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ABSTRACT

The q u a n t i t a t i v e  c a p a b i l i t y  o f  S i n g l e  T r a n s d u c e r  

P u l s e d - D o p p le r  U l t r a s o u n d  (STP-DU) i n  c l i n i c a l  p r a c t i c e  i s  

l i m i t e d  by t h e  e f f e c t s  o f  a c o u s t i c s ,  t i s s u e ,  and sy s te m  

p a r a m e t e r s ,  as w e l l  as  i t s  i n a b i l i t y  t o  o b t a i n  p r e c i s e  

measurement o f  t h e  Doppler  a n g l e ,  which  i n  most c a s e s  must  

be e s t i m a t e d .  In  t h i s  s t u d y ,  a p r a c t i c a l  a p p r o x im a t io n  f o r  

th e  b a c k s c a t t e r i n g  o f  a damped s i n e  wave by a volume o f  

randomly d i s t r i b u t e d  s c a t t e r e d  p a r t i c l e s  has  been d e v e l o p e d .  

The a p p ro x im a t io n  h a s  been a p p l i e d  t o  th e  measurement o f  a 

v o l u m e t r i c  b a c k s c a t t e r e d  c ro s s  s e c t i o n ,  t a k i n g  i n t o  a c c o u n t  

most  of  the  p a r a m e t e r s  i n v o lv e d  i n  t h e  p r o c e s s .  A d u a l  

t r a n s d u c e r  p u l s e d - D o p p l e r  u l t r a s o u n d  (DTP-DU) has  t h e n  b een  

i n t r o d u c e d  f o r  d i r e c t  c a l c u l a t i o n  o f  t h e  Doppler  a n g le  and 

f o r  a c c u r a t e  d e t e r m i n a t i o n  o f  b lo o d  f low  v e l o c i t i e s .  A com

p a r i s o n  was a l s o  made between STP-DU and DTP-DU m o d e ls .  The 

components o f  t h e  b lood  f low v e l o c i t i e s  a r e  used t o  o b t a i n  

th e  b lo o d  f low  c h a r a c t e r i s t i c s  such  as  volume r a t e  and 

s h e a r  s t r e s s ,  and to  e x p re s s  a r e l a t i o n s h i p  between b lo o d  

f low  c h a r a c t e r i s t i c s  and p a t h o l o g i c a l  ch an g es ,  such  as 

s t e n o s i s .

E x p e r im e n ta l  r e s u l t s  ba sed  on t h e o r e t i c a l  i n v e s t i 

g a t i o n s  a r e  p r e s e n t e d .  The d u a l  t r a n s d u c e r  model was

I V



c o n s t r u c t e d  and has  been used  t o  o b t a i n  t h e  i n f o r m a t i o n  

needed  t o  v e r i f y  t h e  t h e o r e t i c a l  work.  The r e s u l t s  i n d i c a t e  

t h a t  th e  new t r a n s d u c e r  model i n c r e a s e s  d r a m a t i c a l l y  th e  

a c c u ra c y  o f  m e a s u r in g  the  b lood  v e l o c i t y  and t h e r e b y  

improves  o u r  a b i l i t y  t o  c h a r a c t e r i z e  t h e  b lo o d  f low p a t t e r n s  

which a re  v a l u a b l e  f o r  r e s e a r c h  and d i a g n o s t i c  p u r p o s e s .
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A DUAL TRANSDUCER PULSED-DOPPLER ULTRASOUND AND ITS APPLICATIONS

IN DETERMINING TURBULENT BLOOD FLOW CHARACTERISTICS

CHAPTER I 

INTRODUCTION

U l t r a s o n i c  D o p p le r  i n s t r u m e n t s  a re  now u s e d  i n  many 

r e s e a r c h  c e n t e r s  and h o s p i t a l s  as  p a r t  o f  t h e  a s s e s s m e n t  o f  

p a t i e n t s  w i th  a r t e r i a l  d i s e a s e s .  These i n s t r u m e n t s ,  which 

u t i l i z e  D oppler  f r e q u e n c y  s h i f t  on a beam o f  u l t r a s o u n d  

s c a t t e r e d  from th e  e r y t h r o c y t e s  t o  d e te rm in e  b l o o d  v e l o c i t y ,  

have many a d v a n ta g e s :  1 ) t h e y  a re  n o n i n v a s i v e  and th u s  may

be u s e d  i n  s c r e e n i n g  p r o c e d u r e s  and s e r i a l  s t u d i e s ,  2 ) 

t h e y  p r o v i d e  haemodynamic r a t h e r  th a n  a n a t o m i c a l  i n f o r 

m a t ion  ( a l t h o u g h  imaging  m ach in es  b ased  on t h e  D opp le r  

p r i n c i p l e  a re  now b e i n g  b u i l t ,  and 3) the  b a s i c  m ach ines  

such  as t h e  one u se d  i n  t h i s  s t u d y  a re  i n e x p e n s i v e .

The a b i l i t y  o f  u l t r a s o n i c  Doppler  i n s t r u m e n t s  t o  mea

s u re  b l o o d  f low  v e l o c i t y  i s  o f  g r e a t  im p o r tan c e  i n  th e  f i e l d  

o f  m e d i c i n e .  Blood f low  c h a r a c t e r i s t i c s ,  which  a r e  r e l a t e d  

t o  p a t h o l o g i c a l  p a r a m e t e r s  i n s i d e  the  a r t e r y ,  a r e  l a r g e l y  

f u n c t i o n s  o f  th e  b lo o d  f low v e l o c i t y .  T h e r e f o r e ,  a c c u r a t e  

m easurement  o f  the  v e l o c i t y  can  enhance th e  d i a g n o s t i c  

a b i l i t y  o f  u l t r a s o n i c  D opp le r  i n s t r u m e n t s .  I n  t h i s  s t u d y ,  

we d e v e lo p e d  a t r a n s d u c e r  model t h a t  im proves  d r a m a t i c a l l y



t h e  m easurem ent  o f  th e  v e l o c i t y .  In  t h i s  c h a p t e r ,  we d i s c u s s  

th e  Doppler  p r i n c i p l e ,  the  a p p l i c a t i o n  o f  u l t r a s o n i c  Doppler  

i n s t r u m e n t s  i n  m e d ic in e ,  b lo o d  f low p a t t e r n s ,  t h e  g o a l  o f  

t h i s  s t u d y ,  and f lo w  c h a r t  o f  t h i s  s t u d y .

1 .1  The D o p p le r  P r i n c i p l e

One o f  th e  most s i g n i f i c a n t  c o n t r i b u t i o n s  t o  m e d ic a l  

t e c h n o lo g y  i n  r e c e n t  y e a r s  has  been  th e  deve lopm en t  o f  the  

Doppler  u l t r a s o u n d .  Doppler  u l t r a s o u n d  deve lopm en t  i s  b a sed  

on th e  D opp le r  r a d a r  d e s ig n ,  t h e r e f o r e ,  l i m i t a t i o n s  i n  

Doppler  r a d a r  s u c h  as v e l o c i t y - r a n g e  a m b ig u i ty  and v e l o c i t y - 

r an g e  r e s o l u t i o n  a r e  a p p l i c a b l e  h e r e  as  w e l l .  The D opple r  

u l t r a s o u n d  i s  u s e d  i n  th e  s tu d y  o f  moving s t r u c t u r e s  w i t h i n  

the  body,  and i s  based  on the  a n a l y s i s  o f  th e  D opp le r  s h i f t e d  

f r e q u e n c y  s i g n a l .

The a p p a r e n t  change i n  f r e q u e n c y  when r e l a t i v e  m ot ion  

o ccu r s  be tw een  a s o u rc e  o f  sound and th e  o b s e r v e r  i s  c a l l e d  

" t h e  D o p p le r  e f f e c t . "  The Dopp le r  e f f e c t  happens  b e c a u s e  o f  

t h e  p r o p a g a t i o n  v e l o c i t y  o f  sound i n  any homogeneous m a te 

r i a l  [1] - [ 3 ] .  Thus,  i f  a sound s o u r c e  (S) i s  moving a t  a 

c o n s t a n t  v e l o c i t y  toward th e  o b s e r v e r  ( R ) , t h e  t ime be tween  

two s u c c e s s i v e  p eak s  of  co m p re s s io n  i s  r e d u c e d ,  r e s u l t i n g  in  

a h i g h e r  f r e q u e n c y .  On t h e  o t h e r  h a n d ,  i f  th e  s o u r c e  (S) i s  

moving away from th e  o b s e r v e r ,  t h e  t im e  be tween  two s u c c e s 

s i v e  c o m p r e s s io n s  i s  i n c r e a s e d ,  r e s u l t i n g  in  a low er  f r e 

quency .  F o r t u n a t e l y ,  i t  makes no d i f f e r e n c e  w h e th e r  th e



sound coming from a moving o b j e c t  i s  g e n e r a t e d  by t h e  o b j e c t  o r  

i s  an echo r e f l e c t e d  from th e  o b j e c t . The d e s i g n ,  b a s e d  on th e  

D opple r  e f f e c t  i s  c a l l e d  th e  u l t r a s o u n d  Doppler  f lo w m e te r .

In  t h i s  d e v i c e ,  t h e  u l t r a s o u n d  s o u r c e  ( t r a n s d u c e r )  i s  s t a 

t i o n a r y ,  and ech o es  a re  r e f l e c t e d  from moving b i o l o g i c a l  

s t r u c t u r e s  such  as r e d  c e l l s  i n  t h e  b lo o d .  I f  t h e  s o u rc e  

and d e t e c t o r  a r e  a t  the  same l o c a t i o n  (as  i n  D oppler  u l t r a 

sound i n s t r u m e n t s )  , the  o b j e c t  a c t s  f i r s t  as a moving d e 

t e c t o r  as  i t  r e c e i v e s  th e  u l t r a s o u n d  w a v e , and th e n  as  a 

moving s o u r c e  as  i t  r e f l e c t s  t h e  s i g n a l .  As a r e s u l t ,  t h e  

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

quency s h i f t  o f

Af = 2 ' f ^ ' V ^ / c  (1 -1 )

E q u a t io n  ( 1 . 5 )  i s  h e ld  on ly  i f  th e  u l t r a s o u n d  beam i s  p a r 

a l l e l  t o  th e  d i r e c t i o n  o f  th e  m ot ion  o f  th e  o b j e c t .  In  more 

g e n e r a l  c a s e s  where t h e r e  i s  an a n g le  (9) between th e  t r a n s 

d u c e r  and f lo w  d i r e c t i o n ,  the  f r e q u e n c y  s h i f t  can be w r i t t e n  

as

Af = 2*fQ*Vj^*cos 0 / c  ( 1 .2 )

In  g e n e r a l ,  t h e r e  a r e  two d i s t i n c t  ty p e s  o f  Dopp le r  

u l t r a s o u n d , c o n t i n u o u s  wave (CW) and p u l s e d - D o p p l e r  u l t r a 

sound [3] .

1 . 1 . 1  The co n t in u o u s -w av e  Doppler  u l t r a s o u n d

The CW d e v i c e ,  which was u s e d  f o r  the  f i r s t  t im e  by



Satomura  (1957) i n  an a t t e m p t  to  m o n i to r  b lo o d  v e l o c i t y  n o n 

i n v a s i v e  l y ,  i s  t h e  s i m p l e s t  Doppler  d e v i c e .  A b lo c k  d iag ram  

o f  a CW d e v ic e  i s  i l l u s t r a t e d  i n  F ig u re  1.1.  The m a s t e r  o s c i l 

l a t o r  p ro d u c e s  a waveform which i s  a m p l i f i e d  by a t r a n s 

m i t t i n g  a m p l i f i e r  and th e n  d r i v e s  t h e  t r a n s m i t t i n g  t r a n s d u c e r  

a t  i t s  r e s o n a n t  f r e q u e n c y .  An u l t r a s o n i c  beam i s  th e n  

c r e a t e d  and t a r g e t s  w i t h i n  t h i s  beam r e f l e c t  and b a c k s c a t t e r  

e c h o e s ,  some o f  which a r e  c a p t u r e d  by th e  r e c e i v i n g  t r a n s 

d u c e r .  The r e c e i v i n g  p r e a m p l i f i e r  i s  a l o w -n o is e  d e v ic e  

which a m p l i f i e s  th e  weak r e t u r n i n g  ech o es  b e f o r e  th e y  a r e  

d e t e c t e d  i n  t h e  d e m o d u la to r .  The d e m o d u la to r  compares th e  

f r e q u e n c y  o f  t h e  r e c e i v e d  waveform w i th  th e  t r a n s m i t t e d  

waveform, which i s  d e r i v e d  from th e  m a s t e r  o s c i l l a t o r .  The 

o u t p u t  from th e  d em o d u la to r  i s  i n d e e d  th e  D o p p l e r - s h i f t e d  

waveform w i t h  a f r e q u e n c y  o f  Af.

A m ajor  d i s a d v a n t a g e  of  t h e  c o n t in u o u s -w a v e  i s  i t s  i n 

a b i l i t y  to  d i s c r i m i n a t e  i n  r a n g e .  The co n t in u o u s -w av e  

t r a n s m i s s i o n  c r e a t e s  an u l t r a s o n i c  beam which  o c c u p ie s  th e  

complete  d i f f r a c t i o n  p a t t e r n  o f  t h e  t r a n s d u c e r .  Any t a r g e t  

moving w i t h i n  t h i s  beam w i l l  c o n t r i b u t e  t o  th e  f i n a l  Dop

p l e r  o u t p u t .  In  c l i n i c a l  a p p l i c a t i o n s , t h i s  p roblem makes 

i t  im p o s s i b l e  t o  i s o l a t e  flow i n  a d j o i n i n g  b lo o d  v e s s e l s .

1 . 1 .2  The P u l s e d - D o p p l e r  U l t r a so u n d

P u l s e d - D o p p l e r  u l t r a s o u n d  combines  the  range  d i s c r i 

m in a t in g  c a p a b i l i t i e s  o f  a p u l s e d - e c h o  sy s tem  w i th  t h e
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F ig u re  1.1 A c o n t in u o u s - w a v e  D opp le r  u l t r a s o u n d .

v e l o c i t y  d e t e c t i o n  c a p a b i l i t i e s  o f  a D o p p le r  d e v i c e .  As in  

any p u l s e - e c h o  s y s t e m , t h e  p r i n c i p l e  o f  o p e r a t i o n  i s  t o  

t r a n s m i t  a s h o r t  b u r s t  o f  waves tow ards  t h e  t a r g e t  and t h e n  

w a i t  f o r  t h e  ec h o e s  to  r e t u r n .  Because  t h e  sound waves 

t r a v e l  a t  an e s s e n t i a l l y  c o n s t a n t  v e l o c i t y  t h r o u g h  human 

t i s s u e ,  th e  t im e  d e l a y  be tw een  t r a n s m i s s i o n  o f  th e  p u l s e  

and r e c e p t i o n  o f  t h e  ec h o e s  depends upon t h e  r a n g e  o f  th e  

t a r g e t .  When t h e  e c h o e s  a r e  sampled f o r  D o p p le r  s h i f t s  a t  

a  f i x e d  t ime a f t e r  t r a n s m i s s i o n ,  th e  r e s u l t i n g  D opp le r  s i g 

n a l  can o r i g i n a t e  o n ly  from th o s e  t a r g e t s  moving w i t h i n  t h e  

sample-vo lum e c o r r e s p o n d i n g  to  t h e  s e l e c t e d  d e l a y  t im e .

The sample  volume i s  t h a t  r e g i o n  i n  f r o n t  o f  th e



t r a n s d u c e r  from w hich  a l l  r e t u r n i n g  e c h o e s  have o r i g i n a t e d .  

The d im e n s io n s  o f  t h e  sample volume a r e  d e f i n e d  a x i a l l y  by 

th e  p u l s e  l e n g t h  and l a t e r a l l y  by th e  beamwidth  o f  th e  com

b i n e d  t r a n s m i t t e r - r e c e i v e r  sys tem .  By c h o o s in g  t o  sample 

on ly  t h o s e  D o p p le r  components  which r e t u r n  a f t e r  a p r e s e t  

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

th e  p o s i t i o n  o f  a f i x e d  sample volume and t h u s  i n t e r r o g a t e  

o n ly  t h o s e  t a r g e t s  moving a t  a p a r t i c u l a r  r a n g e  from the  

t r a n s d u c e r .

F ig u re  1 .2  shows a p u l s e d - D o p p l e r  u l t r a s o u n d  sys tem .  

The m a s t e r  o s c i l l a t o r  g e n e r a t e s  a waveform a t  th e  r e s o n a n t  

f r e q u e n c y  o f  t h e  t r a n s d u c e r .  Once e v e r y  p u l s e  r e p e t i t i o n  

p e r i o d ,  a few c y c l e s  o f  the  m as te r  o s c i l l a t i o n  a r e  p a s se d  

v i a  th e  t r a n s m i s s i o n  g a t e  and a m p l i f i e d  t o  e x c i t e  the  t r a n s 

d u c e r .  The d e l a y  g a t e  g e n e r a t e s  a t im e  d e l a y  which a l lo w s  

th e  t r a n s m i t t e d  u l t r a s o n i c  b u r s t  t o  t r a v e l  t o  and from th e  

s e l e c t e d  ra n g e  o f  i n t e r e s t .  R e tu rn in g  e c h o e s  a r e  th en  

sampled by o p e n in g  t h e  ran g e  g a te  and f e d  to  th e  c o h e r e n t  

d e m o d u la to r ,  w h ich  i s  d r i v e n  by th e  m a s t e r  o s c i l l a t o r .  Each 

g a t e d  r e t u r n  echo  p r o d u c e s  a s h o r t  o u t p u t  p u l s e  from the  

d e v i c e .  I f  r e q u i r e d ,  t h e s e  samples  can  be s t o r e d  ( f o r  

exam ple ,  on a c a p a c i t o r  p l a t e )  b e f o r e  b e i n g  u p d a te d  by th e  

r e t u r n  o f  th e  n e x t  r e s e t  t r a n s m i s s i o n  p u l s e . This  s o - c a l l e d  

" s a m p l e - a n d - h o l d "  t e c h n i q u e  t ends  t o  p r o d u c e  a smoother  o u t 

p u t  wave form w hich  can th e n  be lo w -p a ss  f i l t e r e d  to  remove
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F i g u r e  1 .2  A p u l s e d - D o p p l e r  u l t r a s o u n d  s y s t e m

any r e m a i n i n g  com ponen ts  a t  t h e  p u l s e  r e p e t i t i o n  f r e q u e n c y  

and a l s o  h i g h - p a s s  f i l t e r e d  t o  remove low f r e q u e n c y  c l u t t e r

1 . 1 . 2 . 1  P u l s e d - D o p p l e r .  U l t r a s o u n d  L i m i t a t i o n s

M a t h e m a t i c a l l y ,  t h e  D o p p le r  f r e q u e n c y  l i m i t  f ^ ^ ^  i s  

N y q u i S t - r e l a t e d  t o  o n e - h a l f  t h e  p u l s e  r e p e t i o n  f r e q u e n c y  f

by

f  = %  max 2 ( 1 . 3 )



S u b s t i t u t i n g  £ f o r  Af i n  th e  b a s i c  Doppler  e x p r e s s i o n  ° max ^

( 1 .2 )  g iv e s
c • f

V  = max 
max 2 *fg

s i n c e

t h e n

^max " T ' ^max 

S u b s t i t u t i n g  f ^ ^ ^  from ( 1 .3 )  i n t o  (1 .4 )  g iv e s

v_max 2 2

S in ce

where i s  p e r i o d  o f  p u l s e  r e p e t i t i o n , 

th e n

'max T.
Ag/4

( 1 .5 )
P

i n d i c a t i n g  t h a t  t h e  maximum v e l o c i t y  l i m i t  i s  e q u i v a l e n t  to  

a Xq/ 4 t r a v e l  p e r  p u l s e  r e p e t i t i o n  p e r i o d .

In  a d d i t i o n  t o  th e  v e l o c i t y  l i m i t a t i o n ,  p u l s e - D o p p l e r  

sys tem s  a r e  s u b j e c t  t o  maximum ran g e  r e s t r i c t i o n s .  Because  

i t  i s  n e c e s s a r y  t o  w a i t  f o r  r e t u r n s  from th e  most d i s t a n t  

t a r g e t  b e f o r e  t r a n s m i t t i n g  a n o t h e r  b u r s t ,  t h e  maximum ran g e  

(Zmax) which can  be unam biguously  d e te rm in e d  i s  g i v e n  by:

:max “



Combining Equations (1.5) and (1.6), gives the relationship

' ' m a x ' W  ■ (^ -7 )

which i n d i c a t e s  t h a t  the  p r o d u c t  o f  maximum o b s e r v a b l e  v e l o 

c i t y  and ran g e  i s  l i m i t e d  to  a c o n s t a n t  which i s  d ep e n d e n t  

upon th e  p r o p a g a t i o n  v e l o c i t y  o f  sound w i t h i n  t i s s u e s  and 

t h e  f r e q u e n c y  o f  e m is s io n .

1 .2  C l i n i c a l  A p p l i c a t i o n s  o f  U l t r a s o n i c  Doppler  T e ch n iq u e s

U l t r a s o u n d ,  l i k e  o r d i n a r y  s o u n d ,  i s  a c o u s t i c  wave,  b u t
kHzw i t h  a f r e q u e n c y  above th e  a u d i b l e  range  (20 to  20 ) .  For

d i a g n o s t i c  p u r p o s e s ,  f r e q u e n c i e s  i n  th e  range  o f  1 t o  10 

MHz a re  u s e d .  At such  h ig h  f r e q u e n c i e s ,  th e  sound moves

a long  s t r a i g h t  l i n e s  l i k e  a beam o f  l i g h t  and can be d i r e c t e d

i n t o  t h e  body from a handhe ld  t r a n s d u c e r .

The d i s e a s e s  i n  which th e  v e l o c i t y  d e t e c t o r  has  been 

found m o s t ly  u s e f u l  can be g e n e r a l l y  o u t l i n e d  as f o l l o w s  

[39] :

I .  A r t e r i a l  D isease

A. Acute  a r t e r i a l  o c c l u s i o n

1- L o c a l i z a t i o n  o f  o c c l u s i o n

2- E s t i m a t i o n  o f  l e n g t h  o f  o c c l u s i o n

2- E v a l u a t i o n  o f  t h e  a r t e r i e s  d i s t a l  t o  th e

o c c l u s i o n

B. A r t e r i o s c l e r o s i s  O b l i t e r a n s

1- L o c a l i z a t i o n  o f  o c c l u s i o n
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2- E v a l u a t i o n  o f  t h e  " ru n  o f f "  v e s s e l s

3- O p e r a t i v e  m o n i to r in g  t o  a s s e s s  t h e  imme

d i a t e  r e s u l t s  o f  r e c o n s t r u c t i v e  a r t e r i a l  

s u r g e r y .

C. C o n g e n i t a l  A r t e r i o r r e n o u s  f i s t u l a

1- D i f f e r e n t i a l  d i a g n o s i s

2- L o c a l i z a t i o n  o f  a r t e r i a l  component  o f  the  

f i s t u l a

D. T h o r a c i c  O u t l e t  Syndrome

I I .  Venous D is e a se

A. T h r o m b o p h l e b i t i s

1- L o c a l i z a t i o n  o f  o c c l u s i o n

2- E v a l u a t i o n  o f  venous flow dynamics  as 

i n f l u e n c e d  by r e s p i r a t o r y  a c t i v i t y

B. M o n i t o r i n g  o f  venous f low a f t e r  i l i o f e m o r a l  

thrombectomy

C. E v a l u a t i o n  o f  venous f low c h a r a c t e r i s t i c s

D. E v a l u a t i o n  o f  t h e  cause  o f  edema o f  t h e  arms 

and le g s  .

The t e c h n i q u e  h a s  a l s o  been  u sed  i n  c o n j u n c t i o n  w i t h  an i n 

f l a t a b l e  c u f f  t o  measure  b lood  p r e s s u r e  [2] and i s  e s p e 

c i a l l y  v a l u a b l e  f o r  measurement  o f  b lo o d  p r e s s u r e  i n  the  

l e g s .  When i t  i s  u sed  w i t h  a s e rv o  system f o r  c u f f  i n f l a 

t i o n ,  one may e v e n  o b t a i n  n o n i n v a s i v e  r e c o r d i n g s  o f  p r e s s u r e  

wave forms [ 6 ] .  The i n s t r u m e n t ,  [2] and [ 3 ] ,  a l s o
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d e m o n s t r a t e d  th e  p o s s i b i l i t y  o f  m easu r in g  th e  b lo o d  f low 

v e l o c i t y  i n  t h e  a o r t a .

For  most  o f  t h e  above m en t io n ed  d i s e a s e s ,  a c o n t in u o u s  

wave u l t r a s o u n d  was u s e d .  L a t e r  (1970) th e  p u l s e d - D o p p l e r  

u l t r a s o u n d  was i n t r o d u c e d  and made i t  p o s s i b l e ,  f o r  example, 

m easurem ents  i n  th e  h e a r t ,  b ec a u se  v e l o c i t i e s  i n  t h e  d i f f e r 

e n t  c a v i t i e s  and v a l v e  a r e a s  can be s t u d i e d  s e l e c t i v e l y .  

S c a n n in g  t h e  range  c e l l  a lo n g  th e  u l t r a s o n i c  beam a l lo w s  

" v e l o c i t y  p r o f i l e s "  t o  be o b t a i n e d .  P u l s e d  i n s t r u m e n t s  

d e v e l o p e d  l a t e r  g iv e  a r e a l - t i m e  p r e s e n t a t i o n  o f  t im e -  

v a r i a b l e  v e l o c i t y  p r o f i l e  [ 7 ] .

The main a d v an ta g e  o f  u l t r a s o n i c  Doppler  i n s t r u m e n t s  

i s  t h a t  measurements  can be p e r fo rm ed  n o n i n v a s i v e l y . Bu t ,  

a l s o ,  i n v a s i v e  m easurem ents  have been made w i t h  Doppler  

t r a n s d u c e r s  mounted a t  t h e  t i p  o f  a c a t h e t e r ,  and t h i s  

t e c h n i q u e  has  been u s e d  i n  measurements  o f  a o r t i c ,  c o r o n a r y ,  

and i n t r a c a r d i a c  b lo o d  f lo w  v e l o c i t i e s  [ 1 4 1 , [ I S ] .  In  v a s 

c u l a r  s u r g e r y ,  measurements  have been done d i r e c t l y  on 

v e s s e l s .  Th is  p r o c e d u r e  has  an advan tage  o v e r  o t h e r  m ethods ,  

su ch  as  e l e c t r o m a g n e t i c  m easu rem e n ts ,  which r e q u i r e  v e s s e l  

d i s s e c t i o n  [1 6 ] .  I t  has  a l s o  been  used  f o r  g u id a n c e  d u r in g  

v a s c u l a r  s u r g i c a l  p r o c e d u r e s  i n  th e  b r a i n  [ 1 7 ] .

In  n o n i n v a s i v e  m easurem ents  i n  th e  h e a r t  and l a r g e r  

v e s s e l s ,  an u l t r a s o n i c  f r e q u e n c y  o f  1 t o  3 MHz can be u s e d .  

For  i n v a s i v e  measurements  and f o r  n o n i n v a s i v e  measurements
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i n  p e r i p h e r a l  v e s s e l s ,  5 t o  10 MHz u l t r a s o u n d  has  b een  u s e d .  

E x p e r im en ts  w i t h  20 MHz u l t r a s o u n d  a l s o  have been  u s e d  i n 

v a s iv e  l y  o r  n o n i n v a s i v e l y  f o r  s t u d i e s  i n  a n im a ls .

One d i s a d v a n t a g e  o f  t h e  D o p p le r  u l t r a s o u n d  t e c h n i q u e  

has  been  t h e  p rob lem  o f  q u a n t i f y i n g  r e s u l t s .  T h is  p ro b le m  

has  p r o b a b l y  p r e c l u d e d  a w id e r  c l i n i c a l  a p p l i c a t i o n  o f  

t h e s e  m e t h o d s . In  e a r l y  s t a g e s  o f  th e  work (up t o  1970) 

a lm o s t  a l l  u se  o f  Doppler  d e v i c e s  was q u a l i t a t i v e ,  w h e th e r  

t h e  D opp le r  s i g n a l s  were r e c o r d e d  and p r o c e s s e d  as  a n a lo g  

waveforms o r  t h e  c l i n i c i a n  b a s e d  h i s  c o n c l u s i o n  on l i s 

t e n i n g  to  t h e  d e t e c t e d  s i g n a l .  I t  was c o n c lu d e d ,  t h a t  i n  

most i n s t a n c e s ,  th e  d e v i c e s  u s e d  a re  n o t  f l o w m e te r s ,  b u t  

r a t h e r ,  f low  d e t e c t o r s  [ 2 ] .  I m p e r a t i v e  i n  o b t a i n i n g  an 

a c c u r a t e  measurement  o f  th e  b lo o d  f lo w  v e l o c i t y  i s  t h e  p r e 

c i s e  c a l c u l a t i o n  o f  t h e  D opp le r  an g le  ( 9 ) .  I t  was s p e c i 

f i c a l l y  m e n t io n e d  i n  some r e p o r t s  t h a t  "even a s im p le  

measurement  o f  mean f low v e l o c i t y  r e q u i r e s  t h a t  t h e  an g le  

be tween  th e  sound beam and t h e  v e l o c i t y  v e c t o r  be known" 

and " r e c o r d i n g  i n  th e  l i t e r a t u r e  t h a t  i s  c a l i b r a t e d  i n  te rm s  

o f  D opple r  f r e q u e n c y  s h i f t  a r e  b o t h  m i s l e a d i n g  and f r e 

q u e n t l y  i n a c c u r a t e .  The i n v e s t i g a t o r s  d i d  n o t  o r  c o u ld  n o t  

make t h e  an g le  measurements  r e q u i r e d  t o  q u a n t i t a t e  t h e i r  

d a t a . "

Even c u r r e n t  i n s t r u m e n t s  r e p r e s e n t i n g  s t a t e - o f - t h e -  

a r t  do n o t  have th e  a b i l i t y  t o  a c c u r a t e l y  c a l c u l a t e  t h e
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Doppler  a n g l e .  The o r i e n t a t i o n  o f  t h e  v e s s e l  can be v i s u a l 

i z e d  by new im aging  sys tem s  and t h e  D opple r  angle  b e tw een  

t h e  t r a n s d u c e r  beam and w a l l  o f  t h e  v e s s e l  (no t  f low) can 

be m e a s u re d ,  b u t  even  t h e s e  v e r y  e x p e n s i v e  systems a r e  s e n 

s i t i v e  to  s m a l l  changes  i n  o r i e n t a t i o n  o f  e i t h e r  t h e  v e s s e l  

o r  t h e  t r a n s d u c e r .  T h e r e f o r e ,  i t  i s  v e r y  im p o r t a n t  t o  

d eve lop  a model t h a t  can c a l c u l a t e  th e  Doppler  a n g le  

d i r e c t l y  and p r e c i s e l y .  I n  t h e  p r e s e n t  s t u d y ,  we have 

d ev e lo p ed  su ch  a model which i s  c a p a b l e  o f  c a l c u l a t i n g  

a c c u r a t e l y  t h e  Doppler  a n g le  r a t h e r  t h a n  u s in g  an a p p r o x i 

m a t io n .  The a b i l i t y  t o  p r o p e r l y  d e t e r m in e  th e  D opp le r  

a n g le  e n a b l e s  us t o  a c c u r a t e l y  m easure  t h e  b lood v e l o c i t y  

com ponen ts . A lso ,  by s c a n n in g  t h e  d i a m e t e r  o f  the  v e s s e l , t h e  

v e l o c i t y  p r o f i l e  and t h e r e f o r e  d i a m e t e r  o f  the  v e s s e l  can 

be c a l c u l a t e d  and w i th  i t  t h e  b l o o d  f low  volume r a t e .  Blood 

f low volume r a t e  may be one o f  t h e  b e s t  i n d i c a t i o n s  o f  

a v a i l a b l e  oxygen.  I t  i s  a l s o  an i n d i c a t o r  of  t h e  a b i l i t y  

o f  t h e  h e a r t  t o  f u n c t i o n  as  a pump and t o  m a i n t a i n  normal  

body p r o c e s s e s .

1 .3  Blood Flow P a t t e r n s

In  o r d e r  t o  u n d e r s t a n d  p a t h o l o g i c a l  changes  o f  t h e  

b lo o d  f low w i t h i n  t h e  v e s s e l  o f  i n t e r e s t ,  some knowledge o f  

f l u i d  dynamics  i n  r e l a t i o n  to  t h e  b lo o d  f low i s  r e q u i r e d .

I t  has  long  been  r e c o g n i z e d  t h a t  f l u i d s  e x h i b i t  two d i s t i n c t  

ty p e s  o f  f lo w .  The f i r s t ,  and t h e  s i m p l e r ,  i s  l a m in a r  f low .
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T his  ty p e  o f  f low i s  c h a r a c t e r i z e d  by a f l u i d  t h a t  f lows i n  

a s t r a i g h t  l i n e  or  l a y e r  ( l a m in e )  [ 6 ] .  The second  type o f  

f low  i s  c a l l e d  t u r b u l e n t  f low  and i s  c h a r a c t e r i z e d  by a 

random m ot ion  o f  t h e  i n d i v i d u a l  p a r t i c l e s  ( r e d  c e l l s  i n  th e  

ca se  o f  b l o o d ) .

One o f  t h e  c h a r a c t e r i s t i c s  o f  th e  f lo w  u s e d  to  d i s t i n 

g u i s h  d i f f e r e n t  p a t t e r n s  i s  t h e  Reynolds number .  Although 

t h e  Reynolds number i s  n o t  o f t e n  u s e f u l  i n  d e s c r i b i n g  b lo o d  

f low because  o f  t h e  f r e q u e n t  changes o f  t h e  b lo o d  v e s s e l ' s  

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

d i s t i n g u i s h i n g  th e  p r e v i o u s l y  i d e n t i f i e d  p a t t e r n s .  Reynolds  

found  t h a t  f low p a t t e r n  i n  a c i r c u l a r  p i p e  depends  no t  on ly  

on th e  v e l o c i t y  o f  th e  f l u i d , b u t  a l s o  on th e  d e n s i t y  and 

v i s c o s i t y  o f  th e  f l u i d  and d i a m e te r  o f  t h e  p i p e .  The t h r e s 

h o ld  f o r  Reynolds  number f o r  l am in a r  f low  i s  2100. Flow 

w i th  Reynolds  number of  l e s s  th an  2100 i s  c o n s id e r e d  in  

g e n e r a l  t o  be l a m i n a r .  Flow w i th  a Reynolds  number o f  more 

th a n  3100 i s  c o n s i d e r e d  g e n e r a l l y  to  be t u r b u l e n t .  A l though  

Reynolds  number i s  an i m p o r t a n t  f a c t o r  i n  i d e n t i f y i n g  th e  

type  o f  f lo w ,  i t  i s  more u s e f u l  i n  c h a r a c t e r i z i n g  lam in a r  

f lo w .  In  th e  t u r b u l e n t  r e g i o n ,  however ,  t h e  f low  p a t t e r n  

i s  a f f e c t e d  more o f t e n  by w a l l  f o r c e s  th a n  by f l u i d  v i s 

c o s i t y  and Reynolds number.

The most i m p o r t a n t  i n d i c a t o r  which  has  been  deve loped  

to  i n v e s t i g a t e  the  b lo o d  c i r c u l a t i o n  i s  t h e  v e l o c i t y



1 5

p r o f i l e  [ 2 ] .  I t  was shown t h a t  f l o w  i n  t h e  l a m i n a r  c o r e  h a s  

a  p a r a b o l i c  v e l o c i t y  p r o f i l e  and t h e  t u r b u l e n t  f lo w  has  a 

more b l u n t  p r o f i l e  a c r o s s  t h e  d i a m e t e r  o f  t h e  p i p e .  The 

v e l o c i t y  a t  t h e  w a l l  f o r  a l l  r e a l  f lo w s  i s ,  o f  c o u r s e ,  e q u a l  

t o  z e r o ,  owing t o  t h e  w a l l  f r i c t i o n  f o r c e s .

In  t h e  a r e a  o f  D o p p le r  u l t r a s o u n d ,  a t t e m p t s  have been  

made t o  i n v e s t i g a t e  t h e  b l o o d  f lo w  c i r c u l a t i o n  i n  c o n j u n c 

t i o n  w i t h  t h e  p a t h o l o g i c a l  c h a n g e s .  B e c a u se  o f  t h e  s i m p l i 

c i t y  i n  c a l c u l a t i o n  o f  t h e  a v e r a g e  v e l o c i t y ,  m ost  o f  t h e  

r e s e a r c h e r s  i n  t h i s  a r e a  have  u s e d  t h e  l a m i n a r  a p p r o x i m a t i o n .  

O hm or i ,  e t  a l .  (1977)  showed t h a t  b l o o d  f lo w  c a n n o t  be c o n 

s i d e r e d  l a m i n a r  i n  a l l  o f  t h e  a r t e r i e s .  I n  f a c t ,  i n  many o f  

t h e  m a jo r  a r t e r i e s ,  e s p e c i a l l y  i n  and a r o u n d  t h e  h e a r t ,  

b l o o d  f low p a t t e r n s  a r e  found  to  be o f  t u r b u l e n t  n a t u r e .  I n

a d d i t i o n ,  random m o t io n  o f  t h e  i n d i v i d u a l  b l o o d  p a r t i c l e s  

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

s i g n a l .  I n  a p p r o x i m a t i n g  t h e  b l o o d  f lo w  as  l a m i n a r ,  v a l u e s  

o f  t h e  f l u c t u a t i o n  com ponen ts  a r e  i g n o r e d  d u r i n g  t h e  p r o 

c e s s  o f  c a l c u l a t i o n  o f  t h e  f lo w  c h a r a c t e r i s t i c s .  W hereas ,  

i n  t h e  t u r b u l e n t  f l o w ,  t h o s e  p a r a m e t e r s  p e r f o r m  a v e r y  

i m p o r t a n t  r o l e  i n  c a l c u l a t i o n  o f  b l o o d  f lo w  c h a r a c t e r i s t i c s  

s u c h  as s h e a r  s t r e s s  and  t u r b u l e n t  i n t e n s i t y .

1. 4 Goals o f  t h e  S tu d y

In  t h i s  s t u d y ,  f i r s t ,  we w i l l  d i s c u s s  a p r a c t i c a l  

a p p r o x i m a t i o n  f o r  t h e  b a c k s c a t t e r i n g  o f  p e r i o d i c  b u r s t s  o f
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damped s in e  waves by a volume o f  randomly  d i s t r i b u t e d  

s c a t t e r e r s .  Th is  a p p r o x im a t io n  i s  a p p l i e d  to  th e  m e a s u re 

ment o f  a v o l u m e t r i c  b a c k s c a t t e r i n g  c r o s s - s e c t i o n , t a k i n g  

i n t o  acc o u n t  t i s s u e ,  a c o u s t i c s ,  and sy s tem  p a r a m e t e r s .  

Second ,  a d u a l  t r a n s d u c e r  p u l s e d - D o p p l e r  u l t r a s o u n d  (DTP- 

Du) i s  d e v e lo p ed  and w i l l  be used  f o r  a c c u r a t e  measurements  

o f  t h e  Doppler  a n g l e  which p e r m i t s  d e t e r m i n a t i o n  o f  b lo o d  

f low v e l o c i t i e s .  The f l u c t u a t i o n  components  o f  t h e  v e l o c 

i t i e s  a re  t h e n  g o in g  to  be d e te rm in e d  and t h e i r  r e l a t i o n s h i p  

to  t h e  p a t h o l o g i c a l  changes  such as s t e n o s i s ,  w i l l  be 

i n v e s t i g a t e d .

To v e r i f y  t h e  r e s u l t s  of th e  t h e o r e t i c a l  w o r k s , 

v a r i o u s  e x p e r im e n t s  w i l l  be p e r fo rm e d .  The d u a l  t r a n s d u c e r  

p u l s e d - D o p p l e r  u l t r a s o u n d  i s  c o n s t r u c t e d  and w i l l  be u s e d  

t o  e x t r a c t  i n f o r m a t i o n ,  such  as v e l o c i t y ,  volume r a t e  and 

o t h e r  c h a r a c t e r i s t i c s  o f  b lood  f lo w .  A t te m p ts  w i l l  be made 

to  c l a s s i f y  t h e  d e g r e e  o f  s t e n o s i s  i n  t h e  a r t e r i e s  u n d e r  

i n v e s t i g a t i o n .

1 . 5  Flow C har t

The o r g a n i z a t i o n  o f  t h i s  s t u d y  i s  as  f o l l o w s :  I n  t h e  

p r e s e n t  c h a p t e r ,  b a s i c  d e f i n i t i o n s  and n o t a t i o n s  a re  g iv e n . -  

A l s o ,  a d e t a i l e d  d i s c u s s i o n  o f  D opple r  p r i n c i p l e  and Dop

p l e r  i n s t r u m e n t s  and a b r i e f  r e v ie w  o f  t h e  a p p l i c a t i o n  o f  

D opp le r  u l t r a s o u n d  i n  m ed ic ine  i s  p r e s e n t e d .

In  C h ap te r  I I  ( L i t e r a t u r e  Review) t h e  t h e o r e t i c a l
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i n v e s t i g a t i o n s  o f  th e  p u l s e d  Doppler  u l t r a s o u n d  i n  r e l a t i o n  

t o  t h i s  s tu d y  i s  p r e s e n t e d .  Then t h e  f l u i d  mechanics  a s p e c t  

o f  t h e  work i s  p r e s e n t e d  i n  more d e t a i l .  F i n a l l y ,  i n - v i v o  

and i n - i n t r o  i n v e s t i g a t i o n s  done by o t h e r  r e s e a r c h e r s  i n  

t h i s  a r e a  a r e  i n t r o d u c e d .

In  C h a p te r  I I I ,  t h e  t h e o r e t i c a l  i n v e s t i g a t i o n  i n  

Communication i s  p r e s e n t e d .  Then, th e  d u a l  t r a n s d u c e r  model 

i s  p r e s e n t e d  and i t s  p e r fo rm a n c e  i s  e v a l u a t e d  and compared 

w i t h  th e  c o n v e n t i o n a l  model .  F i n a l l y ,  t h e  f l u i d  m echanic  

a s p e c t  o f  th e  work i s  d i s c u s s e d .

In  C h a p te r  IV, e x p e r i m e n t a l  p r o c e d u r e  i s  d i s c u s s e d  and 

a b r i e f  d e s c r i p t i o n  o f  d i f f e r e n t  d e v i c e s  u sed  in  e x p e r im e n t s  

i s  d e m o n s t r a t e d .

In  C h a p te r  V, e x p e r i m e n t a l  r e s u l t s  i n  c a l c u l a t i n g  th e  

Doppler  a n g l e ,  b lo o d  f low v e l o c i t y ,  b lo o d  f low volume r a t e  

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

s e n t e d .

