab l e  11 g i ves  t he  r e s u l t s  o b t a i n e d  us i ng t he  t  t e s t  t o

-41 -
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TABLE I I

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

C h a r a c t e r i s t i c I n n o c e n t
Mean

S t e n o t i c
Mean

Degrees
Freedom

T
Tes t

Alpha 
P r o b .

Hi s t o g r a m

St andar d  d e v . 31 5.7 324. 0 T 31 0. 782 .5

V a r i a t i o n 105090.0 I 07580.0 I 31 0.315 .8

F i r s t  moment - 7 0 7 . 5 - 5 6 5 . 0 131 0.952 .4

Z e r o - C r o s s i n g

Frequency 175.3 273.5 131 9.000
*

S p e c t r a l  A n a l y s i s

Energy-Band w i d t h  123.3 • 188.4 11 5 7.732 —

Energy-Mean
f r e q u e n c y

82 . 0 130.7 . 115 7 . 6 0 4 —

Number o f  ma j o r  
peaks

5.23 7.55 112 5.577

"

*
P r o b a b i l i t y  o f  a l a r g e r  t  i s  l es s  t han .001.
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t e s t  t he  s i g n i f i c a n c e  o f  t he  d i f f e r e n c e  between t he i n n o c e n t  

and s t e n o t i c  mean o f  each c h a r a c t e r i s t i c  used i n  t h i s  s t udy  — 

s t a n d a r d  d e v i a t i o n ,  v a r i a t i o n ,  f i r s t  moment , zer o  c r o s s i n g  

f r e q u e n c y ,  ener gy - band  w i d t h ,  energy-mean f r e q u e n c y ,  and 

number o f  ma j o r  s p e c t r a l  p e a k s . In l o c a t i n g  a c h a r a c t e r i s t i c  

whi ch w i l l  r e l i a b l y  s e p a r a t e  t he  b r u i t  f a m i l i e s  i t  i s  i mp o r ­

t a n t  t o  m i n i m i z e  t he t ype  I e r r o r ,  f a l s e  r e j e c t i o n  o f  t he  n u l l  

h y p o t h e s i s ,  so t h a t  t i me  and money are no t  wasted wor k i ng  w i t h  

ma r g i na l  c h a r a c t e r i s t i c  t e s t s . T h e r e f o r e , i t  would be 

r e as on ab l e  to chose an a l pha p r o b a b i l i t y  o f  0.01 as t he 

d i v i d i n g  l i n e  between r e j e c t i o n  and accept ance o f  t he n u l l  

h y p o t h e s i s .  As seen f rom Tab l e  I I ,  t he  n u l l  h y p o t h e s i s  can 

be r e j e c t e d  f o r  a l l  but  t he  h i s t o g r a m c h a r a c t e r i s t i c s .

The sample c r o s s - s e c t i o n  whi ch has been used i n  t h i s  

s t ud y  i s  q u i t e  i r r e g u l a r .  A l t h o u g h  t h e r e  are samples f rom 

s e v e r a l  i n d i v i d u a l s  w i t h  each t ype  o f  b r u i t ,  t he  number o f  

useab l e  samples f rom each person v a r i e s  c o n s i d e r a b l y .  One 

i n d i v i d u a l -  f u r n i s h e s  about  70% o f  t he s t e n o t i c  b r u i t  s amp l es ; 

a n o t h e r  i n d , i v i d u ;al  f u r n i s h e s  about  50% o f  t he i n n o c e n t  b r u i t  

sampl es ;  and a t h i r d  i n d i v i d u a l  f u r n i s h e s  about  25% o f  the 

i n n o c e n t  b r u i t  sampl es.  Because t he two means,  i n n o c e n t  and 

s t e n o t i c ,  i n  each o f  t he  t e s t s  t a b u l a t e d  i n  Tab l e  11 are so 

g r e a t l y  i n f l u e n c e d  by the va l ues  f rom t h r e e  i n d i v i d u a l s ,  t he 

mean o f  each i n d i v i d u a l  sampled must  be checked t o  i n s u r e
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t h a t  he. can be c o n s i d e r e d  a member o f  t he  p o p u l a t i o n  whose 

mean he he l ps  t o  e s t a b l i s h .  Th i s  check i s  de t e r mi ned  by a 

t  t e s t  between t he i n d i v i d u a l ' s  mean and each f a m i l y ' s  mean.

In a t  t e s t  between an i n d i v i d u a l  and t he i n n o c e n t  

p o p u l a t i o n  one must  m i n i m i z e  t he p o s s i b i l i t y  o f  f a l s e l y  

a c c e p t i n g  t he  n u l l  h y p o t h e s i s ,  a t ype  11 e r r o r ,  so the, 

r e j e c t i o n  p o i n t  shou l d  be se t  h i g h ;  say a t  t he 0. 05 l e v e l .

In t he t  t e s t  between an i n d i v i d u a l  and the s t e n o t i c  p o p u l a ­

t i o n  t he  t ype  I e r r o r  i s  t he  l e a s t  d e s i r a b l e  and t he  r e j e c t i o n  

l e v e l  shou l d  be s e t  l ow;  say a t  t he 0.01 l e v e l . In o t h e r  

wor ds ,  care must  be t aken so t h a t  a d i seased  a r t e r y  i s  not  

j udged  h e a l t h y  even a t  t he  r i s k  o f  c l a s s i f y i n g  some h e a l t h y  

a r t e r i e s  as d i s e a s e d .

The r e s u l t s  o f  t he  ma j o r  peak c o u n t i n g  t e s t  are shown 

i n  Tab l e  I I I .  Compar ing t he mean number o f  peaks f o r  each 

s t e n o t i c  p a t i e n t  w i t h  t he mean o f  t he i n n o c e n t  p o p u l a t i o n  i t  

can be seen t ha t  t he  n u l l  h y p o t h e s i s  would be r e j e c t e d  at, t he 

0 . 05 p r o b a b i l i t y  l e v e l  i n  a l l  cases bu t  one.

Compar ing t hese  same p a t i e n t s  w i t h  t he s t e n o t i c  p o p u l a ­

t i o n  we see t h a t  a t  t he  0.01 l e v e l  t he n u l l  h y p o t h e s i s  can i n  

no case be r e j e c t e d .  Al  I o f  t he  s t e n o t i c  b r u i t  p a t i e n t s  have 

been c o r r e c t l y  i d e n t i f i e d  w i t h  t h i s  c r i t e r i a .  Now compar ing 

each i n n o c e n t  p a t i e n t ' s  mean w i t h  t he  i n h o c e n t  p o p u l a t i o n  mean,  

we r e j e c t  t he  n u l l  h y p o t h e s i s  for .  .one p a t i e n t  o n l y ,  . i d e n t i f y -

- 4 4 -
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TABLE I I I

T TESTS ON THE NUMBER-OF MAJOR PEAKS OF THE BRUlT SPECTRA

P a t i e n t  Tes t ed Wi th
I n n o c e n t

P o p u l a t i o n

Wi th
S t e n o t i c

P o p u l a t i o n

E E
V ) O > 5 O > 5
Q) * a - P - o P

LO CU •1--- CU •r—
C L C C CU I---- CU r—

E O (V3 fO S - -I--- S - •r—

CO • f — CD CU Li- - Q U - - Q
(Z ) 4 -) Z  CL. _ c CO J C CO

( 0 4- -P C J D 4- - p C J D
4 - U 1/5 4 - O •1— O O O •i— O O
O • r - -  O 5  - P •1— S- S  u •r— S-

- p 4— - P CO C -P Q - CO *1— P O -
S - C • r -  S - C  S - CU - P  CU CO CU - P  - P cd
0 ) O - P  CU CU CU CU CO O r— CO CU CO O I— Cd

•1— C  JO •r~  J D S - CU O Z5 - C S- CU c O

E -P CU E - P  . E CD 1— S= C L C L CO I -  OJ C L C L
Z3 rd " O  =3 CO =3 CU C O CU P O
Z CL. n  Z O -  Z Q t— > -> O- = C a t— (Z) Cl <

I n n o c e n t  B r u i t  P a t i e n t s

31 132323 4. 94 63 0.62 0.60 78 5.03
I 5 I 29768 5.87 63 I .07 0. 30 62 2.67 0.01
77 122252 4. 86 63 0.44 0. 70 54 3.01 0.01

5 1 33441 . 7. 60 63 2.34. 0. 05 52 0. 04 0.90
3 50268 3. 33 63 I .51 0.20 50 3. 18 0.01
2 1 1 6971 4. 50 63 0.48 0. 70 49 I .88 0.10
2 131824 4. 00 63 0.80 0. 50 49 2.20 0.05

S t e n o t i c B r u i t P a t i e n t s

35 I 29379 7.11 98 4. 20 ■ 47 0.89 0.40
4 I l l l l T 7.50 67 2.04 0.05 47 0.04 0.90
4 115,326 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 I .48 0. 20 47 0.03 0.90
I 124918 11.00 64 2.66 0.01 47 I .51 0.20
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i ng s i x  ou t  o f  seven c o r r e c t l y  w i t h  t h i s  c r i t e r i a .  Compar ing 

t hese i n n o c e n t s  w i t h  t he  s t e n o t i c  p o p u l a t i o n  t h e r e  are t h r e e  

cases where t he n u l l  h y p o t h e s i s  cannot  be r e j e c t e d , g i v i n g  

o n l y  57% accu r acy  w i t h  t h i s  t e s t .  The accu r acy  o f  t he t  t e s t  

i d e n t i f i c a t i o n s ,  summar i zed i n Table.  V I I  show t h a t  t h i s  

c h a r a c t e r i s t i c  i s  v e r y  s u c c e s s f u l  i n  s e p a r a t i n g  t he  s t e n o t i c  

b r u i t  f rom t he  i n n o c e n t  b r u i t .

The r e s u l t s  o f  t he i n d i v i d u a l  t  t e s t s  f o r  energy-band 

w i d t h ,  energy-mean f r e q u e n c y  and zero c r o s s i n g  f r e q u e n c y  are 

t a b u l a t e d  i n  Tab l es  I V ,  V, and VI r e s p e c t i v e l y ;  a l l  t h r e e  

showed pr omi se i n  Tab l e  I I .  A l t h o u g h  t hese t h r e e  c h a r a c t e r ­

i s t i c s  a l s o  show some t r e n d '  t owar d  c o r r e c t  p r e d i c t i o n  o f  

s t e n o s i s ,  t h e r e  are s e v e r a l  cases i n  each t a b l e  o f  r e s u l t s  

where an i n n o c e n t  p a t i e n t  i s  shown t o  be most  l i k e l y  c l a s s i ­

f i e d  as s t e n o t i c  o r  t he  o p p o s i t e  m i s t a k e  i s  made. I t  i s  f e l t  

t h a t  t hese  d i s c r e p a n c i e s  may d i s a p p e a r  w i t h  an a c c u r a t e ,  more 

u n i f o r m  sampl i ng  p r o c e d u r e , and w i t h  a l a r g e ,  more ba l anced 

popu la t ion-

Table- VI ! . su mmar i z es  t he accu r acy  o f  t he  t e s t s  shown i n 

Tab l es  I I I  t h r oug h  V I .  I t  c l e a r l y  shows t h a t  we have b i ased 

our  t e s t  t o  c o r r e c t l y  d i agnose t he s t e n o t i c  b r u i t  over  the. 

i n n o c e n t  b r u i t ,  and a l l  f o u r  c h a r a c t e r i s t i c  t e s t s  show good 

r e s u l t s  i n  t he  t  t e s t  between t he s t e n o t i c  p a t i e n t  mean and 

t he s t e n o t i c  p o p u l a t i o n  mean. The ma j o r  peak c o u n t i n g  t e s t
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TABLE IV

T TESTS ON THE'ENERGY-BAND WIDTH OF THE BRUIT'  SPECTRA

- 4 7 -

P a t i e n t  Tes t ed Wi th
I n n o c e n t

P o p u l a t i o n

Wi th
S t e n o t i c

P o p u l a t i o n

E
(Z) O
CD -o

i— CD
C L Q C CD
E O rd S-
fd CD ' L U

OO +-> s : - C
rd S Z M - -P

4- U ( / I  -P O •t—
O •r— -  " O

-P 4- -P T- CO
S- C T— S- C 3 CD -P
CD CD -P CD CD 'CD CO

- Q T - . C _ Q •i— ~o S- CD
E -P CD E -P C CO I—
23 CO - O  23 fd fd CD.

Z CL. i— i Z C u  CO Q I—

C S2
O E O

- I - >> O •r— > 3
-P 4-> -o -P -P
fd 'I— CD fd T-

I 1" CD r—

25 S- 23
CL _Q Lu CL S i

O rd S Z  O fd
Cu _Q M- -P Q- _n

O O •r— O
-P S- ^  U S-
C o_ CO Cu
CD CD -P -P
O rd CD CO O fd
O S Z S- CD £2 S Z
C CL CO H  CD CL
C I ■ CD -P " N—

< Q H- OO <

I n n o c e n t  B r u i t  P a t i e n t s

I 6 129768 130. 66 0.51 ■ 0.7 63 6. 38 — —
33 132323 97 . 66 • 2.41 0.02 80 10. 09 — —

7 122252 I 63. 66 2.02 ■ 0.05 54 I . 98 0.1
3 50268 89. 66 1.12 0.3 50 4 . 99 —■ —
2 I 66 971 ' 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

S t e n o t i c B r u i t P a t i ent s

35 129379 I 91 . 101 7. 42 47 0.37 0.8
4 1 1 5326 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 . 6 9- 3. 59 — — 47 2. 20 0.05
2 131921 I 20. 68 0. 10 0.9 47 2. 88 0.01
I 1 2491 8 ’ 180. 67 I .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

P a t i e n t  Tes ted Wi th
I n n o c e n t

P o p u l a t i o n

Wi th
S t e n o t i c

P o p u l a t i o n

CO
CD CO

i— C L
C L C C  CJ
E O cd •»— -
fd CD

OO 4-> s : c

CO cd
4— U CO CD
O ♦ r - -  s :

- p
S- C  T- C  > )
CD CD -P CD CD CO

J D T- C _ Q T- S-
E -P CD E -P CD
=3 Cd " O =3 cd sz

CL. t— I z : CL LU

C
E O
O >>

XJ ' -P -P
CD cd T-

CD r—
S- Z3 T-

U_ CL JD
-C O cd

4- -P CL JD
O O

3: -P • S-
CO SZ D_
CD -P CD
CD CO CJ cd
S- • CD O S Z
O) 1— C CL
CD . C
Q h - i—« • <

-c
E O
O >)

XJ -P -P
CD. cd •r—
CD p—
u . =3

Ll CL S Z
S Z  O cd

4- -P CL JD
O O

3: U S-
CO CL
CD -P -P
CD CO O' <d
S- CD C JC
C7> !-C D  ' CL
CD -P r—
CD I— OO <

I n n o c e n t B r u i t P a t i e n t s -

16 I 29768 89. 66 0.73 0.5 63 • 5.31
33 132323 61 . 6 6 2.88 0.01 80 11.03 —

7 I 22252 85. 66 0.20 0.9 54 4. 08
5 I 33441 149. 66 3.89 — 52 I .35 0.2
3 50268 76. 66 0.29 0.01 50 3. 26 0.01
2 ■ 1 1 6971 114 . 6 6 1.19 0.3 49 0 . 78 0.5
2 131824 171 . 66 3.32 0.01 49 I . 93 0.1

S t e n o t i c B r u i t P a t i e n t s

35 I 29379 I 23. I 01 6.40 — — 47 ■ 1. 14 0.3
4 1 1 5326' 115. 70 I .78 0,1 47 I .01 0.4'
4 111111 154. 70 3. 78 — — 47 I .55 0.3
3 222222 21 5. 69 6.06 — 47 4. 92 — —

2 I 31921 I 00. 68 ' 0.66 0.6 47 I .50 0.3
I 124918 124. 67 1.11 ' 0.3 • 47 0.23 0.9
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. TABLE VI .

T TESTS ON THE ZERO-CROSSING FREQUENCY OF THE SAMPLES

P a t i e n t  Tes ted Wi th Wi th
I n n o c e n t  ■ S t e n o t i c

P o p u l a t i o n P o p u l a t i o n

> )
CO U
CU C

I— CU
CL C C  CS
E O rti c r
rti CU CU

OO 4-> s :  s-
rti Lu

M- U U l

O -  CD
-P  <P -P  C

S- C  ' I - S- C  T-

0) CU -P OJ CU CO
JD T- C JD •1— to
E -P  CU E -P  O
=3 rti mO 3 (ti S-
z : CL I—1 Z D - O

C
E O
o .

XJ -P -P
CU (t i T—
OJ r —
S- DS •r—

LU CL J D
-C  o rti

M- -P  Cl J D
O O

S-
to C CL
CU -P  CU
CU to CJ rti
S- CU O J=
CD H  C CL
CU C

O H - J-H <

C
E O
O
XJ -P
CU rti
CU
S- =5
Lu CL

J= O
M- -P CL
O

3: U
to
CU -P -P
CU CO O
S- CU C
Cti H- CU
CU -P
CD H- OO

-p

J D
rti

J D
Oi-

O -

I t iJD
C L

<

I n n o c e n t  . B r u i t  P a t i e n t s

41 132323 146. 72 2.99 0.01 98 11 .27 — —

16 I 29768 181 . 72 0.41 0.7 ■ 73 5.33 — —

7 I 22252 212. 72 I .60 0.2 64 2. 36 0.50
3 50268 167 . 72 0. 26 0. 8 60 2.72 0.01
2 I 6 6.971 249. 72 I .75 0.1 59 0.51 0.7
5 I 33441 322. 72 5.45 — — 62 I .57 0.2

S t e n o t i c  B r u i t  P a t i e n t s

46 129379 257 . . 118 8. 57 — — 57 I .51 0.2
4 1 1 5326 249. 76 2.51 0. 02 57 0. 70 0.5
4 222222 ' 465 . 76 9.86 — — 57 5.63 — —

2 131921 I 99. 74 0.58 0. 6 57 I .54 0.2
2 111111 399. ■ 74 5.38 — 57 2.61 0.02
I I 2491 8 263. 73 I .49

C
MO

57 0.16 0.8



TABLE V I I

T TEST ACCURACY*

C h a r a c t e r i s t i c  I n n o c e n t  B r u i t s  
used f o r  Tes t  Compared to

S t e n o t i c  B r u i t s  
Compared to

Al  I P a t i e n t s  
Compared to

I n n o c e n t  S t e n o t i c  I n n o c e n t  S t e n o t i c  I n n o c e n t  S t e n o t i c  
P o p u l a t i ,dn P o p u l a t i o n  P o p u l a t i o n  P o p u l a t i o n  P o p u l a t i o n  Po p u l a t i o n  

p = 0 . 05"  pr=0.Ql p = 0 .05 p = 0 .01 p = 0 .05 p = 0.01

Ma j o r  Peak
Count 86% 57%

Zero Cr oss i ng  
Frequency 67% 50%

Energy-Mean
Frequency 43% 57%

90% Energy
Band Wi dth ' - 43% 43%

83% 100% 85% 77%

67% 83% 62% 62%

50% 83% 46% 69%

50% 67% 46% 54%

Given i n  pe r c en t ag e  o f  c o r r e c t  d i a g n o s i s .

-5
0

-
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i s  shown t o  be t he b e s t  o v e r a l l  d i a g n o s t i c  t o o l ,  f o l l o w e d  i n  

accu r acy  by t he  zero c r o s s i n g  t e s t ,  t he energy-mean f r e que nc y  

t e s t  and t he 90% energy  band w i d t h  t e s t  r e s p e c t i v e l y .

The c e n t e r  or  energy-mean f r e q u e n c y  and band w i d t h  o f  

t he b r u i t s  used i n  t h i s  s t udy  are shown f o r  each i n d i v i d u a l  

i n  Tab l es  IV and V. The mean va l ues  o f  a l l  c h a r a c t e r i s t i c s  

are shown f o r  t he two p o p u l a t i o n s  s t u d i e d  ( Tab l e  V I I I ) .

TABLE V I I I

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

I nnocen t S t e n o t i c

Energy Spect rum Mean Frequency 81 .96 Hz ■ 130.7 Hz

Energy Spect rum 90% Band Width 123.3 Hz 188.4 Hz

Zero Cr os s i n g  Frequency 175.3 Hz 273.5 Hz

Ma j o r  S p e c t r a l  Peaks 5.23 Hz 7.55 Hz

Problem Areas

The a u t h o r  was r e s p o n s i b l e  f o r  choos i ng the'  p e r i o d  o f  

t he  a r t e r i a l  no i se  to be sampled.  The p o l i c y  e s t a b l i s h e d  was 

t o  ex c l u de  t he f i r s t  and second h e a r t  sounds whi ch  are t r a n s ­

m i t t e d  t h r oug h  t he b l ood and a r i s e  f rom t he c l o s i n g  o f  h e a r t  

v a l v e s .  11 has been shown ( Br aun ,  ejt aj_, 1 9 66) t h a t  t he



- 5 2 -

c e r v i c a l  b r u i t  can v a r y  i n  l e n g t h  and i n  p o s i t i o n  r e l a t i v e  to 

t he f i r s t  and second s o u nds . Braun t h e o r i z e d  t h a t  t h i s  v a r i a ­

t i o n  i t s e l f  may be an i d e n t i f y i n g  mark ,  s i nce  t he  s t e n o t i c  

b r u i t  seems t o  be l o n g e r ,  e x t e n d i n g  c l o s e r  t o t he  second 

sound t han the i n n o c e n t  b r u i t .  Any i d e n t i f i c a t i o n  o f  

p o s i t i o n  i s  d e s t r o y e d  by o m i t t i n g  t he  f i r s t  and second s o u nds , 

bu t  t he  r e a s on i ng  used here was t h a t  t o  f i n d  t he  c h a r a c t e r ­

i s t i c s  un i que t o  t he  b r u i t  n o i s e ,  a l l  o t h e r  sounds . must  be 

removed.  D i f f e r e n c e s  i n  l e n g t h  may show up i n t he  band w i d t h  

t e s t  - -  s h o r t  samples hav i ng  a w i d e r  energy band t han l ong 

samples o f  t he  same s i g n a l  . (Cochran. ,  ejt aj_, 1 966) But  t he 

s a mp l e s . t a k e n  i n  t h i s  s t ud y  d o n ' t  n e c e s s a r i l y  r e f l e c t  t he t r u e  

b r u i t  l e n g t h  s i n c e  emphasi s was p l aced  on end i ng t he sample 

j u s t  b e f o r e  onset  o f  t he second sound,  r a t h e r  t han on t r y i n g  

to l o c a t e  t he  end o f  t he bru. i t .  n o i s e .  Th i s  c ou l d  e x p l a i n  

why t he band w i d t h  d i f f e r e n c e  shown i n Tabl e V I I I  i s  o p p o s i t e  

t han t h a t  ex p ec t ed .  I f  t he  s t e n o t i c  b r u i t  i s  l o n g e r ,  i t  

shou l d  haye t he s h o r t e r  band w i d t h .  Ano t her  p o s s i b l e  exp l ana -  

t i o n  i s  t ha t ,  t he  s t e n o t i c  b r u i t  has a more complex s i g n a l  

t han t he i n n o c e n t .

For  a l l  p a t i e n t s  c o n t r i b u t i n g  seven or  more b r u i t  

samples,  t o  t h i s  s t ud y  a sampl i ng  r a t e  o f  1 0 ,000 h e r t z  was 

u s e d , and band w i d t h  s t u d i e s  show t h a t  t he upper  f r e q u e n c i e s  

p r e s e n t  are w e l l  under  t he sugges t ed l i m i t  o f  500 c y c l e s  per
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second .. For  p a t i e n t s  w i t h  l ess  t han seven samples t he 

e a r l i e r  samp l i ng  method and s l o we r  sampl i ng  r a t e  was used . 

Band w i d t h  s t u d i e s  showed t h a t  t he f r e q u e n c i e s  p r e s e n t  i n 

t hese  b r u i t s  e x t e n d e d , i n  many c a s e s , 50 t o 100 h e r t z  above 

t he l i m i t  sugges t ed by Lees and Dougher t y  ( 1 966) .  T h e r e f o r e , 

t he  s p e c t r a  computed f o r  t hese  samples may not  be c o r r e c t ,  

bu t  w i t h  upper  f r e q u e n c i e s  we l l  under  t he l i m i t  sugges t ed by 

samp l i ng  t h e o r y ,  t hese  s p e c t r a  w i l l  be an app r o x i ma t e  r e p r e ­

s e n t a t i o n  o f  t he  a c t u a l  s p e c t r a .  A p o l ynomi a l  i n t e r p o l a t i o n  

f u n c t i o n  has been used t o  c o n v e r t  ou r  r eco r ds  t o  a p p r o p r i a t e ,  

l e n g t h s .  T h u s , t he  e f f e c t i v e  samp l i ng  r a t e  i s  s l o w e r  and t he 

upper  s i g n a l  f r e q u e n c y  l i m i t  i s  l ower ed some. N e v e r t h e l e s s ,  

a l l  o f  t he  s p e c t r a  used shou l d  s t i l l  be good a p p r o x i m a t i o n s .