In  C h a p te r  V I ,  we summarize t h e  r e s u l t s  of  t h e o r e t i c a l  

and e x p e r i m e n t a l  s t u d y  and th e  f u t u r e  work o f  t h i s  s t u d y  i s  

o u t l i n e d .



CHAPTER I I  

LITERATURE REVIEW

At the  p r e s e n t  t i m e ,  many i n v e s t i g a t o r s  a r e  u s in g  

u l t r a s o n i c  i n s t r u m e n t s  o r  a r e  i n v o lv e d  i n  t h e i r  d e v e lo p m e n t .  

In  r e c e n t  y e a r s ,  th e  c l i n i c a l  p o t e n t i a l  o f  Doppler  u l t r a 

sound f o r  o b t a i n i n g  i m p o r t a n t  hemodynamic i n f o r m a t i o n  has  

been  w id e ly  r e c o g n i z e d .  Growing i n t e r e s t  i n  p u l s e d - D o p p l e r  

u l t r a s o u n d  has  s t i m u l a t e d  a t t e m p t s  by c l i n i c a l  r e s e a r c h e r s  

t o  c o r r e l a t e  q u a n t i t a t i v e  Doppler  i n f o r m a t i o n  w i th  c i r c u 

l a t o r y  d i s e a s e  s t a t e s .  Before  such s t u d i e s  can p ro d u ce  

m e a n in g fu l  q u a n t i t a t i v e  d a t a ,  i t  i s  e s s e n t i a l  t o  ap p ro ach  

s i g n a l  p r o c e s s i n g  i n  Doppler  u l t r a s o u n d  from th e  p r i n c i p l e  o f  

c o n s e r v a t i o n .  R e t r i e v a l  o f  d a t a  by a c c o u n t in g  f o r  t r a n s m i t t e d  

s i g n a l  p r o p e r t i e s ,  c o n v e r t i n g  th e  Doppler  s i g n a l  i n t o  t h e  

form from which  i n f o r m a t i o n  c o n c e r n in g  v e l o c i t y  can  be r e 

v e a l e d ,  a n a l y z i n g  a c o u s t i c a l  p a r a m e te r s  a f f e c t i n g  th e  b ac k -  

s c a t t e r e d  s i g n a l ,  o b t a i n i n g  a c c u r a t e  measurements  o f  D opp le r  

a n g l e ,  w i l l  p r o v id e  t h e  r e f i n e d  d a t a  n eeded .  At p r e s e n t ,  

th e  a c c u ra c y  w i th  which q u a n t i t a t i v e  Doppler  i n f o r m a t i o n  can 

be d e te r m in e d  i s  compromised by equipment  d e s ig n  which f a i l s  

t o  a c c o u n t  f o r  t h e s e  and o t h e r  s o u rc e s  o f  e r r o r .

In  t h i s  c h a p t e r ,  we d i s c u s s  some o f  th e  a p p ro a c h e s
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i n t r o d u c e d  by o t h e r  r e s e a r c h e r s  f o r  p r o c e s s i n g  t h e  D o p p le r  

s i g n a l .  A l s o ,  i n  t h i s  c h a p t e r  we d i s c u s s  some i n - v i v o  and 

i n - v i t r o  a n a l y s e s  f o r  q u a n t i t a t i v e  a s s e s s m e n t  o f  t h e  s t a t e  

o f  t h e  a r t e r y .  These i n v e s t i g a t i o n s  can be c l a s s i f i e d  i n  two 

g e n e r a l  c a t e g o r i e s  : t h e o r e t i c a l  i n v e s t i g a t i o n s  and e x p e r i 

m e n ta l  i n v e s t i g a t i o n s .

2 .1  T h e o r e t i c a l  I n v e s t i g a t i o n s

2 . 1 . 1  P r o c e s s i n g  th e  D o p p le r  S i g n a l

In  r e c e n t  y e a r s ,  d i f f e r e n t  r e s e a r c h  g ro u p s  have  t r i e d  

to  d e v e lo p  methods  which use  more r e l e v a n t  s e n s i t i v e  i n f o r 

m a t io n  i n  t h e  Doppler  s i g n a l  [ 9 ] ,  [ 5 3 ] ,  [61 ] ,  [ 7 2 ] ,  [ 7 5 ] ,

[7 7 ] .  In  t h i s  s e c t i o n ,  some o f  t h e  t h e o r e t i c a l  s t u d i e s  a r e  

i n v e s t i g a t e d  which a r e  c o n d u c t e d  by o t h e r  r e s e a r c h e r s  c l o s e l y  

r e l a t e d  t o  o u r  s t u d y .  B u t ,  f i r s t ,  t h e  r e l a t i o n s h i p  i s  d i s 

c u s s e d  b e tw e en  th e  Doppler  s i g n a l  and b lo o d  f low  p a r t i c l e s  

from which  t h e  v e l o c i t y  p r o f i l e  i n  t h e  a r t e r y  i s  fo rm ed .

In  o r d e r  t o  d e s c r i b e  t h e  v e l o c i t y  p r o f i l e  a c r o s s  t h e  

v e s s e l  d i a m e t e r ,  c o n s i d e r  t h e  s i t u a t i o n  i l l u s t r a t e d  i n  

F ig u re  2 . 1 ,  i n  which i t  i s  assumed t h a t  a u n i t  l e n g t h  o f  

th e  v e s s e l  i s  u n i f o r m ly  i n s o n a t e d  w i t h  c o n t in u o u s - w a v e
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u l t r a s o u n d .  D o p p l e r  s i g n a l  i s  a t i m e - v a r y i n g  wave fo rm  

which  u s u a l l y  r e s e m b l e s  t h e  t r a c e  shown i n  F i g u r e  2 . 2 .  The 

D o p p le r  s i g n a l  c o n t a i n s  i n f o r m a t i o n  a b o u t  f lo w  v e l o c i t y  and 

i t s  f r e q u e n c y  s p e c t r u m  i s  i n  t h e  a u d i o  r a n g e .  To e x t r a c t  

t h i s  i n f o r m a t i o n ,  d i f f e r e n t  m ethods  o f  d e c o d i n g ,  b o t h  i n  

t im e  and t h e  f r e q u e n c y  d om ain ,  a r e  u s e d .  ■

To
D o p p le r
S ys tem

T r a n s d u c e r

U l t r a s o n i c  Beam

V Blood V e s s e l
V e l o c i t y
P r o f i l e

F i g u r e  2 . 1  D o p p le r  i n s o n a t i o n  o f  t h e  b l o o d .

Ooppler siqnoi

r ime

F i g u r e  2 . 2  An example  o f  a D o p p le r  s i g n a l ,
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The e s s e n t i a l  p ro b le m  in  t ime domain a n a l y s i s  i s  t o  p r o c e s s  

th e  Doppler  s i g n a l  i n  some s im p le  way such t h a t  p a r t i c u l a r  

p a r a m e te r s  r e l a t e d  t o  i t s  f r e q u e n c y  c o n t e n t  a r e  r e v e a l e d .

The f i r s t  s t e p  i s  to  examine the  t im e  domain s i g n a l  t o  f i n d  

c lu e s  to  i t s  f r e q u e n c y  c o n t e n t .  For  t h e  s im p le  c a s e  o f  pure  

s i n u s o i d , t h e  p ro b le m  i s  e l e m e n t a r y  : the  f r e q u e n c y  o f  th e

s i n e  wave i s  e q u a l  t o  o n e - h a l f  t h e  r a t e  a t  which t h e  wave 

form c r o s s e s  i t s  own mean l e v e l .  However,  f o r  t h e  case  o f  a 

Doppler  s h i f t  s i g n a l  from a b lo o d  v e s s e l , th e  p ro b le m  i s  

much l e s s  s t r a i g h t f o r w a r d .  For i n s t a n c e ,  low f r e q u e n c y  s i g 

n a l s  o r i g i n a t i n g  from slow moving b lo o d  n ea r  t h e  w a l l  

combine w i t h  h i g h e r  f r eq u e n c y  s i g n a l s  from th e  c e n t e r  o f  the 

v e s s e l  t o  p ro d u c e  a c o m p l i c a t e d  wave form sh ap e .  A ls o ,  

n o i s e  on t h e  s i g n a l  can p ro d u ce  unwanted  ze ro  c r o s s i n g s .  

R e l a t i n g  z e ro  c r o s s i n g s  to  f r e q u e n c y  i n  any p a r t i c u l a r  

s i t u a t i o n  i s  q u i t e  d i f f i c u l t  b u t ,  n e v e r t h e l e s s , t h i s  p r i n 

c i p l e  forms t h e  b a s i s  f o r  th e  most p o p u l a r  ty p e  o f  Doppler  

s h i f t  p r o c e s s o r  c u r r e n t l y  i n  u s e .  However, i t  i s  p e rh a p s  

t r u e  t h a t  t h i s  w id e s p re a d  p o p u l a r i t y  has  been g a i n e d  more 

from the  s i m p l i c i t y  of  th e  d e v ic e  r a t h e r  th a n  from i t s  

r e l i a b l e  and a c c u r a t e  pe r fo rm ance  c h a r a c t e r i s t i c s  [ 7 ] .

The t h e o r y  o f  o p e r a t i o n  o f  a z e ro  c r o s s i n g  d e t e c t o r  i s  

based  on a c l a s s i c  t h e o r e t i c a l  a n a l y s i s  by Rice  (1944) who 

a n a ly z e s  t h e  p ro b le m  by p r e d i c t i n g  th e  e x p e c t e d  number o f  

zero  c r o s s i n g s  from the  s p e c t r a l  c o h e r e n t  o f  t h e  s i g n a l .

A t k i n s o n ,  e t  a l .  (1982j and a number o f  o t h e r
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r e s e a r c h e r s  [ 1 - 6 ] ,  [ 1 4 ] ,  [ 1 5 - 1 6 ] ,  [ 2 9 ] ,  [ 4 6 ] ,  [62] a p p l i e d  

t h i s  t h e o r y  to  t h e  D o p p le r  s i g n a l .  They showed t h e  echo  power 

b a c k s c a t t e r e d  from th e  b l o o d  i n  p r o p o r t i o n  to  t h e  v e l o c i t y  d e n 

s i t y  o f  r e d  c e l l s  (number  o f  r e d  c e l l s  i n  t h e  u n i t  volume) by the  

f o l l o w i n g  fo rm u la :

P(w)*dw oc n ( v ) ' d v  (2 .1 )

where P(w) power s p e c t r u m  and n (v )  i s  t h e  v e l o c i t y  d e n s i t y ,  

and w and v a r e  r e l a t e d  by o r i g i n a l  D opp le r  e q u a t i o n  ( 1 . 2 ) .  

The number o f  z e r o - c r o s s i n g  p r o p o r t i o n a l  t o  t h e  f r e q u e n c y  i s  

g i v e n  by e q u a t i o n  ( 2 . 2 ) :

X = 2
r r«‘

-  00 J

P(w)dw -|

P(w) dw -*
( 2 . 2 )

As was m e n t io n e d  e a r l i e r ,  t h e  z e r o - c r o s s i n g  con 

v e r t o r  has  numerous d i s a d v a n t a g e s ,  e s p e c i a l l y  when th e  

f r e q u e n c y  s p e c t ru m  o f  t h e  s i g n a l  i s  b r o a d .  The c o n t in u o u s  

wave u l t r a s o u n d  has  a b r o a d  band s p e c t ru m  a l r e a d y ,  due to  

i t s  c o v e r i n g  t h e  whole  lumen s i z e  and t h i s  i s  d e p i c t e d  i n  

F i g u r e  2 . 3 .

C e n te r  P o i n t  
o f  t h e  V e s s e l

Wall o f  
t h e  V e s s e l

F i g u r e  2 .3  The power s p e c t r u m  o f  a D opple r  s i g n a l  i n  CW.
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In  t h e  c a s e  o f  p u l s e d  D o p p le r  u l t r a s o u n d ,  h o w e v e r ,  t h e  

ze ro  c r o s s i n g  c o n v e r t e r  i s  more r e l i a b l e ,  s i n c e  few b u r s t s  o f  

p u l s e  a r e  t r a n s m i t t e d  t o  t h e  c o n v e r t e r  d u r i n g  e a ch  p u l s e  r e p e 

t i t i o n  p e r i o d .

The s e c o n d  way o f  p r o c e s s i n g  t h e  Doppler  s i g n a l  i s  f r e 

quency a n a l y s i s  [ 7 ] ,  [ 1 0 ] ,  [ 1 2 - 1 3 ] ,  [17 -19] ,  [44],  [57] ,  [64] ,  [66-  

67] ,  [73 ] ,  [ 8 1 ] .  As s t a t e d  p r e v i o u s l y  i n  e q u a t i o n  2 . 1 , t h e  power  

s p e c t ru m  o f  t h e  D opple r  s i g n a l  i s  p r o p o r t i o n a l  t o  i t s  v e l o c i t y  

. d e n s i t y .  T h e r e f o r e ,  by d e t e r m i n i n g  th e  power s p e c t r u m  o f  t h e  

s i g n a l ,  t h e  mean f r e q u e n c y  and c o n s e q u e n t l y  mean v e l o c i t y  o f  

the  b lo o d  f lo w  can  be o b t a i n e d .  However,  t h i s  can  be done 

u n d e r  t h e  f o l l o w i n g  a s s u m p t i o n s :

a) The b lo o d  p a r t i c l e s  a r e  u n i f o r m l y  d i s t r i b u t e d .

b) A t t e n u a t i o n  i s  n e g l i g i b l e .

c)  The medium o f  t h e  b l o o d  f low  i s  homogeneous.

The F o u r i e r  t r a n s f o r m  a n a l y s i s ,  however ,  has  been  p r o v e n  

to  be an e f f e c t i v e  t o o l  i n  c h a r a c t e r i z i n g  and s t a t i n g  th e  

s t a t u s  o f  t h e  b lo o d  c i r c u l a t i o n  [74] ,  [80],  [ 8 3 -9 1 ] ,  [ 9 4 - 9 5 ] ,

[99], [ 1 0 3 -1 0 7 ] .

In  t h e  p r o c e s s i n g  o f  t h e  D opple r  waveform, t h e  e f f e c t  

o f  t i s s u e  p a r a m e t e r s  such  as  t h i c k n e s s  and a t t e n u a t i o n  

f a c t o r s  must  a l s o  be c o n s i d e r e d .  H o l l a n d ,  e t  a l .  (1984) 

s t a t e d  t h a t  t h e  q u a n t i t a t i v e  c a p b i l i t y  o f  p u l s e d - D o p p l e r  

u l t r a s o u n d  i n  c l i n i c a l  p r a c t i c e  i s  l i m i t e d  by t h e  e f f e c t  o f  

t h i c k n e s s  and a t t e n u a t i o n  o f  u l t r a s o u n d  i n  t i s s u e  as  w e l l  as 

s e v e r a l  o t h e r  p a r a m e t e r s  which  d i s t o r t  th e  D o p p le r  s p e c t r u m  

o f  an u l t r a s o n i c  echo .  In  t h a t  r e p o r t ,  r e s u l t s  a r e  p r e s e n t e d
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o f  i n - v i t r o  e x p e r i m e n t s  which d e m o n s t r a t e  the  m agnitude  o f  

t h e  e r r o r s  e x p e c t e d  in  c l i n i c a l  measurements  o f  f l o o d  f low  

p a r a m e te r s  when t h i c k n e s s  and a t t e n u a t i o n  u l t r a s o u n d  i n  b i o 

l o g i c a l  t i s s u e  i s  i g n o re d .

Kadaba ( 1 9 8 0 [ ,  used  a m o d i f i e d  v e r s i o n  o f  p u l s e  echo 

t e c h n iq u e  to  m easure  t h e  a t t e n u a t i o n  and b a c k s c a t t e r i n g  

c o e f f i c i e n t  o f  u l t r a s o u n d .  Also i n  t h i s  a r e a  [35],  [44] ,  [47] ,  

[50 ] ,  [63] ,  [ 6 8 ] ,  [ 7 0 ] , [ 7 6 ]  have i n v e s t i g a t e d  only  th e  e f f e c t  o f  

a t t e n u a t i o n  and o t h e r  a c o u s t i c a l  p a r a m e t e r s  on th e  Dopp le r  

s i g n a l .  B u t ,  t h e  e f f e c t  o f  o t h e r  p a r a m e t e r s  such as  sy s tem  

and t i s s u e  p a r a m e t e r s ,  t o g e t h e r  w i t h  th e  a c o u s t i c a l  p a r a 

m e te r s  have n o t  been  i n v e s t i g a t e d .

S in ce  t h e  c u r r e n t  l i t e r a t u r e  does no t  i n v e s t i g a t e  th e  

p e r i p h e r a l  f a c t o r s  o u t l i n e d  a t  t h e  b e g in n in g  o f  t h i s  c h a p t e r ,  

i n  t h i s  s t u d y ,  t h e  e f f e c t  o f  a c o u s t i c s ,  t i s s u e  and o t h e r  

e lem e n ts  on th e  t r a n s m i t t e d  and b a c k s c a t t e r e d  s i g n a l  a r e  

i n v e s t i g a t e d  u s i n g  an a l t e r n a t e  form f o r  the  t r a n m i t t e d  

s i g n a l .

2 . 1 .2  D e te r m in in g  the  Doppler  Angle (9)

The Doppler  fo rm ula  as i t  was shown in  C hap te r  I can 

be e x p r e s s e d  as

Af  = Z ' f g ' V ^ . c o s  0 / c  ( 1 . 2 )

As was m e n t io n e d  i n  the  p r e v i o u s  s e c t i o n ,  th ro u g h  the  use  

o f  v a r i o u s  t e c h n i q u e s  o f  p r o c e s s i n g  th e  Doppler  s i g n a l ,  i t  

i s  p o s s i b l e  t o  d e te rm in e  the  f r e q u e n c y  s h i f t  im p a r te d  t o  the
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r e t u r n i n g  s i g n a l  by t h e  f l o w i n g  b lo o d .  How ever ,  t h e  p r i n c i p a l  

unknown which rem a in s  i n  e q u a t i o n  ( 1 .2 )  i s  an a c c u r a t e  d e t e r 

m i n a t i o n  o f  Doppler  a n g l e  ( 9 ) .  B ak e r ,  D.W. [4] , J o r g e n s o n ,

J . E .  [ 2 1 ] ,  V a ld e s c ru z ,  L.M. e t  a l .  [34] s t a t e d  t h a t  i t  i s  p o s 

s i b l e  t o  assume some o r i e n t a t i o n  f o r  th e  v e s s e l  o f  i n t e r e s t  

and. t h e n  p r e d i c t  t h e  D o p p le r  a n g l e .  However ,  s u ch  a p r o c e d u r e  

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

s i n c e  th e  r e l a t i v e  e r r o r  i n  v e l o c i t y  i s  a f u n c t i o n  o f  changes  

i n  D o p p le r  an g le
d Vn

( i . e .  — —  = t g  9 d9) .

For  e x a m p le ,  i f  9 i s  a c t u a l l y  45® and i t  i s  e s t i m a t e d  5 0 “ , 

t h e  r e l a t i v e  e r r o r  i n  v e l o c i t y  i s  9 p e r c e n t .  The e r r o r  i n  

v e l o c i t y  e s t i m a t i o n  i n c r e a s e s  by i n c r e a s i n g  t h e  Doppler  

a n g l e .  For exam ple ,  i f  t h e  a c t u a l  v a lu e  o f  t h e  Doppler  a n g le  

i s  65® and i s  e s t i m a t e d  70®, t h e  e r r o r  i n  v e l o c i t y  i s  a lm o s t  

19 p e r c e n t .  S ince  t h e  v e l o c i t y  i s  th e  p r i m a r y  f a c t o r  i n  th e  

c a l c u l a t i o n  o f  o t h e r  c h a r a c t e r i s t i c s  su ch  as  volume r a t e ,  

v e l o c i t y  p r o f i l e ,  s h e a r  s t r e s s ,  e t c .  - - t h e  i m p o r t a n t  r o l e  o f  

t h e  D opp le r  ang le  becomes more e v i d e n t .

A second  a p p ro a c h  t o  a c c u r a t e l y  e s t i m a t i n g  th e  D o p p le r  

a n g l e ,  i s  u s in g  th e  D o p p le r  imaging s y s t e m  [2] in  a d d i t i o n  

t o  p u l s e d - D o p p l e r  u l t r a s o u n d .  G i l l ,  R.W. [ 6 0 ] ,  N im ura , Y.

[ 2 0 ] , Brody,  W.B. [ 2 8 ] ,  B o u r n a t , J . P .  [31] , and  N i l s s o n ,  G.E.

[59] s t u d i e d  th e  q u a n t i t a t i v e  measurement  i n  d e e p - l y i n g  

v e s s e l s .  In  t h e s e  s t u d i e s ,  s t t e m p t s  have b een  made f o r  10 

e a t i n g  t h e  v e s s e l  o f  i n t e r e s t ,  c a l c u l a t i n g  i t s  s i z e  and
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d e t e r m i n i n g  t h e  o r i e n t a t i o n  o f  t h e  b l o o d  v e s s e l  by co m b in in g  

th e  p u l s e d - D o p p l e r  u l t r a s o u n d  w i t h  a B - s c a n  im ag ing  i n s t r u 

ment .  B u t ,  t h e  p r o b le m  w i t h  u s i n g  t h i s  combined  s y s te m  i s  

t h a t  t h e  D o p p le r  a n g l e  i s  d e s c r i b e d  as  t h e  a n g le  be tween  

u l t r a s o n i c  beam and  t h e  w a l l  o f  t h e  v e s s e l ,  w h e rea s  t h e  r e a l  

D opp le r  a n g l e  i s  t h e  a n g l e  be tw een  u l t r a s o n i c  beam and t h e  

b lo o d  f lo w ,  n o t  t h e  w a l l  o f  t h e  v e s s e l .  T h e r e f o r e ,  t h e  

q u a n t i t a t i v e  m e a s u re m e n t s ,  due t o  t h e  d e s c r i b e d  sy s te m  i n  

t h e s e  s t u d i e s ,  a r e  n o t  a c c u r a t e  enough t o  d e s c r i b e  t h e  r e a l  

v a l u e s  o f  t h e  v e l o c i t y .  In  g e n e r a l ,  t h e  s t a n d a r d  s y s t e m ,  

a l o n e ,  o r  t o g e t h e r  w i t h  t h e  im aging  s y s t e m ,  a r e  c a p a b l e  o f  

e s t i m a t i n g  t h e  D o p p le r  a n g l e  i n  o n e - d i m e n s i o n a l  c a s e s ;  

t h e r e f o r e ,  t h e y  can  be u s ed  o n ly  when f lo w  p a t t e r n  i s  l a m i n a r .

In  t h i s  s t u d y ,  we d e v e lo p e d  a model  t h a t  can  c a l c u l a t e  

t h e  D opple r  a n g l e  more a c c u r a t e l y  and i s  c a p a b l e  o f  o b t a i n i n g  

th e  v e l o c i t y  co m p o n e n ts ,  which i s  u s e f u l  n o t  o n ly  i n  l a m i n a r  

f lo w ,  b u t  i n  t u r b u l e n t  r e g i o n s ,  as w e l l .

2 . 1 . 3  Blood Flow P a t t e r n

As was m e n t io n e d  e a r l i e r ,  i t  i s  p o s s i b l e  t o  r e c o r d  b l o o d  

v e l o c i t y  waveform f o r  many o f  t h e  b lo o d  v e s s e l s  u s i n g  a 

p u l s e d  D opp le r  u l t r a s o u n d .  In  a d d i t i o n  t o  th e  method o f  p r o 

c e s s i n g  and t h e  e f f e c t  o f  t i s s u e  p a r a m e t e r s '  on t h e  D opp le r  

s i g n a l  p r e v i o u s l y  d e s c r i b e d ,  c h a r a c t e r i z i n g  th e  waveform i n  

te rm s  o f  f lo w  p a t t e r n  i s  c r i t i c a l .  B e c a u s e ,  r e c o g n i z i n g  t h e  

f low  p a t t e r n  can  en h an ce  one 's  u n d e r s t a n d i n g  o f  t h e  f low  p r o p e r 

t i e s ,  and t h e r e f o r e  o f  g r e a t  h e l p  f o r  d i a g n o s t i c  p u r p o s e s .
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changes  on the  D opple r  s i g n a l  can be r e l a t e d  t o  p a t h o l o g i c a l  

p a r a m e t e r s  c a u s in g  t h o s e  changes .  T h e r e f o r e ,  i t  i s  o f  g r e a t  

im p o r ta n c e  t o  c a l c u l a t e  c h a r a c t e r i s t i c s  o f  t h e  b lo o d  flow 

c i r c u l a t i o n .  S p e c i f i c  b lo o d  f low c h a r a c t e r i s t i c s  which have 

r o l e s  i n  c l i n i c a l  a p p l i c a t i o n s  i n c l u d e :  a) t h e  d i s t r i b u t i o n

of  v e l o c i t y  ( v e l o c i t y  p r o f i l e ) ,  b) t h e  d i s t r i b u t i o n  o f  the  

f o r c e  on th e  w a l l  o f  t h e  v e s s e l  ( s h e a r  s t r e s s )  and c) the  

l e v e l  o f  i n t e n s i t y  d e v e lo p e d  a t  the  s i t e  o f  s t e n o s i s .

The v e l o c i t y  p r o f i l e  i n  a l a m in a r  f low can be found

from th e  f o l l o w i n g  p r o c e d u r e .  When th e  f low i s  w i t h i n  l am in a r

r e g i o n ,  the v i s c o u s  s h e a r  s t r e s s  t i s

= "VJ ^  ( 2 . 3 )

where y i s  v i s c o s i t y ,  u i s  v e l o c i t y  and r  i s  r a d i u s  o f  th e  

p i p e .  On the  o t h e r  h a n d ,  s h e a r  s t r e s s  in  t h e  l a m in a r  r e g i o n  

can be e x p r e s s e d  i n  t e rm s  o f  p r e s s u r e  change (Ap) due to  th e  

f r i c t i o n  and L, the  l e n g t h  f o r  f lo w ,  to  be f u l l y  d eve loped  

as :

T = ^  • AP (2 .4 )

E q u a t in g  e q u a t i o n s  ( 2 .3 )  and (2 .4 )  and i n t e g r a t i n g ,  u can be 

found

r  A _ du
2L * Ap -  -P dF

= 2LF ' 
u 1

or
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2 r  _2 -1
( 2 .5 )

I t  can  be s e e n  f rom  e q u a t i o n  ( 2 .5 )  t h a t  t h e  v e l o c i t y  d i s t r i 

b u t i o n  in  l a m i n a r  f lo w  assumes a p a r a b o l i c  sh ap e .  The v e l o 

c i t y  i s  maximum a t  t h e  p i p e  c e n t e r  ( r  = 0) and i s  ze ro  a t  t h e  

w a l l s  o f  t h e  p i p e  ( r  = y ) .  The maximum v e l o c i t y  can  be 

found from e q u a t i o n  (2 .5 )  as  f o l l o w s :

"max "  ̂ Î6LÜ ^

I t  was shown t h a t  th e  a v e r a g e  v e l o c i t y  i n  l a m in a r  

f low i s  e q u a l  t o  o n e - h a l f  t h e  maximum v e l o c i t y .  T h is  i s  

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

h a l f  the  h e i g h t  o f  a p a r a b o l i d  w i t h  th e  same base  c i r c l e  

and th e  same v o lum e .  So

V .avg 2

or

The volume r a t e  o f  f low (Q) t h r o u g h  a c i r c u l a r  p i p e  i s  g i v e n  

by th e  e x p r e s s i o n

S i m p l i c i t y  i n  c a l c u l a t i o n s  and l a c k  o f  p r o p e r  i n s t r u m e n t s  

have f o r c e d  m os t  o f  th e  r e s e a r c h e r s  t o  i n v e s t i g a t e  t h e  

deve lopm en t  o f  t h e  a r t e r i a l  l e s i o n  l e a d i n g  to  s t e n o s i s  and 

o t h e r  ty p e s  o f  d i s e a s e s ,  b a s e d  on th e  a s su m p t io n  t h a t  b lo o d
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f lo w  p a t t e r n  i s  l a m in a r  i n  most o f  th e  c a s e s  [ 7 ] ,  [ 8 ] ,  [ 3 1 ] .  

B u t ,  the  p rob lem  i s ,  t h a t  in  l a m in a r  f low the  f l u i d  p a r a 

m e te r s  such  as v i s c o u s  e f f e c t ,  i s  a p r e d o m in a t in g  f a c t o r  and 

s t r u c t u r a l  changes  such  as s t e n o s i s  do n o t  have a s i g n i f i 

c a n t  e f f e c t  on t h e  f low  c h a r a c t e r i s t i c s .  T h e r e f o r e ,  i f  t h e  

f low  p a t t e r n  i s  o r i g i n a l l y  t u r b u l e n t  and a p prox im a te d  as 

l a m i n a r ,  s i g n i f i c a n t  p o r t i o n s  o f  t h e  d a t a  a re  l o s t .

M oreover ,  i t  was s t a t e d  e a r l i e r  t h a t  th e  f low ca n n o t  

be c o n s id e r e d  l a m i n a r  i n  a l l  o f  t h e  a r t e r i e s .  In  f a c t ,  i n  

more i m p o r t a n t  a r t e r i e s  such as th e  c o ro n a ry  a r t e r y  and th e  

c a r o t i d  a r t e r y ,  t h e r e  a r e  i n d i c a t i o n s  o f  d i s t u r b a n c e s  c au se d  

by t u r b u l e n c y  and f low  has been c a t e g o r i z e d  as t u r b u l e n t  

[ 8 ] ,  [1 1 ] ,  [ 4 5 ] ,  [ 4 8 - 4 9 ] ,  [ 5 1 -5 2 ] ,  [6 9 ] .

In t u r b u l e n t  f lo w ,  random m otion  o f  i n d i v i d u a l  b lo o d  

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

components on th e  Doppler  s i g n a l .  F l u c t u a t i o n  components  o f  

t h e  t u r b u l e n t  v e l o c i t y  a re  very  i m p o r t a n t  f a c t o r s  i n  c a l c u 

l a t i n g  t u r b u l e n t  f low  c h a r a c t e r i s t i c s .  One of  t h e  ad v a n 

t a g e s  o f  b e in g  a b l e  t o  d e t e c t  t u r b u l e n c y  in  c o n t r a s t  t o  

l a m in a r  f lo w ,  i s  t h a t  t h e  c h a r a c t e r i s t i c s  o f  b lo o d  f low  a re  

r e l a t e d  t o  s t r u c t u r a l  and o th e r  t i s s u e  p a r a m e t e r s .  In  t h e  

p r o c e e d i n g  p a r t  o f  t h i s  s e c t i o n ,  -the t h e o r e t i c a l  a s p e c t s  o f  

t u r b u l e n t  f low were b r i e f l y  d i s c u s s e d .

I n s t a n t a n e o u s  v e l o c i t i e s  in  t u r b u l e n t  f low i n  x ( p a r a l l e l )  

and y ( p e r p e n d i c u l a r )  domains a re  shown by the  e x p r e s s i o n s

Vx = + V' ( 2 .9 )
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Vy = Vy + Vy ( 2 . 1 0 )

where v i s  t h e  av e rag e  v e l o c i t y  and v ’ i s  th e  f l u c t u a t i o n  

v e l o c i t y .  One o f  t h e  c h a r a c t e r i s t i c s  o f  t u r b u l e n t  f lo w  i s  

s h e a r  s t r e s s .  Shear  s t r e s s  i s  s h e a r  f o r c e  p e r  u n i t  a r e a  

a c t i n g  on t h e  c o n t r o l  volume as  a r e s u l t  o f  mass t r a n s f e r  

from one l a y e r  o f  the  f l u i d  t o  a n o t h e r ,  and i t  can be 

e x p r e s s e d  as f o l l o w s :

T - p ( 2 - 1 1 )

The f i r s t  p a r t  o f  t h e  r i g h t - h a n d  s i d e  o f  e q u a t i o n  ( 2 .1 1 )  i s

m o l e c u l a r  c o n t r i b u t i o n s  and th e  se co n d  p a r t  i s  t u r b u l e n t

c o n t r i b u t i o n  (Reynolds  s t r e s s )  t o  t h e  s h e a r  s t r e s s .  I t  was 

shown [102] t h a t  i n  t u r b u l e n t  f lo w ,  t h e  magni tude  o f  th e  

Reynolds s t r e s s  i s  much g r e a t e r  t h a n  the  m o l e c u l a r  c o n t r i 

b u t i o n .  T h e r e f o r e ,  E q u a t io n  ( 2 .1 1 )  can be e x p r e s s e d  as

T  =  -  p  V ' V ' ( 2 . 1 2 )A /

where p i s  t h e  d e n s i t y  o f  t h e  f lo w  and v^ vÿ a v e r a g e  o f  

th e  p r o d u c t  o f  f l u c t u a t i o n  com ponen ts .

A n o th e r  i m p o r t a n t  c h a r a c t e r i s t i c  which i s  a f u n c t i o n  

of  f l u c t u a t i o n  i s  t h e  l e v e l  o f  i n t e n s i t y  o f  t u r b u l e n c e  and 

i s  d e f i n e d  as  .

I = / (v^Z + v ^ Z ) /2  ( 2 .1 3 )

The most i m p o r t a n t  c h a r a c t e r i s t i c  i n  any type  o f  f l o w ,  

however ,  i s  v e l o c i t y  p r o f i l e .  I t  was shown t h a t  v e l o c i t y



3 1

p r o f i l e  i n  l a m i n a r  f low has  a p a r a b o l i c  s h a p e .  In  t u r b u 

l e n t  f lo w ,  e s p e c i a l l y ,  i n  a s m a l l  p i p e  su ch  as  an a r t e r y ,  

t h e  v e l o c i t y  p r o f i l e  d o e s n ' t  have  a known form and i s  

d e p e n d e n t  upon t h e  v a l u e  o f  s h e a r  s t r e s s ,  i n  a d d i t i o n  t o  t h e  

l o c a t i o n  o f  t h e  sample  volume and p i p e  r a d i u s .  For e x a m p le ,  

t h e  v e l o c i t y  p r o f i l e  i n  smooth p i p e s  can  be e x p r e s s e d  a s ;

+ k / ÿ  in  I  ( 2 .1 4 ]^ ^max ■ P R

A l s o ,  u n l i k e  t h e  l a m i n a r  f low i n  w h ich  a v e r a g e  v e l o c i t y  i s  

assumed t o  be o n e - h a l f  o f  maximum v e l o c i t y ,  i n  t u r b u l e n t  

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

can be e x p r e s s e d  as f o l l o w s :

fR
''avg = J V - dA 

0

A nother  i m p o r t a n t  m a t t e r  t o  c o n s i d e r  i s  t h e  r e g i o n  o f  t u r b u 

l e n t  f lo w  [ 9 6 - 9 8 ] ,  [1 0 1 -1 0 2 ] .  In  g e n e r a l ,  t u r b u l e n t  f lo w  c o n 

s i s t s  o f  t h r e e  d i f f e r e n t  r e g i o n s  [ 2 3 ] .  In  a v e r y  t h i n  l a y e r  n e a r  

th e  w a l l  o f  t h e  v e s s e l ,  when th e  v e l o c i t y  i s  low and hence  v i s c o 

s i t y  p r e d o m i n a t e s ,  f low  i s  n o t e d  t o  be l a m i n a r .  Th is  r e g i o n  i s  

c a l l e d  l a m i n a r  s u b l a y e r .  Im m e d ia t e ly  i n s i d e  th e  l a m i n a r  

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

th e  e f f e c t  o f  f r i c t i o n  and v i s c o s i t y  i s  a b o u t  e q u a l .  T h is  

l a y e r  i s  known as  th e  t r a n s i t i o n  o r  b u f f e r  zo n e ,  and t h e  

f low can be l a m i n a r  a n d / o r  t u r b u l e n t ,  o r  b o t h ,  and p o s s i b l y  

ch a n g in g  w i t h  t i m e .  The t h i r d  r e g i o n  c o n s t i t u t e s  t h e  m a jo r  

p o r t i o n  o f  t h e  p i p e  c r o s s  s e c t i o n a l  a r e a ,  and i t  i s  t h e  a r e a
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where t u r b u l e n c e  i s  found and where f r i c t i o n  f o r c e s  o v e r 

r i d e  th e  e f f e c t  o f  v i s c o s i t y .  This  r e g io n  i s  c a l l e d  t u r b u 

l e n t  c o r e .  D i s t i n g u i s h i n g  be tween  th e s e  t h r e e  l a y e r s  can 

enhance t h e  a b i l i t y  to  c a l c u l a t e  c h a r a c t e r i s t i c s  more e f f e c 

t i v e l y .

In  t h e  p r e s e n t  s t u d y ,  we have d e v e lo p e d  a d i r e c t  r e 

l a t i o n s h i p  be tween  b lood  f low  c h a r a c t e r i s t i c s  o f  t u r b u l e n t  

b lo o d  f low  and t i s s u e  p a r a m e t e r s  such as t h i c k n e s s ,  i n  an 

a t t e m p t  t o  c l a s s i f y  the  d e g re e  o f  s t e n o s i s .

2 .2  E x p e r i m e n t a l  I n v e s t i g a t i o n

2 . 2 . 1  I n - V i t r o  E x p e r im e n ta l  I n v e s t i g a t i o n

In  t h i s  s e c t i o n ,  we d i s c u s s  the  i n - v i t r o  s t u d i e s  

s i m i l a r  to  o u r  work con d u c ted  by o t h e r  r e s e a r c h e r s .  In 

i n - v i t r o  e x p e r i m e n t s ,  i t  i s  p o s s i b l e  to  g e n e r a t e  t u r b u le n c y  

and t o  i n v e s t i g a t e  s t a t e  o f  b lo o d  flow c i r c u l a t i o n .  T h e re 

f o r e ,  most o f  t h e  s t u d i e s  i n v e s t i g a t e d  i n  t h i s  s e c t i o n  a r e  

i n  t h e  t u r b u l e n t  r e g i o n .

S t e i n ,  e t  a l .  [89] s t u d i e s  the  c o n t r i b u t i o n  o f  e r y 

t h r o c y t e s  t o  th e  i n t e n s i t y  o f  t u r b u l e n c e  i n  f lo w in g  b lood .  

The i n t e n s i t y  o f  t u r b u l e n t  f low was m easured  by a h o t  f i l m  

anemometer'.  I t  was shown t h a t  the  i n t e n s i t y  o f  t u r b u l e n c e  

depends upon th e  l e v e l  o f  h e m a t o c r i t  (number o f  e r y t h r o 

c y t e s  i n  p l a s m a ) .  However, i n  t h e i r  s t u d y ,  o n ly  one compo

n e n t  o f  th e  i n t e n s i t y  has been  r ev ie w e d ,  due t o  th e  use o f  

one p r o b e ,  and e x t r a c t i n g  i n f o r m a t i o n  a b o u t  t h e  second
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component o f  th e  i n t e n s i t y  i s  n o t  p o s s i b l e .  B u t ,  as was 

m ent ioned  e a r l i e r ,  i n t e n s i t y  of  t u r b u l e n c e  i s  dependen t  

upon bo th  components o f  the  v e l o c i t y .  M oreover ,  the  h o t  

f i l m  anemometer d i s t u r b s  th e  f low. F u r t h e r ,  i t  must be 

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

l i t t l e  use  i n  r e a l  t ime a p p l i c a t i o n .

S t e i n  e t  a l . [90] , s t u d i e d  th e  e f f e c t  o f  c o m p la in t  

t u b e s  upon t u r b u l e n t  i n t e n s i t y .  T u rb u le n ce  i n t e n s i t y  was 

a g a in  measured w i t h  a h o t  f i l m  anemometer .  Th is  s tudy  

i n d i c a t e s  t h a t  th e  com pl iance  o f  a r t e r i e s  may be a p h y s i o 

l o g i c a l  f a c t o r  t h a t  c o n t r i b u t e s  to  th e  r e d u c t i o n  of  t u r b u 

le n c e  i n  the c a r d i o v a s c u l a r  sys tem .  A l s o ,  i n  t h i s  s t u d y ,  

s t e p s  were t ak e n  to  r e l a t e  th e  i n t e n s i t y  o f  t u r b u l e n c e  w i th  

th e  p h y s i o l o g i c a l  f a c t o r s ,  b u t  p rob lem s e n c o u n t e r e d  in  

p r e v i o u s  s t u d i e s  h e l d  f o r  t h i s  s tu d y  as w e l l .  Walbun e t  a l .  

[ 9 1 ] ,  i n v e s t i g a t e d  th e  e f f e c t  of  the  b r a n c h - t o - t r u n k  a r e a  

r a t i o  on th e  t r a n s i t i o n  t o  t u r b u l e n t  f low  ( i m p l i c a t i o n s  i n  

t h e  c a r d i o v a s c u l a r  s y s t e m ) , u s in g  a l a s e r  D opple r  anemo

m e te r  in  g l a s s  t u b e s .  O b s e r v a t i o n s  from t h i s  s tu d y  s u g g e s t  

t h a t ,  f o r  a b r a n c h - t o - t r u n k  r a t i o  o f  0 .4  t o  0 . 8 ,  the  

c r i t i c a l  Reynolds number was r e l a t i v e l y  c o n s t a n t .  As the  

b r a n c h - t o - t r u n k  a r e a  r a t i o  i n c r e a s e d  beyond 0 . 8 ,  a d e c l i n e  

i n  th e  Reynolds number was o b se rv ed .  The v e l o c i t y  p r o f i l e s  

a t  a b r a n c h - t o - t r u n k  a r e a  r a t i o  o f  0 .4  showed a c c e l e r a t i o n  

o f  v e l o c i t y  i n  the  b r a n c h ,  w h i le  a t  an a r e a  r a t i o  o f  1 . 4 ,  

t h e  v e l o c i t y  was shown t o  d e c e l e r a t e .  One p rob lem  w ith



3 4

t h i s  s t u d y  i s  the  use o f  a l a s e r  Dopp le r  anemometer  which 

i s  u s e f u l  o n l y  f o r  i n - v i t r o  a n a l y s i s  n o t  i n  r e a l  t im e .  

M o reo v e r ,  a s i n g l e  t r a n s d u c e r  p robe  i s  u s e d  w h ich  i s  n o t  

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

I n  a n o t h e r  r e l a t e d  s t u d y ,  S tehbens  [108] showed t h a t  

c r i t i c a l  Reynolds  numbers a r e  c o n s i d e r a b l y  be low th e  g e n e r 

a l l y  a c c e p t e d  v a lu e  o f  2000.  In  t h a t  s t u d y ,  i t  was s u g 

g e s t e d  t h a t  t u r b u l e n c e  o f  b l o o d  flow i s  a f a c t o r  i n  i n i t i 

a t i n g  t h e  l e s i o n s  o f  t h e  a r t e r i o s c l e r o s i s  a t  th e  s i t e s  o f  

b r a n c h i n g  o f  th e  c e r e b r a l  a r t e r i e s .  One v e r y  i m p o r t a n t  

o b s e r v a t i o n  from t h i s  p a p e r  and s i m i l a r  p a p e r s  i s  t h a t  

c a l c u l a t i n g  t h e  Reynolds  numbers  on ly  t o  e v a l u a t e  th e  

p h y s i o l o g i c a l  e f f e c t  o f  t h e  t u r b u l e n c e  c a n n o t  be t r u s t e d  

i n  b lo o d  f low  a n a l y s i s ,  e s p e c i a l l y  i n  s m a l l e r  a r t e r i e s  

and o t h e r  c h a r a c t e r i s t i c s  such  as i n t e n s i t y  and s h e a r  

s t r e s s  m ust  a l s o  be o b t a i n e d  t o  have a c u m u l a t i v e  r e s u l t  

f o r  a n a l y z i n g  th e  t u r b u l e n t  f lo w .