There was some s y s t e m a t i c  e r r o r  p r e s e n t  i n  t he  sampl i ng 

p r oc es s .  The samp l i ng  p e r i o d s  were de t e r mi ned  as ment i oned-  

and t he  p r o p e r  t i me de l ay  s e t t i n g s  were d i a l e d  on t he  d i g i t a l  

c o n t r o l l e r .  In s e v e r a l  cases i t  was n o t i c e d  t h a t  t he  d i g i t a l  

c o n t r o l l e r  was samp l i ng  e a r l i e r  t han was e x p e c t e d ,  but  o n l y  

by  a f r a c t i o n  o f  a second whi ch was enough t o  i n c l u d e  the 

f i r s t  h e a r t  so u n d . Th i s  cou l d  p o s s i b l y  be caused by a no i se  

on t he v o i c e  channel  o f  t he  t ape near  t he t r i g g e r  s i g n a l .

The magne t i c  t ape was handl ed a g r e a t  deal  i n  s e t t i n g  

t he  p r o p e r  t i me  d e l a y s .  I t  was necessar y  t o s t op  and r e v e r s e  

t he  t ape q u i t e  o f t e n  i n  t he  area o f  t he  sampled b r u i t s ;  t he
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del  ays f o r  as many as t en  samples were measured f rom the same 

t r i g g e r  s i g n a l .  S i nce h i gh  q u a l i t y  t ape was used f o r  t he 

r e c o r d i n g s ,  t ape h a n d l i n g  shou l d  no t  have had much e f f e c t  on 

t he  s i g n a l  q u a l i t y .  The tape r e c o r d e r  used i n t h i s  s t udy  was 

no t  e x t r e m e l y  a c c u r a t e ,  but  i t  was a good q u a l i t y ,  mus i ca l  

t y p e ,  t ape r e c o r d e r  wh i ch  would be a v a i l a b l e  t o  most  d o c t o r s .

The a c t u a l  a c c o u s t i c a l  s i g n a l  o r i g i n a t i n g  i n  a s t e n o t i c  

l e s i o n  o r  o t h e r  b r u i t  p r o d u c t i o n  s i t e  may be q u i t e  d i f f e r e n t  

f rom t he s i g n a l  used i n  a s t udy  such as t h i s  because o f  

s e v e r a l  probl ems a s s o c i a t e d  w i t h  t he  r e c o r d i n g  p r oc es s .  The 

e f f e c t  t h a t  t he s k i n  may have as a f i l t e r  on t he  s i g n a l  i s  

unknown and s u b j e c t  t o  change w i t h  t he  i n d i v i d u a l  and w i t h  

t he l o c a t i o n  o f  t he  mi c r ophone .  Some work has been done on 

t h i s  prob l em by l o w e r i n g  a speaker  down t he esophagus,  bu t  t he  

i n t e r e s t  i n  t h a t  s t u d y  ( L e p e s c h k i n ,  e t  a l , 1957) was c en t e r ed  

on the.  c he s t  c a v i t y ,  no t  t he  neck a r ea .  Ac c o r d i n g  t o  Bruns '

gener a l  t h e o r y  (1959)  a f r e q u e n c y  s h i f t  can occu r  near . sound/
p r o du c i ng  ' o r i f i c e s , - .  The f r e q u e n c y  heard upst ream is- equal  t o  

t he  v o r t e x , s h e d d i n g  f r e q u e n c y , bu t  t he  f r e q u e n c y  heard down­

s t ream f rom t he o r i f i c e  i s  l ower  due to v o r t e x  coa l es c en c e .  

Th i s  e f f e c t , w i l l  a l s o  i n t r o d u c e  a v a r i a b l e  i n  t he recor ded 

s i g n a l  wh i ch  i s  a f u n c t i o n  o f  p o s i t i o n ,  not  o f  d i sease  or  

l a c k  o f  d i s e a s e .  The mi c rophone used here i n t r o d u c e d  a n o t h e r  

change in- the b r u i t  wa v e f o r m. Tt  i s  a s p e c i a l  t ype  o f  m i c r o ­
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phone,  .used by t he  medi ca l  p r o f e s s i o n , whi ch f i l t e r s  the 

s i g n a l  so t h a t  i t  d u p l i c a t e s  t he sound heard t h r o u g h  a s t e t h o ­

scope,  bu t  t h i s  f i l t e r i n g  i s  no t  t he  most  i m p o r t a n t  e f f e c t  o f  

t h i s  t ype  mi c r ophone .

Even though we may know what  t he c h a r a c t e r i s t i c s  
o f  t he c o n t a c t  mi c rophone i t s e l f  are when p l aced 
a g a i n s t  t he c h e s t ,  t he  v a r i o u s  c o n d i t i o n s  o r  ’ 
v a r i a b l e s  t h a t  e x i s t ,  due to t he  amount  o f  f a t  
u n d e r l y i n g  t he s k i n ,  t he  t oneness o f  t he s k i n ,  
how hard you p r e s s ,  and t he s t i f f n e s s  o f  t he 
m i c r o p h o n e . i t s e l f ,  are a l l  v a r i a b l e s  on whi ch 
I . canno t  g i v e  you any d a t a . They change f rom 
one s u b j e c t  t o  a n o t h e r  and are j u s t  a mass o f  
unknowns.  ( M. B . R a p p a p o r t , Sanborn Co. ,
B o s t o n , Mass.  1 9 57 )

I t -  i s  f e l t  t h a t  the- probl ems w i t h  sample l o c a t i o n ,  upper  

f r e q u e n c y  l i m i t a t i o n s ,  t ape h a n d l i n g  and r e c o r d i n g  accur acy  

due to a r t e r y ,  t i s s u e ,  mi c rophone and r e c o r d e r  response were 

o f  some s i g n i f i c a n c e  bu t  d i d  no t  i n v a l i d a t e  t he  r e s u l t s  o f  

t h i s  s t u d y .  The s t a t e d  purpose o f  t he  i n v e s t i g a t i o n  was 

accompl i shed  by ( I )  i d e n t i f y i n g  t he s t e n o t i c  f rom the 

i n n o c e n t  b r u i t  by f o u r  methods,  t he  most  s u c c e s s f u l  o f  whi ch 

c o n s i s t e d  o f  c o u n t i n g  t he ma j o r  s p e c t r a l  peaks,  and (2)  

d i s c o v e r i n g  t he  i m p o r t a n t  f r e q u e n c y  components f ound i n 

b r u i t s  ( Tab l e  V I I I ) .



I

V I I I .  CONCLUSIONS AND RECOMMENDATIONS 

Summary o f  Res u l t s  ,

- . The s t a t e d  purpose o f  t h i s  s t ud y  was to i d e n t i f y  the

s t e n o t i c  b r u i t  f r om t he  i n n o c e n t  b r u i t ,  and t o  l a b e l  p o s s i b l e  

i d e n t i f y i n g  f e a t u r e s  or  c h a r a c t e r i s t i c s  o f  each.  I t  was 

f ound t h a t  t hese  two f a m i l i e s  cou l d  be r e l i a b l y  s epar a t ed  by 

c o u n t i n g  t he number o f  ma j o r  peaks i n  a p e r i odogram (a form 

o f  t he  energy  d e n s i t y  spec t r um)  o f  t he  b r u i t . From the 

r e s u l t s  o f  a t  t e s t ,  r e j e c t i n g  t he n u l l  h y p o t h e s i s  a t  t he 

0.01 l e v e l ,  s i g n i f i c a n t  d i f f e r e n c e s  were f ound between the 

f o l l o w i n g :  ( I )  t he  mean number o f  s p e c t r a l  peaks - in s t e n o t i c

b r u i t s  (7. -55) and i n  i n n o c e n t  b r u i t s  ( 5 . 2 3 )  ; (2)  t he  mean 

zero c r o s s i n g  f r e q u e n c y  f o r  s t e n o t i c  b r u i t s  ( 273 . 5  Hz) and 

f o r  i n n o c e n t  b r u i t s  ( 175 . 3  Hz) ;  (3)  t he average energy 

s pec t r um,  mean f r e q u e n c y  f o r  s t e n o t i c  b r u i t s  ( 130 . 7  Hz) and 

f o r  i n n o c e n t  b r u i t s  ( 8 2 . 0  Hz) ;  and ( . 4 ) - t he  mean o f  t he energy 

spec t rum 90% band w i d t h  f o r  s t e n o t i c  b r u i t s  ( 188 . 4  Hz) and 

f o r  i n n o c e n t  b r u i t s  ( 123 . 3  Hz) .

T r e a t i n g  t he a c c o u s t i c a l  s i g n a l  as random s t a t i o n a r y  

no i se  and exami n i ng  t he h i s t o g r a m f o r  d i f f e r e n c e s  i n  v a r i a t i o n  

and f i r s t  moment was f ound t o be u n s a t i s f a c t o r y  f o r  d i f f e r e n ­

t i a t i n g  between i n n o c e n t  and s t e n o t i c  b r u i t s .  A l t h o u g h  no- 

d e f i n i t e  c o n c l u s i o n s  about  t he mechanism o f  b r u i t  can be
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drawn f rom t hese r e s u l t s .  Append i x  D sugges t s  some p o s s i b i l ­

i t i e s .

Fu t u r e  Work

Some d i f f i c u l t y  was encoun t e r ed  i n  sampl i ng  t he  b r u i t  

s e c t i o n  o f  t he a u s c u l t a t o r y  s i g n a l  w i t h o u t  i n c l u d i n g ,  p a r t s  

o f  t he  f i r s t  and second h e a r t  s o u n d s . By us i ng  t he  e l e c t r o ­

c a r d i o g r a p h  s i g n a l  t o t r i g g e r  t he  d i g i t a l  sampl i ng  p r oc es s ,  

i t  shou l d  be p o s s i b l e  t o  p i c k  ou t  t he b r u i t  p o r t i o n  o f  t he 

s i g n a l  more q u i c k l y  and r e l i a b l y .

I f  t he same number o f  d i s c r e t e  p o i n t s  cou l d  be used to 

c o m p l e t e l y  d e s c r i b e  each sampl e,  a compar i son o f  th.e p e r i o d o -  

grams would be more r e v e a l i n g  by m e r i t  o f  hav i ng compared 

e x a c t l y  t he  same f r e q u e n c y  components i n  each pe r i odogr am.  

E l i m i n a t i n g  t he  l eakage i n  t he f r e q u e n c y  spec t rum by d i g i t a l  

f i l t e r i n g  o f  t he F o u r i e r  c o e f f i c i e n t s  may be h e l p f u l  i n 

s t u d y i n g  t he spec t r um.  Th i s  t e c h n i q u e  was used by Mal i n g  

(1967)  t o  ob t a i n '  a c l o s e r  convergence t o  t h e o r y .

I t  i s  t he  a u t h o r ' s  b e l i e f  t h a t  s i n c e  zero c r o s s i n g  o f  

t he  raw s i g n a l  was so s u c c e s s f u l ,  a band f i l t e r e d  zero c r o s ­

s i ng  a n a l y s i s  would be as r e l i a b l e . i n  d i a g n o s i s  s t u d i e s  as i t  

has proved t o  be i n  t he  case o f  h e a r t  mur mur s . Th i s  t ype o f  

a n a l y s i s  can be made by an e l e c t r i c a l  c i r c u i t r y  s e t u p ,  t hus 

e l i m i n a t i n g  t he use o f  expens i ve  computer  t i me where e x t e n s i v e  

t e s t i n g  i s  i nvo l ved  .
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APPENDIX A

REVIEW OF SIGNAL THEORY AND FOURIER TECHNIQUES

F o u r i e r  Se r i e s

. I f  a f u n c t i o n  f ( . t )  can be expanded i n  t he  t i me  s e r i e s

f  ( t )  = 2"^ + ^ a.n cos ( i t ^) + b s i n  ( --Il7r^ ) ( A l )
^ n=l  n 1 . n 1

t hen t he c o e f f i c i e n t s  o f  t h i s  s e r i e s  can be f ound by the

E u l e r  f o r mu l a s  f o r  F o u r i e r  C o e f f i c i e n t s :
-+T/2

- 2 
: T

2
T

f ( t )  cos d t ,  n = 0 , 1 , 2 , . . .  (A2)
- T / 2

■T/2

- T / 2
f ( t )  s i n  [ —n-j—] d t ,  n = 1 , 2 , . . . '  (AS)

For  t he  t i me s e r i e s  i n  e q u a t i o n  ( I )  t o converge to t he t r u e

va l ue  o f  t he f u n c t i o n ,  f ( t ) , t he  s i g n a l  f ( t )  must  s a t i s f y  t he
1

D i r i c h i et .  c o n d i t i o n s :

W i t h i n  t he  f i n i t e  t i me i n t e r v a l  , - T / 2  t o  +T / 2 ,  
f ( t ) must  be s i n g l e  v a l u e d ;  must  have a f i n i t e  
number o f  maxima and mi n i ma;  must  possess a 

; f i n i t e  number o f  d i s c o n t i n u i t i e s  ; and must  
s a t i s f y  t he . i n e q u a l i t y :

' rT/2  . .
| f ( t )  | d t  < 0°

- - T / 2  I

I
The a c t u a l  t i me f u n c t i o n  f ( t ) c o r r e s p o n d i n g  to any 

p h y s i c a l  s i g n a l  w i l l  s a t i s f y  t hese c o n d i t i o n s  a l t h o u g h  some 
common ma t hema t i c a l  r e p r e s e n t a t i o n s  do no t .  (Cooper  and 
McGi H e m ,  1 967 )
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Wf th a l i t t l e  m a n i p u l a t i o n ,  t he  F o u r i e r  s e r i e s  i n  

e q u a t i o n  ( A l )  can be expressed i n  complex n o t a t i o n .  Using 

t he r e l a t i o n s h i p

e 1"9 = cos 0 + i s i  n 6 (A4)

i t  can be shown t h a t

cos nx = 1/2 ( e i n x  + e™1nx ) (AS)

and

s i n  nx = 1 / 2  ( e i n x  - e~i n x ) ,  where i = . (A6)

Now us i ng  e q u a t i o n s  (AS) and (AG) e q u a t i o n  ( A l )  becomes

f ( x )  = c + Z (c e i n x  + k e ' i n x ) 
0 n=l  n n

( A 7 )

where x = 2 i r t / T , c c
2 ’ c n ( a n - i bn ) / 2 ,  and kn= ( a n+ i b n ) / 2 .

The c o e f f i c i e n t s  can be f ound by t hese r e l a t i o n s
' T/  2 

Ic.'n . T f ( x )  e~ i n x  dx
- T / 2
T/ 2

T/ 2
f ( x ) e 1- nx dx

(A8)

( A 9)

But  i t  can be seen t h a t  k. c . so we can w r i t e
-  M

f  ( x ) = Z c ■ e 
n = -.“

i  nx
CO

Z
Yl=-CO c ne

i n 2 n t / T (AlO)

where c^ i s  now expressed by

I
T

+T/2

f ( x ) B- ^ nx dx ;  n 0,  I , 2, ( A l l )
- T / 2
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Now l e t  us c a l l  t he f undament a l  component  f r e q u e n c y  Uq , 

r e c o g n i z i n g  t h a t  t h i s  i s  a l s o  t he spac i ng  between components 

or  harmoni cs  (oo0 = 2 i r / T ) .  Now t he complex F o u r i e r  s e r i e s  can 

be w r i t t e n

f ( t )  = E c  exp( i na)  t )
n = -  co . 0

and t he c o e f f i c i e n t s  can be w r i t t e n

' T / 2
« 0/271

- T / 2
f  ( t )  e x p ( - i a ) Qn t )  d t

• (Al 2)

(Al 3)

F o u r i e r  T r ans f o r m

The F o u r i e r  i n t e g r a l  r e l a t i o n  can be d e r i v e d  f rom the 

complex F o u r i e r  s e r i e s  by t a k i n g  t he  l i m i t  as t he p e r i o d ,  I ,  

approaches i n f i n i t y .  L e t t i n g  I  -> «>, w dm, n =0 , and 

nu0 m, t he summat ion can be w r i t t e n  as an i n t e g r a l

f ( t j . ■ exp ( i m t ) [dm/  2tt
r+'

_ 00
f ( t )  e x p ( - i m t ) d t ]  (Al  4)

or

f ( t )  = 1 / 2 tt
Z +  CO Z +  CO

C f ( t )  e x p ( - i w t )  d t ]  e x p ( i w t )  dm.

(Al  5)

Equa t i on  (Al  5') i s  t he F o u r i e r  i n t e g r a l  r e l a t i o n ,  and t he 

i n n e r  i n t e g r a l  i s  c a l l e d  t he F o u r i e r  T r ans f o r m o f  f ( t ) ,

'  +  CO

f(.t) exp(-iMt) dt.& [ f ( t ) ]  = F( i M)
— CO

(Al  6)
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The f u n c t i o n  f ( t )  can be o b t a i n e d  f rom F( i w)  us i ng  e q ua t i o n  

(Al  5 ) .  We a c t u a l l y  have two comp l e t e  r e p r e s e n t a t i o n s  o f  t he 

f u n c t i o n :  f  ( t )  i n  t he  t i me domain and F(ioo) i n  t he  f r e q u e n c y

domain.

In r e p r e s e n t i n g  t he  b r u i t  s i g n a l  i t  can be assumed t h a t  

t he  va l ue  o f  t he f u n c t i o n  i s  zero o u t s i d e  o f  t he  sampl i ng  

p e r i o d ;  s i n c e  t h i s  p a r t  o f  t he s i g n a l  d o e s n ' t  i n t e r e s t  us i n  

t h i s  p a r t i c u l a r  i n v e s t i g a t i o n .  So w i t h  t he s t i p u l a t i o n  t h a t  

f  ( t ) =0 ;  t < T / 2 ,  t > T / 2  , t he  t r a n s f o r m  l i m i t s  can be changed, and

F ( i a)) =
f T/ 2

f ( t ) e x p ( - i w t )  d t .
- T / 2

(Al  7)

N o t i c e  t he s i m i l a r i t y  between e q u a t i o n  (Al  3) t he F o u r i e r  

s e r i e s  c o e f f i c i e n t s , and e q u a t i o n  (Al  7 ) ,  t he  F o u r i e r  t r a n s f o r m  

c o e f f i c i e n t s .

F i n i t e  D i s c r e t e  A n a l y s i s

" I f  d i g i t a l  a n a l y s i s  t e c h n i q u e s  are to be used f o r  

a n a l y z i n g  a c o n t i n u o u s  waveform then i t  i s  necessa r y  t h a t  

t he data be sampled ( u s u a l l y  a t  e q u a l l y  spaced i n t e r v a l s  

o f  t i me )  i n  o r d e r  t o  produce a t i me  s e r i e s  o f  d i s c r e t e  

samples whi ch can be f ed i n t o  a d i g i t a l  comput e r .  As i s  we l l  

known ( Cochr an ,  etr ad_. , 1 966) such a t i me  s e r i e s  c o m p l e t e l y  

r e p r e s e n t s  t he c o n t i n u o u s  wa v e f o r m, p r o v i d e d  t h i s  waveform i s  

f r e q u e n c y  band r l  imi  t ed  . . . "  ( Cochr an ,  ejt a]_. , 1 96 7 ) ,  and 

p r o v i d e d  t h a t  t he upper  l i m i t  i n  f r e q u e n c y  i s  g i v e n  by w , and
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03 ^  0 . 1 i r / At  r a d i o n s  per  second,  (Lees and Dou ghe r t y ,  1 966)

where At  i s  t he t i me  between sampled p o i n t s .

Le t  t he c o n t i n u o u s  p e r i o d i c  f u n c t i o n  x ( t )  i n  t he range 
T T

~2 — * — 2" (where T = NAt)  be r e p r e s e n t e d  by t he f i n i t e  

d i s c r e t e  f u n c t i o n  x ( j A t )  c o n s i s t i n g  o f  N t o t a l  samples w i t h  

j  = 0 , 1 , 2 , . . . N - I . To r e p r e s e n t  t h i s  d i s c r e t e  f u n c t i o n ,  x ( j A t )  

we can use t he d i s c r e t e  F o u r i e r  s e r i e s ,

x ( j A t )  = x ( j l )  = Z c ( n ) e x p ( ^ " ' " J )
n =  -co

2iri  n j (Al 8)

where

, N- I  9 T n i
c ( n ) = ^  Z x ( j  A t ) exp ( ~ 1TNnj  ) , n = 0 ,+ 1 , . . . ±=o (Al  9)

( Coo l ey ,  ert aj_, I 9 67 )
The f i n i t e  d i s c r e t e  F o u r i e r  t r a n s f o r m  can a l s o  be used, to 

r e p r e s e n t  x ( j A t )  ove r  t he i n t e r v a l  o f  i n t e r e s t  i n  t he  f o l l o w ­

i ng  manner :

, N- I  - . .
x ( j  A t ) = I  Z c (n)  exp. ( ^ 1 ^ )  , j  = 0 , l  , 2 ,  . .  . N- I  (A20)

n = 0
where

N-I
' c p (n)  = Z x ( j A t )  e x p ( ~-2] | i n j ) , n = 0 , I ,2 , .  . . N- I  . ' (A21 )

( Cochr an ,  et^ aj_, 1 967)

The f o l l o w i n g  deve l opment  o f  t he  r e l a t i o n s h i p  between the

F o u r i e r  s e r i e s  and t he  f i n i t e  F o u r i e r  t r a n s f o r m  i s  quoted.

f r om Coo l ey ,  ejt aj_, 1967.  j

RELATIONSHIP BETWEEN THE FOURIER SERIES AND THE FINITE 
FOURIER TRANSFORM

Suppose,  we have a f u n c t i o n  x ( t )  whi ch i s  p e r i o d i c
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o f  p e r i o d  I .  Then x ( t )  has a F o u r i e r  s e r i e s  
expans i on

x ( t )  = Z ■ c ( n ) e - 2,n' ( n t / T )
n = -oo

(A22)

where the c ( n )  are g i ven  by 
-T

c ( n ) = J x ( t ) e - 2 m ( n t / T )  ^
(A23)

Now, i f  we sample x ( t )  a t  N e q u a l l y  spaced p o i n t s  
between O and T , we ge ner a t e  t he sequence x-( jAt ' )  
where t  = T / N. Th i s  sequence i s  p e r i o d i c  o f  p e r i o d  
N; s u b s t i t u t i n g  i n  (A22)  , we o b t a i n

x ( j ' A t )  = x ( j T / N )
N- I CO

= E [ 2
n = 0 A= -
N-I

= E c n (nOIiC P

Thus , we see t h a t
t r a n s f o r m o f

c ( n ) e2 TT i ( n j  /  N)

2in' (n j ' / N) (A24)

Cri ( n ) = E c ( n + N ji)
P A=-GO

This'  i s  summar i zed by Theorem 2.

Theorem 2

I f  t he p e r i o d  f u n c t i o n  x ( t )  w i t h  p e r i o d  T has the 
F o u r i e r  s e r i e s  expans i on c ( n ) ,

x ( t )  c ( n )

t hen t he p e r i o d i c  sequence x ( j  A t ) o f  p e r i o d  N, 
where t  = T / N,  has t he  f i n i t e .  F o u r i e r  t r a n s f o r m  
c p (n' ) :

CO

x ( j  A t ) c (n)  = E c ( n + AN)
p A = - =
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From t h i s  we see t h a t  i n us i ng  t he a l g o r i t h m  f o r  
harmoni c  a n a l y s i s  we shou l d  p i c k  an N such t h a t  t he 
e r r o r  due t o  a l i a s i n g  i n t he a p p r o x i m a t i o n  o f  c ( n ) 
by E ^ ooC ( n + £N ) ■ i s a c c e p t a b l e .  Then l e t  At  = T/N 
f Ormxy x ( j A t ) , and t ake  i t s  f i n i t e  F o u r i e r  t r a n s f o r m .  
Ag a i n ,  as w i t h  t he F o u r i e r  t r a n s f o r m ,  i f  we l e t

c (n)  E c(n+£N)
F H=-oo

t hen c (n)  -  c ( n ) f o r  n = O , I ,2 , .  . . , N-/2
Cp ( N-n “  -  c ( -n ) f o r  n = - l  , -  2, . . . , -N/2 ( Co o l e y ,  e_t aj_, 1 9 67)

I f  we p i c k  N l a r g e  enough so t h a t  t he  f r e q u e n c y  compo­

nents  f o r  J n I N / 2 are n e g l i g i b l e  as would be t r u e  f o r  a 

band l i m i t e d  f u n c t i o n  w i t h  no components above go = i r / A t ,  t hen 

t he a p p r o x i m a t i o n s  i n  Theorem 2 above shou l d  become exac t  

e q u a l i t i e s :

c ( n ) = E c ( n + JlN) = c ( n ) , n = O , + I , + 2 , .  . . + N/2 
P S1=-C O

and

Cp(N-n)  = c ( - n ) , n = - 1 , - 2 , . . . - N / 2 .