K h a l i g h i  e t  a l .  [96] have i n v e s t i g a t e d  th e  s t e a d y  f low 

d e v e lo p m e n t  i n  a human a o r t a  u s i n g  a l a s e r - D o p p l e r  anemo

m e t e r .  The v e l o c i t y  p r o f i l e s  a t  s e v e r a l  c r o s s - s e c t i o n s  i n  

th e  a s c e n d i n g  a o r t a ,  m i d - a r c h  and in  t h e  b r a c h i o c e p h a l i c  

a r t e r y  a r e  m easu red .  The v e l o c i t y  p r o f i l e s  f o r  most o f  

t h e s e  c a s e s  were found t o  be r e l a t i v e l y  f l a t  (an  i n d i c a t i o n  

o f  t u r b u l e n c y ) . Th is  s t u d y  a l s o  i n v e s t i g a t e d  th e  e f f e c t s  

o f  a p h y s i o l o g i c a l  a b n o r m a l i t y  such  as th rombus f o r m a t i o n  

and t i s s u e  o v e rg ro w th  on t h e  f low  p a t t e r n .  In  a d d i t i o n  t o
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t h i s  s t u d y ,  Saad e t  a l .  [97] i n v e s t i g a t e d  t h e  v e l o c i t y  

f i e l d  i n  th e  n e ig h b o r h o o d  o f  a x i s y m m e t r i e  c o n s t r i c t i o n s  i n  

r i g i d  t u b e s  u s i n g  l a s e r  Doppler  anem om eter ,  and a t  Reynolds  

numbers c h a r a c t e r i s t i c  o f  l a r g e  a r t e r i e s .  S t e n o s i s  o f  25 ,

50 and 75 p e r c e n t  a r e a  r e d u c t i o n  were  s t u d i e d .  V e l o c i t y  

p r o f i l e s  were p r e s e n t e d  in  s u f f i c i e n t  d e t a i l  t o  a l lo w  com par

i s o n  w i t h  b i o f l u i d  dynamics m o d e ls .  Wall s h e a r  s t r e s s e s  

were a l s o  e s t i m a t e d .  I t  was shown t h a t  f o r  l a r g e r  a r t e r i e s  

i t  i s  p o s s i b l e  t o  d i s t i n g u i s h  be tw een  d i f f e r e n t  d e g r e e s  o f  

s t e n o s i s  by a n a l y z i n g  t h e i r  f low  c h a r a c t e r i s t i c s .  An i n t e r 

e s t i n g  r e s u l t  o f  t h i s  s tu d y  i s  i t s  l a s e r  t e c h n i q u e .  The 

s i g n i f i c a n c e  o f  t h i s  s tu d y  i s  t h a t  by u s i n g  l a s e r  Doppler  

anemometer ,  t h e  f low  p a t t e r n  co u ld  be p h o to g ra p h e d .  These 

images c l e a r l y  show th e  e f f e c t  of  t u r b u l e n c y  and s t e n o s i s  

on f low p a t t e r n .

In  a n o t h e r  r e l a t e d  i n v e s t i g a t i o n ,  Saad e t  a l .  [98] 

m easured  i n s t a n t a n e o u s  v e l o c i t i e s  i n  t h e  f i e l d  d i s t a l  t o  

c o n to u r e d  a x i s y m m e t r i c  s t e n o s e s  w i t h  a l a s e r  Doppler  a n e 

mometer a t  Reyno lds  numbers r a n g i n g  f rom 500 to  2000. 

A u t o c o r r e l a t i o n  f u n c t i o n s  and s p e c t r a  o f  t h e  v e l o c i t y  were 

employed t o  d e s c r i b e  the  n a t u r e  o f  f l u i d  dynamic d i s t u r 

b a n c e s .  Degree o f  s t e n o s i s  o f  25, 50 and 75 p e r c e n t  were 

used and t h e  r e s u l t s  were compared.  The e f f e c t  o f  a r e a  

r e d u c t i o n  ( s t e n o s i s )  on th e  c e n t e r l i n e  d i s t u r b a n c e s  l e v e l  

was d e m o n s t r a t e d .  Very l i t t l e  change i s  s e e n  f o r  th e  25 

p e r c e n t  s t e n o s i s  i n  th e  i n t e n s i t y  l e v e l ,  b u t  f o r  50 p e r c e n t
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and 75 p e r c e n t  s t e n o s i s ,  t h e r e  i s  an i n c r e a s e  i n  i n t e n s i t y  

l e v e l  f o r  a f i x e d  v a l u e  o f  Reynolds  numbers .

In the l a t t e r  two i n v e s t i g a t i o n s ,  a l a s e r  Doppler  anemo

m eter  was used  t o  measure  v e l o c i t y  components  and to  c a l 

c u l a t e  some c h a r a c t e r i s t i c s  o f  t h e  f lo w .  The major  p o i n t  

i n  t h e s e  s t u d i e s  i s  t h a t  th ey  were i n v e s t i g a t i n g  th e  t u r 

b u le n c y  caused  by s t e n o s i s ,  b u t  t h e  i n i t i a l  n a t u r e  o f  t h e  

f low f i e l d  i t s e l f  was n o t  d e f i n e d .  M oreover ,  th e  Doppler  

i n s t r u m e n t  i s  c a p a b l e  o f  m easu r in g  o n ly  one component o f  

th e  v e l o c i t y  which i s  i n s u f f i c i e n t  f o r  t u r b u l e n t  r e g i o n s .

Chandran e t  a l .  [99] s t u d i e d  th e  p h y s i o l o g i c a l  p u l s a 

t i l e  f low o f  p a s t  a o r t i c  v a lv e  p r o t h e s e s .  The measurements  

o f  v e l o c i t y  p r o f i l e s  and t u r b u l e n t  norm a l  s t r e s s e s  d u r in g  

s e v e r a l  t im es  i n  a c a r d i a c  c y c le  were o b t a i n e d  u s in g  l a s e r -  

Doppler  anemometery.  The t u r b u l e n t  no rm a l  s t r e s s e s  mea

su re d  downstream t o  th e  t i l t i n g  d i s c  were  compared w i th  

caged b a l l  v a l v e s .  The t u r b u l e n t  s h e a r  s t r e s s  and v e l o c i t y  

p r o f i l e  f o r  d i f f e r e n t  a n g le s  o f  v a lv e  o p en in g s  and f o r  

p u l s a t i l e  and s t e a d y  f low  were g e n e r a t e d .  Again ,  in  t h i s  

s t u d y ,  s i n g l e  t r a n s d u c e r  l a s e r  Doppler  was u sed  which 

d o e s n ' t  have any a p p l i c a t i o n  in  i n - v i v o  a n a l y s i s  and i s  

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

2 . 2 . 2  In -Vivo  E x p e r im e n ta l  I n v e s t i g a t i o n s

In t h i s  s e c t i o n ,  we d i s c u s s  th e  i n - v i v o  i n v e s t i g a t i o n s  

which have been c o n d u c te d  by o t h e r  r e s e a r c h e r s  [ 2 2 - 2 7 ] ,
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[ 3 0 ] ,  [ 3 6 -4 2 ] ,  [ 5 5 - 5 6 ] ,  [ 6 5 ] ,  [71 ] ,  [ 7 8 - 7 9 ] ,  [ 9 2 - 9 3 ] ,  [100].  

One im p o r t a n t  d i f f e r e n c e  be tw een  i n - v i v o  and i n - v i t r o  

s t u d i e s  sh o u ld  be n o t e d .  U n l ik e  i n - v i t r o  i n v e s t i g a t i o n s ,  

i n  most o f  th e  work i n  t h i s  a r e a ,  r e s e a r c h e r s  assumed t h a t  

b lo o d  f low i s  l a m in a r  u s i n g  Doppler  u l t r a s o u n d .  Even i f  

t h e  i n v e s t i g a t o r s  c o n c lu d e  t h a t  b lood f low  i s  t u r b u l e n t ,  

t h e y  use  h o t - f i l m  anemometers  as  s i n g l e  t r a n s d u c e r  Doppler  

u l t r a s o u n d .

S t r a n d n e s s  e t a l .  [39] s t u d i e d  u l t r a s o n i c  f low d e t e c 

t i o n  as  a u s e f u l  t e c h n i q u e  i n  the  e v a l u a t i o n  o f  p e r i p h e r a l  

v a s c u l a r  d i s e a s e s .  In  t h e i r  s t u d y ,  d e t a i l  e v a l u a t i o n  o f  

b o th  a r t e r i a l  d i s e a s e  (84 c a s e s )  and venous d i s e a s e  (17 

c a s e s )  i s  p r e s e n t e d .  The main goal  o f  t h i s  s t u d y  was to  

show i n  g e n e r a l ,  the  a b i l i t y  o f  u l t r a s o n i c  f lo w m e te r  i n  

d e t e c t i n g  th e  s e v e r i t y  o f  the  above-m en t ioned  d i s e a s e s ,  

p a r t i c u l a r l y  i n  p o s t  o p e r a t i v e  e v a l u a t i o n .  One p rob lem  w i th  

t h i s  s tu d y  was th e  use  o f  c o n t in u o u s  wave Dopple r  u l t r a 

sound which i s  n o t  c a p a b l e  o f  d i s c r i m i n a t i o n g  the  range  in  

which a p a r t i c u l a r  a r t e r y  i s  l o c a t e d .

Now some o f  th e  o t h e r  works w i l l  be i n t r o d u c e d ,  

a iming f o r  q u a n t i t a t i v e l y  a s s e s s i n g  th e  s t a t e  o f  d i f f e r e n t  

ty p e s  o f  d i s e a s e s .

Brown e t  a l  [36] d e s c r i b e d  a method f o r  p r o c e s s i n g  

i n p u t / o u t p u t  b lo o d  v e l o c i t y  wave form f o r  f e m o ra l  a r t e r i e s  

o b t a i n e d  w i th  u l t r a s o n i c  Doppler  f low m ete rs  i n  o r d e r  to  

i n v e s t i g a t e  th e  s t a t e  o f  s t e n o s i s .  In  t h e i r  s t u d y ,  th e
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b lo o d  v e l o c i t y / t i m e  waveforms were r e c o r d e d  from the  

common fem ora l  and p o p l i t e a l  a r t e r i e s  ( see  F i g u r e  2 . 4 ) ,  

u s i n g  u l t r a s o n i c  D opp le r  s h i f t  f low v e l o c i t y  m e t e r ,  and 

t r a n s f e r - f u n c t i o n  m ode l ing  o f  th e  f em o ra l  a r t e r y .  Maximum 

v a l u e  o f  b lood  f low v e l o c i t y  f o r  normal and d e s e a s e d  

f em o ra l  a r t e r i e s ,  a lo n g  w i t h  th e  p o l e  p o s i t i o n s  f o r  case  

s t u d i e s  u nder  t r a n s f e r - f u n c t i o n  m odel ing  were p r e s e n t e d .

A l l  th e  normal p o l e s  were v e ry  l i g h t l y  damped and a r e  c l o s e  

t o  t h e  im ag in a ry  a x i s  o f  S - p l a n e .  The p o l e s  c o r r e s p o n d i n g  

to  t h e  known d i s e a s e d  c a s e s  a l l  l i e  on th e  n e g a t i v e  r e a l  

a x i s ,  i n d i c a t i n g  a damping r a t i o  g r e a t e r  t h a n  u n i t y  and 

r e p r e s e n t i n g  th e  c o n s i d e r a b l e  r e s i s t a n c e  t o  b lo o d  f low o f  

the  c o l l a t e r a l  c i r c u l a t i o n .  The p o l e s  o f  t h e  e a r l y  c a se s  

occupy th e  r e g i o n s  between th e  normal and d i s e a s e d  p o l e s .

The r e s u l t s  o f  t h i s  s tu d y  a re  i n t e r e s t i n g ,  b u t  th ey  

a re  a c t u a l l y  q u a l i t a t i v e  and can be a p p l i e d  o n ly  to  an

o cc lu d ed  f em o ra l  a r t e r y .  Moreover ,  two s e p a r a t e d  sy n ch 

r o n i z e d  sys tem s  a p p l y i n g  i n  two d i f f e r e n t  l o c a t i o n s  of  the  

a r t e r y  must be a v a i l a b l e  t o  o b t a i n  i n p u t / o u t p u t  waveform 

s i m u l t a n e o u s l y .

Skidmore e t  a l  [38] have done a s i m i l a r  s tu d y  to  t h e  

one done by Brown e t  a l .  In  t h e i r  s t u d y ,  p h y s i o l o g i c a l  

i n t e r p r e t a t i o n  o f  D o p p l e r - s h i f t e d  waveforms were done f o r  

th e  f e m o ra l  a r t e r y .  A t h i r d  o r d e r  m a t h e m a t i c a l  model was 

d e v e lo p e d  which d e s c r i b e d  t h o s e  waveforms i n  p a t i e n t s  w i th  

o c c l u s i v e  a r t e r i a l  d i s e a s e  and in  normal  v o l u n t e e r s .  In



3 9

!----  Abdominal A or ta

Femoral A r t e r y

 P o s t e r i o r
T i b i a l  A r t e r y

A n t e r i o r  
T i b i a l  A r t e r v

A n t e r i o r  View P o s t e r i o r  View

F ig u re  2 .4  The common Femoral a r t e r v



40

norm a l  s u b j e c t s ,  t h e  model has two complex and one r e a l  

p o l e ,  and i n  o c c l u d e d  a r t e r i e s  w i t h  c o l l a t e r a l  c i r c u l a t i o n ,  

a l l  th e  p o l e s  a r e  r e a l .  The complex p o l e s  a r e  shown to  be 

r e l a t e d  t o  th e  e l a s t i c  modulus o f  t h e  a r t e r y  and a l s o  to  

th e  lumen s i z e .  The r e a l  p o l e s  a r e  shown to  be r e l a t e d  t o  

th e  deg ree  o f  v a s o c o n s t r i c t i o n  o f  t h e  p e r i p h e r a l  c i r c u l a 

t i o n .  This  s tu d y  i s  a g a i n  l i m i t e d  to  t h e  femora l  a r t e r y ,  

and th e  a c c u r a c y  o f  d e t e r m in i n g  D opp le r  an g le  i s  n o t  

d i s c u s s e d .

S tev en so n  e t  a l  [85] s t u d i e d  th e  d i a g n o s i s  o f  v e n t r i 

c u l a r  s e p a t a l  d e f e c t  (VSD) u s in g  p u l s e d - D o p p l e r  u l t r a s o u n d  

by f o l l o w i n g  th e  t u r b u l e n t  j e t  t h ro u g h  th e  septum. I t  was 

shown t h a t  m e a s u r in g  t u r b u l e n c y  can a l l o w  s p e c i f i c  d e t e c t i o n  

o f  t h e  j e t  o f  th e  VSD, and d e t e c t i o n  o f  a s s o c i a t e d  d e f e c t s .  

I t  a l s o  a l lo w s  th e  r e s e a r c h e r  to  a s s e s s  th e  magnitude o f  th e  

s h u n t  a t  th e  v e n t r i c u l a r  l e v e l .  Th is  s tu d y  i n d i c a t e s  th e  

i m p o r t a n t  r o l e  o f  t h e  Doppler  u l t r a s o u n d  machine and a l s o  

th e  r e l a t i o n s h i p s  be tw een  f l u i d  dynamic c h a r a c t e r i s t i c s  o f  

f low  w i th  a p a r t i c u l a r  d i s e a s e .  B u t ,  a g a i n ,  s i n g l e  t r a n s 

d u c e r  p u l s e d  D o p p le r  u l t r a s o u n d  was u s e d ,  which has  been 

shown to  be i n a c c u r a t e  i n  t u r b u l e n t  f lo w  a r e a s .

In view o f  t h e  v a r i e t y  o f  e f f e c t s  o f  t u r b u l e n t  f low 

upon the  c i r c u l a t o r y  s y s te m ,  Sabbah e t  a l  [86] have s t u d i e d  

th e  e f f e c t  o f  e r y t h r o c y t i c  d e f o r m a b i l i t y . The random f l u c 

t u a t i o n s  o f  v e l o c i t y  i n d i c a t i v e  o f  t u r b u l e n t  flow were
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measured  w i th  a h o t - f i l m  p ro b e .  They showed t h a t  t u r b u l e n t  

b lo o d  f low  o c c u r s  i n  a sc en d in g  a o r t a  o f  norm a l  s u b j e c t s  

w i th  a h i g h  c a r d i a c  o u t p u t  and i t  o c c u r s  r o u t i n e l y  i n  t h e  

p r e s e n c e  o f  a o r t i c  v a l v u l a r  d i s e a s e .  They q u o te d  s t u d i e s  

i n  dogs which s u g g e s t e d  t h a t  t u r b u l e n t  b lo o d  f low  may even  

c o n t r i b u t e  t o  thrombus  f o r m a t i o n .  They c la im e d  t h a t  t u r b u 

l e n t  b lo o d  f low  and i t s  a s s o c i a t e d  h i g h  s h e a r  s t r e s s e s  can 

damage even  no rm a l  e r y t h r o c y t e s .  T h i s  s t u d y  i s  a n o t h e r  

i n d i c a t i o n  o f  th e  r e l a t i o n s h i p  b e tw een  f low  c h a r a c t e r i s t i c s  

and p h y s i o l o g i c a l  changes .  The w eakness  o f  t h i s  s tu d y  i s ,  

f i r s t ,  i n  th e  use  o f  h o t - f i l m  anem om eter ,  s e c o n d ,  only  a 

s i n g l e  component o f  th e  v e l o c i t y  i s  m easu red  which i s  n o t  

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

In a n o t h e r  r e l a t e d  s t u d y ,  S t e i n  e t  a l  [87] have i n v e s 

t i g a t e d  th e  r o l e  o f  m ic ro th ro m b i  and t u r b u l e n t  flow in  

c o n t i n u i n g  d i s e a s e  p r o c e s s  o f  c a l c i f i c  a o r t i c  s t e n o s i s .

They s u g g e s t e d  t h a t  r e p e t i t i v e  d e p o s i t s  o f  m ic ro th r o m b i ,  

f o l lo w e d  by c a l c i f i c a t i o n ,  would e x p l a i n  t h e  c o n t in u o u s  

p r o c e s s  o f  s t e n o s i s  i n  p r e v i o u s l y  de fo rm ed  a o r t i c  v a l v e s .

The f o r m a t i o n  o f  such  th rombi  may be i n i t i a t e d  by t u r b u l e n t  

f low and o t h e r  f l u i d  dynamic f a c t o r s .  A l th o u g h ,  in  t h i s  

s t u d y ,  an a t t e m p t  was made t o  r e l a t e  s t e n o s i s  t o  the  t u r b u 

l e n c y ,  a s i n g l e  h o t - f i l m  anemometer was u s e d .  As we have 

o f t e n  n o t e d ,  t h i s  p r o c e d u re  i n t e r f e r e s  w i t h  th e  b lood  f low



42

in  an unknown manner .  S ince  t h e  a c t u a l  p r e i n v a s i v e  f low 

i s  s t i l l  unknown, th e  e n t i r e  e x p e r im e n t  i s  b a se d  on d a t a  

which has  been  a l t e r e d  by t h e  i n v e s t i g a t o r ' s  s u r g i c a l  p r o 

cedure  .

G oldberg  e t  a l  [88] have s t u d i e d  th e  t u r b u l e n c e  map

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

Doppler  u l t r a s o u n d .  In t h e i r  s t u d y ,  th e y  p r e s e n t e d  f o u r  

w el l -known m a jo r  f lo w  a r e a s  t h a t  o ccu r  d i s t a l  t o  a s t e n o t i c  

a o r t i c  v a l v e .  These i n c l u d e  a j e t ,  an a r e a  a l o n g s i d e  the  

j e t  ( t h e  p a r a j e t )  , an a r e a  o f  f low  d i s t u r b a n c e ,  and an a r e a  

i n  which d i s t u r b e d  f low a g a i n  becomes l a m in a r  downstream.

Of t h e s e ,  th e  f lo w  d i s t u r b a n c e  a r e a  has  markedly  t u r b u l e n t  

f lo w ,  a l t h o u g h  some t u r b u l e n c e  can be a t  t ime d e t e c t e d  in  

t h e  a r e a  b e s i d e  t h e  j e t .  The p u rp o se  o f  t h i s  s t u d y  was to  

t e s t  a t e c h n i q u e  o f  p a t i e n t  e x a m in a t io n  t h a t  m ight  a l l o w  a 

p u l s e d - D o p p l e r  u l t r a s o u n d  to  d e t e c t  each  o f  th e  known a r e a s  

i n  the  a o r t a  o f  v a l v u l a r  s t e n o t i c  a o r t a  p a t i e n t s .  The 

p rob lem  e n c o u n t e r e d  i n  t h i s  i n v e s t i g a t i o n  was i n  t h e  

machine l i m i t a t i o n  which d i d n ' t  a l lo w  a p r o p e r  i n t e r p r e 

t a t i o n  o f  f low  dynamics  from r e c o r d e d  i n f o r m a t i o n ,  b e ca u se  

o f  i t s  i n a b i l i t y  t o  measure a c c u r a t e  b lood  f low  v a l o c i t y .

Hwang e t  a l  [8] have done the  most com prehensive  

s tu d y  in  t u r b u l e n t  b lood  f lo w .  In  t h e i r  s t u d y ,  t u r b u l e n t  

c h a r a c t e r i s t i c s  o f  p u l s a t i l e  f low  th ro u g h  a n a t u r a l  human 

m i t r a l  v a l v e  o p en in g  were m easured  w i th  a p a i r  o f  h o t - f i l m
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anem om eters .  Mean v e l o c i t y ,  d i s t r i b u t i o n  o f  t u r b u l e n t  i n 

t e n s i t i e s ,  and Reynolds  s t r e s s e s  were c a l c u l a t e d  from th e  

r e c o r d e d  i n f o r m a t i o n .  I t  was shown t h a t  t h e  p h a s e  a v e ra g e  

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

e x p o n e n t i a l l y  w i th  t ime from th e  b e g in n in g  o f  t h e  d i a s t o l i c  

p h a s e ,  and th en  r e a c h e s  a maximum and s t a r t s  d r o p p i n g ,  

a f t e r w a r d s .  Somewhere i n  t h e  middle  o f  the  s y s t o l i c  p h a s e ,  

t h e  v e l o c i t y  r e a c h e s  t h e  minimum v a lu e  and s t a y s  c o n s t a n t  

a t  t h a t  v a lu e  u n t i l  the  end  o f  t h a t  p h a se .  The maximum 

v e l o c i t y  was a lm o s t  e l e v e n  t im e s  th e  minimum. A l s o ,  i n  t h e i r  

work,  th e  phase  av e rag e  o f  l o n g i t u d i n a l  and t r a n s c e r s e  com

p o n e n t s  o f  t u r b u l e n t  i n t e n s i t i e s  d u r in g  the  c a r d i a c  c y c l e  

were p r e s e n t e d .  I t  can be seen  t h a t  t h e  t u r b u l e n t  f l u c t u a 

t i o n s  i n c r e a s e  d r a m a t i c a l l y  j u s t  b e f o re  maximum v e l o c i t y  i s  

r e a c h e d .  T h e r e a f t e r ,  t h e  t u r b u l e n t  f l u c t u a t i o n s  r e a c h  a 

p l a t e a u  l e v e l  th rough  t h e  m i d - d i a s t o l i c  p h a se .  The i n t e n 

s i t y  d e c r e a s e s  n e a r  t h e  end  o f  t h e  d i a s t o l i c  p h a s e .  The 

maximum t u r b u l e n t  i n t e n s i t y  i s  6 t im es  the  minimum v a l u e  

d u r i n g  th e  c a r d i a c  c y c l e .  The t r a n s v e r s e  t u r b u l e n t  i n 

t e n s i t y  v a r i e s  in  a q u a l i t a t i v e l y  s i m i l a r  manner e x c e p t  

t h a t  t h e  minimum v a lu e  and th e  maximum v a lu e  o f  t r a n s v e r s e  

a r e  somewhat lower  th a n  th e  l o n g i t u d i n a l .

The phase  a v e rag e  Reynolds  s t r e s s  i s  n e a r l y  ze ro  

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

d i a s t o l i c  p h a s e .  The Reynolds  s t r e s s  d u r in g  t h e  d i a s t o l i c  

ph ase  h as  two p e a k s :  one d u r i n g  th e  phase  when t h e  f low
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t h ro u g h  th e  m i t r a l  v a l v e  i s  maximum and th e  o t h e r  d u r i n g  

th e  phase  when t h e  f low  th ro u g h  th e  m i t r a l  v a lv e  i s  d e c e l 

e r a t e d .

The on ly  weakness  o f  t h i s  s t u d y  i s  the  use  o f  a h o t -  

f i l m  anemometer which must be i n s e r t e d  by s u r g e r y  i n s i d e  

the a r t e r y  and i t  can a f f e c t  t h e  f low f i e l d .

In  c o n t r a s t  t o  most o f  t h e  work i n  t h i s  a r e a ,  our  

s tu d y  w i l l  i n t r o d u c e  a t r a n s d u c e r  model w hich ,  r a t h e r  t h a n  

u s in g  an e s t i m a t e ,  i s  c ap a b le  o f  a c t u a l l y  c a l c u l a t i n g  th e  

D oppler  a n g le .  T h is  t e c h n iq u e  w i l l  a l lo w  a p r o p e r  i n t e r 

p r e t a t i o n  o f  f low  dynamics  from th e  r e c o r d i n g  D oppler  s i g 

n a l  by a c c u r a t e  d e t e r m i n a t i o n  o f  the  v e l o c i t i e s  b o th  i n  

l a m in a r  and t u r b u l e n t  r e g i o n s .  In  c a l c u l a t i n g  the  v e l o c i t y  

components o f  t h e  f low  f i e l d ,  t h e  f o l l o w i n g  p o i n t s  must be 

c o n s id e r e d  :

1) Number o f  p e r i o d s  i n  which  p h a se  average  o f  any

v a r i a b l e  i s  going  to  be c a l c u l a t e d  must  be as

l a r g e  as p o s s i b l e .

2) In  c a l c u l a t i o n  o f  volume r a t e  i n  a d d i t i o n  t o  t h e

Doppler  s i g n a l  a t  t h e  c e n t e r l i n e ,  the  v e l o c i t y

p r o f i l e  and measurement o f  t h e  range  must be 

co n d u c te d .

3) For i n - v i t r o  s t u d i e s ,  t h e  pump speed must be k e p t  

c o n s t a n t  t h r o u g h o u t  t h e  p r o c e d u re  and f o r  i n - v i v o
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e x p e r i m e n t s ,  the  h e a r t  h e a t  o f  th e  s u b j e c t  must  be 

c a r e f u l l y  m on i to red  w h i l e  r e c o r d i n g  d a t a  i n  a 

p a r t i c u l a r  ex p e r im e n t .



CHAPTER III

THE THEORETICAL INVESTIGATIONS

In t h i s  c h a p t e r ,  f i r s t ,  a damped s i n e  wave i s  u sed  as

the  t r a n s m i t t e d  p u l s e  and th e  Doppler  s i g n a l  i s  d e r i v e d

from t h e  power b a c k s c a t t e r e d  u l t r a s o u n d  s i g n a l  f rom th e  

b lo o d .  S econd ,  a new t r a n s d u c e r  model f o r  a more a c c u r a t e  

d e t e r m i n a t i o n  o f  D opp le r  an g le  and b lo o d  f low  v e l o c i t y  i s  

d i s c u s s e d ,  and t h e o r e t i c a l  com par ison  be tw een  c o n v e n t i o n a l  

and d e v e lo p e d  u l t r a s o u n d  models  i s  p r e s e n t e d .  F i n a l l y ,  th e  

f l u i d  dynamic a s p e c t  o f  the  work i s  i n v e s t i g a t e d  and th e  

r e l a t i o n s h i p  b e tw een  b lo o d  f low c h a r a c t e r i s t i c s  and s t e n o 

s i s  i s  d e r i v e d .

3 .1  S c a t t e r i n g  o f  U l t r a s o u n d  by Blood

In  t h i s  s e c t i o n ,  f i r s t ,  we deve lop  a p r a c t i c a l  a p 

p r o x im a t i o n  f o r  t h e  b a c k s c a t t e r i n g  o f  a t r a n s m i t t e d  s i g n a l  

by a volume o f  randomly d i s t r i b u t e d  s c a t t e r e r s  ( r e d  c e l l s ) . 

Then, u t i l i z i n g  p u l s e d - D o p p l e r  u l t r a s o u n d  s y s te m  (F ig u re  

1 . 2 ) ,  t h e  r e c e i v e d  b a c k s c a t t e r e d  s i g n a l  i s  d em o d u la ted  and 

f i l t e r e d  t o  o b t a i n  t h e  Dopple r  s i g n a l .  The m a th e m a t i c a l  

f o r m u l a t i o n  i s  t a k i n g  i n t o  a c c o u n t  th e  t r a n s m i t t e d  p u l s e  

p a r a m e te r s ,  t i s s u e  p a r a m e t e r s ,  a c o u s t i c a l  p a r a m e t e r s ,  and 

sys tem  p a r a m e t e r s .  T h e r e f o r e ,  a com prehens ive  a n a l y s i s  o f
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th e  D o p p le r  s i g n a l  i s  p r e s e n t e d .

Human b lo o d  i s  composed o f  a l i q u i d  c a l l e d  p la sm a  in  

which  a r e  su sp e n d e d  r e d  b l o o d  c e l l s ,  w h i te  b lo o d  c e l l s ,  and 

p l a t e l e t s  [ 4 6 ] .  The r e d  b l o o d  c e l l  i s  a n o n n u c l e a t e d  b i c o n -  

cane d i s k  w i t h  an a v e ra g e  d i a m e t e r  o f  7 ym and a v e r a g e  t h i c k 

n e s s  o f  2 ym, w i t h  a mean volume o f  87 yrn^. T he re  a r e  abou t  

5 X 10^/cm^ o f  r e d  b l o o d  c e l l s  ( R B C 's ) , 7 .5  x  10^/cm^ w h i te
O  7

b lo o d  c e l l s  and  3 .5  x 10 /cm o f  p l a t e l e t s  i n  an a d u l t  [ 4 7 ] .  

The number o f  r e d  b lo o d  c e l l s  (RBC's) i s  much l a r g e r  t h a n  

t h a t  o f  t h e  w h i t e  c e l l s  and t h e  volume o f  r e d  c e l l s  i s  much 

l a r g e r  t h a n  t h a t  o f  t h e  p l a t e l e t s .  Thus ,  t h e  s c a t t e r i n g  o f  

u l t r a s o u n d  by b l o o d ,  p r e s u m a b l y ,  i s  due to  t h e  RBC's.

In  t h i s  s t u d y ,  we d e r i v e  t h e  r e c e i v e d  power  b a c k s c a t t e r e d  

s i g n a l  f rom t h e  s c a t t e r s  e x c i t e d  by d a m p ed -s in e  b u r s t s ,  

r a t h e r  t h a n  c o n v e n t i o n a l  s i n e  wave. The a n a l y s i s  i s  begun 

by p r e s e n t i n g  t h e  d a m p e d - s in e  wave b u r s t  wh ich  can be e x 

p r e s s e d  as

- C t - t g ) ^ / T ,
y ( t )  = A e cos W gCt- tJ )  ( 3 .1 )

where A i s  t h e  a m p l i t u d e ,  i s  t h e  dy in g  r a t e ,  t ^  and t^  

a re  p o s i t i o n s  o f  h i g h e s t  c e n t r a l  peaks  and Wq i s  t h e  a n g u l a r  

f r e q u e n c y  o f  u l t r a s o u n d  beam. A p l o t  f o r  y ( t )  i s  shown in  

F ig u re  3 . 1 .

The t r a n s m i t t e d  s i g n a l  p r o p a g a t i n g  t h r o u g h  d i f f e r e n t  

t i s s u e s  w i l l  be a t t e n u a t e d  i n  am p l i tu d e  by t h e  d i f f e r e n t



( a )

( b )

(c) cosw(t-to)
1

( d )  c o s w ( t - t o )

( b )

2ir
u> ( c )

(d)

1

-pa
;00

F ig u re  3 .1  A t w o - s i d e d l y  damped s i n u s o i d a l  wave fo rm ,  cu rve  ( c ) .
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a c o u s t i c a l  p a r a m e t e r s ,  and i t s  p h a s e  w i l l  be changed by th e  

e f f e c t  o f  b lo o d  m ot ion ,  and b e c a u s e  of  th e  s t r u c t u r e  o f  t h e  

b lo o d ,  i t  w i l l  be s c a t t e r e d  back by a random m o t io n  o f  sm a l l  

p a r t i c l e s  [ r e d  c e l l s ) .  F ig u re  3 .2  can be u sed  t o  d e s c r i b e  

t h i s  phenomena.

A r t e r y

F ig u re  3 .2  S c a t t e r i n g  o f  t h e  u l t r a s o u n d  s i g n a l  by r e d  c e l l .

The i n c i d e n t  p r e s s u r e  wave i n s i d e  th e  v e s s e l  a t  the  

p o i n t  c ( x , y , z )  can be e x p r e s s e d  as

-a_R
p , ( t )  .  H l î i  e "  c  ̂ '  ‘ 1

1 '  '  R + X

• cos WgCt-tQ- (3 .2 )

where i s  th e  am p l i tu d e  o f  th e  p r e s s u r e  wave and

and a a re  a t t e n u a t i o n  f a c t o r s  i n  medium I and I I ,  r e s p e c 

t i v e  l y .

The r e r a d i a t e d  s c a t t e r e d  p r e s s u r e  volume a t  t h e  r e 

c e i v i n g  t r a n s d u c e r  and a t  p o i n t  B’ ( 0 , y * , z ' )  can be e x p r e s s e d  

by the  f o l l o w i n g :
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G-* s

R+x 
c

R + x  r + r '

•C0S [W ( | ( t - t J  + ♦ ( t ) l d x d s  ( 3 .3 )

Suppose 3 i s  a v e ry  sm a l l  a n g l e ,  t h e n  th e  f o l l o w i n g  

can be d e f i n e d

R = r  and x = r '  , a l s o  R > > x .

Tra^S ince  th e  beam c r o s s  s e c t i o n  i s  c o n s t a n t  ( i . e . ,  S = — )

then

P r ( t )  = A ,  . S .
ra H ( t .*±X )  -Za^R

R

- [ t - t g -
•e

•cos[WQ(t- tg  - + * ( t )  ]dx  ( 3 .4 )

D e f in in g

M u l t i p l y i n g  b o t h  s i d e s  by 2:

2Q = 2 t  - t '  -0 c

so

2Q - t  = t  -  t ' 2 (R+x) ( 3 .5 )

Substituting in equation (3.4)
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P e t )  = ^  f HCt- R î i ) . e ' 2 “
f  pZ J c

• COS [WQ*C2Q-t)+<{)(t) ]dx ( 3 .6 )

In  o r d e r  t o  c a l c u l a t e  H ( t )  th e  r e l a t i o n s h i p  be tween  th e  

i n t e n s i t y ,  power and t h e  p r e s s u r e  i n  a c o u s t i c  medium have t o  

be d e r i v e d .

The a m p l i t u d e  i n t e n s i t y  i n  t h e  f a r  f i e l d  due t o  a 

r a d i a t o r  a t  r a n g e  X = R + x i s  d e f i n e d  a s :

-2a  R - 7
^a " ^ t  ^ t  ® e ' ^ " * / 4 n ( R + x ) ^  ( 3 .7 )

where i s  a c o r r e c t i o n  f a c t o r  and i t  i s  d e f i n e d  as g a in  

o v e r  an i s o t r o p i c  r a d i a t o r  o f  t h e  t r a n s m i t t i n g  r a d i a t o r  and 

i t  can be e x p r e s s e d  as

= 4tt A^/X^ ( 3 .8 )

where i s  t h e  e f f e c t i v e  t r a n s d u c e r  a p e r t u r e  and X i s  th e  

wave l e n g t h .  S u b s t i t u t i n g  3 .8  i n t o  3 .7 :

I = P - ^

or
^  ^ X^*4tt(R+x)^

On the other hand, from equation 3.2, one can find the
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e x p r e s s i o n  f o r  t h e  a m p l i tu d e  o f  th e  i n c i d e n t  p r e s s u r e  wave 

a t  p o i n t  X = R + X a s :

= (3 .1 0 )

From th e  r e l a t i o n s h i p  be tween  i n t e n s i t y  and p r e s s u r e ,  

we have -

l a  '  2 ^  ( 3 .1 1 )

where p i s  th e  d e n s i t y  o f  th e  p a r t i c l e s .  S u b s t i t u t i n g  

(3 .1 0 )  i n t o  (3 .11)  the  a m p l i tu d e  i n t e n s i t y  can be e x p r e s s e d

" , .
^ 2pc(R+x)^

7
T h e r e f o r e H  ( t )  can be e x p r e s s e d  as 

2 2PC
HT(t) = P. ---------^ 5---------------------  ( 3 .1 3 )

D+ y
At th e  r e c e i v i n g  t r a n s d u c e r  t  = t  - , so

2 [ t - t g  - 2 ( g + x l ] 2 / t

2 R+x 2pc A e
HT(t-  ^ )  = P^- ---------  ^ ---------------------  ( 3 .1 4 )

2
In  o r d e r  to  have com ple te  v a l u e  o f  H ( t ) ,  the  a v e rag e  t r a n s 

m i t t e d  power (P^) must be c a l c u l a t e d .  R e w r i t in g  t h e  t r a n s 

m i t t e d  p u l s e  from e q u a t i o n  3 . 1 ,
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( t - t o )  /%!
yCt) = A e 

and a v e rag e  power t r a n s m i t t e d  i s

cos Wq(t-t^)

? t  = [
•ZCt- tg)

c o s Z w ^ f t - tQ ^ d t

(3.1)

- 2 ( t - t Q ) ^ / x ,  
e "  ̂ d t ] (3 .1 5 )

B

To c a l c u l a t e  P^, A and B i n  e q u a t i o n  3 .15  th e  f o l l o w i n g  has  

to  be c a l c u l a t e d

A =

D e f in in g

- 2 ( t - t o ) ^ / T i
cos2 WgCt-t^) d t (3 .1 6 )

u = t - t o

du = d t

d = •^0‘ ĈI

m = 2Wq

a2 = 2
^1

(a  > 0)

And s u b s t i t u t i n g  th e  above v a l u e s  i n t o  3 .16
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+ 00

A = -a^u?e cosm(u+d)du

+ 00

-a^uZe (cosmd cosmu - sinmd sinmu) du

or

A = cosmd
2 2

e " cosmu du - sinmd
2 2- a u  - 3e s inmu du

A

2 2C a l c u l a t i n g  A^ and Â  in  e q u a t i o n  3 .17

( 3 .1 7 )

A  ̂ = cosmd* 2 •
2 2- a u  je cosmu du

or

c o s 2 W g ( t - t ^ ) = c t ( 3 .1 8 )

and

A2 = sinmd -a^uZe sinmu du = 0 ( 3 .1 9 )

S u b s t i t u t i n g  _3.18 and 3 .19 i n t o  3 .1 7

2
A = A: ( 3 .2 0 )

Now, the second part of equation 3.15 (B) must be calculated.

B =
- 2 ( t - t o )  / t ,

e u 1 d t
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D e f in in g

u t - 1 , t= ± oo th e n  u= ± “

du = d t

= o r  r  =

th en

B = =  2 ' “ ^du = (3 .2 1 )

S u b s t i t u t i n g  3 .20  and 3 .21  i n t o  3.15

P t  = A2(A2 + = c2 ( 3 .2 2 )

S u b s t i t u t i n g  e q u a t i o n  3 .22  i n t o  e q u a t i o n  3 .14

H ^ ( t -  ^
- 2 [ t - t Q -  2(%+xJ]2/T^

(3 .23 )

Def i n i n g
2 c ^  p c  A ^

k l ( t i ) -----------^ -----

and s u b s t i t u t i n g  i n t o  e q u a t i o n  3 . 2 3 ,

H“ ( t -  ^ )  = -
kZ(T i)

(3 .2 4 )

S u b s t i t u t i n g  3 .2 4  i n t o  3 . 4 ,  th e  r e r a d i a t e d  s c a t t e r e d  p r e s 

s u re  volume can  be e x p r e s s e d  as



A?k (T )S  e 
P ( t )  =  ̂  ̂ ^

5 6

r
e'^“^-cos[Wg(2Q-t)+4)(t)] dx

( 3 . 25 )

The p r e s s u r e  s i g n a l  a f t e r  b u r s t  can  be o b t a i n e d  by 

l e t t i n g  t  = kT + tg  where T i s  t h e  p e r i o d  o f  th e  t r a n s 

m i t t e d  p u l s e s  and t ^  i s  th e  t ime e l a p s e d  between t r a n s m i t t e d  

and s c a t t e r e d  b u r s t  ( see  F ig u re  3 . 3 ) .  So

Q = "  -  #  -  #  - T

S u b s t i t u t i n g  f o r  t

Qe = kT  + t e  " #  " #  " I T

or

2Q,-t  =kT .  f  - t j  - f

D e f in in g

tk  = kT + te  - IT  - to
th en

2Q^ - t  = t ^  - ( 3 . 2 6 )

S u b s t i t u t i n g  e q u a t i o n  3 . 2 6  i n t o  3 . 2 5

-2a„R
k ( T i ) A 2  e - s  r _2 ax

P%(tg)  = -------------- 2--------------  cos  [(2Qg-t)Wg+(j)(t)]e dx
R J

X
or



TT
I— »* ;-

( j - i )T
nUKSUfTTEO

BURST
TRtNSwrrto

BURST
TXAXSfcKTTEO

BURST

Ln

BURST

F ig u r e  3 . 3  I l i u s c r a t i o n  o f  t h e  ensem ble
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-2a^R

F k ( t e )  = ---------- ^ " O ^ k
2w\x -2ax

c o s [  — + (|)(t)]e

W

- s in  Wgt^
2W.X _2ax 1

s i n [  ^ + ( j ) ( t ) ] e  ^“^dxj

( 3 . 2 7 )

D e f in in g

a = -2a 

2w
b = - 0

And c a l c u l a t i n g  e a c h  p a r t  o f  e q u a t i o n  3 .27  s e p a r a t e l y

1 = e^^  cos  (bx + c) dx

1 =
ax , ,e cosbx  cosc  dx - e^^ s i n b x  s i n e  dx

ax
1 = [-Ô— j ]  a cos(bx+c)  + b s i n ( b x + c ) ]  

a +b^

and
ax

W = —5— y [a  co sw . t^  co s (b x + c)+ b  cosw_t, s i n ( b x + c ) ]
a +b ^

( 3 . 2 8 )

Now, c a l c u l a t i n g  th e  second p a r t  o f  e q u a t i o n  3 .2 7 ,



5 9

2 = s in ( b x + c ) d x

2 = c o s c s in b x  + s i n e cosbx dx

and

2 = - I  ^ [a s in ( b x + c )  - b c o s (b x + c) ]
-  a ^ + b ?

ax

ax
^  = —2------2 s in w g t^  s inCbx+c) -b s in w ^ t ^  c o s (b x + c ) ]

S u b s t i t u t i n g  3 .28  and 3 .29  i n t o  3.27

A2 - k i ( X i ) - S - c ^ - e  ^^m*.g-2ax 

4R^(a^c^ + W q )

(3 .2 9 )

r  X
I -2 aco s  [Wptj^ - —2— + 4 ( t ) ]

2w„ 2w X -|
—  s in [W g t^  - —  + K t ) ] j (3 .3 0 )

P r e s s u r e  s i g n a l  P ^ ( t ^ )  i s  c o n v e r t e d  t o  e l e c t r i c a l  

s i g n a l  f^(t^)  by p a s s i n g  th ro u g h  th e  r e c e i v e r  t r a n s d u c e r .  The 

r e c e i v e d  s i g n a l  can be e x p r e s s e d  a s :

4  ( t e )  = kz(A) 4 ( 4 ) (3 .3 1 )

where k 2 (A) i s  a c o n s t a n t  depends on the  c r o s s - s e c t i o n a l  

a r e a  o f  t h e  t r a n s d u c e r  and v a r i e s  w i th  such  a f a c t o r  as
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t r a n s d u c e r  m a t e r i a l  and method o f  p r o c e s s i n g .