As has been shown by Lees and Dougher t y  ( 1 966) , t he  a p p r o x i ­

ma t i ons  i n  Theorem 2 can be q u i t e  a c c u r a t e  even f o r  non-band 

l i m i t e d  f u n c t i o n s  p r o v i d e d  we l o o k  o n l y  a t  t he c o e f f i c i e n t s  

f o r  f r e q u e n c i e s  l owe r  than or  equal  t o O. I n / A t  radia'n-s per

s e c o n d .



Energy Spect rum

The energy  s p e c t r u m , P ( T ) 5 i s  o b t a i n e d  from t he  F o u r i e r  

t r a n s f o r m  c o e f f i c i e n t s  and i s  d e f i n e d  by

T f T / 2  • ,  0
P( f ) = Tim j  I x ( t ) e _1wt  d t | 2

T->oo 1 - T / 2

Th i s  d e f i n i t i o n  i n c l u d e s  p o s i t i v e  and n e g a t i v e  f r e q u e n c i e s ,  

bu t  t he usual  r e f e r e n c e  to t he energy  spect rum i s  f o r  

p o s i t i v e  f r e q u e n c i e s  r e f e r r i n g  t o  2 P ( f )  over  t he  range 0 < f .

S i nce we have c o n s i d e r e d  our  s i g n a l  t o have zero va l ue  

f o r  - T / 2  < t  < T / 2 ,  our  spec t rum i s  g i ven  by

P ( f )  = ( I / T ) F ( i w ) 2

We are o n l y  i n t e r e s t e d  here i n  t he  r e l a t i v e  magn i t udes  o f  

t he s p e c t r a l  va l ues  so t he c o n s t a n t  can be dropped and t he 

spec t rum can be expr essed as

2 P ( f )  = An2 + Bn2 .
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 n HISTOGRAM CHECK

C
C

THIS program  c h e c k s  t h e  H i s t o r a m  for  f i r s t
moment  VALUE, VARIATION,  AND STANDARD DEVIATION,
AND.FINDS THE PSEUDO-FREQUENCY OR ZERO-CROSS FREQUENCY

.OF THE BRUIT SIGNAL 
INTEGER BLANK, CLEAR,REM 
COMMON I X ( D O l O ) , N P f S , D T , LERR 
DIMENSION R E M ( I S ) , D I S C (6)
LOGICAL L I T / B R U I T  i
DATA BLANK/ '  ■ ■ ' /
L I T=-. TRUE.- 
WR I TE ( I  OS, 153') '

153 FORMAT( I X , ' S T E N 0 T l C ' T 1 6 ; ' S A M P L E ' T 3 2 , ' M A X  MEAN MOMENT NCROS' T 6 0 ,  
I  'CROSS FREQ' T 7 7 , ' V AR I A T I O N ' T 91 , ' S TA N DA R D D E v ' )

WR I T E ( 1 0 8 , 6 )
39 CONTINUE 

TREAD=I
REaD ( 1 0 5 , 1 5 0 , END=DDD,ERR=170) CLEAR 

150 FORMAT( IX,AA)
IF(CLFAR.NE*BLANK)  GO TO 170

98 CALL. CHECK(LIT)  .
I F ( , N O T , L I T )  GO TO 170" ''
LFRR=O' '
TREAD = P  ■ ,

REaD(NDSK( I ) , 5 , END=DSD,ERR-888)
CALL CHECK(LIT)
I F ( , NO T ,L I T )  GO TO 170 ' '
I READ = 3 - ■
REa DO-IDSK ( I )  , 7 ,END = 999,ERR = 888)  BRUIT,DISC-
CALL c h e c k ( L i t )' \  • ’ 1 ■ '
J F ( L I T )  GO TO 170
IREA-D = A ' .
READ(NDSK(I ) , 2 , END=DSD,ERR=888) NPTS 
CALL CHECK(LIT)
I E ( L I T )  G6 TO 170 
IREAD=B
READ( NDSK( I ) , A , ERRdSSS) NREC . . •.

I
O sI
CO
I



DT=•OOOl 
Z FORMAT(1415)
4 FORMAT( 15)
5 'FORMAT (80H

I  )
6 FORMAT( / / 5
7 FORMAT(L6,6A4)

IF (NPTS)170, 170/ 175 1175 TPI=6.P831852 
• -3 XniPTS = NPTS

PRD=(XNPTS-1 .> *DT
FST=TPIZPRD
FlNC=FST
Nl  = I
I NI 4 = I  4
N 14 = I NI  4
NCARD=( NPTSZI NI 4)
CRD=NCARO 
CDS=XNPTSZIN14 
IF(COS,EQ.CRD)  GO T8 51 
NCARD=(NPTSZIN14)+!

51 DO' 60 L = IzNCARD 
CALL CHECK(LIT)
IF ( L IT)GG TB 170 

' IREAD=A
REa D ( NDSK( I  ) ,  2,ERR = 8 8 8 ? ( I X ( I ) , I = N l , N 14)

42 FORMAT( 1515)
. DO 43 I L = M l , N14

43 CONTINUE
NI I = NI  + I NI  4 
N 14 - N 14 + I N14

60 CONTINUE . ’
TL=O
DB 41 I= IzNPTS 
TL = TL+IX.( I )

41 C&NTINUE
MFAN=TLZNPTS
KMAX=O
DB 40 • I = V  NPTS

-6
9

-



C REMOVE THE DC COMPONENT OF. THE SIGNAL 
IX(  D  = T X d  5 "MEAN
I F ( I A B s n X ( I ) D L T - K M A X )  GO TO 40
K M A X = I A B S f I X ( I ) ) '  •
IMAX= I X ( I )

40 CONTINUE . '
CALL ZCROS(NCROSZXHZ)
CALL• ■ DATAID(MEAN,KMAX,MOMENT,VARI A N ,STDEV)
WR I T E d  0 6 , 7 )  BRU I T ,  D I SC
WR I T E( 1 0 6 ,  1 5 5 ) BRU I T , ( DI SC( 1 1 ) , 11=1, 3 ) , I MAX,MOMENT,NCR0S,XHZ,VARI AN

I  ,STDEV
155 FORMATi 1,X, L I ,  I X ,  3A4,  I X, I 4 d X >  I 5,  I X ,  I 5 , 3  < I X, E14 • 5 ) )

WR I T E( 1 0 0 , 1 5 4 ) BRUI T , DT S C , I  MAX,MEAN,MOMENT,NCRQS , X H Z , VAR I AN,STDEV. 
154 FORMAT ( L 4 ,  I X ,  6A..4', I X ,  14,  I 6 , 2 X ,  16,  2X, I 5 / 3  ( 2 X , E14 . 5  ) )

GP TO 99
c error  r o u t i n e

170 CONTINUE
VJR I TE ( 108,  151 )

838 WR I T E ( 1 0 8 , 2 5 !READ,LERR
151 FORMAT('ERROR IN READING THIS SAMPLED
171 READ( 1 0 5 , 1 5 0 , END=999,ERR=SSS) CLEAR 

■IF(CLEAR-NE- BLANK) Ge TB 171 :
GO TO 98 ■ ^

999 CALL EXIT , ,
END ' D  "  •

70-
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l T
l PROGRAM PEAK

THIS PR9GRAM PLQTS THE ENERGY SPECTRUM,
PRINTS THp FIRST 5Q COEFFICIENTS,  .
AND COUNTS THE MAJOR PEAKS
D I MENS I QN RM ( 8 4 0 0 ) ,  RN ( 4 2 qo > ,DAT A ( . 2 , 4 2 0 0 ) '  TABLE ( 4200)  
DIMENSION I X (R400)
D I MENS'! QN DISCI  (20)
DIMENSION D I S C ( 6 )
DIMENSION PDS( 50)
COMMON Mj Nj RMj RN'
LOGICAL L I Tj BRUI T
DATA BLANK/ !  ' /  -
L I T = ' T R U E .
TPT=6 . 2 8 31 85 3  
IS = O
REWIND I  

99 CONTINUE
READ( 1 0 5 / 150 j END=999,ERR=170> CLEAR 
I F ( C L E A R , NE*BLANK) GO TO 170

'98 CALL CHECK ( L I T )
I F ( . N O T , L I T )  GO TQ 170 - ■ .

■READ(MDSK( 1 ) , 1 52 j END=999j ERR=888)DISC1 
152 FORMAT(20A4) ' . y

WR I T E( 1 0 8 ,  1 5 2 ) DI SCI 
CALL CHECK(LIT)
I F ( . NQ T ,L I T )  GO TO 170
RFAD(.NDSK-( I  > ,7 'END = 9 9 9 j ERR = 8 8 8 ) BRUI Tj D LSC 
WR I T E( 1 0 8 j 7 ) BRUI T j D I SC 1
CALL CHECK(LIT)
J F ( L I T ) . GO TO 170
READ( NDSK( I ) J 3> END = 9 9 9 j ERR = SSS) M _ '
MD I M = 8399
■IF(M»GT«MDIM) GO TO 170 
CALL CHECK(LIT.)
I E ( L l T )  GO TO 170
READ( NDSK( I ) j I / END= 9 9 9 / ERR=SSS) DT 

I  FORMAT(1X/ F14 ,3)



'I

2 F O RM A T( I X , 14)
3 FORMAT( 15)

- ' 4  FORMAT( i X , 15)
6 FO.RMAT( I X , / / )

' 7 FORMAK 1 X , L 5 , 6A 4 ) :  • ' - ,
12 F 0R M AT (4 ( 16 , SE 1 4 * 6 ) )  ' K

8 F 0 R M AT ( 4 ( 2X ^ I 4>2 ( I X , E1 3 « 6 ) ) )
5 FORMAT{ 80H

' I  )
H O  FORMAT ( 8QH '

I  . )
115 FORMAKI X ,  • ■ .MEAN? ' I R )
120 FORM AT ( I X ,  9 F l 2 > 3 )  ... ■ • ■ '
125 FORMAT( ' I ' )
131 FORMAT( 14F5 t O)
150 FORMAT( I X , A 4 )

C READ .IN DATA ' '
READ( 10 5 , 4 2 , END = 9 9 9 , ERR = 8 8 8 ) ( RM( I ) ,  I = 1,M) 

42 FORMAT( 15F5«0)
DO 38 1 = 1 , M- 

38 I X ( I ) = R M ( I )
C f i n d  POWER OF TWO OR n e x t  SMALLER 

RDn Gs =M 
MPTS=M
PT=ALPG(RDNGS)ZALOG( 2 . 0 )

' I T = I F I X ( P T )  ■
Ni = R * *  I T
RMAX=ABS( RM( I ) )
DO 25 J = I , M
I F ( AD S( R M( J ) ) - RM AX )  2 5 , 2 5 , 2 4

24 RMAX=ABS(RM(J) )
25 CONTINUE 

XMa X=RMAX
DO 32 1 = 1 , M
RM( I ) = 1 0 0 0 . * R M ( I ) / R M A X

C

32 CONTINUE 
CALL GNRATE
WE HAVE GENERATED RN(N) FROM RM(M) , 
DO 20 • 1 = 1 , N

MUST ADD IMAGINARY PART



' D A T A ( I j I ) - R N ( I )
DATA( 2 , I ) = 0 , 0  

20 CONTINUE
• CALL TAPER(DISC V D  ISCj NPt Sj D I j I X j BRUI T )  

CALL -FRT (DATA,TABLE,  I S , N , - I )
IS = -I
NR I T E( 1 0 8 ,  36)

36 FORMAT( / '  HZ PDS
IBN XLAM ' / )

• MPAN= IF I X ( DATA( I , 1 ) / F L 0 A T ( N ) )
U:R I TE ( I  OS, 115} MEAN
MF=NXZ-I
MFT=MF

' WR I T E( 1 0 8 , 3 7 )  MF
37 FORMAT( I X ,  'NUMBER OF COEFFICIENTS = ' 15) 

IF ( MFT »GT-50')  MFT = 5o
WR I T E( 1 0 6 , 7 )  BRUIT,DISC 
D" 111 K=1,MFT 
H Z = K / ( D T * ( M - D )
XLAM=TPDHZ ■
AN=2- *DATA( I , K+I ) / F L O A T ( N )
RN = S-VDATA( 2 , K + l ) /FLOAT (N) 
P0S(K)=AN**2+BN**2-
WR I T E ( 1 0 8 , 1 1 2 )  K,HZ,PDS(K) ,AN>BN,XLAM 
Iv1 R I T E ( I- O 6 > 112) K, H Z,P D S ( K ) , AN,BN, X'L AM 

112 FORMAT( I X , 1 3 , 7 ( 2 X , E 1 3 -6 ) ) .
I l l  CONTINUE

W R I T E ( I D S , 125)
WRITE( 1 0 8 , 7 ) BRUIT,DISC 
WR I TE ( 10-8,6)
CALL PEAK(MFT,PDS) '
CALL PLBT2( PDS,M F T , , TRUE.)
WR I TE( 1 0 8 ,  125)
GO TO g,9 
ERROR ROUTINE 

170 CONTINUE
WR I TE( 1 0 8 , 1 5 1 )

888 W-R I TE ( 1 0 8 , 6 )
151 FORMAT!'ERROR IN READING THIS SAMPLED



171 READ( 105 ,150 , END=999 , ERRsg88)  CLEAR 
I r  (CLEAReNEoBLANK) Sfr TQ 171 
GS TS 98 

999 • ENiD F I LE  I  
REWIND.I  
END



n
 n ' BRUIT PROGRAM 10 J M BOWERS 

CALCULATION OF THE MpAN FREQUENCY AND THE 
C WIDTH OF THE FREQUENCY Ba n D (ABOUT THE MEAN) 
C 'WHICH CONTAINS 90% OF THe SIGNAL ENERGY

l o g i c a l  b r u i t
D I MENS ION R M ( S l O O ) ,RN( 42Q0) , DATA( 2 , 420 0 )  
DIMENSION TABLE( 8 4 0 0 ) / D I S C I (20)
D I MENS'! ON DI SC ( 6 ) /  PDS ( 2 IQO > /  HZ ( 2100 )
COMMON M,N,RM,RN 

■ REWIND I 
L I N E = I

10 CALL RTAPE ( DI SC I , DI S C , D T , BRUI T , & 9 9 } .
C FIND POWER OF 2 FOR INTERPOLATION SCHEME 

FM = M
PT=ALOG(FM) / AL 0G( 2 , 0 - )

• I t = I F I X ( P T )
M= 2 # * I T

C NORMALIZE SIGNAL : MAX=IOOO
RMAX=ABS( RM( I ) )
DO 25 J= IzM
TF(RM(J)-RMAX) 2 5 , 2 5 , 2 0

20 RMAX=ABSfRM(U)) ;
25 CONTINUE 

DO 30 1 = 1 , M
30 R M  ( I ) = 1000»*RM( I-) X RM A X 

C GENERATE INTERPOLATED SAMPLE RN(N) '
CALL GNRATE
DO 35 1 = 1 , N , •
DATA( I , I ) =RN( I )

35 DATA ( 2 ,  D = O - O  
IS = O 
I F RD = - I
CALL FRT( D A T A , T A B L E , I S , N , I FRD)
M I D F = N /  2 -  I  
HAE = O
DO 40 K= DM ID F 
HZ(K)= K / ( D T * ( M - 1 ) )
AN = 2 .  ^ D A T A f D K  + 1 ) /FLO AT (N)



5 N = 2 » * D A T A ( Z , K + 1 ) / F L B A I (N)
PDS(K)=AN**2+BN**2  

40 HAF=HAF+PDS(K)
HALF=O
ne 45 I = I z M l D F  
P I NC = PDS( i>
h a l f =h a l f +p i n c
HAF =HAF -PINC 
I F(HALf -HAF) 4 5 , 5 0 , 5 0  

45 CONTINUE 
50 FMf a n =HZ( I )

MFEN =I  ‘ .
PMEAN =PDS( I )  -
PTCiT = 0 , 0
DO 55 J= IzMI DF-  •

55 PTOT = p TBT + pDS( U ) 1
P9=0. 9*PTBT 
PSUB =PMEAN 

60 DB 85 J= IzMI DF
IF ( MEEN - J )  7 0 , 7 0 / 6 5  

65 PGljB = p SUB + PDS (MEEN-J)  • ■
ILOW =MEEN-J

70 IF (MIDF-MEEN-J)  8 0 , 7 5 , 7 5  . . .
75 PSUB =PSUB-S-PDS (MEEN + J)  ' ■

IHI f iH s J+MEEN • .
SO IF ( PSUBrPS) 3 5 , 9 0 , 9 0  
85 CONTINUE
90 WOAND =HZ ( IHIGH-)-MZ ( ILQW ) . - J

WR I TE ( I OS,-100 5 BRUIT,DISC/FMEAN,W'BAND,
I  H Z d L n  W),. HZ ( IH IG H)

I F ( L I N E - I )  1 1 5 , 1 1 5 , 1 1 0  
H O  I F ( L T N E - 3 7 ) 1 2 0 , . l l b , 1 1 5  '
115 WR I TE ( 108,101 ' )  ■ '

LINE=S
120 WR I T E( ! O S , 100) B R U I T , D I S C , FMEANzWBAND,

I  H f ( I L O W ) , H Z ( I H I G H )
L INE = L I  NE +1

100 FORMAT(L6 ,6A4 ,4 ( 2 X , F 1 0 . 4 ) )
101 FORMAT( IH I , i STEN I , T 9 , ' D I ScR I PT I BN’ , T33, 'MEAN FREQ BAND WIDTH f

-7
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I  ' LDW FREO HIGH FREQt/ . )
Ge T9 10

99 REWIND I
END

. \

~ L
L~



n
 o T TEST SE TW6 MEANS 

C THIS PRGGRAM WILL ACCEPT TWB SETS SF SUBGRSUPq
c b e l o n g i n g  to tws d i f f e r e n t  p o p u l a t i o n s
c A^o p e r f o r m  a t t e s t  on t h e  group 's sr p o p u l a t i o n s
C ALSO CHECKING EACH SUBGROUP BY A. T' TEST WITH
C THE TWO p o p u l a t i o n s

DIMENSION E ( 1 0 0 / 2 ) / T R ( 1 0 0 V e ) / N F S ( 1 0 ) / N T S ( 10) ;
DIMENSION A l ( 1 0 ) , A 2 ( 1 0 ) , T ( 1 0 ) , T I ( 1 6 ) , TS(10)
LOGICAL B R U I T , I N , ST
I N = . f a l s e .
ST=-TRUE* '
READ ( 1 0 5 , 1 1 5 )

115 FORMAT( 1 
I I = I  
I = I 
NR=I 
I J  = I  
J = I

30 CONTINUE
35 READt 105,  1Q5,END = 60) . .BRUIT,  ! D I S C , XHZ 

• 105 F O R M A T ( 5 X , L l , I 6 , 2 0 X , F 1 0 » 4 )  ■ ■ . .
GO TS "(AO, 65)  NR . ' .'x

40 I F ( B R U I T )  GO TS 50
.45 F ( j , 2)  = IDISC '

F ( J , I ) =XHZ 
J = U + I
GO TO 30 ,

50 NFSt I D = J - I  
JI  = I D l
GO TO 30 . 4 - -

60 NR=NR+I
I F ( N R . E Q , 3)  GS TO 85
GS TO 35

65 I F ( f NST * BRUI T ) GO TO 30 
70 TR{ 1 , 2 ) = IDISC 

T P ( I , I ) =XHZ 
I = I + I

-7
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G? TO. 3 5 ......................... ..........  '
80 NTS ( U 1) = I - I  

T J = I J + !
GO TQ 35 

85 CONTINUE '
I E l = J - I  1
I E E = I - I  . ,
PRINT 1 0 6 , ( ( F ( L ' M ) , M = i , 2 ) } C = l ' I F l )
PPJNT n o
PRINT 10 6 1 (.( TRCUN ) ,M = l ; 2 ) , l _ T l , I F 2 )

10-6 FORMAT ( 1 X , F 1 0 . ' 3 , 1 X , F 1 0 , Q )
PRINT H O  1

H O  FORMAT ( I X ,  / )  ■ : _
J R = I I - I  . .
PRINT "112/  (NFS ( IP')-/ IP = V l G )
I C = I J - I
PRINT H P H N T S ( I P ) H P = H I Q )

112 FORMAT( H ( I X , 1 7 ) )
PRINT 125

125 FORMAT ( 1H )  •
Tl  = I  

. 12 =  1
CALL T T F S H F H R H N H n  I 2 H F H  i F 2 n , A ' n A 2 )
PRINT 115 . . . . .  -
PRINT I O U  A l  ( I  HNFS(  I I - I  ) ,  A 2 ( l  ) /NTS(  I J - I  ) , T (  I )  .

104 FORMAT( . . / / , '  INNOCENT POPUL
IATION MEAN = r , 2 X , E l 4 . 5 /  t pOR’ / I S H  S A M P LE S ' , / , ' STENOTIC POPULATI 
29N M E A N = ' , ? X , E 1 4 , 5 , '  . F S R i , 15, ' S A M P L E S ' , / / / ,  ' T TEST OF INNOCENT 
3 POPULATION VERSUS STENOj iC POPULATION Y I E L D S ' , F 7 * 3 , / / / ) -  

PRINT 107 -
107 FORMAT ( ' if SAMPLES I T TEsT OF I MEAN I VS INNOC SAMPLE POP 

I  I VS STEN SAMPLE POP ' )
103 FORMAT (4X,  1 4 , 3X, ' | ' , 3 X ,  16,  2X, ' I ' , I X , F 8’«3,  I X ,  ' T ' , 5 X , F 8 * 3 ,  10X, » I ' ,  5X 

I  , F8 . 3  ) 1
' PRINT 109 . . .  .............................

109 FORMAT ( ' .................. _ _ __ _ _ _ _ _ _ _ ................. ........................................................................ —
I )

PRINT H O  
12 = 1
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-L = O
94 L aL * l  ... - , . . . .

C TI  TS 0NE MQRE THAN p. QF MEANS/I SJ  ARE QN1E- MQRE THAN # QF SAMPLES 
TF ( I I - L - I t E Q t O ) GB TB 95 
NUMB = NFS ( I I - U - N F S ( I i - L - I )
I I=NFSt  I I - L - D + l  •
r,0 TB 96'

55 I l  = T •'
NUMB =NFS( I )

56 I F l = N F S ( I I - L )
IDN = Ft  H / 2 )
IFB = J - I  .......
CALL T T E S T ( F , F , S T / 1 1 / 1 2 / IF I / I F 2 , T I / A l / A 2 >
I F B = I - I  ...
CALL TTEST( F / T R / I N / I l / 1 2 , I F l / I F 2 / T S / A l / A S )  >
PRINT 103,  NUMB, I D N / A l  ( 1 ' ) / T I  ( I  ) / T S (  I  ) ■
PRINT H O  . '
I F (  I l . G T . l  ). GQ TB 94 
L = O

97 L = L + 1
I F ( I J - L - I *EQ.O) GB TB 98
NUMB = N T S t I J - L ) - N T S ( I J - L - 1) ' . "

' I l = N T S t  I J - L - I )  + !  ' ' •
no TO 99

98 I l = I
NUMB=NTS(I)  ’

S3 I F l = N T S ( I J - L )  ' . v
IDN=TR( 1 1 / 2 )
I F E = I - I  ... . ; ’ . ■
CALL TTEST( T R / T R / S T / 1 1 / I 2 , I F l / I F 2 / T S / A I / A 2 ) - T
IFB = J - I  .........................................,  . .
CALL TTEST. (TR/F/ I N / 1 1 / 1 2 / I F l / I F 2 / T I / A 1 / A 2 )
PRINT 103/ -NUMB/ IDN/ A l  ( I  ) / T I ( I ) /  TS ( I )
PRINT H O
I F t  I U G T - I  ) GQ TQ 97 . .
PRINT 125 
END
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
O T H I S  SUBROUTINE PERFORMS t h e  f a s t  FOURIER TRANSFORM, a l g o r i t h m  OF 
C OF CORLEY-TUKEY

CALL STATEMENTiCALL F K T ( A , T A B L E ' I S , N C P L X , !S IG N )

PARAMETERS: A=THe a r r a y  of n c p l x  COMPLEX numbers  TB BE TRANSFORMED,( ' 
WHERE'. NCPLX = E * *  (SOME INTEGER)) ,  DIMENSION OF A IS g*NCPLX 
THE-ARRAY A STORES COMPLEX NUMBERS AS ORDERED PAIRS 
OF’ REAL NUMBERS WITH THE REAL PART OF THE WORD IN ODD 
ADDRESS STORAGE LOCATIONS AND THE IMAGINARY PART OF THE 
NUMBER IN THE .IMMEDIATELY ADJACENT NEXT EVEN ADDRESS 
STORAGE LOCATION,

■

NCPLX=NUMBER QF COMPLEX NUMBERS TB Be TRANSFORMED.
A MUST BE DIMENSIONED AS TWICE THIS NUMBER IN THE

' CALLING PROGRAM.