The D opp le r  s i g n a l  can be e x t r a c t e d  by d e m o d u la t in g  

th e  r e c e i v e d  s i g n a l  and p a s s i n g  th e  r e s u l t  t h r o u g h  a low- 

p a s s  f i l t e r  t o  e l i m i n a t e  t h e  components  o f  t h e  c a r r i e r  

( t r a n s m i t t e d )  s i g n a l ,  a c c o r d i n g  t o  F ig u re  1 . 4 .  The conven

t i o n a l  c o h e r e n t  d e m o d u la t io n  t e c h n i q u e  i s  u s e d  to  ach ieve  

th e  above g o a l .  F i r s t ,  we m u l t i p l y  th e  r e c e i v e d  s i g n a l  by 

t r a n s m i t t e d  s i g n a l  c o n s i d e r i n g  th e  t ime d e l a y  as f o l l o w s ,

where t  = t - t -  - ^

y(tg) = A e cosWgEt-t^ -

so

D ^ ( tg )  = k { - 2 a c o s [ W Q ( t - t ^ - 2(R**)

2CR.X)• s i n [ W p ( t - t ^  - ^ + * ( t )  ] Ae

• c o s  WQ[t- t^  - l iâ±2Ll] }

where 2 -2ax
^ A 2 k^(T^)k 2 (A)S c^e e ^**A

4R^(a^c^ + w%)

D e f in in g

a = -2a

h w
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Equation 3.32 can be written as
. [ f t  -

= k{ a cos [wQt-w^tJ+ bR + bx + (j> ( t )  ]e

cos (Wpt -Wgt^ + bR + bx) +b s inC w ^t-w ^t^  + bR+bx + (j) ( t ) ]

• e
- [ f t Q -

COS(Wpt-WgtQ+bR+bx)}(3.3 2)

The d e m o d u la te d  s i g n a l  a f t e r  p a s s i n g  th ro u g h  a lo w -p a ss
w

f i l t e r  w i t h  c u t - o f f  f r e q u e n c y  o f  f ^ C i . e . ,  f^  = - ^  ) can be 

e x p r e s s e d  as

1 - [ t - t g -  2 i R ^ x l ] 2/T
f ^ ( t ^ )  = Y ^ e [a  c o s * ( t ) + b  s i n O ( t ) ]

or

f d U e ) = - 2 ^® {r c o s [ * ( t ) - 0 ^ ] }

where ,------
4w?

r  .  / a ^ b ^  = / 4 C . 2 .  .  I
c

and ” 2^0

<!>-, = t a n   ̂ J  = t a n   ̂ ^   = t a n  ^ — ,1 a - 2 a ca

so

d" e^ 2 c ^  0
-1 '^n• cos t#  ( t )  - t a n  —  ]

o r  f i n a l l y ,  th e  i n s t a n t a n e o u s  D oppler  s i g n a l  can  be e x p r e s s e d  

as
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'   S  ^

-1 ^0• c o s [ ( j ) ( t ) -  t a n  —  ] [3 -33)

E q u a t io n  3 .33  i s  a com prehens ive  form o f  th e  Doppler  s i g n a l ,  

and as  can be s e e n ,  i t  i s  a f u n c t i o n  o f  a c o u s t i c s , t i s s u e , and 

system p a r a m e t e r s  su ch  a s :  a t t e n u a t i o n  f a c t o r s  i n  d i f f e r e n t

mediums, wave l e n g t h  o f  t h e  t r a n s m i t t e d  b u r s t ,  e f f e c t i v e  

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

The main a s s u m p t io n s  i n  d e r i v i n g  t h e  Doppler  s i g n a l  i n  

t h i s  s e c t i o n  a r e :

1- t h e  r e d  c e l l s  a r e  u n i fo r m ly  d i s t r i b u t e d  in  t h e  

b lo o d  s t r e a m ,

2- t h e  r e d  c e l l s  behave l i k e  p o i n t  s c a t t e r e r s  ( i . e . ,

\  >> D)

3- t h e  sound beam i l l u m i n a t e s  t h e  e n t i r e  c r o s s - s e c t i o n  

o f  the  v e s s e l ,  w i th  un i fo rm  i n t e n s i t y ,  and th e  

s e n s i t i v i t y  o f  th e  r e c e i v e r  i s  a l s o  un i fo rm  over  

t h e  whole v e s s e l  c r o s s - s e c t i o n ,  and

4- th e  f r e q u e n c y  s h i f t  i s  o n ly  c a u s e d  by r e d  c e l l s .

3 .2  T r a n s d u c e r  Modeling

The a p p l i c a t i o n  o f  c o n t in u o u s  wave o r  p u l s e d  D opple r  

u l t r a s o n i c s  to  t h e  measurement  of f lo w in g  l i q u i d s  o r  u l t r a 

s o n i c  imaging  h a s  been  w id e s p re a d .  D opp le r  p r i n c i p l e s  

u t i l i z e d  f o r  t h e  s p e c i f i c  measurements  o f  f low ing  b lo o d  i n
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c l i n i c a l  or  r e s e a r c h  a p p l i c a t i o n  have b een  known and used 

f o r  a p p ro x im a te ly  tw en ty  y e a r s .  The most d e s i r a b l e  a s p e c t  

f o r  improvement  i n  b lo o d  f low m ete rs  i s  a c c u r a c y  o f  th e  

v e l o c i t y  measurement .

The v e l o c i t i e s  o f  t h e  blood c e l l s  (m a in ly  r e d  c e l l s )  

i n  t h e  b lo o d s t r e a m  a r e  g iv e n  by the  b a s i c  D opp le r  f o rm u la ,  

as i t  was shown in  e q u a t i o n  ( 1 . 2 ) :

Af = 2 • fg.  Vj .̂ c o s e / c  (1 .2 )

Frequency  s h i f t  (Af) i n  t h e  above e q u a t i o n  i s  r e l a t e d  to  th e  

Doppler  o u t p u t  s i g n a l  by th e  mean o f  f r e q u e n c y  to  v o l t a g e  

c o n v e r t o r  d e s c r i b e d  i n  C h ap te r  I I .  In  o r d e r  to  c a l c u l a t e  

v e l o c i t y  from e q u a t i o n  ( 1 . 2 ) ,  the  D opple r  a n g l e ,  9 ,  has t o  

be p r e c i s e l y  known.

Commercial ly  a v a i l a b l e  Doppler  b lo o d  f lo w m e te rs  ( b o th  

i n p l a n t a b l e  and e x t e r n a l l y  a p p l i e d )  a r e  b a s e d  upon th e  p e r 

formance o f  a s i n g l e  t r a n s d u c e r  or m u l t i p l e  t r a n s d u c e r s  

w i t h o u t  any s p e c i f i c  o r i e n t a t i o n  to  each  o t h e r  i n  an a t t e m p t  

to  e x t r a c t  g r e a t e r  i n f o r m a t i o n  from which t h e  r e s e a r c h e r  can 

make b e t t e r  e s t i m a t i o n  o f  th e  Doppler  a n g l e .  Th is  p r e d i c 

t i o n  o f  the  Doppler  a n g le  has  a d i r e c t  r e l a t i o n s h i p  on th e  

c a l c u l a t i o n  o f  b lo o d  f low  c h a r a c t e r i s t i c s .  The acc u rac y  o f  

m easu r ing  t h e  D oppler  an g le  may be changed by m u l t i p l e  

t r i a l s ,  b u t ,  s i n c e  i t  i s  s t i l l  an a s s u m p t i o n ,  one canno t  be 

c e r t a i n  ab o u t  i t s  p e r c e n t a g e  o f  a c c u r a c y .  R e l a t i v e  e r r o r  i n
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v e l o c i t y  i s  a f u n c t i o n  o f  th e  D opp le r  an g le  a l o n e ,  and t h e  

e r r o r  i n c r e a s e s  when th e  Dopp ler  a n g le  i n c r e a s e s .  Thus ,  we 

have d ev e lo p e d  a hardw are  and s o f t w a r e  Doppler  model  to  

more a c c u r a t e l y  d e t e r m in e  b lo o d  f lo w  v e l o c i t y ,  which  e l i m i 

n a t e s  th e  a s s u m p t io n  o f  th e  D o p p le r  a n g l e .

The d e v e l o p e d  model (Dual T r a n s d u c e r  P u l s e d  D opple r  

U l t r a s o u n d  - DTP-DU) has  the  a b i l i t y  t o  a c t u a l l y  c a l c u l a t e  

th e  t r u e  D o p p le r  a n g l e .  T h e r e f o r e ,  i t  i n c r e a s e s  t h e  a c c u 

r a c y  i n  m e a s u r in g  th e  b lood  f low  v e l o c i t y ,  which i s  th e  

p r im a r y  f a c t o r  i n  d e t e r m in i n g  t h e  b lo o d  f low volume r a t e  and 

any r e l a t e d  c h a r a c t e r i s t i c s .  In  t h i s  s e c t i o n ,  i s  p r e s e n t e d  

t h e o r e t i c a l  i n v e s t i g a t i o n  o f  th e  d e v e lo p e d  model and a l s o  

e r r o r  a n a l y s i s  i s  p r e s e n t e d  f o r  b o t h  t h e  c o n v e n t i o n a l  and 

d e v e lo p e d  model .

3 . 2 . 1  T h e o r e t i c a l  I n v e s t i g a t i o n

In a c o n v e n t i o n a l  s i n g l e  t r a n s d u c e r  p u l s e d - D o p p l e r  

u l t r a s o u n d  (STP-DU), th e  r e l a t i o n s h i p  between t h e  r e c e i v e d  

D oppler  s i g n a l  and t h e  d i r e c t i o n a l  v e l o c i t y  of  t h e  b lo o d  

f low  can be o b t a i n e d  by th e  e x p r e s s i o n  shown i n  t h e  f o l l o w 

in g  e q u a t i o n :

v ^  = k "  F^cosS (3 .3 4 )

E q u a t io n  ( 3 .3 4 )  i s  a n o t h e r  v e r s i o n  o f  t h e  Dopple r  

e q u a t i o n  ( 1 . 2 ) ,  e x c e p t  f o r  t h e  f a c t  t h a t  Af i s  c o n v e r t e d  

i n t o  F^. Because  o f  t h i s  c h a n g e ,  th e  c o n s t a n t  k n o t  on ly
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depends upon th e  c o n s t a n t  p a r a m e t e r s  m en t ioned  i n  e q u a t i o n  

( 1 . 2 ) ,  b u t  a l s o  on th e  f l u i d  dynamic p a r a m e t e r s  su ch  as  th e  

r e s i s t i v i t y  f a c t o r  ( i . e . ,  R = ^  ) o f  th e  b lo o d  and t h e  a r e a  

and l e n g t h  i n  w hich  th e  t e s t  i s  c o n d u c te d .  A n o th e r  f a c t o r

i s  r e l a t e d  t o  th e  method o f  p r o c e s s i n g ,  which  depends  upon

the  ty p e  o f  d e v i c e  u sed  f o r  c o n v e r t i n g  a c o u s t i c a l  s i g n a l  t o  

e l e c t r i c a l  s i g n a l .  As can be s e e n  from e q u a t i o n  ( 3 . 3 4 ) ,  

t h e r e  i s  one e q u a t i o n  and two unknowns, 0 and v^ .  The o n ly  

s o l u t i o n  f o r  t h i s  f u n c t i o n  i s  s t i l l  a c a r e f u l  a s s u m p t io n  o f  

th e  an g le  0.

To overcome t h i s  " a s s u m p t i o n "  p ro b le m ,  we have d e v e l 

oped th e  DTP-DU model ,  i n  w hich  t h e r e  i s  a known a n g l e  b e 

tween two t r a n s d u c e r s .  A t y p i c a l  c o n f i g u r a t i o n  f o r  a d u a l  

t r a n s d u c e r  sy s te m  i s  shown i n  F ig u re  3 .4 .  To im p lem en t  th e  

d e v e lo p ed  m ode l ,  a p u l s e d - D o p p l e r  i n s t r u m e n t  w i t h  a t  l e a s t  

two c h a n n e l s  i s  r e q u i r e d .  Using  b o th  ch an n e ls  and t h i s  

model e q u a t i o n  (3 .3 4 )  can be w r i t t e n  i n  th e  f o l l o w i n g  fo rm s:

Vr = k • F ^ /cos6  ( 3 .3 5 )

Vr = k • F2 /COS(a-0)  ( 3 .3 6 )

where F^ and F^ a r e  Doppler  o u t p u t  s i g n a l s  from c h a n n e l  1 

and c h a n n e l  2 ,  r e s p e c t i v e l y .

Note t h a t  t h e r e  a r e  t h r e e  unknowns: v ^ , a and 0 and

two m e a s u ra b le  q u a n t i t i e s  f^  and f^  i n  e q u a t i o n s  ( 3 .3 5 )  and 

( 3 . 3 6 ) .  The a n g le  between t h e  t r a n s d u c e r ,  a ,  i s  f i x e d  a t
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the t ime when th e  probe i s  b u i l t  f o r  f low  m easurem ents .  I f  

a i s  known by th e  p r o c e s s  o f  m a n u f a c t u r i n g  or  by c a l i b r a t i o n ,  

th en  t h e r e  a r e  two e q u a t i o n s  and two unknowns. Th is  i n d i 

c a t e s  t h a t  b o th  and 0 can be c a l c u l a t e d  d i r e c t l y .

S t a r t i n g  w i t h  e q u a t i o n  (3 .37 )  and ( 3 . 3 8 ) ,  we can d e r i v e  t h e  

f o l l o w in g  :

so

Vq
F i  = ^  C0S9

A 

Vr

(3 .3 7 )

R Vp 2 = - p  c o s ( a - 0 )  = ^  (c o sa  cos0 + s i n a  s in 0 )  (3 .3 8 )

COS0 = k

s in 0  =

V R

1 - k 2

R

s i n 0  COS0 = k —  
R

1 - k 2
VR

S q u ar in g  e q u a t i o n s  (3 .37 )  and (3 .3 8 )  and s u b s t i t u t i n g  f o r  

COS0 , s in 0  , and s in 0  cos0 we have

2 VR 2
Pf  = - y  COS^0

 ̂ k'^
('Z

2 R 2 2 2 2P_ = —y (cos  acos  0 + s i n  a s i n  0 + s inZ a  s in 0  cos0)  z
so

^2
^R
k2

.2 2, 2 . .  2 ,
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k^F? k2p2 ,  , . 2 2^1 / , .2 ,  2 , 2 . 2 .
2"  cos a+ ^— - s i n  a + ^ y ^ /  k (Vj^-k F^) s i n a c o s a

' ' i  ' ' i . ' ' r

or

k^CpJ+F^) = k ^ F ^ + k ^ F ^ c o s ^ a + v ^ s in ^ a -k ^ F ^ s in ^ a + Z F ^ /k ^ (v ^ - k ^ F ^

• s i n a  cosa

or

v ^ s i n ^ a  = - k ^ F ^ c o s ^ a + k ^ F ^ + k ^ F ^ s i n ^ a - 2 F ^ / k ^ ( v ^ - k ^ F ^ ) s in a c o s a

( 3 . 3 9 )

But
k F^

cosa  COS0 + s i n a  s in 0  =

or

and

« 1  / v 2 - k 2 p  2 F
cosd —  .  s i n a  ^   = k -

kF-  - kF^ cosa

S u b s t i t u t i n g  e q u a t i o n  (3 .4 0 )  i n t o  e q u a t i o n  ( 3 .3 9 )

VpSin a = -k F^cos a+k F^ + k F^ s i n  a - ZkF^cosa (kF^-kF^cos  a)

or

s i n ^ a  = k^F 2 ( l " 2 cosa)  - k^F^ cosZa 

and v e l o c i t y  can be found  by th e  f o l l o w in g  e q u a t i o n :
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A /  k ^ F ^ ( l - 2 c o s a )  - cos2a
VR = /     2------------   (3 -41)

^ /  s i n  a

E q u a t i n g  e q u a t i o n s  (3 .3 7 )  and (3 .38)

k P i  .  kF j
COS0 cosa  COS0 + s i n a  s in 0  

D i v i d i n g  by cos0

cosa  + kF^ tg 0  s i n a  = kF^

or
, F_ - F cosa

8 = t s"  ( F i  s i n a  ) ( 3 ' * 2 )

N o t i c e  t h a t  the  D opple r  a n g le  (0) can be d i r e c t l y  c a l c u l a t e d  

from F^ and F ^ , and ,  n o t i c e  t h a t  th e  b lo o d  v e l o c i t y  (v^) 

can a l s o  be c a l c u l a t e d  f rom F^ and F^ w i t h o u t  e x p l i c i t  

measurement  or  c a l c u l a t i o n  o f  th e  Doppler  a n g l e .  As long 

as a  i s  known a c c u r a t e l y ,  t h e  f low can be i n  any d i r e c t i o n  

and t h e  e q u a t i o n  ( 3 .4 1 )  can  be u sed  t o  d e te r m in e  v^  a c c u r 

a t e l y .  Th is  i s  th e  p r im a r y  advan tage  o f  d u a l  t r a n s d u c e r  

o v e r  a s i n g l e  t r a n s d u c e r  s y s te m .

Comparing e q u a t i o n  ( 3 .4 2 )  and e q u a t i o n  ( 3 . 3 6 ) ,  i t
A

seems t h a t  a d d i t i o n a l  c o m p u ta t i o n s  a r e  r e q u i r e d  t o  f i n d  v^ .  

B u t ,  s i n c e  a i s  e i t h e r  known or  i s  c a l i b r a t e d ,  c o s a  and 

s i n a  a r e  f i x e d .  Thus ,  e q u a t i o n  (3 .4 2 )  becomes a s im p le  

f u n c t i o n  o f  two v a r i a b l e s ,  F^ and F^.
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3 . 2 . 2  T h e o r e t i c a l  Comparison o f  D opp le r  Models

3 . 2 . 2 . 1  One D im ens iona l  A n a l y s i s

The Doppler  s h i f t e d  f r e q u e n c y  can be m easu red ,  b u t  

th e  an g le  i s  e s t i m a t e d  e i t h e r  by p r i o r  c a l i b r a t i o n  o r  by 

a s su m p t io n .  In  most c a s e s ,  t h e  ang le  i s  assumed t o  be 45°.  

Le t  9 be the  assumed a n g l e ,  t h e n  e q u a t i o n  ( 3 .3 4 )  imme

d i a t e l y  r e l a t e s  th e  m easured  D opple r  s h i f t e d  f r e q u e n c y  to  

the  f low  v e l o c i t y :

Note t h a t  the  e s t i m a t e d  v e l o c i t y  i s  v^ and d i f f e r s  from th e  

t r u e  f low  v e l o c i t y ,  v^ .  The a c t u a l  v e l o c i t y  (Vj^) w i l l  be 

d e s c r i b e d  by the  f o l l o w i n g  e q u a t i o n

Vr = k 'F ^ / c o s ( 8  + Ç) (3 .4 3 )

The r a t i o  o f  measured  (Vr) t o  c a l c u l a t e d  (Vr) v e l o c i t y  i s  

th e n

and the  n o rm a l i z e d  v e l o c i t y  e r r o r  (E^) can be shown i n  the  

f o l l o w i n g  e q u a t i o n

E = 1 _ = cose  - _ c o s ( 8 + G )  4 5 .
^ 1  ̂ Vr cose

The e r r o r  p r e s e n t e d  in  e q u a t i o n  ( 3 .4 3 )  i s  i n  te rm s  o f  Ç, 

th e  d i s c r e p a n c y  be tween  th e  a c t u a l  and assumed Doppler  ang le
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The r a t i o  o f  changes  in  the  v e l o c i t y  measurement can t h e r e 

f o r e  be e x p r e s s e d  by t h e  f o l l o w i n g  e q u a t i o n :

The p e r c e n t a g e  o f  n o r m a l i z e d  v e l o c i t y  e r r o r  i s  c a l c u l a t e d  

from e q u a t i o n  ( 3 . 4 5 ) .  R e s u l t s  a re  o b t a in e d  by u s i n g  d i f 

f e r e n t  v a l u e s  o f  th e  D opple r  a n g le  ( i n  t h i s  c a s e  0® to  7 5 ° ) .  

A p l o t  i s  g e n e r a t e d  f o r  p e r c e n t a g e  o f  n o r m a l i z e d  e r r o r  when 

th e  u n c e r t a i n t y  i n  th e  D opple r  a n g le  (Ç) i s  v a r i e d  from -45° 

t o  45° and i s  shown in  F ig u re  3 . 5 .  A lso ,  t h e  r a t e  o f  change 

i n  v e l o c i t y  i s  c a l c u l a t e d  from e q u a t i o n  ( 3 . 4 6 ) .  A p l o t  i s  

g e n e r a t e d  f o r  d i s c r e p a n c y  between a c t u a l  and m easu red  flow 

when the  u n c e r t a i n t y  i n  th e  D oppler  angle  (Ç) i s  v a r i e d  from 

-45° to  45° and f o r  d i f f e r e n t  Doppler  a n g l e s ,  i n  t h i s  c a s e ,  

3 0 ° ,  45° and 60° (shown i n  F ig u re  3 . 6 ) .

3 . 2 .  2 .2  Two D im ens iona l  A n a l y s i s

I t  h a s  been  seen  t h a t  t h e  v e l o c i t y  e s t i m a t i o n  in  the 

s i n g l e  t r a n s d u c e r  case  i n  e q u a t i o n  (3 .34 )  l a r g e l y  depends on 

how w e l l  t h e  f low  d i r e c t i o n  a l i g n s  w i th  th e  assumed f low 

d i r e c t i o n .  In  many a p p l i c a t i o n s ,  the  probe  c a n n o t  be 

chan g ed ,  a d j u s t e d ,  or  tu n ed  i n s t a n t a n e o u s l y ,  which  r e s u l t s  

i n  l a r g e  e r r o r s  as shown i n  F ig u re  3 .5 .  For th e  d u a l  t r a n s 

d u c e r ,  ho w ev er ,  no r e q u i r e m e n t s  a r e  p l a c e d  on th e  f low d i 

r e c t i o n .  In  f a c t ,  th e  use  o f  two t r a n s d u c e r s  makes p o s s i b l e  

the  measurement  o f  the  f low d i r e c t i o n  d i r e c t l y ,  hence
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F i g u r e  3 .5  The p e r c e n t a g e  o f  n o r m a l i z e d  v e l o c i t y  e r r o r  
f o r  s i n g l e  t r a n s d u c e r  p u l s e d  Doppler  u l t r a 
sound model.
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Figure 3.6 D isc re p a n c y  between a c t u a l  and measured  flow 
f o r  s i n g l e  t r a n s d u c e r  p u l s e d  D opple r  u l t r a 
sound model .
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p r o v i d i n g  a c c u r a t e  e s t i m a t i o n  o f  th e  f low  v e l o c i t y .

Though t h e  v e l o c i t y  e s t i m a t i o n  i s  e x a c t ,  e r r o r s  may 

be i n t r o d u c e d  th ro u g h  i n a c c u r a t e  c a l i b r a t i o n  o f  a .  Such 

e r r o r s  a r e  c o r r e c t i b l e  and can be made as a c c u r a t e  as the  

c a l i b r a t i o n  p r o c e s s  a l l o w s .  I f  t h e r e  i s  an e r r o r  made in  

c a l i b r a t i n g  a ,  t h e n  t h e  v e l o c i t y  e s t i m a t e  v ^  w i l l  be as 

f o l l o w s :

f  r. n _____.  , .2^2k F_(1 -2  c o s a ) - k  F, cosa

' R - /  — — n ? ; — ^

where v^  i s  the  v e l o c i t y  e s t i m a t e d  b a sed  on a .  When a i s  

i n  e r r o r ,  t h e r e  a r e  two p l a c e s  where c a l i b r a t i o n  a f f e c t s  

th e  v e l o c i t y  e s t i m a t i o n .  F i r s t ,  the  c o r r e c t i o n  f a c t o r  on 

F^ and F^ i n  t h e  n u m e r a t o r  u n d e r  the  r a d i c a l  s i g n  i s  modi

f i e d .  S e c o n d ly ,  th e  s c a l i n g  in  the d e n o m in a to r  i s  n o t  

e x a c t .  The n o r m a l i z e d  v e l o c i t y  e r r o r  ( l ^ )  f o r  t h e  two 

d i m e n s i o n a l  c a se  can now be found by r e a r r a n g i n g  th e  terms 

as f o l l o w s :

The a c t u a l  D opp le r  s i g n a l s  can be w r i t t e n  as 

Vo
F^ = COS0 ( 3 . 4 8 )

F^ = ^  cos (a - 0 -  Ç) ( 3 . 4 9 )

where v ^  i s  t h e  a c t u a l  v a l u e  o f  th e  v e l o c i t y  and Ç i s  the  

d i f f e r e n c e  between assumed and a c t u a l  v a l u e  o f  a .  S u b s t i 

t u t i n g  e q u a t i o n s  ( 3 .4 8 )  and (3 .49)  i n t o  ( 3 .4 7 )  one o b t a i n s .
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Vn = —r — • -r^ /  cos^  (a -9 -Ç )  ( l - 2 c o s a ) - c o s ^ 6 c o s 2 a  R s i n a  k ^

or

_ ✓^cos^Ca-9-g]]Cl-2coscQ - c o s ^8co s2 a
s i n a   ̂ ^

S in ce  t h e  n o r m a l i z e d  v e l o c i t y  e r r o r  i s

So

E, _  ̂ _ J  [ c o s ^ ( q - 8 - g ) 3  d - Z c o s a )  - c o s ^ 9 c o s 2 a
s i n  a

( 3 .5 1 )

The e r r o r  E2 shown i n  e q u a t i o n  (3 .5 1 )  i s  a p p l i c a b l e  f o r  any 

v a lu e  o f  a .  I t  w i l l  be i l l u s t r a t e d  how the  d u a l  t r a n s d u c e r  

model p e r fo r m s  i n :

A S p e c i a l  Case

One obv ious  c o n f i g u r a t i o n  i s  t o  make t h e  two t r a n s 

ducers  o r t h o g o n a l  t o  one a n o t h e r .  I f  t h i s  i s  t h e  c a s e ,  th e  

v e l o c i t y  e s t i m a t i o n  can be g r e a t l y  s i m p l i f i e d .  E q u a t i o n  

( 3 .4 1 )  can  be r e w r i t t e n  as f o l l o w s :

VR = k / p Z  + pZ (3 .5 2 )

E q u a t io n  (3 .5 2 )  i n d i c a t e s  t h a t  t h e  v e l o c i t y  e s t i m a t i o n  i s  

s im p ly  t h e  v e c t o r  sum o f  P^ and . Th is  i s  r e a s o n a b l e  

b ec a u se  and F2 a r e  o r t h o g o n a l  t o  one a n o t h e r .  Hence ,  

t h e  v e l o c i t y  e s t i m a t i o n  i s  s im p ly  computed by t h e  E u c l id e a n
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d i s t a n c e  fo rm u la .

The n o r m a l i z e d  v e l o c i t y  e r r o r  f o r  t h i s  o r t h o g o n a l  

a r ran g em en t  i s  a l s o  n e a t l y  s i m p l i f i e d  and can be computed 

by s u b s t i t u t i n g  a = 90° i n t o  e q u a t i o n  ( 3 . 5 1 ) ,  t h e n  

o b t a i n i n g  t h e  f o l l o w i n g :

1 - /  cos^e + s in ^ (9 + Ç )  (3 .5 3 )

a=90°

A p l o t  i s  g e n e r a t e d  f o r  p e r c e n t a g e  o f  n o rm a l i z e d  e r r o r  f o r  a 

d i f f e r e n t  v a l u e  o f  8 ,  in  t h i s  c a s e  from 0° to  3 6 0 ° ,  w h i l e  

Ç v a r i e s  be tw een  -45° and 45° and i s  shown in  F ig u re  3 . 7 .  

A l s o ,  i n  F ig u re  3 . 8 ,  a p l o t  f o r  f i x e d  v a l u e s  of  Ç w h i l e  9 

v a r i e s  from -180° t o  180° i s  p r e s e n t e d .

The r a t e  o f  change f o r  th e  n o r m a l i z e d  v e l o c i t y  e r r o r  

can be computed d i r e c t l y  by d i f f e r e n t i a t i n g  e q u a t i o n  3 .5 0 :

= /  cos^B + s i n ^  (0+Ç)
a = 90°

bu t

so

1 ! l - )  = c o s ( 8 +C) s i n ( 6 +E) . 3  3 ^.
d s  y------ 2-------— ----------

/ cos 9+ s in  (6+Ç)

A p l o t  i s  g e n e r a t e d  f o r  d i s c r e p a n c y  be tween  a c t u a l  and 

measured f low  when 9 v a r i e s  be tw een  0° to  360° and Ç b e tw een
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F ig u re  3 .7  t S I d f c e f  P - r D c w i ° e r  u ï t r a -

sound m o d e l .
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sound model f o r  f i x e d  v a l u e s  o f  Ç.
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-45° and 45° ,  and i s  shown in  F ig u re  ( 3 . 9 ) .  A l s o ,  i n  

F ig u re  (3 .1 0 )  a p l o t  i s  p r e s e n t e d  f o r  f i x e d  v a l u e s  o f  0 in  

t h i s  case  3 0 ° ,  4 5 ° ,  and 6 0 ° ,  when Ç v a r i e s  b e tw een  -45° 

and 45° .

A l though  th e  e r r o r  i n  th e  d u a l  model i s  c o n t r o l l a b l e  

by c a r e f u l  c a l i b r a t i o n  o f  th e  angle  be tween th e  2 t r a n d u c e r s ,  

t h e  e r r o r  i n  the  s i n g l e  model which i s  c a u s e d  by a s su m p t io n ,  

i s  n o t  c o n t r o l l a b l e .  A com par ison  be tw een  t h e  two models  

i n d i c a t e s  d r a m a t i c  improvement i n  th e  c a l c u l a t i o n  o f  b lood  

f low  v e l o c i t y  by t h e  d u a l  model over  t h e  s i n g l e  t r a n s d u c e r .

As an example f o r  0 = 4 5 ° ,  a  = 90° ,  a f a l s e  e s t i m a t i o n  o f  0 

by 5° c a u s e s  9 p e r c e n t  and 4.25 p e r c e n t  changes  i n  v e l o c i t y  

e s t i m a t i o n  f o r  STP-DU and DTP-DU m ode ls ,  r e s p e c t i v e l y .  For 

a f a l s e  e s t i m a t i o n  o f  0 by 10° ,  t h e s e  v a l u e s  a r e  18 .08  p e r 

c e n t  f o r  t h e  STP-DU model and 8.213 p e r c e n t  f o r  th e  DTP-DU 

model .  A l s o ,  a f a l s e  e s t i m a t i o n  o f  5° c a u s e s  t h e  r a t e  of  

change i n  v e l o c i t y  t o  be 1 .083 f o r  th e  STP-DU model and 

0 .49  f o r  t h e  DTP-DU model .  For a 10° e r r o r  i n  e s t i m a t i o n ,  

th e  r a t e  o f  change i s  1 .15 8 f o r  the  STP-DU and 0 .4 3  f o r  th e  

DTP-DU model ,  r e s p e c t i v e l y .  Some n u m e r i c a l  v a l u e s  f o r  

e r r o r  i n  v e l o c i t y  and r a t e  o f  change i n  v e l o c i t y  f o r  a = 90° 

and 0 = 45° a r e  shown i n  Tab le  3 .1 .  A l s o ,  i n  F i g u r e s  3 .1 1 ,  

3 . 1 2 ,  3 .13  and 3 . 1 4 ,  p l o t s  a re  p r e s e n t e d  f o r  b o t h  models 

f o r  n o r m a l i z e d  e r r o r  and r a t e  o f  change i n  v e l o c i t y  and f o r  

0 = 45° and 0 = 55° and a = 90°.  F i g u r e s  3 .15  and 3 .16
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360

F ig u r e  3 .9  D is c r e p a n c y  b e tw e e n  a c t u a l  and  m e a su red  f lo w  f o r  d u a l  t r a n s d u c e r  p u ls e d -D o p p le r  u l t r a s o u n d

m o d e l.
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Table  3 .1  Num erica l  Values  f o r  N o rm a l ized  P e rc e n ta g e  o f  
E r r o r  and Rate  o f  Change i n  t h e  V e l o c i t y  f o r  
b o th  STP-DU and DTP-DU Models .

STP-DU
D oppler  

Angle (6)
% o f  N orm al ized  
V e l o c i t y  E r r o r

Rate  o f  Change 
i n  t h e  V e lo c i ty

-45 4 1. 4194031 0.0000000002+00
-44 41.3979492 0.2463062562-01
-43 41. 333282b 0.4935381562-01
-42 41.2256165 0.7401186232-01
-41 41. 0749359 0.9864747522-01
-40 40.8813477 0.123252923
-39 40.6447296 0.147820950

40.3654022 0.172344029
-37 40.0432587 0.196814597
-36 3 9.6783752 0.221224964
-35 39. 2710 571 0.245568216
-34 38.8212128 0.269836345
-33 38.3292084 0.294022739
-32 37.7949677 0 . 31811923/
-31 37. 2188568 0.342118979
- 30 36.6008759 0.366014481
-29 35. 9413147 0.389798522
-29 3 5. 2402649 0.413463712
-27 34.4981079 0. 4370030 76
-26 33. 7149506 0.460409284
-25 32.891082 8 0.433675301
-24 32. 0267639 0.506793916
-23 31.1222076 0.529758155
-22 30. 1776886 0.552561104
-21 29. 1934967 0.575195730
-20 28. 1700134 0.597655058
- 19 27.1074219 0.519932532
-19 26. 0061188 0.642021060
- 17 24.  86 64856 0.553914325
-16 23. 6887817 0.685604632
-15 22.  4734192 0.73 7086563
-14 21. 2207 79 4 0.723353083
-13 19.9312134 0.749397374
-12 18. 6050415 0.7702141 40
-1 1 17.2428131 0.7907959 82
-10 15. 844821 9 0.811136961

-  9 14. 41 16402 0.331230760
-8 12. 9435539 0.851071417
-7 11. 4410400 0.370652795
-6 9. 90457535 0.889969051
-5 8.3 3463669 0.939014225

Cont'd to next page



Table 3.1 (cont'd)

83

STP-DU
Doppler % o f  Normalized Rate o f  Change

Angle (Ç) . V e l o c i t y  Error i n  t he  V e l o c i t y
6.73170090 0.927782476

-  i 5.09634018 0.946268082
- 2 3.42884064 0.964465559
-  1 1 . 72986984 0.932369184

0 0 . OOOOOOOOOE+OO 0.999973595
1 1 .76038742 1.01727295
2 3.55070732 1.03426266
3 5.37040806 1.05093765
U 7.2  1892071 1.0 6 729317
5 9.09570980 1. 08332253
6 11. 0001917 1.09902191
7 12.9317579 1.11438751
H 14.8898773 1.12941265
9 16.8738861 1. 1440944 7

10 IB. 8832397 1.15842724
1 1 20.  9172821 1.17240715
12 22. 9754486 1.19603039
13 25.0570221 1. 199292 18
14 27'. 16 13770 1. 21 21 8777
15 29.2880096 1.22471523
16 31. 4361877 1.23686981
17 33.6052551 1.24864769
13 35. 7945557 1.26004410
19 38.0032906 1. 27 1057 13
20 40. 2310028 1.28168392
21 42.4769440 1. 2919 1971
22 44. 7404022 1.30176163
23 4 7. 0206909 1.31120777
24 49. 3170013 1.32025337
25 51.6289757 1.32889748
26 53. 9554596 1.33713722
27 56.  2960968 1.34496975
23 58. 6500244 1.35239220
29 61. 0164337 1,35940266
30 63. 3948517 1.36599922
31 65.7844086 1.37217903
32 63. 1843872 1. 37794209
33 70.5940552 1. 38328457
34 73.0125580 1.38820553
35 7 5. 4394073 1.39270401
36 77.8737335 1. 396773 11
37 90.3148041 1.40042686
33 92.7618713 1.40364933  

Cont 'd to  n ex t  page



Table 3.1 (cont'd)
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DTP-DU
Doppler  

Angle CE)
% o f  Normalized  
V e l o c i t y  Error

Rate o f  Change 
in  the V e l o c i t y

-45 29.2883911 0.0000000003+00
-44 29.2668610 0 .2466935292-01
-43 29. 20 23163 0 . 4926379022-01
-42 29.0949860 0.7370883232-01
-41 28.9451599 0 . 9793186192-01
-40 28.7533112 0. 121861815
-39 28.5200043 0. 145430803
-38 28- 2459259 0.168574154
-37 27. 9318542 0. 191230595
-36 27.5787354 0.213343203
-35 27. 1875153 0. 234859824
-34 26. 7592 926 0.255732477
-33 26. 2952423 0. 275918484
-32 25.  7966003 0.295380055
-31 25. 2646332 0.314084351
-30 24. 7007141 0.332003295
-29 24. 1062164 0.349113703
-29 23. 4825745 0.365396793
- 27 22.8312531 0,380838513
-  26 22. 1537170 0, 395428360
-25 21.4514771 0.409160137
-24 20.7260132 0. 422030747
-23 19.9788361 0.434040725
- 22 19.2114410 0. 445193172
-21 18. 4253387 0.455493867
-20 17. 6219940 0. 464951038
-19 16.8028564 0.473574753
- 1 8 15. 9694071 0.481376767
-17 15.1230392 0.488370597
— 16 14. 2651672 0. 494570732
-15 13.  3971453 0.499992967
-14 12.5203304 0. 504653692
-13 11. 6360302 0.508570194
-12 10.7455425 0. 51 1760056
-11 9.85010242 0.514241397
-10 8.95093060 0.-516032398

-9 8,04922581 0.517151594
- 8 7.14614391 0. 517617464
-7 6.24279976 0.517448306
-  6 5.34029579 0.516662657
-5 4.43968773 0.515278513

Cont'd to next page
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Table 3.1 (cont'd)
DTP-DU

Doppler  
Angle (Ç)

% o f  Normalized  
V e l o c i t y  Error

Rate o f  Change 
i n  the V e l o c i t y

- 4 3 . 54199982 0. 513313890
-3 2. 64824009 0.510786414
- 2 1.759 36222 0.507713675
-1 0 . 876319408 0.504112542

0 0. 119209290E-04 0.500000000
1 0, 868606567 0.495392799
2 1.72891617 0.490305901
3 2.57987976 0.484756172
4 3.42073441 0.478758991
5 4.25081253 0.472328544
b 5.06925583 0.465480447
7 5.87539673 0.458228827
8 6. 66847229 0.450587749
9 7.44791031 0.442570745

10 8.21304321 0.434191346
11 8-96329880 0.425462544
12 9.69800949 0.416397154
13 10.4166031 0.407007992
14 11.1185074 0. 3973 07515
15 11.8032455 0.387306988
16 12. 4702454 0.377018511
17 13.1191254 0.366453523
18 13. 7493134 0.355623543
19 14. 3603325 0.344540233
20 14. 9518013 0.333213449
21 15.5233383 0.321654141
22 16.0744629 0.309873223
23 16.6047974 0.297380943
24 17. 1140594 0. 285688043
25 17.6019592 0.273303151
26 18. 0680237 0. 260737360
27 18.5119629 0.248000145
28 18.9335785 0.235101104
29 19.3325043 0,222050725
30 19.7085266 0. 208856881
31 20.0614929 0.195529583
32 20.3909760 0.182078421
33 20 . 6970215 0.168512166
34 20. 9791107 0.154841185
35 21. 2373657 0. 141072512
36 21.4714966 0.127216160
37 21. 6813965 0. 1 13281012
38 21.8668823 3. 992759466E-01
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Figure 3.11 The p e r c e n t a g e  o f  v e l o c i t y  e r r o r  f o r  STP-DU 
and DTP-DU models ( s p e c i a l  ca se  a = 9 0 ° ,
0 = 45°) .



8 7

130-

120 -

1 1 0 -

1 0 0 -

E
%

V
E 00-
L
0C
I 70- 
T

E 60- 
S
I
M 50- 
A
; ; 
0 40-
N

30-

2 0 -

10-

0-1
20-50 -40 -30 -20 10 0 10 30 40 50

ZETA IN DEGREE

F ig u re  3 .12  P e r c e n t a g e  o f  v e l o c i t y  e r r o r  f o r  STP-DU and 
DTP-DU models  ( s p e c i a l  c a s e  a = 90°, 9 = 5 5 ° ] .
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f o r  STP-DU and DTP-DU models  ( s p e c i a l  c a s e  
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f o r  STP-DU and DTP-DU models  ( s p e c i a l  c a se  
a = 90° , 0 = 5 5 ° ) .