TABLE=AN ARRAY Qp TABULATED VALUES Op SINp AND COSINE.
a f t e r  an i n i t i a l  c a l l  s e t t i n g  i s = o ,  the  s u b r o u t i n e
MAY BE SUBSEQUENTLY CALLED any  NUMBER Op TIMES '
WITh IS = I  WITH AN EXECUTION TIME SAVING OF ' APPROXIMATELY 
1 / 3 .  DIMENSION OF TABLE IS 2 * < NCPLX- I  K  AND- MUST
BE SQ DIMENSIONED IN THE CALLING PROGRAM?'- '

■Is i g m =f i x e d  p o i n t ' v a r i a b l e  g i v i n g  t h e  d i r e c t i o n  o f - t h e .
TRANSFORMATION, SETTING I S I G N = - I  GIVES THE FOURIER
SPECTRUM*'NCPL.X;SETTING I S I  GN = .+1 GIVES THE INVERSE 
I RANsFORM» , ... ■ J

c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c
SUBROUTINE FRT (A,  TABLE, I S ,  NCPLX, ISIGN) '
DIMENSION A ( I ) , TABLE( I ) ■
M=2*NCPLX
J = I
DO 11 I = I , N , 2 
J P l = J + !
I P l = I +1

-8
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I F ( I - J ) 2 , 4 , 4  
2 TR = A ( J ) '
• T I = A ( J P l )

A ( U ) - A ( I )
A ( U P l ) = A ( I P l )
A ( I ) =TR •
A ( I P l ) = T I

4  M = M / P  '

5 IF ( M - U ) 6 , 1 1 , 1 1
6 U=U-M 

M = M /  2
I F ( M - Z ) 1 1 , 5 , 5

11 U=U+M 
MMAX=Z 
MCBS=-I

13 I F ( MMAX-M) 1 4 , 9 9 , 9 9
14 iNCRs2*MMAX

P l M l = 3 . 14159265/FUtiAT(MMAX)
DB 21 M= 1 , MMA X , 2
MCG3=Nc:0S+2
MSi N=MCBS+ I
I F ( I S ) 1 6 ,1 6 ,1 7

16 AMG = PIM I * FL BAT( M - I )
TABLF(MCBS)=COS(ANG)
TABLE(MSIN)=SIN(ANG)

17 WI=TABLE(MSIN)
I F (  ! S I G N ) 1 8 , 9 9 , 1 9

15 WI=-WI
19 DB 21 I =M,N , INCR

U = I +MMAX
UPl=U+ I
I P l = I + I
TP = TABLE(MCBS)* A ( U ) -WI * A ( U P l ) 
T I=TABLE(MCBS)* A ( U P 1 ) +W I * A (U) 
A ( U ) = A ( I ) - T R
A ( U P l ) = A ( I P l ) - T I  
A ( J ) = A ( I ) +TR 

21 A ( I P 1 ) = A ( I P l ) + TI  
MMa X=INCR

.r

■ I 
CO
noi



n
 D

\

OP TR 13. 
99 RETURN 

EMD

THIS subroutine computes the number of zerq- crqssings IN THE
SAMPLE ( NCR6S1) AND THE PSe UDOFREGUENCY OF CROSSING (XHZ) 
SUBROUTINE ZCROS(NCROS^XHZ)
COMMON IX ( 9010 ) /-NPTSz DT^ LERR 

' NCROS = O
NPl  = NPTS- I  ■■■-
Dr? 10 J = ?. j NPl
I F ( IX(J),EQ,I X ( J - I ) ) GO Te 10 

2 I F( I X( J ) ) 4,10,5
4 I F ( I X ( J + 1 ) > 1 0 , 9 , 9
5 I F ( I X( J +1 ) ) 9 , 9 , 1 0  
9 NCROS=NCROS+I

■10 CONTINUE . . '
XHZ = FLB-AT ( NCROS) /  ( DT*FLOAT ( NPTS) ) - ^ X-

20 RETURN . • • '
END ■
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SUBROUTINE GNRATE 
D I MENS I ON RM(8400 ) ,RN(4200)
COMMON M,N,RM,RN
SUBROUTINE GNRATE PRODUCES THE ARRAY R N ( I )  .HAVING N TOTAL ELEMENTS 
FROM THE ARRAY- RM( I  ) HAVING M TOTAL ELEMENTS BY USE OF A FOUR TERM 
LEGRANGI AN INTERPOLATION SCHEME (NOTE R M ( I ) = R 1N ( I ) /  RM(M)=RN(N)) ,  
V A R IA B L E S , .» . ' .

RM GIVEN ARRAY
RN ARRAY TO. BE GENERATED
M TOTAL NUMBER OF ELEMENTS IN RM
N TOTAL NUMBER OF ELEMENTS IN RN
IN ELEMENT NUMBER OF RN BEING COMPUTED
iM n e a r e s t  l o w e r  e l e m e n t . of  rm l e s s  one  -
T EXACT FLOATING POINT' LOCATION IN THE ARRAY RM OF IN ■

’ X T - IM H . ' .
on ■ . ( M - D Z ( N - I ) /  r a t i o  of t h e  d i s t a n c e  b e t w e e n  i n d i c i e s  of

RM TO RN,
A= M - I  
B= N - I  
DN= AZB 
R N ( I ) =  R M ( I )
RN(N)=  RM(M)
N L l=  N - I  ' '  ,
do 40 IN-=B.! N L i  '
T= I N - I  
T= T *0 N + 1 *
I M =  T - I  V  ..

C CHECK FOR PROXIMITY OF LOWER BOUND. • .
IM - I  >32 /38 /34  

3 2  T M = I

GO TB 3,8 - . .. ■ > '''
C ' CHECK FOR PROXIMITY OF UPPER BOUND '

34 I F ( IM + 3-M > 3 8 / 3 8 / 3 6  1 -
36 IM= M-3 
38 A= IM 

X= T-A
' R N ( I N ) =  ( X - l " ) * ( X " 2 ' ) * ( X " 3 , ) * R M ( l M ) Z ( - 6 , )
I  + ( X ) *  ( X - 2 ' ) * ( X - 3 . , ) * R M ( I M  + l ) Z ( + 2 . )

I
OD-Pa.I



2 + ( X > * ( X - 1 . >*■ ( X - 3 , ) * RM( I M+ 2 ) / ( - 2 , >
3 + ( X ) * ( X . - 1 ? ) M X - 2 0 *  RM(IM + 3 ) / ( + 6 , )

40 CONTINUE'
RETURN

- END .

C
C CARO 'CHECKING SUBROUTINE READS A CARD AND STORES IT ON THE
c ' d i s k  THe v a l u e  of lit is s e t " true  for  a LITERAL'  STRING FALSE'
C FOR A NUMERIC STRING ' .

SUBROUTINE CHECK(LIT) .
COMMON I X ( 9 0 1 0 ) , NETS,DTfLERR 
DIMENSION CARD(SO)
LOGICAL L I T
INTEGER. CARD,BL fNEG, DECf LQ, L9 
DATA L O , L 9 , D E C , B L , N E G / ' O ' , t 9 I ,  ' , I , '  ' , I - , ' /
LERR=LERR+!
L I T = ' FALSE.  ' •

. READ(1 0 5 , 1 5 2 , END=999,E R R = H ) CARD 
152 FORMAT (SOAl )

WR I TE( NDSK( I ) , 1 5 2 ) CARD ■ . ' ' ^
DO 10 TCH = I , 72 ■.
IF ( CARD ( I C h ) .GE.LO.AND'CARD(  IC h ) »LE'L9. )  GO TO 10
I F (  ( CARDf ICH) .EQ »DEC) . 0 « .  ( CARD ( ICH ) , EQ. BL ) . OR« ( CARD ( ICH.) .EQoNEG ) )

I  GO TO 10 ...
L I T = *  TRUE» T . ’

10 CONTINUE 
60 RETURN

■ 4 FORMAT( 15 )
11 WRITE( 1 0 8 , 4 )  LERR

STOP I 
999 STOP 2 

END
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SUBROUTINE P U e i 2 ( X , N , B A R )  .
C GROUP; BASIC

REAL X ( N ) , H E A D ( I O )  ' ^
INTEGER L I NE( 10 0 ) , b l a n k ,  STAR 
LOGICAL BAR •
DATA BLANK,STAR/ '  ' , I * ' /  . '
I F ( N f LT » J ) G0 -JO 25 
WRITE( 1 0 8 , 5 0 2 )  ■
DR I  1=1 ,10 0  

■ I  L l N E ( I ) = B L A N K / '
■ X N A X = - I . E70 

X M I N = . 1«E70 
D5 2 1 = 1 , N
I F ( X C I )  * LT » XMI N ■). -XMIN = X ( I )
I F ( X d )  , G T . XMAXi  XMAX = XCl )

2 CONTINUE
I F ( XMAX^XMI N ) 2 5 , 3 , 4

3 XMa X=XMIN+! .
. XMi N = X M I N - I .  '

4 CR1NT I NUE
DR 5 I = 1 , 1 0  

. Z=I
5 HEAD ( I ) = ( XM AX- XM IN ) * Z / 10 .+ XM IN  

WRITEt 1 0 8 , 3 0 0 1 )
WRITE( 1 0 3 , 5 0 7 )  XM IN,HEAD 

' WR I T E( 1 0 8 , 3 0 0 2 )
WRITEC 1 0 8 , 5 0 4 ) .
DC 6 1 = 1 , N
KPLSTX= ( ( X ( I ) -XM IN ) / (XM Ax ' -XM lN)  >*99*  + 1. 
I F ( ,NOT,BAR) GO TQ 8 
DO 7 K = 2 , KPLSTX

7 L I N E ( K - I ) = S T A R
8 LINE(KPLSTX)=STAR

WRITE ( 1 0 8 , 5 0 8  ) I ,  X( I D , LTNE 
I F ( . N f i T . BAR) GO TS IQ 
DO 9 K = 2 , KPLSTX

9 L I N E ( K - I ) = B L A N K
10 LINE(KPLSTX)=GLANK



6 CONTINUE

502
504
507
5 Cs
506

300.1
3002

Vc? I TE ( 
RETURN 
WR I T E ( 
RETURN 
FORMAT 
FORMAT 
FORMAT 
FORMAT
format
FORMAT

1 0 8 , 5 0 4 )

1 0 8 , 5 0 6 )

( I H l  ) ' . "
( I X ,  I  4 ( I H- ) ,  I H , ;  2 0 ( 5H- 
( I X ,  5X,  1 1 ( F 9 » 3 , i H X )  ) 
( I X ,  13, F l 1 , 4 ,  I H I , 99A1,
( i x ,  12HPl o t e r  Er r o r . )

' - - " ) /  I H -  )

A l ,  I H I  )

( 51X,  12HSCAUNG OR X )
FORMAT ( I X ,  14 ( 1 H - ) ,  1H I ,  1 0 ( 9 X ,  I H I  ) / 1 2 X ,  1HX,2X,  I H L
END

• s u b r o u t i n e  TAPER( D I S C 1 , D i s c , 'NPTS,DT," I X , B R U I T )  
DIMENSION I X ( I ) , D I S C ( I ) , D I S C l ( I )

' LOGICAL BRUIT
WP I TE( 1 , 4 )
WRITE( I , I .  ) ( D I S C I ( I ) , 1  = 1 ,20 ) . .
WRITEf1 , 2 )  B R U I T , (DISC( I ) , 1=1,6)
WRI T E ( 1 , 3 )  NPTS 
WR I T E ( 1 , 5 )  DT ■
WRITE( 1 , 3 ) ( I X ( I ) , 1 = 1 , NPTS)

4 FORMAT(80H
I )

1 FORMAT( 20A4)
2 FORMAT( L 6 , 6 A 4 ) '
3 FORMAT( 1 415 )
5 FORMAT ( F l O e 6)'

RETURN
END .

1 0 ( 9 X , I H I ) )
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n THIS SUBROUTINE NORMALIZES THE SIGNAL ( I X )  SB THAT THE NAX VOLTAGE 

IN THE SAMPLE = IOOO V. IT  OUTPUTS THE MEAN, FIRST MOMENT ( MOMENT
SECBNn MOMENT OR VARIANCE ( V AR I AN ) , ANq THE STANDARD DEVIATION ( 
(STDEV) . IT REQUIRES THE NPTS AND THE KMAX PLUS THE DATA ARRAY 
SUBROUTINE DATAID(MEAN,KMAX,MOMENT,VARI A N ,STDEV)
■COMMON I X ( 9 0 1 0 ) , NPTS,D T , LERR . '
TOTAL=O 
DB. 5' I = I ,  NPTS 

C NORMALIZE THE SIGNAL
I X ( I )  = I F I X d X d  ) * 1 0 0 0 / F L 0 A T  (KMAX) >

. TBTAL = T O T A L ^ I X d  )
5 CONTINUE

M EA N =T F lX d Q T A L Z F L e A T ( N P T S ) ) -
MBMENT=O
VARlAN=O
DO 10 J=-I ,  NPTS
MOMENT = MOMENTdX(U)-MEAN
VARIAN=VARIA N + ( I X ( J ) ^ M E A N ) * * 2 / F L G A T ( N P T S- I )

10 CONTINUE
STDEV = ABS(VAR I AN)* * 0 . 5  

. RETURN
END ■ ' ..
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s u b r o u t i n e  Rt a p e  • ( d i s c i ^ d i s o d t , b r u i t , * )
DIMENSION RM( SI  0 0 ) / R n ( 4 2 0 0 ) , D I SC( 6 ) , DI S C I (20)  
COMMON M/N/RM/RN

' l o g i c a l  BRUIT
READ (1>1 ,END=99)  !BLANK 
READ ( 1 , 2 )  ( D I S C I ( I ) , 1 = 1 , PO)
READ ( 1 , 3 )  B R U I T , ( D I S C ( I ) , 1 = 1 , 6 )

. READ ( 1 , 4 )  M .
READ ( 1 , 5 )  DT
READ (I,ft) (RM(I),I=I,M)

1 FORMAT( I X , A 4  )
2 FORMAT(20A4 )

.3 FORMAT( LA,  6A4 ) .
4 FORMAT( 1 5  )
5 FORMAT(F10-6 ■ 5
6 FORMAT( 14F5«Q )

GO T9 7
99 RETURN I

7 RETURN 
END



. SUBROUTINE' T ' T E S T ( Y l , Y 2 , L G , I l , I 2 , l F i ; i F 2 , T , A i ; A 2 )
DIMENSION Y l ( l O O , 2 ) , Y 2  ( l 0 0 ' 2 ) , T ( I O ) ,  A K  10 >, A2{ 10 )., X l  (100 ) , 

I  XE(100 ) . .
' LOGICAL LO 

N l = I F l - I l + !
N E = I F E r I E + !  ' . 1
F N l = N l
FNE=NE 
D S  5 1 = 1 , 10

5 T ( I ) = O  
L = I 
TXl  = O 
TXE = O
DO 6 K = I l , I F l

6 Xl  (K) = Y K K , L)
I F ( .NST-LO)  GO TO 17 
DO 8 K = I E , I F E  

8 X E ( K ) = Y l ( K , L )  1
GO TO 100 

17 DO 7 K = I E , I F E  '
' 7  X P ( K ) = Y 2 ( K , L ) '

100 DO 10 I = I K I F l  • . •
10 T X l = T X K X l  ( I ) '■ K.

A U  D = T X  1/FLO AT ( N I )
DO 20 I = I S K F E  '• ' '

EO TXS=TX2+X2( I ) '
AE(L)=TXEXFLOAT(NE)  '
SXl=O
DO 30 I = I K I F l  'i

30 S X l = S X K ( X K I ) - A l ( L ) ) * * 2  ••
SXE=O - ' -
DO 40 I = I E , I F E  

40 S X 2 = S X E + ( X 2 ( I ) - A 2 ( L ) ) * * 2
S % A R = ( ( S X l + S X E ) / ( N l + N 2 - 2 ) ) * * , 5  
T ( L ) = A B S ( A K L ) - A S ( L )  ) /  ( SBAR*S0RT ( I  • / F N K l  • /FNg ) )

50 CONTINUE.
RETURN
END
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. SUBROUTINE PEAK(MfPDS) '
DI MENS I 9N P D S ( 1 ) , N P ( 1 2 ) , L ( 1 2 )

. - NPTS=BQ . .
'03 100 J = I f  12

100 MP(J)=O 
PMAX=O
03 H O  I J  = HNPTS--  ' . .
I F ( P D S a J H P M A X )  ' H O ,  I l O f  120

120 P M A X = A B S ( P o S ( I J ) )
H O  CONTINUE 

LSS = O
DO 200 I=SfNPTS - 

C - CHECK SLOPE . • '
I F ( P D S ( I ) - P D S ( I - I ) )  40* 5 0 f 60 

40 L S = - I  
GO TO 65 

50 LS=LSS 
GO TO 65 

60 LS=I
65 I F ( L S - L S S + Z ) SOOfSOf200 
80 PK=PDS( I - I ) * 1 0 » /PMAX 

KP=PK+!
NP (KP) =NP (KP) 4-1 '

' 200 LSS = LS ■'
M p ( 1 0 5 = N P ( 1 0 ) + N P ( l l )
U  = IO
L ( I l ) = O

220 L ( I J ) = N P ( I J ) + L ( I J + l )
I J = I J - I
I F ( I J )  2 50 f  2 50 f  220 

250 CONTINUE
DO 300 K = I f l l  - 
K l = I O * ( K - I )
WRITEHOSf  104) L ( K ) f  K l  - 

104 FORMAT ( I X f  16,  I PEAKS ABOVEH I 6 f  t 
300 CONTINUE 

RETURN 
END

PERCENT')



APPENDIX C

VOLTAGE LIMITER

Back t o  back z e i n e r  d i o d e s ,  1N702,  hav i ng a breakdown 

v o l t a g e  o f  2 . 6  v o l t s  were used to i n s u r e  t h a t  ex c e s s i v e  

v o l t a g e  would no t  reach t he anal og t o  d i g i t a l  equ i pment .  A 

schemat i c  o f  t he f i v e  channel  v o l t a g e  l i m i t e r  whi ch was b u i l t  

i s  shown i n F i g .  15.

7.5 K 2.6 V VZ

INPUT OUTPUT

F i g u r e  15. Schemat i c  o f  t he Vo l t a g e  L i m i t e r



APPENDIX D

POSSIBLE MECHANISM FOR THE BRUIT

Th i s  i n v e s t i g a t i o n  has shown t h a t  t he energy  spect rum o f  

t he  s t e n o t i c  b r u i t ' d i f f e r s  f rom t h a t  o f  t he i n n o c e n t  b r u i t  

f o r  t he 13 p a t i e n t s  s t ud i ed. .  The energy  i n  t he s t e n o t i c ,  

spec t r um was f ound to be more b r o a d l y  d i s t r i b u t e d  and concen­

t r a t e d  i n  h i g h e r  f r e q u e n c i e s  t han t he  energy i n  t he  i n n o c e n t  

spec t r um.  The s t e n o t i c  spec t rum had an average o f  7. 55 ma j o r  

peaks w h i l e  t he i n n o c e n t  spec t rum averaged o n l y  5.23 peaks.  

From these r e s u l t s ,  s p e c u l a t i o n  on t he mechanism o f  b r u i t s  

i s  p o s s i b l e .

Look i ng  a t  t he  v o r t e x  shedd i ng phenomena i t  can be seen 

t h a t  a " p e r f e c t "  c y l i n d r i c a l  rod o r  c i r c u l a r  o r i f i c e  i n a 

f l o w i n g  f l u i d  o f  c o n s t a n t  v e l o c i t y  produces a t one o f  

d i s c r e t e  f r e q u e n c y .  Should t he shape be rough or  o f  i n c o n s i s ­

t e n t  d i a me t e r  t he  sound produced i s  a no i se  composed o f  a 

m u l t i t u d e  o f  f r e q u e n c i e s , no t  a c l e a r  no t e .  Le t  roughness be 

r e p r e s e n t e d  by t he  number o f  d i f f e r e n t  d i a me t e r s  on a f i n e l y  

machined r od .  Begi n w i t h  a " s l i g h t l y  r o u g h " rod h a l f  t he ■ 

l e n g t h  o f  whi ch i s  machined t o one d i a m e t e r ,  t he  o t h e r  h a l f  

be i ng a d i f f e r e n t  d i a m e t e r .  . From t h i s  " s l i g h t l y  rough"  rod 

i n  a f l o w i n g  s t ream two t ones would be o b s e r v e d , g i v i n g  two 

d i s c r e t e  peaks i n  t he  energy d e n s i t y  spec t rum.  L i s t e n i n g  to
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a " v e r y  r o u g h " rod composed o f  a l a r g e  number o f  p e r f e c t  

d i a m e t e r s ,  a l a r g e  number o f  t ones would be heard g i v i n g  r i s e  

t o  a l a r g e  number o f  peaks i n  t he  spec t r um.  P o s s i b l y  t h i s  

ana l ogy  c ou l d  be ex t ended t o  i n c l u d e  i m p e r f e c t  ( n o n - c y l i n d r i - 

cal  and rough s u r f a c e d )  rods and i m p e r f e c t  o r i f i c e s .  I f  so,  

i t  c ou l d  be conc l uded  t h a t  t he  s t e n o t i c  b r u i t ,  hav i ng more 

peaks i n  i t s  energy  d e n s i t y  s p e c t r um,  i s  produced by an 

o b s t r u c t i o n  whi ch i s  more i r r e g u l a r  t han t h a t  p r odu c i ng  

i n n o c e n t  b r u i t s .  One o f  t he prob l ems whi ch must  be r e c o g n i z e d  

w i t h  t h i s  t ype  o f  ana l ogy  i s  t h a t  i n  p u l s a t i l e  f l o w  the 

f r e q u e n c y  o f  v o r t e x  shedd i ng f rom a rod i s  more l i k e l y  t o be 

d i s t r i b u t e d  t h r o u g h o u t  a f r e q u e n c y  band r a t h e r  t han a pure 

t o n e ,  bu t  t he  same t ype  o f  c o n c l u s i o n  may be drawn.

I t  may be p o s s i b l e  t o  make an e s t i m a t e  o f  t he  s i z e  o f  

a s t e n o t i c  o r  i n n o c e n t  o r i f i c e  us i ng  t he  f r e q u e n c y  o f  a few 

o f  t he g r e a t e r  peaks i n  t he energy  d e n s i t y  spec t rum a l ong w i t h  

a v a l u e  f o r  t he v e l o c i t y  o f  f l o w  t h r o u g h  t he o r i f i c e  d u r i n g  

b r u i t .  The f l o w  i s  a t  i t s  peak r a t e  d u r i n g  t h i s  p e r i o d ,  bu t  

s t i l l  v a r y i n g .  P o s s i b l y  by us i ng  t he  average f l o w  r a t e  (LI ) 

d u r i n g  t h i s  p e r i o d  a " t y p i c a l "  f a m i l y  o f  cur ves  cou l d  be 

c o n s t r u c t e d  r e l a t i n g  t h i s  average t o  t he  degree o f  o b s t r u c t i o n ,  

such as t he o r i f i c e  d i a me t e r  . ( d Q) . • Such a proposed f a m i l y  i s  

shown i n  F i g .  16.  The members o f  t he f a m i l y  would d i f f e r  by 

such f a c t o r s  as b l ood p r e s s u r e ,  pu l se  r a t e , a n d / o r  d i a me t e r
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o f  a r t e r y  ( Cig ) . A t r i a l  and e r r o r  method would t hen have to 

be employed us i ng  t he  p o i n t s  a l ong t he c o r r e c t  cu r ve  in t he 

c o r r e c t  f r e q u e n c y  r e l a t i o n s h i p :

N -  Ug/ 3 ( d a - d o ) . . . i n n o c e n t  b r u i t  ( l a r g e  o r i f i c e )

N -  0 . 6  Ug/ d o . . .  s t e n o t i c  b r u i t  ( smal l  o r i f i c e ) ,

where N i s  t he  f r e q u e n c y  o f  t he peak i n  t he spec t rum wh i ch ,  

h o p e f u l l y ,  a r i s e s  when an average p u l s a t i n g  v e l o c i t y  U passesCl
t h r oug h  an o r i f i c e  o r  a p p r o x i ma t e  d i a me t e r  dQ, i n  an a r t e r y  

o f  d i a m e t e r  d .

F i g u r e  16. Average V e l o c i t y  ove r  O b s t r u c t i o n  vs i t s  S i ze .
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