9 0

5 0 -

7 0

L 6 0 -

T S O 

SO00
Z E T A  1(0 ÜEOREE

l EGEI^O-. TETA -» 25 
— 55

41 TÎ- ~  3 5
6 5

AS



9 1

son

U 5 -

c :
A
L u o -  c : 
U : 
L : 
A : 
T 3 5 -  
c  ;

0 ;

I
0 s o 

rtc
A : 
S 2 5 -
U : 
R :
£
0

2 0 -

V
£
L : 
0
C 1 5 -T ;
T
y :
n 1 0 -
A :
7T
0

5-

0 -

-5 0 - 3 0 - 2 0 SO-10 0 20 3 010
ZETA I N  OeCREE

L E G E N D :  TETA 2 5  
T t 5 5

CT—w—1» 35  
>  J» * 65

45
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i l l u s t r a t e  th e  p e r c e n t a g e  o f  e r r o r  f o r  b o th  the  STP-DU and 

DTP-DU models  f o r  a = 90“ and 0 v a r i e s  from 25° to  65° .

3 .3  R e l a t i o n s h i p  Between V e l o c i t y  Components and T u r b u l e n t  

Blood Flow C h a r a c t e r i s t i c s

In  s e c t i o n  3 . 2 ,  a new t r a n s d u c e r  model (DTP-DU) was 

p r e s e n t e d  t h a t  e n a b le d  to  e s t i m a t e  a c c u r a t e l y  th e  Doppler  

ang le  and to  c a l c u l a t e  d i r e c t l y  th e  components  o f  t h e  f low 

v e l o c i t y .  One obv ious  advan tage  o f  t h e  d e v e lo p ed  model i s  

i t s  a b i l i t y  t o  o b t a i n  t r a n s v e r s e  and l o n g i t u d i n a l  compo

n e n t s  o f  t h e  v e l o c i t y ,  someth ing  t h a t  i s  n o t  p o s s i b l e  

w i th  c o n v e n t i o n a l  (STP-DU) sy s te m s .  One i m p o r t a n t  a p p l i 

c a t i o n  o f  th e  d e v e lo p e d  model i s  i n  c a l c u l a t i n g  t u r b u l e n t  

flow c h a r a c t e r i s t i c s  which are  r e l a t e d  t o  p h y s i o l o g i c a l  

changes  i n s i d e  t h e  v e s s e l ,  such  as s t e n o s i s  or  o c c l u s i o n .  

In t h i s  s e c t i o n ,  f i r s t ,  we d i s c u s s  t h e  u se  o f  t h e  d e v e lo p e d  

model i n  c a l c u l a t i o n  o f  f l u c t u a t i o n  components o f  the  v e l o 

c i t y .  Then, we show the  r e l a t i o n s h i p  be tween  f l u c t u a t i o n  

components o f  t h e  v e l o c i t y  and t u r b u l e n t  f low c h a r a c t e r 

i s t i c s .  F i n a l l y ,  the  r e l a t i o n s h i p  be tw een  t u r b u l e n t  f low  

c h a r a c t e r i s t i c s  i s  p r e s e n t e d  w i th  t h e  v e s s e l ' s  p a r a m e t e r s ,  

such as d i a m e te r  o f  th e  v e s s e l  i n  r e l a t i o n  t o  s t e n o s i s .

The f low i n  a t u r b u l e n t  r e g i o n  i s  moving in  a d i r e c 

t i o n  p a r a l l e l  and a l s o  i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  

a x i s  o f  the  p i p e .  T h e r e f o r e ,  t h e r e  a re  two components of  

the v e l o c i t y  v^ and v^.  The i n s t a n t a n e o u s  v e l o c i t i e s  a r e
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g iv e n  i n  t h e  x ( p a r a l l e l )  and y ( p e r p e n d i c u l a r )  by the  

f o l l o w i n g  e x p r e s s i o n s :

V  = V  + v '  (3 .5 5 )

u = u + u '  (3 .56 )

where v and u a r e  i n s t a n t a n e o u s  v e l o c i t i e s ,  v and u a re  

av e ra g e  v e l o c i t i e s ,  and v '  and u ' a r e  f l u c t u a t i o n  compo

n e n t s  o f  t h e  v e l o c i t y .  One i m p o r t a n t  p o i n t  h e r e ,  i s  how to  

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

( d e r i v a t i o n )  o f  t h i s  a v e rag e  v a l u e  from i n s t a n t a n e o u s  v a lu e  

can r e p r e s e n t  t r u e  v a lu e  o f  f l u c t u a t i o n  v e l o c i t y .  I t  i s  

c l e a r  t h a t  t h e  o r d i n a r y  time a v e ra g e  and i t s  s u b t r a c t i o n  

from i n s t a n t a n t a n e o u s  v e l o c i t y  i s  n o t  a t r u e  r e p r e s e n t a t i v e  

o f  f l u c t u a t i o n  and i t  i s  t r u e  o n ly  f o r  s t a t i o n a r y  f low where 

su p p ly  p r e s s u r e  i s  c o n s t a n t  and t ime in d e p e n d e n t .  B u t ,  

b ecau se  o f  t h e  c a r d i a c  c y c l e ,  b lo o d  f low i s  a p u l s a t i l e  

f low f o r  which su p p ly  p r e s s u r e  i s  t ime d ep en d en t  and flow 

v e l o c i t y  a t  any s p e c i f i c  t ime in  the  f i e l d ,  no l o n g e r  rem ains  

a t  a s t e a d y  l e v e l .  H o ss ie n  .e t  a l  [45] i n t r o d u c e d  the  use  o f  

p h ase  a v e r a g e  ( a v e ra g e  v a l u e  a t  any p o i n t  i n  sp ace )  f o r  

c a l c u l a t i n g  f l u c t u a t i o n  components  o f  the  v e l o c i t y .  The 

phase  a v e ra g e  o f  th e  v e l o c i t y  ( i n  r e d i r e c t i o n )  can be c a l c u 

l a t e d  from th e  f o l l o w i n g  e x p r e s s i o n :

1 ^
<v ( t ) >  = ^  I  V ( x , t  + nT) (3 .5 7 )

n=l
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where v ( x , t )  i s  any i n s t a n t a n e o u s  f low v a r i a b l e  a t  l o 

c a t i o n  X and a t  any t ime t , and T i s  t h e  p e r i o d  o f  the 

r e p e a t e d  phenomenon. While  i d e a l l y ,  an i n f i n i t e  ensemble  

s i z e  i s  r e q u i r e d ,  i n  r e a l i t y ,  a f i n i t e  number o f  p e r i o d s  

o f  th e  d a t a  i s  a v a i l a b l e .  I f  N i s  s u f f i c i e n t l y  h i g h ,  the  

v a l u e s  o b t a i n e d  d i f f e r  n e g l i g i b l y  from t h e  t r u e  phase  

a v e rag e  [7 ] .  One t h e n  g e t s  the  i n s t a n t a n e o u s  t u r b u l e n t  

s i g n a l  v ' ( x , t )  ( f l u c t u a t i o n )  as

v ' ( x , t )  = v ( x , t )  - < v ^ ( t )>  (3 .58 )

As an exam ple ,  a p u l s a t i l e  t u r b u l e n t  s i g n a l  w i th  th e  

p e r i o d  T i s  shown i n  F i g u r e  3 .1 8 .  Le t  t h e  p e r i o d  be w e l l  

d e f i n e d  to  s t a r t  a t  " a "  when the  s i g n a l  e x c ee d s  a f i x e d  

t h r e s h o l d  v a l u e .  Now, i f  we sample the  s i g n a l  a t  i n t e r v a l  

t ,  from the b e g i n n i n g  o f  t h e  s i g n a l  and t h e n  w a i t  and sample 

th e  s i g n a l  a t  t i m e ,  t ^ , i n  the  n e x t  c y c l e  and i n  s u c c e s s i v e  

c y c l e s  and th e n  ta k e  t h e  a v e r a g e ,  we g e t  t h e  p h a se  average  

a t  t h a t  p a r t i c u l a r  t im e  t ^  i n  th e  c y c l e .  I f  we th e n  r e p e a t  

t h i s  o p e r a t i o n  f o r  a l l  t ^  i n  the  range  0 < t ^  < , what i s

o b t a i n e d  i s  th e  p h ase  a v e rag e  < v ^ ( t ) >  shown i n  F ig u re  3.18 

(a) . The d i f f e r e n c e  be tw een  th e  p h ase  a v e ra g e  and the  i n 

s t a n t a n e o u s  s i g n a l  shown i n  F ig u re  3 .1 8 ( b )  i s  t h u s  th e  t u r 

b u l e n t  f l u c t u a t i o n  y ^ ( t )  and i t  i s  c h a r a c t e r i s t i c  o f  v ^ ( t )  

which d e te rm in e s  t h e  n a t u r e  o f  t u r b u l e n c e  i n  th e  f low.

The same p r o c e d u r e  can be a p p l i e d  f o r  th e  t r a n s v e r s e  

component o f  t h e  v e l o c i t y  t o  f i n d  u ' ( t ) . Now t h a t  we have
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— ‘I

TIm

F ig u re  3 .1 7 .  An example o f  p u l s a t i l e  t u r b u l e n t  f low.

,TurbuI<nc flucEuâC lcm , f  •  f ,  -  <f>

Inscancancoua d g n a l ,  f, 

Phmw « v a ra g a , <f>

<f> (a)

Ct)I

(b)
eiac

F ig u re  3 .1 8  T u r b u l e n t  v e l o c i t y  components ,  a) Phase 
a v e rag e  o f  t h e  v e l o c i t y ,  b) F l u c t u a t i o n  
v e l o c i t y .
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d i s c u s s e d  th e  p r o c e d u re  t o  c a l c u l a t e  f l u c t u a t i o n  v e l o c i t i e s ,  

we a r e  a b le  to  c a l c u l a t e  some c h a r a c t e r i s t i c s  o f  t h e  f lo w .

The most i m p o r t a n t  c h a r a c t e r i s t i c  o f  a t u r b u l e n t  f low  

which i s  a l s o  a f u n c t i o n  o f  d i f f e r e n t  flow p a r a m e t e r s  and 

th e  v e s s e l  s t r u c t u r e ' s  p a r a m e t e r  i s  s h e a r  s t r e s s .  The s h e a r  

s t r e s s  i n  t u r b u l e n t  r e g i o n s  can be o b t a i n e d  by t h e  f o l l o w i n g  

e x p r e s s i o n ,

T q = - p < u ' v ' >  (3 .5 9 )

where < u ' v ' >  i s  the. p h ase  a v e r a g e  o f  the  p r o d u c t  o f  f l u c 

t u a t i o n  v e l o c i t i e s  and p i s  t h e  d e n s i t y  of  t h e  f lo w .  

F u r th e r m o r e ,  P r a n d t l  [101] d e r i v e d  the  e x p r e s s i o n  f o r  v e l o 

c i t y  in  t u r b u l e n t  case  as a f u n c t i o n  of  Tq and r a d i u s  o f  the  

p ip e  i n  t h e  f o l l o w i n g  form:

V  = c^ &n y + C2 (3 .6 0 )

where c^ i s  an a r b i t r a r y  c o n s t a n t  and c^ i s  c o n s t a n t  o f  

i n t e g r a t i o n  and y v a r i e s  from r  ( t h e  b o rd e r  o f  t r a n s i t i o n  

co re  and t u r b u l e n t  co re )  t o  th e  c e n t e r  of  th e  p i p e  Rg . To 

c a l c u l a t e  c ^ , a p o i n t  a t  t h e  c e n t e r  (R g)  i s  c o n s i d e r e d ,  

where t h e  v e l o c i t y  i s  maximum.

A
° '^max “ T  ■'O * “"z 

y = Ro

or

<=2 ' \ a x  ■ ■'0
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T h e re f o re  __  __

V = c / M l y  + T  '*0 (3 -G l)

The p a r t  i s  d e f i n e d  as  f r i c t i o n  v e l o c i t y

=  / ! 0

w i t h  th e  u n i t  o f  ^  • D iv id in g  b o th  s i d e s  by v *

X  = c^&n y + - c,An Rq

or

^  = c^ün y + (3 .6 2 )

S in ce  the  l e f t  s i d e  o f  e q u a t i o n  (3 .6 2 )  i s  d i m e n s i o n l e s s , 

t h e  r i g h t  s i d e  s h o u ld  a l s o  be d i m e n s i o n l e s s .  On th e  o t h e r  

h an d ,  s t e n o s i s  as n a r ro w in g  (6) i s  a change i n  t h e  v a lu e  o f  

y . T h e r e f o r e ,  h e r e  the  h e i g h t  o f  s t e n o s i s  (6) i s  c o n s i d e r e d  

as making t h e  r i g h t  s id e  d i m e n s i o n l e s s .

X  = c.&n y + c_&n 6 - c-Jin ô + k,V* 1 2 2 1

or

or

X  to AV  = c /  —  An /  —  k^ (3 .63 )

E q u a t io n  (3 .6 3 )  i s  a r e l a t i o n  be tween  v e l o c i t y ,  s h e a r  s t r e s s  

and s t e n o s i s .

Another characteristic which can also be related to the
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d i a m e t e r  and s t e n o s i s ,  i s  f r i c t i o n  f a c t o r .  F r i c t i o n  f a c t o r  

i s  r e l a t e d  t o  th e  s h e a r  s t r e s s  by t h e  f o l l o w in g  e x p r e s s i o n

or

^ Vavg ( 3 .6 4 )

To f i n d  a r e l a t i o n s h i p  b e tw een  f ^  and 6,  has  t o  be

c a l c u l a t e d .

R e w r i t i n g  e q u a t i o n  ( 3 .6 1 )  i n  t h e  f o l l o w i n g  form ,

" 'Vax * Cl ( 3 .6 5 )

The V  can  be c a l c u l a t e d  as avg
rR<i Rn

o-f
^vda

0-'
/ ( 2 7 r r d r )

(3 .6 6 )

D e f i n i n g  y = Rq - v

f'
_ 0

V

'Rq ^
&n( —5—  ) 2 i r r d r  

^0
^ ' 8  xr/

2 A Ô  f'*‘> / t ;  r^o
’’8 o ' ' m a x " ' c /  T o J  t R „ - r ) 2 , r r d r - c /  — „J 2nR( ,(2xrdr)

(3.67)

D e f i n i n g

Rj - r  = u
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d r  = -du

r  = Rq - u

At r=0 , u=Rq and a t  r=Rg , u=0 and c a l c u l a t i n g  i n t e g r a l  

p a r t  by p a r t

or

&n(RQ-r) 2irrdr =

0

Jlnu[2 IT ( R q - u ) ( -d u )  ]

R0

= 2ir

R0

= 27tR

i n  u (Rg-u)du

r^o
&n udu - 2ir

r^o

= 2nRg [u Jin u -u
Rr

u Jin u du 

2■ u

R,

= 2irRg  ̂ Jin Rg - 2irRg^

irRg Jin Rg - 2 f^Rg

ttRq Jin Rg

2 Ru
4 0

R?

ÏÏ —I

(3 .6 8 )

and
r^o

2ir
Rr

Jin Rf , ( rd r )  = 2tt Jin R« ( —r— ) = irR» Jin R0
0-f

(3 .6 9 )

S u b s t i t u t i n g  ( 3 .6 8 )  and (3 .39)  i n t o  (3 .6 7 )

/ 5V  =  Vavg max 1.5  C-,'1 P

Substituting (3.64) into (3.70),

(3.70)
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^avg ^max 1-5 2 ^avg

' ' avg  " "max ‘ 1 ' ° *  "avg

"max ''I ) "avg

From e q u a t i o n  ( 3 .6 3 )  a t  y = Rq , v = ( i n  t u r b u l e n t  c o r e ) ,

so __

"max '  ^1 ■ ^ T  T  * ‘' 2 ’̂
or

J ^ =  .  , n  ^  .  k ,  (3 -72)
'

S u b s t i t u t i n g  ( 3 .6 4 )  and (3 .71 )  i n t o  ( 3 .7 2 )

1 + 1 .06  c,  /T7 R.
-----------—  = =1 An IT + %2

or

or

or

R
1 + 1 .06  = 0 .707 An - ^ +  0 .707 k _ / f f

R
1 = / r j ( 0 . 7 0 7  An - ^  + 0 .707  - 1.06 c^)

1 ^0 - i -  = 0. 707 c .  An - r +  0 . 707 k„ - 1 .06 c,  (3 .7 3 )
/ f ^  1 6  2 1

Equation (3.73) is another indication that characteristics

of the turbulent flow are a function of the structural
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changes  i n s i d e  the  v e s s e l .  C o n s tan ts  and can be 

found e x p e r i m e n t a l l y .  For  s p e c i a l  c a s e s  i n  a t u r b u l e n t  

c a s e ,  c^ and a r e  found  to  be 2.5  and 8 . 4 ,  r e s p e c t i v e l y .

The second  a p p ro ach  to  d e te rm in e  th e  s t e n o s i s  from 

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

Young [49] and i s  shown i n  F ig u re  3 .1 9 .

= 01 =0

V * V^  A

— L
^2

F igu re  3 .1 9 .  A g e o m e t r i c  p r e s e n t a t i o n  o f  s t e n o s i s  i n  the  a r t e r y .

In g e n e r a l ,  i t  i s  assumed t h a t  th e  r a t e  o f  change in  the  

r a d i u s  o f  th e  v e s s e l  (R) i s  g iv en  by

1 1 =  - z <  z.

o t h e r w i s e (3 .74 )

where Ug i s  a c o n s t a n t  and x i s  a t ime c o n s t a n t  f o r  s t e n o t i c  

g row th .  I n t e g r a t i n g  e q u a t i o n  (3 .74)

R = Rg - TttgCl-e ^ / ^ ) ( 1  + cos ÏÏ ^  ) (3.75)

At t  = 0 (no s t e n o s i s )  R = R0
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As t  “  and a t  z = 0 , 6 i s  maximum

and R-Rq = 2 Tap = 6^

so

R = Rq - ^  + cos

D e f in in g  6 = 6^^1-e

R = Rn - y  (1 + cos TT —  ) ( 3 .7 6 )u Z Zq

Since  we a re  i n t e r e s t e d  only  i n  the  maximum h e i g h t  o f  

s t e n o s i s  where t h e  s t e n o s i s  i s  s t a b i l i z e d  and d o e s n ' t  

change a p p r e c i a b l y  w i t h  time ( a t  z = 0 ) ,  th e n

R = R„ - f  (1+1)

o r

6 = Rq - R ( 3 .7 7 )

A l t e r n a t i v e l y ,  s h e a r  s t r e s s  i s  d e f i n e d  i n  a n o th e r  form as
AP 
Az
A?a f u n c t i o n  o f  p r e s s u r e  drop a c r o s s  t h e  s t e n o s i s  ( y r  ) ,

where z ~ ~ J

r  AP 
~  2 Az

where

A2 = _ _Q_
A z  IT ^ 4

so
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where y i s  v i s c o s i t y  o f  the  f low .  In  normal  ca se s  when 

t h e r e  i s  no o c c l u s i o n  ( r  = Rq3 > e q u a t i o n  (3 .78)  can be 

r e w r i t t e n  as

f3 .7 9 )

For s t e n o s i s  where r  = R, th e  s h e a r  s t r e s s  can be e x p r e s s e d  

as

(3 -80 )

But from e q u a t i o n  (3 .7  7)

or

(3 .8 1 )
^0 *0

D iv id in g  ( 3 .8 0 )  by (3 .7 9 )  and s u b s t i t u t i n g  ( 3 . 8 1 ) ,

<3.82)
Ko Kq Kq

can be c a l c u l a t e d  by h a v in g  f l u c t u a t i o n  v e l o c i t i e s  and r  ^ can 

e a s i l y  be c a l c u l a t e d  from e q u a t i o n  ( 3 .7 9 )  by c a l c u l a t i n g  

volume r a t e  (Q) and by p r e c i s e l y  c a l c u l a t i n g  the  d i a m e t e r  o f  

th e  v e s s e l  t h ro u g h  s c an n in g  by a r a n g e  g a t e d  d e v i c e .  T h e r e 

f o r e ,  S t e n o s i s  (6) can be c a l c u l a t e d .



CHAPTER IV 

EXPERIMENTAL PROCEDURE

E x p e r i m e n t a l  s t u d y  o f  b lo o d  f low f i e l d s  have been  

augmented by t h e o r e t i c a l  models u s in g  c o m p u t a t i o n a l  f l u i d  

dynam ics .  In  o r d e r  t o  v e r i f y  the t h e o r e t i c a l  m odel ,  t h e  

c a l c u l a t i o n  o f  such  p a r a m e t e r s  and f lo w  c h a r a c t e r i s t i c s  as  

Doppler  a n g l e ,  b lo o d  f low  v e l o c i t y ,  volume r a t e ,  v e l o c i t y  

p r o f i l e ,  s h e a r  s t r e s s ,  e t c .  a r e  e s s e n t i a l .  In  o r d e r  t o  c a l 

c u l a t e  t h e s e  p a r a m e t e r s ,  th e  Doppler  s i g n a l s  must be c a p t u r e d ,  

d i g i t i z e d , s t o r e d ,  p r o c e s s e d ,  and th e n  a n a l y z e d .  The d a t a  a re  

c o l l e c t e d  from v a r i o u s  a r t e r i e s  o f  donor  dogs and r a b b i t s .

In  t h i s  c h a p t e r ,  f i r s t ,  i s  p r e s e n t e d  an o v e r a l l  b lo c k  

d iag ram  o f  e x p e r i m e n t a l  model and e a c h  p a r t  o f  th e  model i s  

d i s c u s s e d .  Then,  t h e  p r o c e d u re  and methods to  c a l c u l a t e  

f low  p a r a m e t e r s  and c h a r a c t e r i s t i c s  w i l l  be d i s c u s s e d .

4 . 1  E x p e r i m e n t a l  Model

The main p u r p o s e  o f  our  hardw are  sy s tem  i s  t o  r e c o r d  

th e  D opple r  s i g n a l s  from an u l t r a s o u n d  m a ch in e ,  d i s p l a y  on 

th e  c h a r t  r e c o r d e r ,  t r a n s f e r  i t  t o  a n a l o g - t o - d i g i t a l  c o n 

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

t h e  s i g n a l s  and s t o r e  them on th e  f i l e .

An o v e r a l l  b lo c k  d iag ram  o f  t h e  sy s tem  i s  d e p i c t e d  i n

104
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Figure 4.1, and consists of the following units:
1. The v a r i a b l e  p u l s a t i l e  pump,

2. t h e  d e v e lo p e d  d u a l  t r a n s d u c e r  model,

3. th e  b i d i r e c t i o n a l  p u l s e d  Doppler  u l t r a s o u n d  u n i t  

w i t h  two c h a n n e l s ,

4. t h e  c h a r t  r e c o r d e r  to  d i s p l a y  analog  s i g n a l ,

5. t h e  communicat ion sy s tem ,

6. the  a n a l o g - t o - d i g i t a l  c o n v e r t o r ,  and

7. t h e  d i g i t a l  computer .

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

4 . 1 . 1  The V a r i a b l e  P u l s a t i l e  Pump

To e v a l u a t e  th e  pe r fo rm ance  o f  th e  DTP-DU model f o r  

the  i n - v i t r o  e x p e r im e n t ,  a v a r i a b l e  p u l s a t i l e  pump model 

(Bel 0 J u s t  s i n g l e  l è " , GRI) i s  u sed  to  p ro d u c e ,  a r t i f i 

c i a l l y ,  a p u l s a t i l e  s i g n a l  as th e  c a r d i a c  s i g n a l  d u r in g  i n -  

v i t r o  e x p e r i m e n t s .  The speed  of  the  pump can be c o n t r o l l e d  

and v a r i e s  a t  d i f f e r e n t  l e v e l s .  The pump p e r f u s e d  th e  c i r 

c u i t  and a g r a d u a t e d  c y l i n d e r  c o l l e c t e d  th e  e f f l u e n t .

4 . 1 . 2  The DTP-DU T ra n s d u c e r  Model

The DTP-DU model was c o n s t r u c t e d  u s in g  20 MHz p i e z o 

e l e c t r i c  c e r a m ic  and a p e r i a r t e r i a l  c u f f  t o  o r t h o g o n a l l y  

p l a c e  t h e  c r y s t a l s  (F ig u re  3 .4 )  was im p la n te d  in  th e  

c a r o t i d  a r t e r y  o f  a dog ( f o r  i n - v i v o  e x p e r i m e n t s ) .



r m
TRIGGER BOX

CHART
RECORDER

DIRECTIONAL 

PULSED-DOPPLER ULTRASOUND

OUTPUTISC ILO SC O PE
INPUT

TRANSDUCERS

VESSEL

PUL. PUMP

RESEVIOR

O0\

F ig u re  4 .1  I l l u s t r a t i o n  o f  e x p e r i m e n t a l  s e t u p .



1 0 7

The i s o l a t e d  a r t e r i e s  from donor dogs and r a b b i t s  ( f o r  i n -  

v i t r o  e x p e r i m e n t )  were o b t a i n e d  from th e  f e m o r a l ,  c a r o t i d  or 

t e r m i n a l  a o r t i c  r o o t  and p e r f u s e d  w i th  an a r t i f i c i a l  b lo o d  

p a r t i c u l a t e  s u s p e n s i o n  i n  w a t e r .  The DTP-DU model t r a n s m i t t e d  

th e  u l t r a s o u n d  wave to  t h e  t i s s u e  and t h e n  r e c e i v e d  back th e  

b a c k s c a t t e r e d  s i g n a l  from th e  t i s s u e  and r e t r a n s m i t t e d  t h i s  

s i g n a l  t o  th e  Dopp le r  machine f o r  f u r t h e r  p r o c e s s i n g .

4 . 1 . 3  The B i d i r e c t i o n a l  P u l s e d - D o p p le r  U l t r a s o u n d  Machine 

w i t h  Two Channels  

The d a t a  u sed  i n  t h i s  s tu d y  a re  c o l l e c t e d  w i th  th e  

use  o f  a b i d i r e c t i o n a l  p u l s e d - D o p p l e r  u l t r a s o u n d  f low m ete r  

( U n i v e r s i t y  o f  Iowa,  model 545C-3) w i t h  an e m i s s i o n  f r e 

quency of  20 MHz t o  p ro d u ce  th e  Doppler  s i g n a l .

The 545C-3 u n i t  has  th e  a b i l i t y  t o  m easure  flow v e l o 

c i t y  a t  a s p e c i f i e d  d i s t a n c e  from t h e  f a c e  o f  t h e  c r y s t a l  

p r o b e ,  r a t h e r  t h a n  everyw here  w i t h i n  r a n g e  o f  t h e  s i g n a l .

The range  c o n t r o l  a d j u s t s  t h i s  d i s t a n c e .  The s t a n d a r d  m a x i 

mum range  o f  t h i s  machine i s  1.0 cm.

The p r i n c i p l e  b e h in d  t h i s  c o n t r o l  i s  b a s e d  on the  f a c t  

t h a t  i t  i s  a p u l s e d  D o p p le r .  That  i s ,  i t  t r a n s m i t s  a s h o r t  

b u r s t  o f  a u d io  e n e r g y ,  t h e n  l i s t e n s  f o r  an echo a f t e r  some 

t ime d e l a y .  O b v io u s ly ,  t h i s  d e la y  i s  t h e  d e t e r m in i n g  f a c t o r  

i n  th e  m easurem ent  o f  t h e  d i s t a n c e  t h a t  t h e  a u d io  s i g n a l  has 

t r a v e l e d  by th e  p u l s e .

In  a d d i t i o n  to  the  range  c o n t r o l ,  t h i s  machine a l s o
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has a s e n s i t i v i t y  c o n t r o l  and p o l a r i t y  c o n t r o l .  The s e n s i 

t i v i t y  c o n t r o l  a d j u s t s  t h e  l e v e l  of  th e  Doppler  s i g n a l  

a p p l i e d  t o  th e  v o l t a g e - t o - f r e q u e n c y  c o n v e r t e r  s t a g e ,  which 

p r o v i d e d  th e  " p h a s i c "  and "mean" o u tp u t  t o  a r e c o r d e r  o r  

o s c i l l o s c o p e .  The p o l a r i t y  c o n t r o l  d e t e rm in e d  w h ich  f low  

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

to w ard  th e  c r y s t a l  o r  away from i t .

The o u t p u t  o f  t h e  machine  a re  r a n g e ,  p h a s i c ,  mean and 

a u d io  1 and 2. The range  i s  a v o l t a g e  p r o p o r t i o n a l  t o  th e  

s e t t i n g  o f  t h e  " ra n g e"  c o n t r o l .  I t  may be c a l i b r a t e d  t o  any 

c o n v e n i e n t  s c a l e ,  a l t h o u g h  t h e  s t a n d a r d  c a l i b r a t i o n  i s  1 .0  

v o l t  p e r  c e n t i m e t e r .  The p h a s i c  o u t p u t  i s  a s i g n a l  r e l a t e d  

to  p h a s i c  v e l o c i t y  i n f o r m a t i o n  and has  a normal s c a l e  f a c t o r  

o f  0 .5  v o l t s  p e r  k i l o h e r t z  o f  Doppler  s h i f t .  The mean b lo o d  

v e l o c i t y  i s  i n t r o d u c e d / d e l i v e r e d  a t  th e  "mean” c o n n e c t o r  

w i th  t h e  same s c a l e  f a c t o r  as the  p h a s i c  o u t p u t .  The s i g n a l s  

a t  " a u d i o  1,  2" c o n n e c to r s  a r e  th e  a c t u a l  s i g n a l s  and may be 

u sed  f o r  a v a r i e t y  o f  p u r p o s e s ,  such  as s p e c t r a l  a n a l y s i s  or  

e x t e r n a l  au d io  a m p l i f i c a t i o n .  A complete  d e s c r i p t i o n  o f  th e  

S45C-3 machine f u n c t i o n s  i s  p r e s e n t e d  i n  Appendix  B.

4 . 1 . 4  The C h a r t  Recorder

A Gould-2800 c h a r t  r e c o r d e r  (F ig u re  4 .1 ]  i s  u sed  to  

d i s p l a y  th e  an a lo g  s i g n a l s .  Th is  machine i s  a l s o  c a p a b l e  of  

a m p l i f y i n g  th e  s i g n a l  t o  be t r a n s f e r r e d  to  t h e  com p u te r .
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The o u t p u t  o f  th e  a m p l i f i e r  i s  compared w i th  th e  an a lo g  

s i g n a l  t o  c a l c u l a t e  th e  c a l i b r a t i o n  f a c t o r .

4 . 1 . 5  The Communicat ion U n i t

The communicat ion  u n i t  c o n s i s t s  m ain ly  o f  i n p u t / o u t p u t  

p o r t s .  Four i n p u t  p o r t s  and f o u r  o u t p u t  p o r t s  a r e  b u i l t  i n  

t h i s  u n i t .  These p o r t s  a r e  t h e  communicat ion  l i n k  between 

th e  p u l s e d - D o p p l e r  u l t r a s o u n d  machine and t h e  a n a l o g - t o -  

d i g i t a l  c o n v e r t e r .  In  a d d i t i o n  to  t h e  communica t ion  u n i t  

( c o n n e c t i o n  box) , t h e r e  i s  a t r i g g e r  u n i t  t h a t  can s y n c h r o 

nize-  t h e  Doppler  s i g n a l  w i t h  t h e  com puter .  The c i r c u i t  i s  

i n i t i a l i z e d  by one o f  th e  Doppler  s i g n a l  o u t p u t s  form th e  

u l t r a s o u n d  machine .

4 . 1 . 6  The A n a l o g - t o - D i g i t a l  C o n v e r t e r

The a n a l o g - t o - d i g i t a l  c o n v e r t e r  e n a b l e s  t h e  lab  p e r i 

p h e r a l  sys tem  u s e r  t o  sample an a lo g  d a t a  a t  s p e c i f i c  r a t e s  

and t o  s t o r e  th e  e q u i v a l e n t  d i g i t a l  v a lu e  f o r  s u b s e q u e n t  

p r o c e s s i n g .  The sy s tem  c o n s i s t s  o f  an 8 -c h a n n e l  m u l t i p l e x e r  

( e i g h t  s i n g l e  ended ±5 i n p u t s ) , sample and h o ld  c i r c u i t r y ,  

a 1 2 - b i t  A/D c o n v e r t e r ,  and s i x  programmable l i g h t  e m i t t i n g  

d io d e  (LED) n u m e r ic a l  r e a d o u t s .  Access  i s  v i a  th e  f r o n t  

p a n e l ,  shown i n  F i g u r e  4 . 4 .  A l l  e i g h t  c h a n n e l s  a r e  co n 

n e c t e d  t o  s t a n d a r d  1 / 4 - i n c h ,  3 - t e r m i n a l  phone j a c k s  on the  

f r o n t  p a n e l ,  p e r m i t t i n g  d i r e c t  i n t e r f a c i n g  w i th  l a b o r a t o r y  

e q u ip m e n t .
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For t h e  p r e s e n t  s t u d y ,  two s o f t w a r e  packages  ( see  

Appendix C) a r e  u se d .  In  t h e  f i r s t  p ro g ram ,  "DADC" ( a n a lo g  

t o  d i g i t a l  p r o g r a m ) ,  f i l e  name o f  e a c h  t e s t ,  r e q u i r e d  

sam pl ing  r a t e ,  number of  b e a t s  and number o f  ch an n e ls  sh o u ld  

be p r o v i d e d .  A f t e r  s e l e c t i n g  th e  a p p r o p r i a t e  p e r i o d s ,  d a t a  

a re  r e c o r d e d  on t h e  f i l e .  In  th e  second  program "DCFlow", 

the  d a t a  a r e  c o n v e r t e d  t o  dec im a l  v a l u e s ,  t h e  h e a r t b e a t  i s  

c a l c u l a t e d  a lo n g  w i th  maximum, minimum and mean v a lu e s  in  

each  c h a n n e l ,  t h e  number o f  d a t a  i n  each  t r i g g e r  i s  d e t e r 

mined and d a t a  a re  r e c o rd e d  on t h e  f i l e  f o r  f u r t h e r  p r o c e s 

s i n g .

4 .17  The D i g i t a l  Computer

A PDF 11/34  m in icom puter  w i th  112k words (224k b y t e s )  

o f  RAM i s  used  t o  p r o c e s s  t h e  d a t a  i n  th e  f i r s t  two s t a g e s  

o f  d i g i t i z i n g  and r e c o r d i n g  the  d a t a .  The d a t a  a r e  t r a n s 

f e r r e d  v i a  modem from PDF 11/34 t o  a VAX 11/ 780 ( o p e r a t i n g  

sys tem  i s  UNIX 4 .2  BSD) f o r  f u r t h e r  p r o c e s s i n g .  The VAX 

sys tem  i s  i n  communicat ion w i th  an IBM 3081. The s t a t i s 

t i c a l  a n a l y s i s  and p l o t s  a r e  p e r fo rm e d  u s i n g  SAS s u b r o u t i n e  

a v a i l a b l e  i n  t h e  computer .



CHAPTER V 

EXPERIMENTAL RESULTS

The d i g i t i z e d  d a t a  m entioned  in  C h a p te r  IV are  s t o r e d  

under  t h e  d a t e  i n  which th e  ex p e r im e n t  i s  co n d u c ted .  The 

number o f  d a t a  i n  each  f i l e  v a r i e s  d e p e n d e n t  upon the con 

d i t i o n  o f  each e x p e r i m e n t .  In g e n e r a l ,  f o r  each  p a r t i c 

u l a r  t e s t ,  8 t o  10 s e t s  o f  d a t a  (each c o n t a i n i n g  200 to  350 

p t s . )  a re  r e c o r d e d .  In  b o th  i n - v i v o  and i n - v i t o  e x p e r i m e n t s ,  

normal and s t e n o t i c  a r t e r i e s  a r e  i n v e s t i g a t e d  and r e s u l t s  a re  

compared. I n - v i v o  and i n - v i t r o  s t u d i e s  a r e  d i v i d e d  i n t o  c a t e 

g o r i e s  i n t e n d e d  t o  e v a l u a t e  the  f i v e  m a jo r  c a p a b i l i t i e s  of  

th e  d u a l  t r a n s d u c e r  p u l s e d - D o p p le r  u l t r a d o u n d s :  measurement

of  the  Doppler  a n g l e ,  f low v e l o c i t y ,  p r o f i l e  d i s t r i b u t i o n ,  

v o l u m e t r i c  f low and s h e a r  s t r e s s .  One or  more o f  th e se  

c a p a b i l i t i e s  a r e  e v a l u a t e d  d u r in g  any s i n g l e  e x p e r im e n t .  For 

each  e x p e r i m e n t ,  a p r o t o c o l  i s  w r i t t e n  and an ex p e r im en t  i s  

co n d u c te d ,  which f o l l o w s  the p r o c e d u re  o u t l i n e d  in  the  p r o t o c o l .  

In t h i s  c h a p t e r ,  i n - v i v o  and i n - v i t r o  e x p e r i m e n t s  t h a t  a re  

conduc ted  a t  th e  U n i v e r s i t y  o f  Oklahoma H e a l t h  S c iences  

C en te r  and th e  p r o c e d u r e  to  c a l c u l a t e  d i f f e r e n t  p a r a m e te r s  

a re  d e s c r i b e d .

I l l
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5 .1  P a ra m e te r s  C a l c u l a t i o n

5 . 1 . 1  Doppler  Angle

The Doppler  an g le  i s  c a l c u l a t e d  u s i n g  e q u a t i o n  3.42 

a t  a = 90® as f o l l o w s ;

Fz9 = a r c  t a n  C ^  ) ( 5 .1 )

whe re  and F 2 a r e  r e c o r d e d  Doppler  s i g n a l s

5 . 1 . 2  V e l o c i t y

The v e l o c i t y  o f  b lo o d  f low  i s  c a l c u l a t e d  from e q u a t i o n  

( 3 .4 1 )  a t  a = 90® as f o l l o w s :

= k /  + F^ (5 .2 )

where k f o r  545C-3 machine  i s  78.25 and i s  g i v e n  by th e  manu

f a c t u r e r  d e s ig n i n g  t h e  i n s t r u m e n t .  The i n d i v i d u a l  v e l o c i t y  

components  can  be c a l c u l a t e d  from e q u a t i o n s  [ 3 .3 7 )  and (3 .38 )  

f o r  a = 90® as  f o l l o w s :

v^ = k F ^ /c o s0  (5 .3 )

V2 = k F ^ /s inG  (5 .4 )

5 . 1 . 3  Blood f low  volume r a t e

The volume r a t e  i s  c a l c u l a t e d  by t h e  f o l l o w i n g  

e x p r e s s i o n :

Q = ' A ' ( x ^  ) (5.5)
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where A i s  t h e  c r o s s - s e c t i o n a l  a r e a  u n d e r  i n v e s t i g a t i o n  
2

( i . e . ,  A = , where D i s  t h e  d i a m e t e r  o f  t h e  v e s s e l )  and

c o n s t a n t  i s  a u n i t  c o n v e r t i n g  c o n s t a n t  f o r  Q i n

m l/min .

5 . 1 . 4  Shear  S t r e s s

To c a l c u l a t e  s h e a r  s t r e s s ,  f i r s t  t h e  p h a s e  a v e r a g e  o f  

the  v e l o c i t y  i s  c a l c u l a t e d  from e q u a t i o n  (3 .5 7 )  as f o l l o w s :

<v f t ) >  = ^  I v ( x „ t  + nT) (3 .5 7 )
X n=l "

Then f l u c t u a t i o n  components  o f  t h e  v e l o c i t y  a r e  c a l c u l a t e d  

from e q u a t i o n  ( 3 . 5 8 ) ,  t h a t  i s

v ' ( x , t )  = v ( x , t )  - <v^ ( t ) >  (3 .5 8 )

And f i n a l l y ,  s h e a r  s t r e s s  i s  c a l c u l a t e d  from e q u a t i o n  (3 .5 9 )  

as f o l l o w s :

Tq = - p < u ' v '>  (3 .5 9 )

5 .2  In -V iv o  E x p e r im e n t

The c o n s t r u c t e d  DTP-DU model i s  i m p l a n t e d  on t h e  

c a r o t i d  a r t e r y  o f  a 27-pound dog. Acute s u r g i c a l  t e c h n i q u e  

i s  u s e d  and under  b a r b i t u r a t e  a n a e s t h e s i a ,  t h e  common c a r o 

t i d  a r t e r y  i s  exposed .

The e x p e r im en t  i s  c o n d u c te d  a t  t h r e e  d i f f e r e n t
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r a n g e s  and t h r e e  d i f f e r e n t  h e a r t b e a t s .  For each  t e s t ,  normal 

s t e n o s i s  (25 to  45 p e r c e n t )  and  o c c lu d e d  a r t e r y  (85 t o  95 

p e r c e n t ) ,  t h e  Doppler  a n g l e ,  b lo o d  f low  v e l o c i t y  and  b lo o d  

f low  volume r a t e  a re  c a l c u l a t e d .  The u l t i m a t e  g o a l  o f  t h i s  

e x p e r im e n t  i s  e v a l u a t i n g  th e  p e r fo rm a n c e  o f  DTP-DU model in  

m e a s u r in g  D o p p le r  an g le  i n  d i f f e r e n t  s i t u a t i o n s .

5 . 2 . 1  E x p e r im e n ta l  R e s u l t s

5 . 2 . 1 . 1  Normal H e a r t b e a t s  (180 bPm)

5 . 2 . 1 . 1 . a Range a (1 /6  o f  d i a m e t e r )

In  t h i s  p a r t  o f  th e  e x p e r i m e n t ,  t h e  h e a r t b e a t  r em ains  

s t a b l e  a t  normal  c o n d i t i o n s .  Four d i f f e r e n t  t e s t s  a r e  c o n 

d u c t e d  f o r  normal  and s t e n o t i c  common c a r o t i d  a r t e r y .  The 

o u t p u t  D opp le r  s i g n a l s  f o r  t h e s e  t e s t s  a r e  shown i n  F ig u re s

5 . 1 ,  5 . 2 ,  5 .3  and 5 .4 .  I t  can  be s e en  t h a t  by i n c r e a s i n g  

t h e  d e g r e e  o f  s t e n o s i s ,  t h e  a m p l i tu d e  o f  th e  D opp le r  s i g n a l s  

a r e  d e c r e a s e d .  The Doppler  a n g l e ,  f low v e l o c i t y  and b lo o d  

f low volume r a t e  are  c a l c u l a t e d  from e q u a t i o n s  ( 5 . 1 ) ,  (5 .2 )  

and ( 5 . 5 ) ,  r e s p e c t i v e l y .  The d i a m e t e r  o f  th e  v e s s e l  i n  

normal  c o n d i t i o n  i s  3 mm. The s t e n o s i s  i n  t h e  d i a m e t e r  of  

t h e  v e s s e l  a r e  imposed u s i n g  a m ic ro m e te r  and t h e y  a r e  2, 1, 

and 0 .5  mm f o r  t h r e e  d i f f e r e n t  c a t e g o r i e s  o f  s t e n o s i s .  The 

r e s u l t s  a re  p r e s e n t e d  i n  T a b le  5 . 1 .  The mean v a l u e  o f  the  

Dopple r  an g le  i n  t h i s  p a r t  o f  th e  e x p e r im e n t  i s  5 1 . 0 4 ° .
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F ig u re  5 . 1  The Doppler  s i g n a l s  r e c o r d e d  from normal  
common c a r o t i d  a r t e r y  a t  r ange  a.
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Figure 5.2 The Doppler signals recorded from stenotic (25
percent to 55 percent') common carotid artery at
range a.
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F ig u re  5 .3  The Doppler  s i g n a l s  r e c o r d e d  from s t e n o t i c  (45
to  55 p e r c e n t )  common c a r o t i d  a r t e r y  a t  range  a,

Figure 5.4 The Doppler signals recorded from occluded (85
to 95 percent) common carotid artery at range a.
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Table 5.1
The D o p p le r  A ng le ,  Flow V e l o c i t y  and Flow Volume Rate f o r  
Normal C o n d i t i o n  o f  t h e  H e a r t .

Range D opp le r  Angle (9) 
( d e g re e s )

V e l o c i t y
(mm/sec)

D iam e te r
(mm)

Volume Rate 
(ml/min)

a 50.32 154.20 3 65.49

a 52 .83 151.18 2 28.54

a 52 .20 132.95 1 6.27

a 49. 33 101.76 0 .5 1.20

b 54 .33 154.36 3 65.56

b 57. 78 151.01 2 28.50

b 51 .03 147.99 1 6.98

c 50 .99 148.98 3 63.27

c 54 .91 125.70 2 23.73

c 48 .63 125.02 1 5.90
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The n o r m a l i z e d  e r r o r  i n  each  c a s e  v a r i e s  from 1 .4  p e r c e n t  

to  3 .3  p e r c e n t .  The r e s u l t s  i n d i c a t e  t h a t  a l a r g e  r e d u c t i o n  

i n  th e  d i a m e t e r  c a u s e s  a g r e a t  change i n  t h e  D opp le r  a n g l e .

5 . 2 . 1 . 1 . b Range b (1 /3  o f  d i a m e t e r )

In  t h i s  p a r t  o f  t h e  e x p e r i m e n t ,  th e  h e a r t b e a t  i s  s t i l l  

normal and i s  i n  s t a b l e  c o n d i t i o n ,  b u t  the  r a n g e  i n  which th e  

d a t a  a re  t a k e n  i s  changed from 1/6 o f  th e  d i a m e t e r  t o  1 /3  of  

t h e  d i a m e t e r  from th e  n e a r  w a l l .  Three d i f f e r e n t  v e s s e l  

d i a m e t e r s  (n o rm a l ,  25 to  35 p e r c e n t  and 45 p e r c e n t  t o  55 p e r 

c e n t )  a r e  t e s t e d .  The o u t p u t  Doppler  s i g n a l s  f rom each  t e s t  

a re  shown i n  F ig u r e s  5 . 5 ,  5 .6  and 5 . 7 .  S in ce  t h e  ran g e  i s  

c l o s e r  t o  th e  c e n t e r  compared w i t h  the  p r e v i o u s  range ,  the  s i g 

n a l s  have a h i g h e r  v a lu e  o f  a m p l i t u d e .  The D o p p le r  a n g l e ,  

b lood  f low v e l o c i t y  and b lo o d  f low volume r a t e  a r e  c a l c u l a t e d .  

The r e s u l t s  a r e  p r e s e n t e d  i n  T ab le  5 .1 .

The mean v a lu e  o f  t h e  D opp le r  ang le  i n  t h i s  t e s t  i s  

5 4 . 2 1 ° ,  w i th  n o r m a l i z e d  e r r o r  r a n g i n g  from 2 .0  p e r c e n t  to

5 .6  p e r c e n t .

5 . 2 . 1 . 1 . c  Range c ( 1 /2  o f  t h e  d i a m e te r )

In  t h i s  p a r t  o f  t h e  e x p e r i m e n t ,  t h e  h e a r t b e a t  i s  a g a in  

normal  and i n  s t a b l e  c o n d i t i o n ,  b u t  the  r a n g e  i n  which d a t a  

a r e  t a k e n  i s  changed t o  1 /2  o f  t h e  d i a m e t e r .  The Doppler  

s i g n a l s  a r e  t a k e n  from t h r e e  d i f f e r e n t  v e s s e l  d i a m e t e r s  

(n o rm a l ,  25 p e r c e n t  t o  35 p e r c e n t  and 45 p e r c e n t  t o  55
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F ig u re  5 .5  The Doppler  s i g n a l s  r e c o r d e d  from normal  common 
c a r o t i d  a r t e r y  a t  r a n g e  b.

Figure 5.6 The Doppler signals recorded from stenotic (25
ro 35 percent) common carotid artery at range b.
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Figure 5.7 The D opp le r  s i g n a l s  r e c o r d e d  from s t e n o t i c  (45 
to  55 p e r c e n t )  common c a r o t i d  a r t e r y  a t  range  b
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p e r c e n t )  and are  shown i n  F ig u re s  5 . 8 ,  5 . 9  and 5 .1 0 ,  r e s p e c 

t i v e l y .  S ince  th e  Doppler  s i g n a l s  a r e  r e c o r d e d  from the  

c e n t e r  p o i n t  of  t h e  a r t e r y ,  the  h i g h e s t  v a l u e  f o r  the  a m p l i 

tude  can  be o b s e rv e d .  The Doppler  a n g l e ,  b lo o d  f low v e l o c i t y  

and b lo o d  f low volume r a t e  a re  c a l c u l a t e d .  R e s u l t s  are  p r e 

s e n t e d  i n  Table  5 . 1 .  The mean v a lu e  o f  t h e  Doppler  ang le  i n  

t h i s  t e s t  i s  51 .51* .  The n o rm a l iz e d  e r r o r  v a r i e s  from 1 p e r 

c e n t  t o  5 .5  p e r c e n t .

The Doppler  a n g l e s  are  found i n  ag ree m e n t  i n  a r e p e t i 

t i v e  s e r i e s  o f  t e s t s .  The o v e r a l l  mean v a l u e  o f  t h e  Doppler  

an g le  i s  52.25* w i th  o v e r a l l  n o rm a l iz e d  e r r o r  o f  2 p e r c e n t  t o  

p e r c e n t .

5. 2 . 1 . 2  Reduced H e a r t b e a t s  (150 bpm)

To i n v e s t i g a t e  th e  e f f e c t  o f  r e d u c t i o n  i n  h e a r t b e a t s  

on the  c a l c u l a t i o n  o f  t h e  Doppler  ang le  and b lo o d  flow 

volume r a t e .  P h e n y le p h r in e  d y r u p a t h o n im e t i c  was i n j e c t e d  to  

i n c r e a s e  th e  p r e s s u r e  o f  the  b lood  f lo w .  The number of  

h e a r t b e a t s  i s  measured  from the  c h a r t  r e c o r d e r  and i s  150 

bpm, a r e d u c t i o n  o f  16.67 p e r c e n t .  The d a t a  r e c o r d e d  i n  t h i s  

e x p e r im e n t  a re  t a k e n  from only  one p a r t i c u l a r  range  ( c e n t e r  

o f  t h e  a r t e r y ) .  The o u t p u t  Doppler  s i g n a l s  a r e  shown in  

F i g u r e s  5 . 1 1 ,  5 . 1 2 ,  5 .1 3  and 5 .1 4 .  The f i g u r e s  i n d i c a t e  a 

l a r g e  r e d u c t i o n  i n  t h e  am pl i tude  o f  th e  Dopp le r  s i g n a l  due to  

the  lower  h e a r t b e a t  or  i n c r e a s e  i n  the  p r e s s u r e .  The Doppler  

a n g l e ,  f low v e l o c i t y  and blood f low volume r a t e  a re  c a l c u l a t e d
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F ig u re  5 .8  The D o p p le r  s i g n a l s  r e c o r d e d  from normal 
common c a r o t i d  a r t e r y  a t  r an g e  c.

Figure 5.9 The Doppler signals recorded from stenotic (25
to 35 percent) common carotid artery at range c
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F i g u r e  5 .10  The D o p p le r  s i g n a l s  r e c o r d e d  from s t e n o t i c  (45 
to  55 p e r c e n t )  common c a r o t i d  a r t e r y  a t  r an g e  c
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F ig u re  5 .11 The Dopp le r  s i g n a l s  r e c o r d e d  from normal common 
c a r o t i d  a r t e r y  a t  t h e  c e n t e r  (h e a r tb e a t s= lS O  bpm)

Figure 5.12 The Doppler signals recorded from stenotic (25
to 35 percent) common carotid artery at the center (heart
beats = 150 bpm).
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F ig u re  5.13 The Doppler  s i g n a l s  r e c o r d e d  from s t e n o t i c  (45 
t o  55 p e r c e n t )  common c a r o t i d  a r t e r y  a t  th e  
c e n t e r  ( h e a r t b e a t s  = 150 bpm).

Figure 5.14 The Doppler signals recorded from stenotic (85
to 95 percent) common carotid artery at the
center (heartbeats = 150 bpm).
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and th e  r e s u l t s  a r e  p r e s e n t e d  i n  Table  5 . 2 .  The mean 

Doppler  angle  i n  t h i s  e x p e r im e n t  i s  4 9 .5 8 “ w i t h  a n o rm a l iz e d  

e r r o r  o f  2 p e r c e n t  t o  3 p e r c e n t .  As e x p e c t e d ,  because  o f  

th e  i n c r e a s e  i n  the  p r e s s u r e  o f  t h e  b lo o d  f lo w ,  t h e  volume 

r a t e  h as  d e c l i n e d  by a f a c t o r  o f  a lm o s t  3 i n  normal d i a m e t e r  

o f  the  common c a r o t i d  a r t e r y  compared w i t h  t h e  normal d i a 

m ete r  i n  th e  p r e v i o u s  e x p e r im e n t  (normal  h e a r t b e a t ) .

Table  5 .2

The Doppler  A n g le ,  Blood Flow V e l o c i t y ,  and Blood Flow 
Volume Rate f o r  Reduced H e a r t b e a t s  (150 bpm)

Doppler  Angle ( 9 ) 
(d e g re e s )

V e l o c i t y
(mm/sec)

D iam ete r
(mm)

Volume Rate 
(ml/min)

47.87 94. 79 3 .0 40.26
49.68 88.60 2 . 0 16.72
50.98 90.18 1 . 0 4.26
49.81 67.63 0 .5 0.80

5 . 2 . 1 . 3  I n c r e a s e d  H e a r t b e a t s  (190 bpm)

To i n v e s t i g a t e  th e  e f f e c t  o f  low er  p r e s s u r e  and i n 

c r e a s e  i n  th e  h e a r t b e a t  on th e  Doppler  an g le  and b lood  f low 

volume r a t e ,  n i t r o p r u s s i d e  was i n j e c t e d .  The number o f  

h e a r t b e a t s  from t h e  c h a r t  r e c o rd e d  was m easured  a t  190 bpm. 

The d a t a  t a k e n  from th e  c e n t e r  p o i n t  o f  t h e  a r t e r y  i s  r e c o rd e d .  

The o u t p u t  D oppler  s i g n a l s  a r e  shown i n  F i g u r e s  5 .1 5 ,  5 .16 

and 5 .1 7 .  These s i g n a l s  seem t o  be r a t h e r  u n s t a b l e  i n  

d i f f e r e n t  p e r i o d s  o f  c a r d i a c  c y c l e s ,  which  i s  due to  sudden 

changes i n  h e a r t b e a t s .  The Doppler  a n g l e ,  b lo o d  flow



F ig u re  S . 15 The D opple r  s i g n a l s  r e c o r d e d  from normal 
common c a r o t i d  a r t e r y  a t  t h e  c e n t e r  ( h e a r t 
b e a t s  = 190 bpm).

Figure 5.16 The Doppler signals recorded from stenotic
(25 to 35 percent) common carotid artery at
the center (heartbeats = 190 bpm).
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F ig u re  5 .1 7  The Dopp le r  s i g n a l s  r e c o r d e d  from s t e n o t i c  
(45 t o  55 p e r c e n t )  common c a r o t i d  a r t e r y  a t  
t h e  c e n t e r  ( h e a r t b e a t s  = 190 bpm).
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v e l o c i t y  and b lo o d  f low volume r a t e  a re  c a l c u l a t e d .  The 

r e s u l t s  a r e  p r e s e n t e d  i n  T ab le  5 .3  The mean D opp le r  ang le  

i n  t h i s  e x p e r im e n t  i s  4 8 . 9 ,  w i t h  n o rm a l i z e d  e r r o r  o f  4 p e r 

c e n t  to  4 .9  p e r c e n t .  As e x p e c t e d ,  b ecau se  t h e  p r e s s u r e  i n  

th e  b lood  f low i s  lo w e r ,  t h e  volume r a t e  has  i n c r e a s e d  d ram a

t i c a l l y  compared w i t h  th e  p r e v i o u s  s e tu p  (from 4 0 .2 6 °  t o  

62 .98°  i n  no rm a l  c o n d i t i o n  o f  t h e  a r t e r y ) .

Tab le  5 .5

The Doppler  a n g l e .  Blood Flow V e l o c i t y ,  and Blood Flow 
Volume Rate  f o r  H ig h e r  Number o f  H e a r t b e a t s  (190 bpm ) .

Doppler  Angle (0) 
( d e g re e s )

V e l o c i t y
(mm/sec)

Diameter
(mm)

Volume Rate 
(ml/min)

51.32 148.30 3.0 62 .98
46.83 147 .59 2 . 0 27 .86
48. 57 142 .31 1 . 0 6 .72

The d a t a  p r e s e n t e d  i n  t h i s  e x p e r im e n t  show t h a t  the  

DTP-PU model i s  an e f f e c t i v e  t o o l  f o r  a n a l y s i s  o f  t h e  

Doppler  s i g n a l s .  Comparison among t h e  r e s u l t s  i n d i c a t e  an 

agreem ent  f o r  D o p p le r  Angle i n  d i f f e r e n t  c o n d i t i o n s  o f  a 

p a r t i c u l a r  e x p e r i m e n t .  O v e r a l l  r e s u l t s  show t h e  t h e  Doppler  

a n g le  i s  a b o u t  50° i n  a lm o s t  a l l  t h e  t e s t s  c o n d u c te d  i n  t h i s  

e x p e r im e n t .  A n o th e r  r e s u l t  i s  th e  a b i l i t y  o f  t h e  d e v ic e  i n  

d e t e c t i n g  th e  b lo o d  f low u n d e r  d i f f e r e n t  c o n d i t i o n s .  This  was 

d e m o n s t r a t e d  by i n c r e a s i n g  o r  d e c r e a s i n g  th e  p r e s s u r e  o f  th e  

b lo o d  u s i n g  d i f f e r e n t  d r u g s .  I t  was shown t h a t  i f  p r e s s u r e
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i n c r e a s e d ,  t h e  b lood  f low volume r a t e  d e c r e a s e d  and v i c e  

v e r s a .  The Doppler  a n g le  rem a in ed  m o s t ly  s t a b l e  u n l e s s  

t h e r e  was a d r a m a t i c  change i n  the  d i a m e t e r  o f  t h e  a r t e r y .

5 .3  I n - V i t r o  Expe r im en ts

To f u r t h e r  e v a l u a t e  t h e  p e r fo rm a n c e  of  d u a l  t r a n s 

d u ce r  p u l s e d - D o p p l e r  u l t r a s o u n d  and to  v e r i f y  t h e  r e s u l t s  

o f  i n - v i v o  e x p e r i m e n t s ,  an i n - v i t r o  p e r f u s i o n  b a t h  as shown 

i n  F ig u re  4 .1  was c o n s t r u c t e d .  I s o l a t e d  a r t e r i e s  from donor  

dogs and r a b b i t s  were o b t a i n e d  from th e  f e m o r a l ,  c a r o t i d  o r  

t e r m i n a l  a o r t i c  r o o t  and p e r f u s e d  w i th  an a r t i f i c i a l  b lo o d  

p a r t i c u l a t e  s u s p e n s i o n  i n  w a t e r .  The v o l u m e t r i c  f low was 

measured by t h e  c l a s s i c a l  " b u c k e t  and s topw atch"  t e c h n i q u e  

and compared w i t h  th e  d i g i t a l  c a l c u l a t i o n s  o b t a i n e d  on the  

P D P l l /3 4 .  Three  d i f f e r e n t  e x p e r im e n t s  were p e r fo rm e d  u s in g  

t h r e e  d i f f e r e n t  a r t e r i e s .  For each  segment o f  e a c h  e x p e r i 

m ent ,  8 t o  15 s e t s  o f  d a t a  were r e c o r d e d  and were a v e ra g e d  

t o  c a l c u l a t e  t h e  Doppler  a n g l e ,  b lood  f low v e l o c i t y  and 

b lood  f lo w  volume r a t e .  To v e r i f y  t h e  r e s u l t s  f o r  each  

e x p e r i m e n t ,  t h e  volume r a t e s  were measured and compared w i t h  

t h e  c a l c u l a t e d  v a lu e  from th e  e x p e r i m e n t s .

5 . 3 . 1  C a l c u l a t i o n  o f  t h e  V e l o c i t y  and Volume Rate  ( f e m o r a l  

a r t e r y )

In  t h i s  e x p e r i m e n t ,  an i s o l a t e d  a r t e r y  from a donor  

dog was o b t a i n e d  from th e  f e m o ra l  a r t e r y .  The main g o a l  o f
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t h i s  s t u d y  i s  t o  v e r i f y  t h e  r e s u l t s  o b t a i n e d  i n  i n - v i v o  e x 

p e r im e n t s  f o r  c a l c u l a t i n g  t h e  D opp le r  a n g l e .  The t o o l  f o r  

v e r i f i c a t i o n  i s  measured volume r a t e  which i s  compared w i th  

c a l c u l a t e d  volume r a t e  from d i f f e r e n t  t e s t s  conduc ted  i n  

t h i s  e x p e r i m e n t .

F i g u r e s  5 . 1 8 ,  5 .1 9 ,  5 . 2 0 ,  and 5 .21  show th e  o u t p u t  

Doppler  s i g n a l s  r e c o rd e d  from a normal  f e m o r a l  a r t e r y  f o r  

d i f f e r e n t  volume r a t e s .  The change i n  volume r a t e  i s  r e 

f l e c t e d  i n  th e  am p l i tu d e  o f  th e  Doppler  s i g n a l s .  The d i a 

m e te r  o f  t h e  a r t e r y  i n  a l l  normal  c a se s  i s  2.75 mm. The 

Doppler  a n g l e ,  b lood  f low v e l o c i t y  and b lo o d  f low volume 

r a t e  a re  c a l c u l a t e d .  The r e s u l t s  a re  p r e s e n t e d  in  Table  

5 . 4 .  F i g u r e s  5 . 2 2 ,  5 .2 3 ,  5 .24  and 5 .25 show t h e  o u tp u t  

Doppler  s i g n a l  f o r  t h e  s t e n o t i c  a r t e r y  (33 p e r c e n t  and 50 

p e r c e n t ) .  A g a in ,  th e  Doppler  a n g l e ,  b lo o d  f low v e l o c i t y  and 

b lo o d  f low  volume r a t e s  a r e  c a l c u l a t e d .  The r e s u l t s  a r e  

p r e s e n t e d  i n  T a b le  5 .5 .

The mean v a l u e  of D oppler  an g le  f o r  t h e  normal f e m o ra l  

a r t e r y  i s  6 3 .8 °  w i t h  n o r m a l i z e d  e r r o r  r a n g i n g  from 2 p e r c e n t  

t o  3 .3  p e r c e n t .  The volume r a t e  a t  each  s e t u p  i s  d i f f e r e n t  

and depends  on t h e  c o n d i t i o n s  o f  t h a t  p a r t i c u l a r  t e s t .  How

e v e r ,  t h e  n o r m a l i z e d  e r r o r  i n  c a l c u l a t i o n  o f  volume r a t e  

v a r i e s  from 2 .5  p e r c e n t  t o  5 .9  p e r c e n t .

The mean v a lu e  of  t h e  Doppler  s i g n a l  f o r  s t e n o t i c  (33 

p e r c e n t )  f e m o ra l  a r t e r y  i s  5 8 . 3 3 ,  w i th  n o r m a l i z e d  e r r o r
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F i g u r e  5 .18 The Doppler  s i g n a l s  r e c o r d e d  from normal  
fem o ra l  a r t e r y  f o r  = 94 ml/min.

■i—I—I—I—I—I—I—h 4—I—h 4—I—f
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Figure 5.19 The Doppler signals recorded from normal
femoral artery for = 85 ml/min.
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F ig u re  5 .20  The D opple r  s i g n a l s  r e c o r d e d  from normal  

f e m o ra l  a r t e r y  f o r  = 95 ml/min.

I l l— I— h -I— I— I— I— I— I— I— I— I I' I— I— I-

Figure 5.21 The Doppler signals recorded from normal
femoral artery for = 95 ml/min.



Table 5.4
The D opp le r  A n g le ,  Measured and C a l c u l a t e d  Volume R ate  a t  D i f f e r e n t  Ranges f o r  
Normal Femoral  A r t e r y .

T e s t
Number

. D o p p le r  Angle 
( d e g r e e s )

( 6 ) V e l o c i t y  
(mm/sec)

D iam ete r
(mm)

Qm
(ml/min)

^ c a l
(ml/min)

1 6 2 . 2 3 “ 255 .76 2. 75 94 91

2 6 2 .6 2 ° 244.986 2 .75 85 87.166

3 6 4 .43° 282.79 2 .75 95 100.61

4 6 5 .95° 319 .63 2 .75 108 113 .22

T a b le  5 . 5

The D opp le r  A n g le ,  Measured and C a l c u l a t e d  Volume Rate  a t  
D i f f e r e n t  D egrees  o f  S t e n o s i s  f o r  t h e  Femoral  A r t e r y .

D i f f e r e n t Ranges f o r

T e s t
Number

D o p p le r  Angle 
( d e g re e s )

( 8 ) V e l o c i t y
(mm/sec)

D iam ete r
(mm)

Qm
(ml/min)

Qcal
(ml/min)

1 (33%) 5 9 .3 ° 219.75 1. 83 40 34 .81

2 (33%) 57 .5 ° 211 .43 1 .83 41 33 .46

3 (33%) 5 8 .19° 205.11 1 .83 41 32 .46

4 ( 5 0 %) 6 4 .7 ° 112 .5 1 .375 17 10.072
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F ig u re  5 .22  The Doppler  s i g n a l s  r e c o r d e d  from s t e n o t i c  [33 
p e r c e n t )  fem ora l  a r t e r y  a t  1 /3  range [Q^ = 40 
m l / m i n ) .

• • ■ r. I .
• i  * - . ■ I ■ * I -  " • t ■ ■ * • t  •

Figure 5.23 The Doppler signals recorded from stenotic [33
percent) femoral artery at 2/3 range [Q^=41 ml/min)
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F ig u re  5 .24  The Doppler  s i g n a l s  r e c o r d e d  from s t e n o t i c  (33
p e r c e n t )  fem ora l  a r t e r y  a t  1/2 range  (Q^=41 m l/m in .

Figure 5.25 The Doppler signals recorded from stenotic (50
percent) femoral artery at 1/3 range (Q^=17 ml/min.



137

r a n g in g  from 1 .4  p e r c e n t  to  1 .6  p e r c e n t .  f o r  50 p e r c e n t  

s t e n o s i s ,  t h e  D opp le r  an g le  i s  6 4 . 7 ° .  From t h i s  e x p e r im e n t  

and o t h e r  s i m i l a r  e x p e r i m e n t s ,  we co n c lu d e d  t h a t  the  DTP-DU 

model i s  a r e l i a b l e  d e v i c e  to  c a l c u l a t e  t h e  Doppler  a n g le .  

The Doppler  a n g le  was c o n s i s t e n t l y  v e ry  c l o s e  t o  normal and 

d i l a t e d  o r  c o n s t r i c t e d  a r t e r i e s  under  t h e  same c o n d i t i o n s .

In  c a l c u l a t i n g  t h e  b lo o d  f low volume r a t e ,  th e  s t a n d a r d  f o r 

mula (Q = v A )  ca n  be u s ed  f o r  normal  a r t e r i e s .  For c o n 

s t r i c t e d  a r t e r i e s ,  how ever ,  t h i s  method i s  n o t  r e l i a b l e  

enough and o t h e r  m e th o d s ,  such  as  v e l o c i t y  p r o f i l e  ( f o r  

l a m in a r  f low) and s h e a r  s t r e s s  ( f o r  t u r b u l e n t  f low) can  be 

u sed .  In t h e  n e x t  s e c t i o n ,  v e l o c i t y  p r o f i l e  method i s  in v e s  

t i g a t e d .

5 . 3 . 2  C a l c u l a t i o n  o f  Volume Rate from V e l o c i t y  P r o f i l e  

( f e m o r a l  a r t e r y )

As m en t io n ed  i n  th e  p r e v i o u s  s e c t i o n ,  an a l t e r n a t i v e  

t o  c a l c u l a t e  b lo o d  f low  volume r a t e  i s  u s in g  t h e  flow v e l o 

c i t y  p r o f i l e .  In  t h i s  e x p e r im e n t ,  th e  f em o ra l  a r t e r y  from 

a donor  dog i s  u s e d ,  and by s c an n in g  t h ro u g h  t h e  d i a m e te r  

u s in g  r a n g e  c o n t r o l ,  th e  v e l o c i t y  p r o f i l e  i s  p rod u ced .

The p r o c e d u r e  t o  produce  th e  v e l o c i t y  p r o f i l e  i s  as 

f o l l o w s  :

1) By s c a n n i n g  th ro u g h  th e  d iam e te r ,  3 t o  10 s e t s  o f  

d a t a  f o r  e a c h  range  from th e  n e a r  w a l l  to  t h e  f a r  

w a l l  i s  r e c o r d e d .
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2) The D opp le r  an g le  i s  c a l c u l a t e d  from th e  c e n t e r  

p o i n t  i n  t h e  a r t e r y .

3) Blood f lo w  v e l o c i t y  a t  e ac h  p a r t i c u l a r  r a n g e  i s  

c a l c u l a t e d  and i s  a v e ra g e d  t o  o b t a i n  t h e  v e l o c i t y  

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

4) Average  b lo o d  f low v e l o c i t y  f o r  t h e  v e l o c i t y  p r o 

f i l e  from w a l l  to  w a l l  i s  c a l c u l a t e d .

5) D iam e te r  o f  t h e  a r t e r y  i s  m easured  ( e i t h e r  by 

m ic ro m e te r  o r  by u s in g  o u t p u t  range  o f  th e  machine:  

i n  t h i s  c a s e ,  1 v o l t  p e r  c e n t i m e t e r )  and a lo n g  

w i t h  t h e  d i a m e t e r ,  th e  a r e a  i s  c a l c u l a t e d .

6 ) Blood f low volume r a t e  i s  c a l c u l a t e d  m u l t i p l y i n g  

a v e ra g e  b lo o d  flow v e l o c i t y  and a r e a .

In  t h e  above p r o c e d u r e ,  a c t u a l l y ,  a r e a  under  the  v e l o c i t y  

p r o f i l e  i s  c a l c u l a t e d .  I f  t h e r e  i s  more r a d i c a l  changes  i n  

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

such  as cu rve  f i t t i n g  o r  S im pson 's  r o l e  m igh t  be u sed .

The d i a m e t e r  o f  th e  f e m o ra l  a r t e r y  under  i n v e s t i g a t i o n  

i s  3 mm. Using  th e  p r o c e d u re  m e n t io n e d  e a r l i e r ,  f o u r  normal  

and two s t e n o t i c  a r t e r i e s  a r e  i n v e s t i g a t e d .  For each  normal  

and s t e n o s i s  c a s e ,  the  volume r a t e  i s  measured  a t  d i f f e r e n t  

r a n g e s  and t h e n  a v e ra g e d  to  o b t a i n  a more a c c u r a t e  v a l u e  f o r  

measured  volume r a t e  f o r  com par ison  w i t h  c a l c u l a t e d  volume 

r a t e .  F i g u r e s  5 . 2 6 ,  5 , 2 7 ,  5 . 2 8 ,  5 . 2 9 ,  5 . 3 0 ,  5 . 3 1 ,  and 5 .32  

show a c om ple te  s e t  o f  Doppler  s i g n a l s ,  r e c o r d e d  a t
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F ig u re  5.26 The D opple r  s i g n a l s  r e c o r d e d  from normal  fem ora l  
a r t e r y  a t  a range  c l o s e  to  t h e  n e a r  w a l l  ( 1 s t  range)
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Figure 5.27 The Doppler signals recorded from normal
femoral artery (2nd range).
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F ig u re  5 .28  The Doppler  s i g n a l s  r e c o r d e d  from normal 
femoral  a r t e r y  [3 rd  r a n g e ) .

Figure 5.29 The Doppler signals recorded from normal
femoral artery at the center.
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F ig u re  5 .3 0  The Doppler  s i g n a l s  r e c o rd e d  from normal 
fem ora l  a r t e r y  ( 6 th  r a n g e ) .

Figure 5.31 The Doppler signals recorded from normal
femoral artery (7th range).
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F ig u re  5 .32  The Doppler  s i g n a l s  r e c o r d e d  from normal
f e m o ra l  a r t e r y  a t  a p o i n t  c l o s e  t o  f a r  w a l l  
C8th r a n g e ) .
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d i f f e r e n t  r a n g e s .  F ig u re  5 .3 3 a  shows th e  v e l o c i t y  p r o f i l e  

f o r  th e  normal  c a s e .  The r e s u l t s  o f  normal  c a s e s  a r e  p r e 

s e n t e d  i n  T a b le  5 . 6 .  As can be s e e n  from the  r e s u l t s ,  

th e  n o r m a l i z e d  e r r o r  i s  r a n g i n g  from 4 p e r c e n t  t o  5 p e r c e n t  

comparing m easured  and c a l c u l a t e d  volume r a t e .  F ig u re  5 .33b  

shows th e  v e l o c i t y  p r o f i l e  f o r  one o f  th e  c a s e s  of  s t e n o s i s  

(33 p e r c e n t  t o  35 p e r c e n t ) . The r e s u l t s  o f  s t e n o s i s  c a s e s  

a re  p r e s e n t e d  i n  Table  5 .7 .  The r e s u l t s  show a h i g h e r  p e r 

c en tag e  o f  e r r o r  compared w i th  normal  c a s e s .  The f o l l o w i n g  

r e a s o n s  c o n t r i b u t e  to  t h i s  p rob lem :

In  ou r  e x p e r i m e n t s ,  we u se  r e a l  t i s s u e s  t o  have more 

r e a l i s t i c  r e s u l t s .  The t i s s u e s  a r e  m o s t ly  from dogs which 

t h e i r  f e m o r a l ,  c a r o t i d  and a o r t a  a r t e r i e s  are  s m a l l e r  th a n  

human a r t e r i e s .  The s t e n o s i s  d e v e lo p e d  m o s t ly  i n  humans 

w i th  an age o f  t h i r t y  y e a r s  and o v e r .  In  t h i s  c a t e g o r y  of  

human a g e ,  a r t e r i e s  a r e  f u l l y  d e v e l o p e d .  The d i a m e t e r  o f  

the  f e m o ra l  a r t e r y  i s  between 6 t o  8 mm, f o r  the  common 

c a r o t i d  a r t e r y  i s  be tween 6 t o  9 mm, and f o r  t h e  a o r t i c  r o o t  

i s  be tween  6 t o  lu  mm. T h e r e f o r e ,  s c a n n in g  th ro u g h  a r t e r i e s  

o f  a human i s  much e a s i e r  and more p o i n t s  f o r  a p a r t i c u l a r  

v e l o c i t y  p r o f i l e  can be r e c o r d e d .  T h e r e f o r e ,  more a c c u r a t e  

r e s u l t s  as f o r  th e  normal ca se  can  be e x t r a c t e d .  D e s p i t e  

t h i s  l i m i t a t i o n ,  th e  Doppler  a n g le  i s  found  i n  ag reem en t  i n  

d i f f e r e n t  t e s t s  (normal  and s t e n o s i s ) .
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F ig u re  5 .3 3 a  The v e l o c i t y  p r o f i l e  f o r  normal  f em o ra l  a r t e r y .

1.25-

Figure 5.33b The velocity profile for stenotic (33 to 35
percent) femoral artery.
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Table 5.6
The Doppler  A ngle ,  Blood Flow Volume Rate and E% f o r  Normal 
Femoral A r t e r y .

T e s t
Number

D oppler  
Angle (e) 
( d e g re e s )

Measured
Volume

Rate(Q^)

C a l c u l a t e d
Volume

Rate (Q c^ l )
E%

a 1 6 7 .1 7 ° 98 101.19 4%

a 2 6 7 .2 0 ° 96 101.26 4%

b 3 6 4 .95° 87 90.757 5%

b 4 6 4 .49° 83 71.71 5%

Table  5 .7

The Doppler  A ng le ,  Blood 
S t e n o t i c  Femoral A r t e r y

Flow Volume 
(33 p e r c e n t

Rate and E% f o r  
t o  35 p e r c e n t ) .

T es t
Number

Dopple r  
Angle (6) 
( d e g re e s )

Measured
Volume

Rate(Qjjj)

C a l c u l a t e d
Volume

R ate(Q ^^j)
e%

. 1 63 .46 34 36.96 8%

2 64 .537 34 38.96 12%
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5 . 3 . 3  D e t e r m i n a t i o n  o f  S t a t i s t i c a l  P a ra m e te r s  a t  Flow 

Volume Rate  ( c a r o t i d  a r t e r y )

In  o r d e r  t o  co m p le te  our  i n v e s t i g a t i o n s  i n  t h e  a r e a  of  

c a l c u l a t i n g  D opple r  ang le  and b l o o d  f low volume r a t e ,  th e  

p r e s e n t  e x p e r im e n t  i s  co n d u c te d .  The g o a l s  of  t h i s  e x p e r i 

ment a re  t o  c a l c u l a t e  volume r a t e  i n  v a r i o u s  s i t u a t i o n s  such  

as  d i f f e r e n t  s p e e d s  of  t h e  p u l s a t i l e  pump and d i f f e r e n t  s i z e s  

o f  t u b i n g ,  and t o  d e te r m in e  s t a t i s t i c a l  p a r a m e t e r s  such  as 

mean, s t a n d a r d  d e v i a t i o n  and v a r i a n c e .  The p r o c e d u r e  t o  

a ccom pl ish  t h e  above g o a l s  i s  as f o l l o w s :

1) S e t  t h e  p u l s a t i l e  pump speed  a t  th e  l o w e s t  

p o s s i b l e  r a t e .

2) Measure c a r e f u l l y  th e  volume r a t e  (3 t o  4 t im e s )  

a t  t h e  s t a r t  o f  each t r i g g e r i n g  and a l s o  a t  t h e  

end o f  e ac h  t e s t  and c a l c u l a t e  t h e  a v e r a g e  v a l u e  

o f  m easu red  volume r a t e .

3) D i s p l a y  th e  o u t p u t  D opp le r  s i g n a l s  on t h e  c h a r t  

r e c o r d e r  and mark c a r e f u l l y  t h e  range  wh ich  i s  used  

f o r  d i s p l a y i n g  th e  s i g n a l s .

4) T r i g g e r  t h e  p u l s e d - D o p p l e r  u l t r a s o u n d  i n s t r u m e n t  

and com pute r .

5) Record  be tween  8 to  10 s e t s  o f  d a t a  f o r  each  

t r i g g e r i n g .

6) Change th e  speed  o f  t h e  p u l s a t i l e  pump and t u b i n g  

to  have d i f f e r e n t  volume r a t e  and r e p e a t  p o i n t s
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2 to  5 o f  th e  p r o c e d u r e  f o r  each new s e t u p .

7) Measure the  d i a m e t e r  o f  th e  a r t e r y  a few t im e s

th ro u g h o u t  t h e  e x p e r i m e n t .

To d e t e r m in e  th e  s t a t i s t i c a l  p a r a m e t e r s ,  t h e  f o l l o w i n g  

c a l c u l a t i o n s  a r e  p e r fo rm ed :

1) C a l c u l a t e  th e  c r o s s  s e c t i o n a l  a r e a  o f  t h e  a r t e r y  

u n d e r  i n v e s t i g a t i o n  u s i n g  t h e  m easured  d i a m e t e r .

2) C a l c u l a t e  the  D opp le r  a n g le  u s in g  t h e  o u t p u t  

D oppler  s i g n a l s .

3) C a l c u l a t e  a v e ra g e  v e l o c i t y  and v e l o c i t y  components  

f o r  each  t r a n s d u c e r  u s i n g  th e  c a l c u l a t e d  Doppler  

a n g l e .

4) C a l c u l a t e  t h e  volume r a t e  from the  v e l o c i t y  fo r  

each  time t h a t  th e  t r i g g e r  was p e r fo r m e d .

5) C a l c u l a t e  average  volume r a t e ,  s t a n d a r d  d e v i a t i o n  

and v a r i a n c e  f o r  e a c h  s e t u p  and compare t h e  r e s u l t s  

w i th  th e  measured volume r a t e .

The a r t e r y  used  in  t h i s  e x p e r im e n t  i s  i s o l a t e d  c a r o t i d  

from a donor  r a b b i t  w i th  th e  d i a m e t e r  o f  2 .7  mm. The Dop

p l e r  s i g n a l s  r e c o r d e d  from v a r i o u s  t e s t s  p e r fo r m e d  i n  t h i s  

e x p e r i m e n t ,  a r e  shown in  F i g u r e s  5 . 3 4 ,  5 . 3 5 ,  5 . 3 6 ,  5 . 3 7 ,

5 .3 8 ,  5 . 3 9 ,  5 . 4 0 ,  5 . 4 1 ,  5 .42  and 5 .4 3 .  The e f f e c t s  o f  d i f 

f e r e n t  volume r a t e s  caused  by changes  i n  t h e  s i z e  o f  th e  

t u b i n g  or  sp ee d  o f  the  p u l s a t i l e  pump a re  r e f l e c t e d  on th e  

a m p l i tu d e  o f  t h e  Doppler  s i g n a l s .  The n u m e r ic a l  r e s u l t s  a r e
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F ig u re  5 .34  The Doppler  s i g n a l s  r e c o r d e d  from normal 
c a r o t i d  a r t e r y  f o r  Q^= 2 3 .5 m l /m in  ( t e s t  C)

Figure 5.35 The Doppler signals recorded from normal carotid
artery for = 35 ml/min (test J).
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F ig u re  5.36 The Doppler  s i g n a l s  r e c o r d e d  from normal  c a r o t i d  
a r t e r y  f o r  Q^= 58 ml/min  ( t e s t  N)

H—I—I—I—I—I—h H—I— h

Figure 5.37 The Doppler signals recorded from normal carotid
artery for = 59 ml/min (test H).
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F ig u re  5.38 The Doppler  s i g n a l s  r e c o rd e d  from normal  c a r o t i d  
a r t e r y  f o r  Q^= 6 2 . S ml/min ( t e s t  P) .

Figure 5.39 The Doppler signals recorded from normal carotid
artery for Q^= 65 ml/min (test R).
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F i g u r e  5 .40  The D opp le r  s i g n a l s  r e c o r d e d  from normal  c a r o t i d  
a r t e r y  f o r  Q^= 85.75 ml/min  ( t e s t  E ) .

Figure 5.41 The Doppler signals recorded from normal carotid
artery for Q^= 86 ml/min (test D).
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Flexure 5 .42  The D o p p l e r  s i g n a l s  r e c o rd e d  from normal  c a r o t i d  
° a r t e r y  f o r  Q^= 93 .75  ml/min ( t e s t  C ] .

Figure 5.43 The D o p p l e r  signals recorded from normal carotid
ery for 95.5 ml/min (test I).
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p r e s e n t e d  i n  Appendix  A, where t h e  p a r a m e te r s  a re  as f o l l o w s :

9 D opp le r  angle  

Q volume r a t e  

V  a v e r a g e d  v e l o c i t y

A^/B^ r a t i o  o f  maximum to  minimum p o i n t

bpm number o f  b e a t s  p e r  m inu te

P t s  number o f  p o i n t s  i n  each  t r i g g e r i n g

The o v e r a l l  r e s u l t s  o f  the  e x p e r im e n t  a re  p r e s e n t e d  in  T ab le  

5 . 8 .  In  t h i s  t a b l e  i s  mean measured  volume r a t e ,  i s

mean c a l c u l a t e d  volume r a t e ,  o, i s  s t a n d a r d  d e v i a t i o n .  A p l o t  

p r e s e n t i n g  t h e s e  s t a t i s t i c a l  v a l u e s  i s  d e p i c t e d  i n  F ig u re  

5 .4 4 .  The a v e ra g e  p e r c e n ta g e  of  e r r o r  i s  4.38 p e r c e n t ,  

r a n g in g  from 0 .0 3  p e r c e n t  to  12 .42  p e r c e n t .  Most o f  t h e  

r e s u l t s  a r e  i n  agreem ent  e x c e p t  f o r  two t e s t s  (H and N ) .

These two t e s t s  a r e  tak en  a t  t h e  t ime where t h e r e  i s  sudden

change i n  the  s p e e d  o f  the  p u l s a t i l e  pump. S ince  i t  t a k e s

a few m in u te s  f o r  f low to  become s t e a d y  and f u l l y  d e v e l o p e d ,  

th e  d i s a g r e e m e n t  might  be the  r e s u l t  o f  u n s te a d y  f low.

Among 26 d i f f e r e n t  t e s t s  which were pe r fo rm ed  f o r  e v a l 

u a t i o n  o f  t h e  d u a l  t r a n s d u c e r  p u l s e d - D o p p l e r  u l t r a s o u n d

model,  on ly  f o u r  o f  them gave i n c o n s i s t a n t  r e s u l t s  and th e

o t h e r  22 t e s t s  were i n  a g reem en t .  In summarizing th e  r e 

s u l t s  o f  t h e s e  e x p e r im e n t s  we have found t h a t  th e  d u a l  

t r a n s d u c e r  (DTP-DU) system p r o v i d e s  g r e a t e r  a ccu racy  i n  t h e  

measurement o f  b lo o d  flow v e l o c i t y  compared w i th  the



Table 5.8
The D o p p le r  A ng le ,  Measured Volume R a te ,  Mean Value o f  C a l c u l a t e d  Volume Rate  and 
S t a n d a r d  D e v i a t i o n  o f  C a l c u l a t e d  Volume R a te .

T e s t
Number

Measured Q
(Qm)

C a l c u l a t e d  
Q (Q cai)

S t a n d a r d  
D e v i a t i o n ( a ) Q cal"  ° Doppler  

Angle (0)

F22C 9 4 .5 -9 3 = 9 3 .7 5 9 3 .783 1. 858 95.641 91.927 43 .81
F22D 86 90 .733 0.846 91 .579 89.887 45.00
F22E 8 3 .5 -8 4 = 8 3 .7 5 89.005 1.176 90.181 87.829 45.55
F22H 58-60=59 53.152 1 .563 54.715 51.589 42 .98
F22I 95-96=95.5 94 .131 1 .663 45.794 92.468 44 .30
F22J 35 33.772 0.987 34.759 32.785 40. 90
F22K 35 34.483 1.278 35.761 33.205 43.962
F22L 23.5 23.274 1.013 24.287 22.261 15.984
F22N 58 50 .793 2.05 52.843 48 .743 44 .69
F22P 62 .5 62 .726 2.474 65 .2 60 .252 46 .013
F22R 65 60.765 2.001 62.766 58.764 46.039
F22S 65 60 .765 2.001 62.766 58.764 46.039

Dec 83 70 71 .247 3.682 74.929 67.565 32.55
Dec 87 83 81 .709 1. 299 83.008 80.410 25.44

U1
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F ig u re  5 .44 The mean and s t a n d a r d  d e v i a t i o n  o f  c a l c u l a t e d  
volume r a t e  v e r s u s  m easured  volume r a t e .
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c o n v e n t i o n a l  s i n g l e  t r a n s d u c e r  (STP-DU) s y s t e m s .

5 . 3 . 4  D e te rm in in g  T u r b u l e n t  Flow C h a r a c t e r i s t i c s  ( c a r o t i d  

a r t e r y )

The p u r p o s e  o f  t h i s  e x p e r im e n t  i s  t o  e x p l o r e  th e  

e f f e c t  o f  th e  s t e n o s i s  upon th e  c h a r a c t e r i s t i c s  o f  t u r b u l e n t  

f low .  The measurement  o f  v e l o c i t y  p r o f i l e s  and t u r b u l e n t  

s h e a r  s t r e s s e s  a r e  o b t a i n e d  u s in g  th e  d u a l - t r a n s d u c e r  p u l s e d -  

Doppler  s y s te m .  The e x p e r im e n t  i s  p e r fo rm e d  u s i n g  a t u r b u 

le n c e  - p r o d u c i n g  o r i f i c e  1 mm d i a m e t e r  and a p p r o x im a te ly  5 mm 

a x i a l  l e n g t h ,  which  i s  i n s e r t e d  a t  th e  d i s t a l  end o f  t h e  

a r t e r y  as  i l l u s t r a t e d  i n  F ig u re  5 .4 5 .  T u r b u l e n t  f low

,mm ,mm
■20.mm

T r a n s d u c e r s

O r i f i c e

F ig u re  5 .45  T u r b u l e n t  p r o d u c in g  o r i f i c e .

o c c u r r e d  downstream from th e  o r i f i c e .  Thus ,  a t  a p p r o p r i a t e  

Reynolds  number ,  t h e r e  i s  l a m in a r  f low u p s t r e a m  from th e  

o r i f i c e ,  and t u r b u l e n t  f low  downstream from t h e  o r i f i c e .

The random f l u c t u a t i n g  v e l o c i t i e s  a s s o c i a t e d  w i t h  t h e  t u r 

b u l e n t  f low  i s  d i s p l a y e d  on th e  c h a r t  r e c o r d e r  and th e n
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d i g i t i z e d  f o r  f u r t h e r  a n a l y s i s .

The e x p e r i m e n t ' s  p r o c e d u r e  i s  as  f o l l o w s :

1) D i s p l a y  th e  v e l o c i t y  p r o f i l e  o f  th e  b lo o d  f lo w ,

2) O b ta in  th e  c e n t e r  p o i n t  o f  the  a r t e r y  f o r  c a l 

c u l a t i n g  th e  D opple r  a n g l e ,  e i t h e r  by s c a n n i n g  

t h ro u g h  th e  d i a m e t e r  o r  by measurement  from th e  

v e l o c i t y  p r o f i l e ,

3) P e r fo rm  2 to  3 t e s t s  f o r  each  case  o f  normal  

and s t e n o s i s ,

4) T r i g g e r  each  t e s t  s e p a r a t e l y ,  and

5) Measure the  d i a m e t e r  o f  t h e  a r t e r y  f o r  e a c h  t e s t .

The a n a lo g  s i g n a l  i s  d i g i t i z e d  and th e n  p r o c e s s e d  to

o b t a i n  p h a s e  ave rag e  o f  th e  v a r i a t i o n  o f  th e  v e l o c i t y  and 

d i s t r i b u t i o n  o f  t u r b u l e n t  s h e a r  s t r e s s .  To c a l c u l a t e  s h e a r  

s t r e s s ,  f i r s t  phase  a v e r a g e s  o f  t h e  v e l o c i t i e s  a r e  c a l c u 

l a t e d  u s i n g  e q u a t i o n  ( 3 . 5 7 ) ,  s e c o n d  f l u c t u a t i o n s  a r e  c a l 

c u l a t e d  u s in g  e q u a t i o n  (3 .5  8) and f i n a l l y ,  s h e a r  s t r e s s  

i s  c a l c u l a t e d  from e q u a t i o n  ( 3 . 5 9 ) .  Time a v e r a g e  o f  

s h e a r  s t r e s s  i s  a l s o  c a l c u l a t e d  and the  r e s u l t s  o f  

normal and s t e n o s i s  a r t e r y  a r e  comnared. One norm a l  and 

t h r e e  d i f f e r e n t  d e g re e s  o f  s t e n o s i s  (25 p e r c e n t ,  50 p e r c e n t  

and 75 p e r c e n t )  a r e  i n v e s t i g a t e d .  The a r t e r y  u n d e r  i n v e s t i 

g a t i o n  i s  a spec imen o f  th e  c a r o t i d  o f  a donor  dog.

F i g u r e  5 .46  and 5 .47  a r e  i l l u s t r a t i o n s  of  v e l o c i t y  

p r o f i l e  and a sample o f  a n a l o g  Doppler  s i g n a l  i n  t h e  normal
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F ig u re  5 .4 6  The v e l o c i t y  p r o f i l e  r e c o rd e d  from normal 
c a r o t i d  a r t e r y  i n  t u r b u l e n t  flow.

Figure 5.47 An example of Doppler signals recorded from
normal carotix artery in turbulent flow.



159

c a s e .  F ig u re  5 .48  and F igure  5 .49  i l l u s t r a t e  th e  v e l o c i t y  

p r o f i l e  and D opp le r  s i g n a l s  r e c o r d e d  from t h e  s t e n o t i c  

a r t e r y  (25 p e r c e n t ) .  F ig u re s  5 .50  and 5 .5 1  show v e l o c i t y  

p r o f i l e  and an example of ana log  D opp le r  s i g n a l ,  r e c o rd e d  

from t h e  s t e n o t i c  a r t e r y  (50 p e r c e n t ) .  F i g u r e s  5.52 and 

5 .53  show t h e  v e l o c i t y  p r o f i l e  and an example o f  ana log  

s i g n a l s  r e c o r d e d  from the  s t e n o t i c  a r t e r y  (75 p e r c e n t ) . 

F ig u re s  5 .5 4  , 5 .55  , 5 .56 and 5 .57  show v e l o c i t y ,  phase  average  

o f  t h e  v e l o c i t y  and f l u c t u a t i o n s  i n  t h e  normal  and th e  

s t e n o t i c  a r t e r y .  The e f f e c t  o f  d i f f e r e n t  d e g r e e s  of  

s t e n o s i s  a r e  r e f l e c t e d  in  th e  v a l u e  o f  t h e  v e l o c i t i e s  i n  

th o s e  f i g u r e s .  F ig u re s  5 .5 8 ,  5 . 5 9 ,  5 .60  and 5 .61  show 

s h e a r  s t r e s s  and time average s h e a r  s t r e s s .  Time average  

v a lu e  o f  s h e a r  s t r e s s  f o r  normal a r t e r i e s  i s  93; f o r  25 

p e r c e n t ,  s t e n o s i s  i s  75; f o r  50 p e r c e n t ,  s t e n o s i s  i s  48; 

and f o r  75 p e r c e n t ,  s t e n o s i s  i s  15. As we can  see, th e  t ime 

av e rag e  o f  t h e  s h e a r  s t r e s s  a s s o c i a t e d  f a i r l y  w i th  the  

d e g ree  o f  s t e n o s i s  i n  most of  the  c a s e s .  Although  th e  time 

av e rag e  s h e a r  s t r e s s  might show r e a s o n a b l e  r e s u l t s  i n  a 

p a r t i c u l a r  c a se  of  t u r b u l e n t  f lo w ,  i n  g e n e r a l ,  because  o f  

th e  n a t u r e  o f  t u r b u l e n c y ,  i t  i s  n o t  a r e l i a b l e  approach 

f o r  a n a l y s i s  o f  t u r b u l e n t  f low and c l a s s i f y i n g  the  deg ree  

of s t e n o s i s .
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F ig u re  5 .48 The v e l o c i t y  p r o f i l e  r e c o r d e d  from s t e n o t i c  (25 
p e r c e n t )  c a r o t i d  a r t e r y  i n  t u r b u l e n t  f low.

Figure 5.49 An example of Doppler signals recorded from stenotic
(25 percent) carotid artery in turbulent flow.
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F ig u re  5 .50 The v e l o c i t y  p r o f i l e  r e c o rd e d  from s t e n o t i c  (50 
p e r c e n t )  c a r o t i d  a r t e r y  in  t u r b u l e n t  f low .

Figure 5.51 An example o f  D oppler  s i g n a l s  r e c o r d e d  from s t e n 
o t i c  (50 p e r c e n t )  common c a r o t i d  a r t e r y  in  t u r b u l e n t  
flow.
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Figu re  5 .52 The v e l o c i t y  p r o f i l e  r e c o r d e d  from s t e n o t i c  [7 5 
p e r c e n t )  c a r o t i d  a r t e r y  i n  t u r b u l e n t  c o r e .

Figure 5.53 An example of Doppler signals recorded from
stenotic (75 percent) artery in turbulent flow.
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Figure 5.54 The velocity, phase average velocity and
fluctuation velocity for normal carotid artery
in turbulent flow.
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Figure 5.55 The velocity, phase average of the velocity and
fluctuation velocity for stenotic (25 percent)
carotid artery in turbulent flow.
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Figure 5.56 The velocity, phase average of the velocity and
fluctuation velocity for stenotic (50 percent)
carotid artery in turbulent flow.
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Figure 5.57 The.velocity, phase average of the velocity and
fluctuation velocity for stenotic ( 7 5  percent)
carotid artery in turbulent flow.
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F i g u r e  5 .5 8  The s h e a r  s t r e s s  and t im e  a v e rag e  o f  s h e a r  s t r e s s  
f o r  normal  c a r o t i d  a r t e r y .
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Figure 5.59 The shear stress and time average of shear stress
for stenotic (25 percent) carotid artery.
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Figure 5.60 The shear stress and time average o£ shear stress
for stenotic (50 percent) carotid artery.
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Figure 5.61 The shear stress and time average of shear stress
for stenotic [75 percent) carotid artery.
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5 . 3 . 5  D e te rm in ing  th e  P e r c e n ta g e  o f  S t e n o s i s  Using

T u r b u l e n t  Flow C h a r a c t e r i s t i c s  ( c a r o t i d  a r t e r y )

The p u rpose  o f  t h i s  e x p e r im e n t  i s ,  f i r s t ,  to  e v a l u a t e  

t h e  e f f e c t  o f  t h e  d i f f e r e n t  d e g re e s  o f  s t e n o s i s  upon th e  

c h a r a c t e r i s t i c s  o f  t u r b u l e n t  f low .  S econd ,  i s  t o  d e te rm in e  

th e  p e r c e n t a g e  o f  s t e n o s i s  from th e  c h a r a c t e r i s t i c s  of  t u r 

b u l e n t  f low such  as s h e a r  s t r e s s ,  u s in g  t h e o r e t i c a l  d e v e l o p 

ments  i n  Chap te r  I I I ,  s e c t i o n  3 .3 .  A g a in ,  t h e  measurements-  

o f  v e l o c i t y  p r o f i l e s  and t u r b u l e n t  s h e a r  s t r e s s  a re  o b t a i n e d  

u s i n g  t h e  dual,  t r a n s d u c e r  p u l s e d - D o p p l e r  u l t r a s o u n d  sys tem .  

The t u r b u l e n c y  i s  p ro d u ced  as i t  was d e s c r i b e d  i n  t h e  p r e 

v i o u s  e x p e r im e n t .

The p r o c e d u re  f o r  t h e  e x p e r im e n t  i s  as f o l lo w s  :

1) D i s p la y  th e  v e l o c i t y  p r o f i l e  o f  t h e  b lo o d  f low .

2) O bta in  t h e  c e n t e r  p o i n t  t o  c a l c u l a t e  t h e  Doppler  

a n g l e .

3) Perform one t e s t  f o r  each  p a r t i c u l a r  range  i n  the  

p r o f i l e  f o r  b o th  normal and s t e n o t i c  a r t e r y  (8 to  

10 p e r i o d s ) .

4) T r i g g e r  e a c h  t e s t  s e p a r a t e l y .

5) Measure th e  d i a m e t e r  o f  th e  a r t e r y  f o r  each s e t  o f  

normal and o c c lu d e d  a r t e r i e s .

The ana log  s i g n a l  i s  d i g i t i z e d  and t h e n  p r o c e s s e d  t o  

o b t a i n  v e l o c i t y ,  p h ase  av e rage  o f  th e  v e l o c i t y ,  f l u c t u a t i o n s  

and s h e a r  s t r e s s  o f  t h e  t u r b u l e n t  f low .  Three  d i f f e r e n t
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d e g r e e s  o f  s t e n o s i s  (25 p e r c e n t ,  33 p e r c e n t  and SO p e r c e n t )  

a lo n g  w i t h  norirtal a r t e r i e s  a r e  i n v e s t i g a t e d .  V e r i f i c a t i o n  

has  been  made by com par ing  t h e  measure  s t e n o s i s  and c a l c u 

l a t e d  one.  The a r t e r y  u n d e r  i n v e s t i g a t i o n  i s  a specimen 

of  t h e  c a r o t i d  a r t e r y  o f  a donor  dog. F i g u r e s  5 . 6 2 ,  5 .6 3 ,  

5 . 6 4 ,  and 5 .65  show t h e  v e l o c i t y  p r o f i l e  i n  n o r m a l ,  25 p e r 

c e n t ,  33 p e r c e n t  and 55 p e r c e n t  s t e n o s i s .  N o t i c e  t h e  e f f e c t  

o f  s t e n o s i s  on v e l o c i t y  p r o f i l e s  f o r  t h e  d i f f e r e n t  c a s e s .  

F i g u r e s  5 .66 and 5 .67  show th e  o u t p u t  D oppler  s i g n a l s  from 

t h e  n e a r  w a l l  and th e  c e n t e r  o f  th e  c a r o t i d  a r t e r y  i n  th e  

normal  c a s e .  The d i f f e r e n c e  between t h e s e  two f i g u r e s  i s  

a c l e a r  i n d i c a t i o n  o f  th e  e f f e c t  o f  the  ra n g e  i n  which th e  

d a t a  a re  r e c o r d e d .  A l s o ,  a com par ison  be tw een  F ig u re  5.67 

and 5 .69  shows t h a t  i n  lower  d e g r e e s  o f  s t e n o s i s ,  t h e  

changes  i n  th e  Doppler  s i g n a l s  a t  t h e  c e n t e r  a r e  min im al .  

F i g u r e s  5 . 6 8 ,  5 .69  and 5 .70  shew th e  o u t p u t  D opple r  s i g n a l s  

from th e  n e a r  w a l l ,  c e n t e r  p o i n t  and t h e  f a r  w a l l  o f  th e  

s t e n o t i c  a r t e r y  (25 p e r c e n t ) ,  r e s p e c t i v e l y .  F i g u r e s  5 .7 1 ,  

5 .7  2 and 5 .73  show t h e  o u t p u t  Doppler  s i g n a l s  from th e  n ea r  

w a l l ,  c e n t e r  p o i n t  and f a r  w a l l  o f  t h e  s t e n o t i c  c a r o t i d  

a r t e r y  (33 p e r c e n t )  i n  t u r b u l e n t  c o r e .  Comparing F ig u re  

5 .6  7 w i t h  5 . 7 2 ,  a d r a m a t i c  change i n  t h e  a m p l i t u d e  o f  th e  

D oppler  s i g n a l s  due t o  an i n c r e a s e  i n  t h e  d e g r e e  o f  the  

s t e n o s i s  can be o b s e rv e d .  F i g u r e s  5 . 7 4 ,  5 .75  and 5 .76  show 

th e  o u t p u t  Doppler  s i g n a l s  from th e  n e a r  w a l l ,  c e n t e r  p o i n t
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Figure  5 .62 The v e l o c i t y  p r o f i l e  r e c o r d e d  from normal  
c a r o t i d  a r t e r y  i n  t u r b u l e n t  flow.

Figure 5.63 The velocity profile recorded from stenotic (25
percent) carotid artery in turbulent flow.
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F ig u re  5 .64  The v e l o c i t y  p r o f i l e  r e c o r d e d  from s t e n o t i c  (33 
p e r c e n t )  c a r o t i d  a r t e r y  in  t u r b u l e n t  f low .

Figure 5.65 The velocity profile recorded from stenotic (50
percent) carotid artery in turbulent flow.
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F igu re  5 .66  The Doppler  s i g n a l s  r e c o r d e d  from the  n e a r  w a l l  
o f  t h e  normal c a r o t i d  a r t e r y .

Figure 5.67 The Doppler signals recorded from the center of
the normal carotid artery.
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F igu re  5 ,68  The D opple r  s i g n a l s  r e c o r d e d  from th e  n e a r  w a l l  
o f  t h e  s t e n o t i c  (25 p e r c e n t )  c a r o t i d  a r t e r y .

Figure 5.69 The Doppler signals recorded from the center of
the stenotic (25 percent) carotid artery.
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Fig u re  5 .70  The D opp le r  s i g n a l s  r e c o r d e d  from t h e  f a r  w a l l  
o f  t h e  s t e n o t i c  (25 p e r c e n t )  c a r o t i d  a r t e r y .

Figure 5.71 The Doppler signals recorded from the near wall
of the stenotic (33 percent) carotid artery.
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F ig u re  5 .72  The Doppler  s i g n a l s  r e c o r d e d  from t h e  c e n t e r  o f  
t h e  s t e n o t i c  (33 p e r c e n t )  c a r o t i d  a r t e r y .

Figure 5.73 The Doppler signals recorded from the far wall
of the stenotic (33 percent) carotid artery.
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F ig u re  5 .7 4  The Doppler  s i g n a l s  r e c o r d e d  from t h e  n e a r  w a l l  
o f  the  s t e n o t i c  (50 p e r c e n t )  c a r o t i d  a r t e r y .

Figure 5.75 The Doppler signals recorded from the center of
the stenotic (50 percent) carotid artery.
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F ig u re  5.76 The D opp le r  s i g n a l s  r e c o r d e d  from th e  f a r  w a l l  
o f  t h e  s t e n o t i c  (50 p e r c e n t )  c a r o t i d  a r t e r y .
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and f a r  w a l l  o f  t h e  s t e n o t i c  (50 p e r c e n t )  c a r o t i d  a r t e r y  i n  

t u r b u l e n t  f lo w .  The e f f e c t  o f  f u r t h e r  r e d u c t i o n  i n  t h e  

deg ree  o f  th e  s t e n o s i s  can  be s e e n  c l e a r l y  by com par ing  

F ig u re  5 .75  w i th  F ig u re s  5 . 7 2 ,  5 . 6 7 ,  o r  5 .6 5 .  F i g u r e s  5 .77  

5 . 7 8 ,  5 .79  and 5 .80  show th e  v e l o c i t y  and p h ase  average-, o f  

th e  v e l o c i t y .  The e f f e c t  o f  t h e  changes  i n  th e  d e g r e e  o f  

th e  s t e n o s i s  i s  r e f l e c t e d  on t h e  v e l o c i t y  a m p l i t u d e .  In  

F i g u r e s  5 . 8 1 ,  5 . 8 2 ,  5 .83  and 5 . 8 4 ,  th e  f l u c t u a t i o n s  f o r  

n o rm a l ,  25 p e r c e n t ,  33 p e r c e n t  and 50 p e r c e n t  s t e n o s i s  i s  

shown, r e s p e c t i v e l y .  An i n c r e a s e  i n  th e  l e v e l  o f  f l u c t u a 

t i o n  can be o b se rv ed  due to  t h e  i n c r e a s e  i n  th e  d e g r e e  o f  

s t e n o s i s .  F ig u re s  5 .8 5 ,  5 . 8 6 ,  5 .87  and 5 .88 show t h e  power 

sp ec t ru m  o f  s h e a r  s t r e s s .  The d i s t i n c t i o n  between normal  

and s t e n o s i s  can be made by compar ing  t h e s e  f i g u r e s .  The 

main p o i n t  i n  t h i s  e x p e r im e n t  i s  i n  c a l c u l a t i n g  6 ( d e g re e  

of  s t e n o s i s )  from e q u a t i o n  ( 3 .7 9 )  and e q u a t i o n  ( 3 . 8 0 ) .  To 

a c c o m p l i sh  t h e  above g o a l ,  t h e  f o l l o w i n g  p r o c e d u r e  has  been  

fo l lo w e d  :

1) The f low volume r a t e  f o r  each  case  o f  no rm a l  and 

s t e n o s i s  i s  c a l c u l a t e d .

2) The s h e a r  s t r e s s  a t  t h e  n e a r  w a l l  (maximum v a r i 

a t i o n )  f o r  each  case  i s  c a l c u l a t e d .

3) D iv id in g  e q u a t i o n  ( 3 .8 0  by ( 3 . 7 9 ) ,  t h e  f o l l o w i n g  

e q u a t i o n  i s  o b t a i n e d :
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Figure 5.77 The velocity and phase average of the velocity
for normal carotid artery.
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Figure 5.78 The velocity and phase average of the velocity
for stenotic (25 percent) carotid artery.
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Figure 5.79 The velocity and phase average of the velocity
for stenotic (33 percent) carotid artery.
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Figure 5.80 The velocity and phase average of the velocity
for stenotic (50 percent) carotid artery.
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Figure 5.81 The fluctuation component of the velocity for
the normal carotid artery.
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Figure 5.82 The fluctuation component of the velocity for
stenotic (25 percent) carotid artery.
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Figure 5.83 The fluctuation component of the velocity for
stenotic [33 percent) carotid artery.
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Figure 5.84 The fluctuation component of the velocity for
stenotic [50 percent) carotid artery.
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Figure 5.85 The power spectrum of the shear stress for the
normal carotid artery.
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Figure 5.86 The power spectrum of the shear stress for
stenotic (25 percent) carotid artery.
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Figure 5.87 The power spectrum of the shear stress for
stenotic (33 percent) carotid artery.



193

54

0 -

- 10—

-15-

- 20 -

-25-

-30—

-35-

-140-

-145-

-50-

-55-

-60—
15 20 25 30 35 UO 45 50 55 60 6550 10

FREQUENCY

Figure 5.88 The power spectrum of the shear stress for
stenotic (50 percent) carotid artery.



194

^  (5.6)

where and Tq a r e  s h e a r  s t r e s s e s ,  Qq and a r e  volume 

r a t e s ,  and Rq and a re  th e  r a d i u s ,  in  th e  no rm a l  s t e n o t i c  

arid s t e n o t i c  a r t e r y ,  r e s p e c t i v e l y .

From e q u a t i o n  ( 3 . 7 7 ) ,  t h e  h e i g h t  o f  t h e  s t e n o s i s  ( 6  ) 

a t  m i d p o i n t ,  can be c a l c u l a t e d  and from t h a t  t h e  p e r c e n t a g e  

o f  t h e  s t e n o s i s  ( s t .  %) as f o l l o w s :

6 = Ro -

s t . % =  4 -  • 100% (5.7)

In t h i s  e x p e r i m e n t ,  th e  f low volume r a t e ,  a lo n g  w i th  s h e a r  

s t r e s s ,  a r e  c a l c u l a t e d ,  u s i n g  th e  measured d i a m e t e r  o f  th e  

a r t e r y .  The r e s u l t s  a re  p r e s e n t e d  i n  Table  5 . 1 9 .  The 

c a l c u l a t e d  r e s u l t s  a r e  s l i g h t l y  d i f f e r e n t  t h a n  measured  

r e s u l t s .  A l though  t h i s  work i s  th e  f i r s t  a t t e m p t  ev e r  to 

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

prob lem s  c a n  be r e c o g n i z e d  as  c o n t r i b u t i n g  t o  t h i s  p roblem:

1) The d i a m e te r  i s  m easu red  by m i c ro m e te r .  The 

e r r o r  i n  r e a d i n g  t h e  e x a c t  v a lu e  and changes  i n  

e l a s t i c i t y  o f  t h e  a r t e r y  can i n f l u e n c e  t h e  e x a c t  

m easurement ,  and c o n t r i b u t e  some e r r o r .

2) The c a l i b r a t i o n  be tween  the  c h a r t  r e c o r d e r  and 

t h e  computer  a l s o  can c o n t r i b u t e  some e r r o r  to



Table 5.9

T e s t
C o n d i t i o n

Volume
Rate

Shear
S t r e s s

Shear
S t r e s s
R a t io
T c / t n

Volume Rate  
( r a t i o )

Qi/Qo

Radius  R 
(mm)

S t e n o s i s
(mm)

S t e n o s i s
(%)

Normal 137.96 9351 1 1 1.5 - -

25% s t e n o s i s 79. 25 11597 1.236 0 .574 1 .16 0 .338 22. 56

33% s t e n o s i s 61. 70 11699 1.751 0 .447 1.064 0 .435 29.02

50% s t e n o s i s 24 .63 8354 0 .893 0.1785 0 .87 0 .6 3 42
e n
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t h e  p r o c e s s .

3) The f r e q u e n c y  t o  v o l t a g e  c o n v e r t e r  i n  t h e  p u l s e d -  

Doppler  i n s t r u m e n t  i s  a l s o  a m a jo r  f a c t o r  t h a t  

can change t h e  r e s u l t s .

D e s p i te  th e  d i f f e r e n c e  between m easu red  and  c a l c u 

l a t e d  p e r c e n t a g e  o f  o c c l u s i o n  cau sed  by t h e  a b o v e -m e n t io n e d  

p ro b le m s  and o t h e r  f a c t o r s ,  t h e  r e s u l t s  o f  t h i s  e x p e r im e n t  

c a n  s e r v e  as t h e  f i r s t  s t e p  i n  c a l c u l a t i n g  th e  p a r t i a l  

o c c l u s i o n .



CHAPTER VI 

SUMMARY

In t h e  t h e o r e t i c a l  p o r t i o n  o f  th e  p r e s e n t  s t u d y ,  a 

p r a c t i c a l  a p p ro x im a t io n  f o r  t h e  b a c k s c a t t e r i n g  o f  p e r i o d i c  

b u r s t s  o f  damped s i n e  wave was d e v e lo p ed  by a volume o f  

randomly d i s t r i b u t e d  s c a t t e r e r s .  The a p p r o x im a t io n  was 

a p p l i e d  t o  t h e  measurement o f  a v o l u m e t r i c  b a c k s c a t t e r i n g  

c r o s s  s e c t i o n ,  t a k i n g  i n t o  a c c o u n t  s t r u c t u r a l  p a r a m e t e r s  o f  

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

s c a t t e r i n g .  This  p r o v id e d  a means o f  d e s c r i b i n g  th e  Doppler -  

s h i f t e d  s i g n a l  c o n t e n t  which i n  t u r n  was u sed  to  s tu d y  th e  

t h e o r e t i c a l  b e h a v i o r  o f  b lo o d  f lo w .  The D o p p l e r - s h i f t e d  

s i g n a l  was p r e s e n t e d  f o l l o w i n g  th e  t h e o r e t i c a l  p r o c e d u r e  to  

o b t a i n  such  a s i g n a l  by p u l s e d - D o p p l e r  u l t r a s o u n d  i n s t r u 

ments .

The r e l a t i o n s h i p  be tween D o p p l e r - s h i f t e d  f r e q u e n c y  

and v e l o c i t y  o f  t h e  b lo o d  was d e s c r i b e d ,  and a d u a l - t r a n s 

du c e r  model was deve lo p ed  to  c a l c u l a t e  th e  most im p o r t a n t  

p a r a m e t e r  [D oppler  a n g le )  in  t h a t  r e l a t i o n s h i p .  The c a l c u 

l a t i o n  o f  Dopple r  ang le  a l l o w e d  th e  a c c u r a t e  measurement  o f  

th e  b lo o d  f low v e l o c i t i e s .  The s u p e r i o r i t y  o f  t h e  d e v e lo p e d  

model i n  o b t a i n i n g  th e  f low v e l o c i t y  was v e r i f i e d  by

197
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t h e o r e t i c a l l y  comparing i t  w i t h  t h e  c o n v e n t i o n a l  s i n g l e  

t r a n s d u c e r  model.  The a p p l i c a t i o n  o f  th e  deve lo p ed  model 

i n  b o th  l a m i n a r  and t u r b u l e n t  b lo o d  f low p a t t e r n  was o u t 

l i n e d  and i t  was shown t h a t  i n  f a c t  t h e  new model i s  t h e  

o n ly  e f f e c t i v e  t o o l  t o  o b t a i n  t u r b u l e n t  b lo o d  f low c h a r a c 

t e r i s t i c s  such  as  t u r b u l e n t  i n t e n s i t y  and s h e a r  s t r e s s ,  

s i n c e  two o r  more components o f  th e  v e l o c i t i e s  a r e  r e q u i r e d  

t o  o b t a i n  such  c h a r a c t e r i s t i c s .  A l s o ,  in  th e  t h e o r e t i c a l  

deve lopm ent  o f  t h i s  s t u d y ,  a d i r e c t  r e l a t i o n s h i p  be tw een  

t u r b u l e n t  b lood  f low c h a r a c t e r i s t i c s  and s t r u c t u r a l  changes  

o f  th e  a r t e r y  was p r e s e n t e d ,  which i s  o f  g r e a t  im p o r tan c e  

i n  m e d ic a l  a p p l i c a t i o n s .

The t h e o r e t i c a l  a n a l y s e s  were v e r i f i e d  by e x p e r i 

m en ta l  a n a l y s i s  and were found t o  be in  g e n e r a l  ag re em en t .  

In a c u t e  an im a l  e x p e r im e n t s  [ i n - v i v o ) , i n s t a n t a n e o u s  f low  

t r a c i n g s  o f  t h e  c a r o t i d  a r t e r y  were o b t a i n e d  w i th  a d i r e c 

t i o n a l  p u l s e d - D o p p l e r  u l t r a s o u n d  a t  r e s t  and u n d e r  a n e s 

t h e s i a .  R e s u l t s  o f  i n - v i v o  e x p e r im e n t s  i n  o b t a i n i n g  t h e  

Doppler  a n g le  and b lo o d  f low  v e l o c i t i e s  were v e r i f i e d  by an 

i n - v i t r o  e x p e r i m e n t a l  model u s i n g  a p u l s a t i l e  pump as  t h e  

s o u rce  o f  p r o d u c in g  th e  b lo o d  f low .  In a d d i t i o n  t o  t h e  

above i n - v i t r o  e x p e r im e n t ,  o t h e r  i n - v i t r o  e x p e r im e n t s  were 

c o n d u c te d  t o  e v a l u a t e  th e  p e r fo rm a n c e  o f  t h e  d e v e lo p ed  

t r a n s d u c e r  model in  t h i s  s tu d y  by p r e s e n t i n g  th e  r e s u l t s  

f o r  b lo o d  f low  v e l o c i t i e s ,  b lo o d  f low v e l o c i t y  p r o f i l e .
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volume f low  r a t e  and s h e a r  s t r e s s .  S in ce  t h e  most im p o r t a n t  

o b j e c t i v e  o f  t h e  p u l s e d - D o p p l e r  u l t r a s o u n d  i n s t r u m e n t  i s  

q u a n t i t a t i v e  a s s e s s m e n t  o f  t h e  s t a t e  o f  p e r i p h e r a l  a r t e r i a l  

d i s e a s e s ,  a t t e m p s  have been  made to  r e l a t e  t h e  b l o o d  f low  

c h a r a c t e r i s t i c s  w i t h  t h e  d e g re e  o f  s t e n o s i s .

The d e v e lo p e d  model i n  t h i s  s tu d y  was im plem ented  

i n t e r n a l l y  in  i n - v i v o  e x p e r i m e n t s .  However, t h e  n o n i n v a s i v e  

a p p l i c a t i o n  o f  a d u a l  model i s  f o r e s e e a b l e  f o r  f u t u r e  work, 

u s in g  th e  a i d  o f  m i c r o p r o c e s s o r  c o n t r o l  sy s tem s .  For 

a c c o m p l i s h in g  t h i s  g o a l ,  t h e  b a s i c  d e s ig n  c o n s i d e r a t i o n s  o f  

a d u a l - t r a n s d u c e r  model has  been  o u t l i n e d  i n  t h e  hope o f  

a c q u a i n t i n g  t h e  p o t e n t i a l  u s e r  w i th  b o th  t h e  p o s s i b i l i t i e s  

and the  l i m i t a t i o n s  i n h e r e n t  in  such  a model .  In  a d d i t i o n  

to  t h i s ,  t h e  most  i m p o r t a n t  recommendat ion f o r  f u t u r e  

s t u d i e s  i s  th e  d e s i g n  o f  a more com prehens ive  d e v i c e  o r  

deve lopm ent  o f  a d i f f e r e n t  p r o c e d u re  t o  be u t i l i z e d  f o r  

c o n v e r t i n g  the  D o p p le r  s h i f t e d  s i g n a l  t o  i n s t a n t a n e o u s  

v e l o c i t y  waveform,  which c a n  e l i m i n a t e  many e r r o r s  

i n h e r e n t  w i th  t h e  use  o f  z e r o - c r o s s i n g  c o n v e r t e r s .
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Table A.l

T e s t
Number

D opple r  Angle 
(0)

Volume
Rate

Average
V e l o c i t y

Peak t o  Peak R a t io  
( A ^ /B ^

Number 
o f  P o i n t s

F22C1 43.40 93.148 271.148 2 .393 346
F22C2 44 .712 92.475 269.190 2.540 344
F22C3 44 .131 91.319 265.824 2.486 328
F22C4 44.195 94.382 274.73 2 .517 343
F22C5 4 4 .029 94.110 273.949 2.472 344
F22C6 42 .568 97.305 283.25 2.353 344
F22C7 44 .279 93.184 271.254 2 .593 341
F22C8 4 3 .938 96.692 281.454 2.613 343
F22C9 43.554 94.769 275.866 2.518 340
F22C10 4 3 .756 92 .37074 268.884 2.509 344
F22C11 43.485 92.262 268.569 2.572 327
F22D1 4 5 .084 89.850 261.548 2.452 334
F22D2 4 5 .154 91.864 267.410 2.386 343
F22D3 44 .580 91.164 265.374 2.372 345
F22D4 44 .819 91 .437 266.169 2.453 340
F22D5 45 .125 89 .236 259.761 2.331 343
F22D6 45 .183 89.384 260.193 2.398 337
F22D7 44 .663 91 .167 265.382 2.433 340

( c o n t ' d  to n e x t  page)
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Table A.l (cont'd)

T e s t
Number

D opple r  Angle 
(0)

Volume
Rate

Average
V e l o c i t y

Peak to  Peak R a t i o  
(A^/B^)

Number 
o f  P o i n t s

F22D8 45.082 90 .293 262.838 2.464 342
F22D9 44 .912 91.612 266.678 2.398 345
F22D10 45 .344 90 .679 263.961 2.274 343
F22D11 44 .765 91 .323 265.837 2.301 342
F22D12 45 .111 90.381 263.096 2.250 342
F22D13 45 .272 91.144 265.315 2.270 345
F22E2 4 5 .233 89.511 260.560 1.924 341
F22E3 46 .106 86.625 252.161 2.152 338
F22E4 4 5 .1 7 3 90.94377 264.729 1 .984 341
F22E5 46 .215 89.599 260.817 1.967 339
F22E6 45 .384 87.539 254.822 2.050 338
F22E7 45 .577 89.741 261.230 2 .073 340
F22B8 45.762 89.841 261.52 2.016 332
F22E9 45.185 88.581 257.855 2. 341
F22E10 45 .237 88.605 257.924 2.085 338
F22E11 45 .157 89.951 261.841 1.947 336
F22E12 45 .287 88.877 258.716 2.006 337
F22E13 46 .311 88.254 256.903 2.045 340
F22H1 43.139 52 .213 151.988 2.346 340
F22H2 42.275 54.855 159.580 2.005 340

WH-»

(cont'd to next page)



Table A.l (cont'd)

T e s t
Number

D o p p le r  Angle 
(6)

Volume
Rate

Average
V e l o c i t y

Peak t o  Peak R a t io  
(A^/B^)

Number 
o f  P o i n t s

F22H3 4 3 .243 53.175 154.789 2.020 338
F22H4 4 2 .269 54 .446 158.490 1 .947 326
F22H5 43 .994 51 .073 148.670 2 .634 341
F22I1 44 .370 93.077 270.943 2.884 328
F22I2 4 3 .747 94 .456 274.954 2.910 343
F22I3 44 .311 94.124 273.990 2.772 343
F22I4 44 .041 92 .823 270 .203 2.837 339
F22I5 44 .841 92 .989 270.865 2.786 339
F22I6 44 .666 92.514 269.514 2.886 345
F22I7 44 .440 92 .612 269.587 3.012 345
F22I8 • 4 3 .960 95 .939 279.271 3 .006 342
F22I10 44 .826 94 .817 276.008 2.916 344
F22I11 44 .744 92 .688 269 .809 2.775 343
F22I12 44 .050 96.822 281.844 2.886 338
F22I13 43 .689 97 .710 284.4294 2.868 331
F22I14 43 .786 94 .115 273 .953 2.741 341
F22I15 44 .757 93 .151 271.157 2.680 340
F22J1 40 .269 33 .639 97.920 1.416 163
F22J2 41 .661 34 .824 101.370 1 .310 166
F22J3 40 .577 34.237 99 .662 1.385 169

ts)M

(cont'd to next page)



Table A.l (cont'dj

T e s t
Number

D opple r  Angle 
(6)

Volume
Rate

Average
V e l o c i t y

Peak t o  Peak R a t io Number 
o f  P o i n t s

F22J4 40 .967 33 .697 98 .089 1.282 155
F22J5 40 .709 34.848 101.441 1.331 158
F22J6 40 .403 33.145 96.484 1.390 159
F22J7 41.435 33.986 98.932 1.236 165
F22J8 41 .193 31.800 92.530 1.391 161
F22L1 15 .763 25 .759 74.985 1.845 166
F22L2 15.231 23.921 69.632 1 .713 158
F22L3 16.281 23.342 67 .949 1.860 159
F22L4 15.857 23.387 68 .050 1.798 164
F22L5 16 .398 23.366 68.017 1.578 165
F22L6 15.242 23.054 67.106 1.971 153
F22L7 16.907 22.270 64.829 1 .739 165
F22L8 14.546 23.253 67.689 1.667 164
F22L9 16.296 23.383 68.067 1.797 153
F22L10 16 .573 22.171 64.539 1.693 170
F22L11 16.731 22.109 64 .359 1.749 166
F22L13 16.146 21.697 63.159 1.792 162
F22N1 44 .641 52 .301 152.246 2.167 157
F22N4 45 .409 52 .706 153.423 2.687 166
F22N5 43 .601 50 .604 147.306 2.353 162

N)M
tn

(cont'd to next page)



Table  A . l ( c e n t ' d )

T es t
Number

D opp le r  Angle
(e)

Volume
Rate

Average
V e l o c i t y

Peak t o  Peak 
(Aj/B^)

R a t i o  Number 
o f  P o i n t s

F22N7 46.050 52.952 154.141 2 .688 163
F22N10 45.451 47 .767 139.047 2 .375 162
F22N11 44.400 48 .967 142.540 2 .500 164
F22N13 43.252 48 .734 141.862 2 .437 166
F22N15 44 .740 52.319 152.298 2 .471 163
F22P1 47 .299 65.948 191.971 5 .125 336

F22P2 46.070 65.699 191.245 4 .500 344

F22P3 46.016 62.677 182.449 4 .789 341

F22P4 44.735 59.345 169 .840 4 .706 341

F22P5 45.351 62.824 182.878 5.015 342

F22P6 47.447 61.991 180.45291 4 .472 333

F22P8 45.798 60 .887 177 .24 4 .288 341

F22P9 45.394 63 .443 184.678 4 .351 350

F22R1 45.757 60 .639 176.518 4 .413 343

F22R2 46.449 64.338 187 .286 4 .408 341

F22R3 46.980 62.074 180 .893 4 .452 341

F2 2R4 45 .148 59.795 174 .059 4 .211 342

F22R5 45.746 60 .153 175 .103 4 .288 346

F22R6 45.743 62.445 181.775 4 .351 342
( c o n t ' d t o  n e x t  page)
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Table A.l (cont'd)

T es t
Number

D opple r  Angle
ce)

Volume
Rate

Average
V e l o c i t y

Peak t o  Peak 
R a t io  (Aj/Bj^)

Number 
o f  P o i n t s

F22R7 45.919 62 .133 180.865 4 .141 341
F22R8 45 .408 57 .366 166 .990 4 .227 332
F22R9 46 .076 59.210 172.358 4.117 337
F22R10 47 .168 59.506 173.219 3. 873 341
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THE 5453-c  ULTRASOUND MACHINE

MASTER/SLAVE

This  p o r t i o n  o f  t h e  s y s tem  i s  p r o v i d e d  so t h a t  two o r  

t h r e e  Dopplers  may be s y n c h r o n i z e d  t o  each  o t h e r  t o  p r e v e n t  

i n t e r f e r e n c e  where  more th an  one such  u n i t  i s  o p e r a t e d  i n  a 

s i n g l e  l a b .  For  normal  u s e ,  t h e  " M a s t e r / S l a v e "  s w i t c h  must 

be i n  t h e  " M a s te r "  p o s i t i o n ,  and no c o n n e c t i o n s  made t o  t h e  

"Remote" j a c k s .  To s y n c h r o n i z e  two o r  t h r e e  u n i t s ,  o n ly  one 

o f  t h e  u n i t s  must  be i n  th e  " M a s te r "  mode and t h e  o t h e r  one 

o r  two u n i t s  must  be i n  t h e  " S l a v e "  mode. The u n i t s  must  

be c o n n e c te d  t o g e t h e r  w i th  t h e  p r o p e r  c a b l e ,  which i s  a v a i l 

a b l e  from b i o e n g i n e e r i n g .  The c a b l e  c o n n e c t s  be tween  e i t h e r  

o f  t h e  "Remote" c o n n e c t o r s  on t h e  s e v e r a l  u n i t s .

AUDIO

An aud io  power  a m p l i f i e r  i s  p r o v i d e d  so t h a t  t h e  

D o p p le r  s i g n a l  can  be a u r a l l y  m o n i t o r e d .  A s m a l l  s p e a k e r  

i s  b u i l t  i n t o  t h e  u n i t ,  o r  an e x t e r n a l  s p e a k e r  o r  headphones  

may be p lu g g e d  i n t o  t h e  "Remote S p e a k e r "  j a c k ,  which  a u t o 

m a t i c a l l y  d i s c o n n e c t s  t h e  i n t e r n a l  s p e a k e r .  The rem ote  

s p e a k e r  sh o u ld  be 4-16 ohms im pedance .  One c h a n n e l  a t  a 

t im e  may be m o n i t o r e d .  For  u n i t s  w i t h  more th a n  one 

c h a n n e l ,  a " C h a n n e l"  s e l e c t o r  s w i t c h  i s  p r o v i d e d .

219
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RANGE

A p u l s e d  Doppler  f lo w m e te r  has  t h e  a b i l i t y  t o  m easu re  

f low  v e l o c i t y  a t  a s p e c i f i e d  d i s t a n c e  from the  f a c e  o f  t h e  

c r y s t a l  p r o b e ,  r a t h e r  t h a n  everyw here  w i t h i n  r a n g e  o f  t h e  

s i g n a l .  The "Range" c o n t r o l  a d j u s t s  t h i s  d i s t a n c e .  The 

s t a n d a r d  maximum range  i s  1 .0  cm, a l t h o u g h  t h i s  may be 

a l t e r e d  w i t h  a s im ple  i n t e r n a l  a d j u s t m e n t ,  up t o  a maximum 

o f  a b o u t  1 .6  cm.

The p r i n c i p a l  b e h in d  t h i s  c o n t r o l  i s  b a sed  on t h e  f a c t  

t h a t  t h i s  i s  a " p u l s e d "  D o p p le r ,  t h a t  i s ,  i t  t r a n s m i t s  a 

s h o r t  b u r s t  o f  au d io  e n e r g y ,  t h e n  " l i s t e n s "  f o r  an echo a f t e r  

some t im e  d e l a y .  O b v io u s ly ,  t h i s  d e l a y  d e te rm in e s  how f a r  

t h e  au d io  s i g n a l  has  had a ch an ce  to  t r a v e l  and r e t u r n .  The 

" r a n g e "  c o n t r o l  a d j u s t s  t h e  p e r i o d  o f  a m onos tab le  m u l t i 

v i b r a t o r  t h a t  i s  t r i g g e r e d  on t h e  l e a d i n g  edge o f  t h e  t r a n s 

m i t  b u r s t .  The t r a i l i n g  edge o f  t h i s  p u l s e  t r i g g e r s  a n o t h e r  

m o n o s ta b le  m u l t i v i b r a t o r  which c a u s e s  sam pl ing  o f  t h e  

r e c e i v e d  s i g n a l  a t  t h a t  t im e .

SENSITIVITY

T h is  c o n t r o l  a d j u s t s  t h e  l e v e l  o f  t h e  Doppler  s i g n a l  

a p p l i e d  t o  th e  v o l t a g e - t o - f r e q u e n c y  c o n v e r t e r  s t a g e ,  which 

p r o v i d e s  t h e  " p h a s i c "  and "mean" o u t p u t s  t o  a r e c o r d e r  o r  

o s c i l l o s c o p e .  I t  i s  a d j u s t e d  f o r  optimum s i g n a l  q u a l i t y ,  

w i t h  a t t e n t i o n  p a i d  t o  peak  v e l o c i t y  r e s p o n s e  and b a s e l i n e
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n o i s e  ( b a s e l i n e  n o i s e  i s  p a r t i c u l a r l y  im p o r t a n t  i n  t h e  case  

o f  ze ro  f lo w ,  and th e  s e n s i t i v i t y  s h o u ld  n o t  be h i g h  enough 

to  c a u s e  a l a r g e  a p p a r e n t  f low  s i g n a l  in  t h e  a b s e n c e  o f  any 

f lo w ) .  N o rm a l ly ,  s e n s i t i v i t y  s h o u ld  be s e t  no more c l o c k 

wise  t h a n  i s  n e c e s s a r y  f o r  o b t a i n i n g  a good o u t p u t  s i g n a l .

POLARITY

This  c o n t r o l  d e t e r m in e s  which  f low d i r e c t i o n  r e s u l t s  

i n  p o s i t i v e  o u t p u t  v o l t a g e  p o l a r i t y ,  toward  t h e  c r y s t a l  or  

away from i t .  The c e n t e r  " z e r o "  p o s i t i o n  t u r n s  o f f  t h e  

s i g n a l ,  b o th  t o  th e  o u t p u t  s t a g e s  and to  t h e  a u d io  a m p l i 

f i e r .  I t  does  n o t  t u r n  o f f  t h e  t r a n s m i t t e d  e n e r g y .

OUTPUT CONNECTIONS

1. P robe

The c r y s t a l  p robe  c o n n e c t s  h e r e ,  w i th  p i n  a s s ig n m e n ts  

on th e  amphenol  c o n n e c to r  as  f o l l o w s :

P in  B S ig n a l

P in  D S ig n a l

P in  A S h i e l d

The two s i g n a l  l i n e s  a re  i n t e r c h a n g e a b l e ,  t o  p r e v e n t  i n t e r 

f e r e n c e  from o u t s i d e  s i g n a l  s o u r c e s  such  as  n o i s y  e l e c t r i c  

m otors  o r  r a d i o  t r a n s m i t t e r s .  A s h i e l d e d  t w i s t e d - p a i r  c a b l e  

s h o u ld  be u s e d  t o  con n ec t  t o  t h e  c r y s t a l .
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2. Range

This  o u t p u t  i s  a v o l t a g e  p r o p o r t i o n a l  t o  t h e  s e t t i n g  

o f  t h e  " r a n g e "  c o n t r o l .  I t  may be c a l i b r a t e d  t o  any c o n 

v e n i e n t  s c a l e .  Although t h e  s t a n d a r d  c a l i b r a t i o n  i s  1 v o l t  

p e r  c e n t i m e t e r ,  e . g . ,  w i th  t h e  ran g e  c o n t r o l  f u l l y  c l o c k 

w i s e ,  th e  o u t p u t  shou ld  be 1 .00  v o l t s .

3. P h a s i c

P h a s i c  b lo o d  v e l o c i t y  i n f o r m a t i o n  a p p e a r s  a t  t h i s  

c o n n e c to r  w i t h  a normal s c a l e  f a c t o r  o f  0 .5  v o l t s  p e r  

k i l o h e r t z  o f  Doppler  s h i f t .  The v e l o c i t y  t h a t  t h i s  r e p r e 

s e n t s  may be c a l c u l a t e d  from t h e  fo rm ulas  g iv e n  a t  t h e  

b e g in n in g  o f  t h i s  Appendix, t h e  M a s t e r / S l a v e  and Audio 

s e c t i o n s .

4. Mean

The mean b lood  v e l o c i t y  i s  p r e s e n t e d  a t  t h i s  c o n n e c to r  

a t  t h e  same s c a l e  f a c t o r  as  t h e  p h a s i c  o u t p u t .  The time 

c o n s t a n t  o f  t h e  meaning c i r c u i t  i s  ab o u t  600 m i l l i s e c o n d s .

5. Audio 1, 2

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

a u d io  s i g n a l s  and may be u sed  f o r  a v a r i e t y  o f  p u r p o s e s ,  

such  as  s p e c t r a l  a n a l y s i s  o r  e x t e r n a l  a u d io  a m p l i f i c a t i o n ,  

which may be done in  " s t e r e o . "  I f  t h e s e  s i g n a l s  a r e  used  

e x t e r n a l l y ,  t h e  audio  " c h a n n e l "  s w i tc h  s h o u ld  be s e t  to
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a n o t h e r  c h a n n e l ,  as th e  au d io  a m p l i f i e r  " l o a d s "  t h e s e  

o u t p u t s ,  r e s u l t i n g  in  r e d u ced  a m p l i t u d e  o f  one o f  the  

s i g n a l s .

BASIC DOPPLER INFORMATION

1. Doppler  E q ua t ion  ( f o r  sound r e f l e c t e d  from 

moving o b j e c t s ) :

l .A  F D = 2 * F 0 * V *  COS A)/C

or

l .B  V = (FD * C) /  (2 *F0  *COS A)

where :

FD = Doppler  s h i f t  f r e q u e n c y  in  k i l o h e r t z  

FO = T r a n s m i t t e r  f r e q u e n c y  i n  k i l o h e r t z  (20 ,000  KHz 

in  545C-3 '5 )

V = V e l o c i t y  o f  b lood  i n  m i l l i m e t e r s  p e r  s econd  

C = V e l o c i t y  o f  sound in  b lo o d  (1 ,5 6 5 ,0 0 0  

m i l l i m e t e r s  p e r  second)

A = Angle between sound beam and b lood  v e l o c i t y  

v e c t o r

S u b s t i t u t i n g  t h e  above c o n s t a n t s  f o r  FO and C i n  e q u a t i o n

l .B  y i e l d s :

l . C  V(MM/SEC) = 39 .125  *FD /  COS A

F i n a l l y ,  s u b s t i t u t i n g  th e  p h a s i c  o r  mean o u t p u t  o f  th e  

545C-3 in  v o l t s  (E) f o r  FD y i e l d s :

l.D V(MM/SEC) = 78.25 *E/COS A
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INSTANTANEOUS VOLUME FLOW:

2 . A Q = V * PI * CCD/2) ** 2)

where

Q = I n s t a n t a n e o u s  volume f low i n  c u b i c  m i l l i m e t e r s  

p e r  second  ( l i t e r s / l , 0 0 0 ,0 0 0 )

P I = 3 . 1 4 1 5 9 . . .

D = Lumen d i a m e t e r  in  m i l l i m e t e r s

V = I n s t a n t a n e o u s  b lo o d  v e l o c i t y  i n  m i l l i m e t e r s  p e r  

s econd .

S u b s t i t u t i n g  E q u a t io n  Cl 'B) above f o r  "Y" and s i m p l i f y i n g  

y i e l d s  :

2.B Q =  CFD * C * PI * CD ** 2 ) ) /C 8  * FO * COS A)

S u b s t i t u t i n g  c o n s t a n t s  f o r  C, PI and FO and c o n v e r t i n g  

c u b i c  m i l l i m e t e r s  p e r  second  to  l i t e r s  p e r  m inu te  y i e l d s :

2.C QCL/MIN) = FD* CD ** 2 ) /C 5 4 2 .4  * COS A)

F i n a l l y ,  s u b s t i t u t i n g  t h e  p h a s i c  o r  mean o u t p u t  o f  t h e  

545C-3 in  v o l t s  CE) f o r  "FD" y i e l d s :

2.D QCL/MIN) = E * CD ** 2 ) /C 2 7 1 .2  * COS A)

NOTES :

545C-3 d i r e c t i o n a l  p u l s e d  D opp le r  f lo w m e te rs  a r e  

c a l i b r a t e d  f o r  0 .5  v o l t s  p e r  k i l o h e r t z  o f  Doppler  s h i f t .
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C I n  t h i s  o r o q r a n  we o r o c e s s  t h e  d a t a  t a k e n
c f r q n  a n  e i o e r i m e n t  i n  h s c C n o r a a l  f i 7 n 1 ) ,

d i n e n s f o n  a ( 5 3 0 0 ) ^ b < S 5 0 0 ) # c  < 5 S 0 0 ) ^ d (SSÛO) 
d i . ' i e n n o n e C 5  5 0 Q ) r w 1 ( < : 4 0 0 J ^ v ^ ( | 4 0 0 )
d i m e n s i o n  x r e a i i d S O O ) ^ x r e a l 2 ( 1 5 C 0 ) ^ x i m a i 1  ( 1 5 0 0 ) / x i m a q 7 ( 1 5 3 0 )  
d i m e n s i o n  x 1 r e a i ( 2 S O Q ) r x 2 r e a l ( 2 5 O O ) « » x 1 i m - i g ( 2 S 0 0 ) # x Z i m 4 q d 3 U 0 )

d i m e n s i o n  c b l C 2 5 C 3 ) # c b 2< 2 3 00 >  
d i  mens i o n  c b f 1 <  2 5 0 0 ) # c b f  2 ( 2 5 0 0 )  
d i  m e n s i o n  s 1 ( 1 5 0 0 ) / s 2 ( 1 5 0 0 ) # a v 1 < 1 5 0 0 ) ^ a v 2 ( 1500)  
d i m e n s i o n  1 1 1 ( 1 5 0 0 ) ^ 7 1 2 ( 1 5 0 0 )  
d i m e n s i o n  z ( 1 5Ü0)

110 f  o r n a t (  2x / *  t i m e =  • ^ f 6 . 1 » 3 x # *  c h a n n e l l  = *# f 7 . 2 r 3 x #  * channel2=* •
120 f o r « a t ( 2 x # * a v e 1 =  • / f 1 0 . 5 / 3 x / * a v e 2 s  ' 1 0 , 5 )
130 f o r m a t ( 2 x / * v t l s  * , f 1 2 . 5 , 3 x f * t e t 1 =  * # f 1 0 , 4 ^ 3 * ^ ’ t e t i -  f A . 3 )
140 f o r m a t ( 2 % f ' d 1 a m e t e r =  • / f 4 • 2 / 3 x # *a r e a =  * ^ f 5 . 2 f 3%»" vo l ume  r a t e »  •

c , f 1 0 . 5 )
150 f o r m a t ( 2 x , ' v e l o ( i t y 1 =  " , f 1 0 . 5 f 3 % , ' v e l o c i  t y 2 »  " / f 1 0 . 5 )
160 f o r m i t ( 2 x x * x n a * 1 =  ' / f 1 0 . 3 / 3 * x • x m i n i »  • / f 1 0 . 3^3xr*<max2= % f 1 0 . 3 f

c 3 x f " xm1n2= " / f 1 0 . 3 )
170 f o r m a t ( 2 x , ' a 1 / b 1 =  ' , f 5 . 3 f 3 x , ' s 2 / b 2 =  , f 5 . 3 )
180 f o r m a t ( 3 x , " o u l 1 z  ' , f 1 0 . 3 , 3 x , ' p u l 2 =  " , f 1 0 . 3 )
1 QO f o r a a t < 2 x / " t i n e *  * 6 . 1 # 3 x / ' e h a n n e l l » " , f 5 . 2 / 3 x f ' c h a n n e l 2 =  •

c # f 5 . 2 # 5 x / * y e l o ç i t y l »  • ^ f 1 2 . 5 # 5 x #• v e l o c i t y 2 »  " , f 1 2 . 5 )
210 f o r m a t ( 2 0 x { ' o e r i o d =  5)
220 f o r « a t ( 2 x / " a v 1 »  " , f 1 0 . 5 . 3 % , " av2=  " , f 1 0 . 3 )
2 40 f o r m a t (1 O x , " o h a s e a v e s  " , f 1 2 . 5 )
250 f o r m a t ( 5 x , • t i n e a v e =  " , f 1 2 . 5 , 5 % , " s h e e r s t r e s s »  " , f 1 2 . 5 )

■i f o r m a t (1 O x , " The o u t o u t  d a t a  a r *  • )
12 f o r m a t C l O x , " t h e  oower  s o e c t r u m  i s " )
13 f o r m a t ( 1 0 % , " powe r  s p e c t r u m  i n  db i s " )
14 f o r m a t d O x , " T h e  power  s o e c t r u m  o f  f l u c t u a t i o n s  i r e " )

15 f o r m ^ t (1 O x , " p o w e r  i n  do  i s " )
n n = n » 3 5 0
n n d 2 » n n / 2
i o e r = 2 a 3
;o o » i o e r* ^ 22 9
i p o d 2 » i p p / 2
n o = n / i p e rro = 1 .
nu = 1 1
nu2=^
0 = 7 8 . 2 5  
0 1 = 3 . 1 4 1 5 9 2 7  
d i m=2.
a r e a = ( d 1 m * * 2 ) * p i / 4 .  
d e q = 1 3 0 . / o i
r e a d ( 5 , * ) ( a ( i ) , b ( i ) , c ( i ) , i = 1 , n )  
do  20 i = 1 , n  
d ( i ) = b ( i ) # ( t 1 . )  
e ( i ) = c ( i ) * ( * 1 . )

20 c o n t i n u e  
sum1=0. t ]  
s u m 2 = ) . 0  
do 10 i = 1 , n  
s u m i = s u m 1 » d ( i ) 
s u m 2 = s u » 2 ^ e ( i  >

10 c e n t  i n u e
a v e 1 = s u m 1 / n
a v ?2 = s u m2 / n
w r i t e ( o , 1 2 0 )  a v e l , a v e 2  
so1=a ve1**24^a ve2**2  
v t 1 = p * ( s o r t ( s q 1 ))  
a v e 4 = a b s ( a v e 2 / a v e 1 ) 
t ? t 1 = a t j n ( a v e 4 >  
i e t a = t e t 1 * d e g

c j i n c e  t h i s  f i l e  i s  b e l o n g  t o  m a x .  p o i n t  t h e r e f o r e

w r i t e ( o , 1 3 0 )  v t l , t e t 1 , t e t o 
a r i t e ( 6 , 1 4 0 )  d i m , a r e a , q
Jo 50 i  = 1 , n
v 1 ( i ) = d ( i ) * o / c o s ( t e t 1 )  
v 2 ( i ) = e ( i ) » o f s i n ( t e t 1 )  
w r i t e ( 6 , 1 5 0 )  v 1 ( i ) , v 2 ( i )

30 c o n t i n u e
0 0  30 j = 1 , o e r  
s u m i = 0 . 0  
s u m 2 =0 . 9
do 70  i = i , n , p e r  
sum1=s um1+v1( 1 )  
s u m 2 = s u m 2 e v 2 ( i )

70 c o n t i n u e
a w 2 ( ) ) = s u « 2 / n p  
w r i t e ( 6 , 2 2 0 )  a w l ( j ) , a v 2 ( j ) 

80 c o n t i n u e
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C In t h i s  p a r t  we c a l c u l a t e  mean v a l u e  o f  s mo o t h  s i g n a l ,
fliavl = 0 . 0  
n i v 2 = 0 . 0  
(Jo 501 i  = 1 f p e e  
mi v l =mawl >3v1  ( i ) mav2=nav2>iv2 (i)

501 c o n t i n u e  . ,  _ ^ .
c I n  t h i s  p a r t  we c a l c u l a t e  p u l s t a l i t y  f a c t o r  a nd  A/e
c f r o m  s m o o t h  s i g n a l ,

xm ax 1 = a v 1 ( 1 )  
x m a x 2 = a v 2 i 1 ) 
x m i n 1 = a y 1 ( 1 )  
x m i n 2 = a v 2 ( 1 ) 
do 60 i n
I f C a v l ( i ) • g t . x n a x i )  x m a x 1 = a v 1 ( i )

c

i f ( a v 2 < i ) . ô t . x m a x 2 )  x o a x 2 = a v 2 ( i )  
1 f ( a v 1 ( i ) . I t . x m i n i )  %mj n1=av1( ] )  
i f ( a v 2 ( i ) . I t . x m i n 2 )  x m i n 2 = a v 2 ( i )

40  c o n t  i n u e
a t b l = x m a x 1 / x m i n i  
a t b 2 = x m a x 2 / x m i n 2  
o u l 1 = ( x m a x 1 - x m i n 1 ) / m a v 1  
o«j 12 = ( xmax2-xmi  n2 ) / mav2  
w r i t e ( 6 / 1 6 0 )  xnax1 , mmi m1f xma x2 , xm1n2  
w r i t e ( 6 , 120)  a t b 1 , a t o 2  
w r i t e ( 6 / 1 3 0 )  p u l l , o u l 2  

c c a l c u l t e  f o u r i e r  t r a n s f o r m  o f  t h e  v e l o c i t y ,
c l a s t  125 p o i n t s  a r e  z e r o f  and  p o ew e r  s p e c t r u m  i s  c a l c u l a t e d
c f o r  o n e  h a l f  o f  t o t a l  p o i n t s ,

do 50 1=1 , n n
i f ( i . l e . n )  x r e a l l ( i ) = v 1 ( 1 )  
i f ( i . q t . n )  x r e a l 1 ( i } = 0 . 0  
i f ( i . l e . n )  x r e a I 2 ( 1 ) = v 2 ( i )  
i f ( i . a t . n )  x r e a 1 2 ( i ) = 0 . 0  
x i m a ? l ( 1 3 = 0 . 0  
x i  ma g ? ( 1 ) = 0 . 0  

50 c o n t i n u e
c a l l  f f t C x r e a l l ^ x i m a g l / n n ^ n u )  
c a l l  f f t ( x r e a l 2 , x i m a g 2 , n n , n u )  
w r i t e < 6 # 3 )
Jo 60 1 =1 , n n
p s i ( i ) = x r e a l 1 ( 1 > * *2+ x i maq1<1) **2  
0 S i ! ( i ) = x r e 3 l 2 C i > * * 2 » x i i T i a q 2 C i ) * * 2  

60  c o n t  i n u e
c c a l c u l a t e  s o w e r  s o e c t r u m  i n  db .

w r i t e ( 6 / 1 2 )  
p m a x 1 = p s 1 (11 
pm IX 2 = p s 2 ( 1 )  
do 111 1= 2 , n n
i f ( p s l ( 1 ) . g t . p m a x l ) pmax1=Ds 1( 1)  
i f ( p s 2 ( i ) . g t • pm3x2)  o m 3 x 2 = o s 2 ( i )

111 c o n t  i n u e  
wr i  t " ( 6 / 1 3 )
do 112 1 =1 , n n d 2
C 0 l ( i ) = 1 0 . * a l o g 1 0 ( ( o s 1 ( i ) / p m a x 1 ) ♦ 0 . 0  0 0 0 0 1)  
c o 2 ( i  3 = 1 0 . * a l o g 1 0 ( ( p s 2 ( i ) / o m a x 2 ) * 0 . 0 0 0 0 0 1  '  
w r i t e ( 6 f *3 i ^ c o l ( 1 ) f c b 2 ( 1)

112 c o n t  i n u e
do 81 j = 1 , n o  
w r i t e ( 6 , 1 6 0 )  j 
do ?2 i = V o e r  
) a = o e r * ( j - 1 3+1
f l 1 ( l i ) = v 1 ( J a 3 - a v l ( i )  
f l ? ( i a ) = v 2 ( j a ) - a  - a w 2 ( i )
t ( j  i J  = f l l ( i j ) * f l 2 C j a )  
w r i t e  ( 6 / * )  I ,  f  1 1 ( J .1 3 /  f I 2 ( i a ) ,  z ( j a ) 

ic’ c o n t i n u e
? 1 c o n t i n u e

da  33 j = 1 # o e r  
s umJs Q. O 
do 56 i = i , n / O e r  
s u m 3 = s u m j * z (13 

56 c p n t i n u e
: At  t h i s  p o i n t  we c a l c u l a t e  o h a s e  i v e r a q e  o f  f l u c t u a t i o n
c c o m p o n e n t s  t o  oe u s e d  i n  c a l c u l a t i o n  o f  i n s t a n t a n e o u s
: s h e a r  s t r e s s .

s i  ( j  3 = sum.Wno 
w r i t ç ( 6 ^ 2 6 Ü 3  s l ( j )

: 3 c o n t i n u e
c In  j r J e r  t o  c a l c u l a t e  t i m e  a v e r  a c e  s h e e r  s t r e s s /  we can

o f  2 /  t h e  r e s u l t  i s  t h e  s a m e .  H e r e  we do t h e  f i r s t  
o n e .  

s um6=n«o 
do 15 i = 1 / p e r  
s u m 6 = s u m 6 a s 1 ( 1 )

'<3 c o n t i n u e
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C £ o  t h i i  (ir 0 ic li •* « w * . t» «» » I » # *
d i m e n s i o n  a ( 5 5 0 ü ) , ù ( S 5 0 0 ) , c ( 5 S O O ) , d ( 5 5 0 0 )  
d i m e n s f o n  e ( 5 5 0 3 ) ^ v 1  ( 5 4 3 0 ) / » / 2 ( S 4 n 0 )
di  a e n s  i  on x r e a l l  C 5500} ^ R r e a l Z  (5500  )^x1ma^1(S50O)^j ( i . i 4U<f (SS00>
di  mens ion x t r e a l ( S 5 0 0 ) ^x 2 r e a l ( S 5 0 0 ) ^ x l i m a . } ( 5 50 0 )^ x 21 a a g ( 5 S OO }
d i m e n s i o n  p s i C 5 5 0 0 } # o s 2 ( 5 5 0 0 >
d i m e n s i o n  p s # 1 ( 5 5 0 û ) # p s f 2 C 5500)
d i m e n s i o n  c o l ( 5 S 0 0 ) # c b 2 ( 5 5 Q 0 )
d i m e n s i o n  c b f 1 ( 5 5 0 0 ) ^ c o f 2 < 55 0 0 )
d i m e n s i o n  s 1 ( 5 5 J O ) , s N 5 5 0 0 ) f S v 1 ( 5 S O O ) # a v 2 ( o 5 0 0 )
d i m e n s i o n  f i l ( S S Û Q ) # f 1 2 ( 5 5 0 0 )
d i m e n s i o n  z<S50Ô)

110 f o r n j t < 2 x # * t i « e a  * , f 6 . 1 , 3 % , * c h a n n e l 1 =  * / f 7 . 2 , 3 % ^ * c h a n n e l 2 =  *

123 f o r m a t ( 2 K * * a v e l = ' # ( 1 0 . 5 * 3 % , * a v e 2 *  ' * f 1 0 . S )
130 f o r a a t ( 2 x # ' v t 1 3 ' , ( 1 2 . i # 3 x # ' t e t 1 =  • # f 1 0 . 6 # 3 x # ' t e t a =  ' #  f 6 . 3 )
140 f o r m a t ( 2 x # ' d i a m e t e r =  ' # f 4 . 2 # 3 x # ' a r e a =  ' # ( 5 . 2 , 3 % # ' v o l u m e  r a t e =

# f 1 0 . 5 )
l aO f o r m a t ( 2 x # ' v e l o c i t v 1 =  ' , f 1 0 . 5 # 3 K # ' v e l o c i t y 2= ' #  f 1 0 . 5 )
1 sû f  o r m a t C 2 x # • xmaxl® • # f  1 0 . 3 # 3 x # ' x m i n l  = *# M O « 3 # 3x # ' x m a x 2 =  * # f 1 0 . 3 #  

X#' xmin2 = ' # ( 1 0 . 3 )
r m s t ( 2 x # ' a 1 / D l s  ' , ( 5 . 3 # 3 x , " a 2 / b 2 =  ' , ( 5 . 3 )  
r m a t C 3 x # ' o u l 1 -  • # f 1 0 . 3 # 3 x # ' p u l 2 ®  ' # ( 1 0 . 3 )  
r m a t C 2 x # ' t i m e s  * # f 6 . 1 # 3 x # ' c h a n n e l 1 »  ' # f 5 . 2 # 3 x # * c h a n t  
( 5 . 2 , 3 x # ' y e l o ç i t y l f  { , ( 1 2 . 5 # 3 x # ' v e l o c i t y 2 =  * , ( 1 2 . 5 )  
r m a t ( 2 0 x # ' p e r i o d =  * , i 3 )

c S x # ' x m i n 2 s  ' # ( 1 0 . 3 )
120 f o r « j t < 2 x , ' a 1 / o 1 s  ' , ( 5 . 3 , 3 x , ' a 2 / b 2 =  ' , ( 5 . 3 )
140 f o r m a t C 3 x , ' o u l 1 s  ' , ( 1 0 . 3 , 3 x # ' p u l 2 =  ' , ( 1 0 . 3 )
190 ( o r m a t C 2 x # ; t i m e s . * # ( 6 . j  # 3 x # ' ç h a n n ç l l f  ' , f 5 . 2 # } x , *  cha n n e l Z ®

c , ( 5 . 2  
213 ( o r m a t    ___ ____
220 ( o r m a t C 2 x , * a v i ®  • , ( 1 0 . 5 , 3 x # ' a v 2 s  * , ( 1 0 . 5 )
240 ( o r m a t ( l O x # ' p h a s e a v e ®  ' , ( 1 2 . 5 )
250 f o r m a t ( 5 x , ' t i m e a v e s  ' , f 1 2 . 5 # 5 x # ' s h e e r s t r e s s s  * , ( 1 2 . 5 )

a ( o r m a t C l O x # *  The  o u t o u t  d a t a  a r e  ' )
12 ( o r m a t C l O x # * t h e  p o we r  s p e c t r u m  i s ' )
15 f o r m a t d O x , ' p o w e r  s p e c t r u m  i n  do i s ' )
14 f o r m a t ( 1 0 x , ' T h e  o ow e r  s p e c t r u m  o f  f l u c t u a t i o n s  a r e ' )

15 f o r m a t ( 1 0 x , ' p o w e r  i n  do I s ' )
c n i s  n umbe r  o f  d a t a  i n  e a c h  f i l e .

n s 1 6 9 3  
n n s n e i S O  
n n d 2 s n n / 2

e i p e r  i s  n u m b e r  o (  d a t a  i n  e a c h  p e r i o d .
i p e r s 2 b 3  ^ 
i p p s i p e r + 2 2 9  
i o p d 2 s i o p / 2

c no  i s  nu mo e r  o f  p e r i o d s  i n  e a c h  f i l e ,
n p s n / i p e r  
r o s i . 
n j s l  1 
nu2 = 9

c o i s  t h e  c o n s t a n t  v a l u e  g i v e n  by t h e  ma nuf a  c t u c e r ,
p s 7 2 * 2 5  
p i s 3 . 1415927  
d i m=2 .

c c a l c u l a t e  c r o s s - s e c t i o n a l  a r e a .
a r e j 3 ( d i n « * 2 ) * Q i / 4 .  
d e g s l d O . / p i

c r e a d  t r a n s f e r e d  d a t a  t o  t h i s  f i l e .
r e a d ( 5 , * ) ( a ( i ) , o ( i ) , c ( i  > , i s i # n )  

c u s e  c a l i b r a t i o n  f a c t o r  t o  a s s e s s  r e a l  v a l u e s  o f  d a t a ,
do 20  i s 1 # n  
d ( i ) s b ( i ) * ( » 2 . )  
e ( i ) s c  ( i ) * ( » 2 . )

20 c o n t i n u e  . ^ ^
c c a l c u l i t e  t n e  p h a s e  j v e r a i e  v a l u e  o f  t h e  d a t a ,

do 50 j = 1 , n o  
v r i  t  e ( b , t 1 0)  j 
s uml s O. Ü 
sumZsQ.O 
do 10  1 s i  ,  i o e r  
i a ? i û e r * ( i - 1 ) * i  
v r 1 t e ( ô # c 1 0 )  j 
s u m1 = 0 . o  
sum2 ®0 . 0
do 10 i = 1 , i o e r
) a = i p e r * ( ) - 1 ) 4 i
s u m 1 = s u m 1 * d ( i a )

10
4V«1=<SU.1/ lDSr  
a v e 2 = « u m 2 / 1 o p r  
**^1 t f ( 6 # 1 2 0 )  a v e l  , a v * 2
sq1 = a 5 ë l î î M I ; i 2 * ï ^ ° ° ' *  O o o o l e r  s i g n a l .
v t 1 = p » ( s o r t < s q n )
a v e A = a b s ( a v e 2 / a v e l ) "91,.
t e t a = t e , I « d e g

'  « s l u e ,  o f  v e l o c i t i e s .
j f = i D e r » ( i - l ) + l

111
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C c a l c u l a t e  v o l u me  r a t ?  u s i n g  a v e r a g e  v e l o c i t y .
q = v t 1 ♦ a r e a * 6 0 . / J O Ü O .  
w r i t e ( 6 ^ 1 3 0 )  v t l ^ t e t W t e t a  
w r i t e ( 6 , 1 4 0 )  d l n / a r e a ^ o  

30 c o n t i n u e
c calculate phase average of the velocity,do 90 j =1,np 

write(o,210) j 
suma1=0.0 
suma2=0.0 
do 70 1=1,loer 
j3*ioer*(j-l)+1 sumalasumal+vKa) sum)2ssuma2̂ v2(j a)

70 c o n t i n u e
i v l  ( i  ) = suRia1/  I p e r  
a v 2 ( j ) = s u m a 2 / 1 o e r  
wr i  t e ( 6 , 2 2 0 )  a v l ( ) ) r 3 v 2 ( j )  

aO c o n t i n u e
c c a l c u l a t e  t h e  f l u c t u a t i o n  c o m p o n e n t s  o f  t h e  v e l o c i t y ,

do 90 no . 
w r i t e ( 6 , 2 1 0 )  ) 
s u n s  5 =0 . 0  
jo  100 1 = 1 , 1 o e r  
| a = 1 o e r * ( j - 1 )*1

klüiiîïfpiwïlll!suma3 = suma3*̂ z(ia)
100 c o n t i n u e
c c a l c u l a t e  t h e  t i m e  a v e r a a e  o f  s h e e r  s t r e s s .

i v e O = s u m a 3 / i p e r  
v r i  t e ( 6 , * )  j , a veb  

90 c o n t i n u e
s t o o  
end
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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  P R O G R A M  ADCc
C F U N G I l O N -
C T h i s  a / d  c o n v e r s i o n  p r o g r a m  f o r  u s e  w i t h  t h e  L P S l l  i s
C c o m p a t i b l e  w i t h  t h e  C E L O U  a n d  F LOW a n a l y s i s  p r o g r a m s .
C T h e  r a t e  o f  d i g i t i z i n g  i s  v a r i a b l e ,  a n d  c a n  b e  u s e d  f o r
C I  t o  4  c h a n n e l s  s i m u l a t e n o u s l y .  H o w e v e r ,  i t  m u s t  b e  u s e d
C f r o m  CHO u p w a r d s .  T h e  i n p u t  s i g n a l s  m u s t  b e  w i t h i n  + 5 . 0
C a n d  - 5 . 0  v o l t s  m a x i m u m .  —
C
C A U T H D R -
C K I M  H A N S O N  -  -  . . .
C T E C H - T I M E .  I N C .  '
C R E - U R I T T E N  FROM C O D E  BY K E N N Y  T E O H
C
C COMMON A R E A S
C
C A .  / A Z /
C 1 .  N C HN -  n u m b e r  o f  c h a n n e l s  ( 1  -  4 )
C 2 .  N B T S  -  n u m b e r  o f  b e a t s  t o  m e a s u r e s
C 3 .  I R T E  -  c a l c u l a t e d  c l o c k  r a t e  < b a s e d  o n  X I N T  )
C 4 .  I C N T  -  c a l c u l a t e d  c l o c k  c o u n t e r  p r e s e t  ( b a s e d  o n  X I N T )
C 5 .  I F C  -  n u m b e r  o f  s a m p l e s  f o r  h e a r t  r a t e  c a l c u l a t i o n
C 6 .  I B E A T  -  t o t a l  n u m b e r  o f  b e a t s  c o u n t e d
C 7 .  M H B ( 1 2 )  -  t i m e  ( i n  s a m p l e s  o f  u p  t o  1 2  b e a t s )
C 8 .  B U F F  -  d a t a  b u f f e r  f o r  A / D  d a t a
C I
C B .  / B Z /
I. 1 .  X I N T  -  s a m p l e  t i m e  i n  s e c / s a m p l e
f 2 .  CHNM < 4 0 )  -  c h a n n e l  n a m e  ( 4  *  1 0  c h a r a c t e r s )
r.
c  I : .  / C 7 . /

i K B : A 5 G ^ U S : l  
TKB:  /  '

[ Ü T E G E R  M H B ( 1 2 J , B U F F ( 5 0 0 0 )
L O G I C A L : t l  K H A N , K M V ,  I D ( 3 0 )  , C H N M ( 4 0 )
B Y T E  i I L E N M ( 1 3 )
COMMON / A Z / M C H N . N B T S . I R T E . I C N T , I F C . ( B E A T . M H D , B U F F  
COMMON / B Z / X I N T , C H N M  
COMMON / C Z / I X , l Y , I Z , L A S T

C
C T Y P E  H E A D E R

I J R I T E ( 5 . 1 0 -
1 0  F O R M A T ( I H l . / / , T 1 0 , 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  P ROGRAM A * ' )
C
■: I N I T I A L I Z E  F I L E  AND C H A N N E L  NA M E SI:

BO 1 5  1 = 1 , 3 0
CH NM(  I )  = 0  
I D (  I )  = 0

I S  C O N T I N U E
C
C A S K  F O R  F I L E N A M E
I:

T Y P E  2 0
i n  F 0 R M A T ( / / . 3 X . ' G I V E  F I L E N A M E :  ' . $ )

A C C E P T  2 5 , ( F I L E N M ( I ) , I = 1 , 1 3 )
2 5  F O R M A T ( 1 3 A I )

0 P E N ( I J N I T  = 1 , N A M E = F I L E N M .  T Y P E = ' N E W '  , F O R M = ' U N F O R M A T T E D  '  , E R R = 2 0 0 )
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L
C G E T  S U P P O R T I N G  P A R A M E T E R S
C
3 0  C A L L  P R O T O
C
C G E T  M A I N  AND S U D  I D
C

DO 3 5  1 = 1 , 2 0
I D ( I ) = 0

. 3 5  C O N T I N U E
T Y P E  4 0

4 0  F O R M A T ( 3 X . ' M A I N  I D :  ' , * )
A C C E P T  4 5 , ( I D ( I ) , 1 = 1 , 2 0 )

1 5  F O R M A T ( 2 0 A 1 )
4 0  T Y P E  5 0
5 0  F 0 R H A T ( 3 X , ' S U D  I D :  ' , * )

A C C E P T  5 5 , ( I D C I ) , 1 = 2 1 , 3 0 )
" . 5  F O R M A T !  l O A l  )

R I T E  OU T  H E A D E R  I N F O R M A T I O N  TO F I R S T  T H R E E  R E C O R D S

I t l J T l M b l  - L b .  o .  / i j U l U  / I  

J T I h E = J T I M E l  
7 1  I F C = J T I M E / X I N T

C
C G E T  D I G I T A L  DAT A
C

C A L L  A T O D
C
C I F  M H D ( 1 ) = 9 9 9  = > R U M  A B OR T E D -  E R A S E  P R E V I O U S L Y  W R I T T E N  HE AD E R
C

I F ( H H B < I )  . N E .  9 9 9 ) G 0 T 0  130 
DO 7 5  1 = 1 , 3

B A C K S P A C E  1
7 5  C O N T I N U E

GO T O  1 4 0
C
C C A L C U L A T E  AND D I S P L A Y  H E AR T  R A T E S
C
8 0  C O N T I N U E

L A S T = M H B ( N B T S )
I N O = L A S T
R A T E = <  ( N B T S - 1  ) * 6 0 .  ) / < L A S T J < X I N T >
T Y P E  8 5 , R A T E

0 5  F O R M A T ! / , 3 X , ' H E A R T  R A T E  = ' , F 5 . 1 . '  B P M ' , / / )
C
C C H E C K  F O R  B U F F E R  O V E R F L U  THEM W R I T E  OU T  A / D  DATA
C
9 0  L A S T D = L A S T A N C H N

I F I L A S T D  . G E .  5 O 0 O ) G O T O  2 1 0  
U R I T E ! 1 ) R A T E , L A S T D , < M H B ! I ) , 1 = 1 , N B T S )
I F  ( N C H N  . E Q .  D G Q T O  9 5  
DO 9 2  I = I . L A S T D , N c A n  

I I = I - 1 + N C H N
U R I T E ( I ) ! B U F F ! J ) , J = I .  I I )

9 3  C O N T I N U E
GO T O  l O O

9 5  DO 9 6  J = 1 , L A S T D
U R I T E ( l )  B U F F ! J )

9 6  C O N T I N U EC
C F O R M A T  D A T A F O R  D I S P L A Y  ON O S C I L L I S C O P E
C
1 0 0  DO 1 0 5  1 = 1 , L A S T D

B U F F ! I ) = B U F F ! I ) / 4
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TO'î

1 4 5

1 5 0

I.
C
C
1 7 0

C
C
C
200
2 0 5

' C O N T I N U E , R E S E T , OR t l U I T  ? C C . R , 0 ]  :  '  , t  )

C O N T I N U E  
1X =  4
I Ï = 2 A N C H N
l E d N O  . L E .  1 0 2 4 ) G 0 T 0  1 1 0
I X  = 2
L h S T - L A S T / 2  
lY

E Ô R M A T ( X . / . 3 X
A C C E P T  1 5 0 , K M A N  
E O R M A K A l )
I F ( K M A N  . E Q .  ' C  
I F ( K H A N  . E Q .  ' R  
I F ( K H A N  . E Q .  ' 0  
GOTO 1 4 0

E X I T  P R O G R A M

C A L L  C L O S E ( l )
S T O P

E R ROR M E S S A G E S  

T Y P E  2 0 5
E O R M A T O X ,  '  AAA E R R O R  O P E N I N G  DAT A F I L E  A A A '  ) 
S T O P

) G O T O
) G O T O
) G O T O

4 8
3 0
1 7 0

2 1 0 T Y P E  2 1 5
2 1 5 F O R M A T ( 3 X , ' A A A  B A T A

GOTO 1 4 0  
ENB

. T I T L E AT OB
- E N A B L E AMA
■ H C A L L C I N T » , D I R « , Q
: ( V E R S I O N  W / B E L )

I C H : . B L K U 1
I T I H E : . B L E W 1

: COHMON AR EA

.’ p S E C T A Z . R W , D , G B L , I
N C H N : . B L K U 1
N U T S ; . B L K U I
I R T E : . B L K U 1
I C N T : . B L K U 1
I F C : . B L K U 1
I B E A T : . B L K U 1

h H B : . B L K U 1 4
B U F F : - B L K U 5 0 0 0 .
8 U F E N B

. P S E C T
C O U N T : . U O R B 0
I N B U F : . B Y T E 0
B E E P : . B Y T E 7
L U N . T T = 5
R B Y M S G : . A S C I I / A A R E A D Y  F O R
BU YS  1 2 = . - R B Y M S G
P R O M P T : . A S C I I / > /
P M T S I 7 . = . - P R O M P T

' R '  OR ' S '  A A /

; A S S E M B L Y  L E V E L  D I R E C T I V E S
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I N I X :

. I T :

I .  [ I :

T I C K :

GO:
C H E C K ;

L I N G E R :

T O C K :

A H O R T :
X I T :  
R E T U R N :

i . S R  :

B A C K :

C L R e t C K S R
HO' . ' f M H B , R 3 I F R A M E  P O I N T E R
MOV # B U E F , R 2 ; D A T A  B U F F E R  P O I N T E R
l U R t * R D Y
MOV I C N T , e $ C K B R ; S E T  C L O C K  C O U N T E R
MOV I R T E , e * C K S R ; S E T  C L O C K  R A T E
D I R $ ♦  P MT
n i R t ♦ T T Y  I N ;  E N T E R  S  TO S T A R T
C M P B ♦ 1 2 2 , I N B U F ; r  t o  r e g r e s s

UE O A B O R T
C M P B ♦ 1 2 3 , I N B U F
B N E I N I I
MOV N B T S , R O ; N U M B E R  O F  B E A T S
B I C ♦ 1 0 0 0 0 0 , S i C K S R
C A L L I S R : C H E C K  f o r  B E A T
CMP N B T S , R O ; U A I T  F O R  F I R S T  I N T E R R U P T
BE O W A I T
B I S ♦ 4 0 1 , O t C K S R ; S T A R T  C L O C K .  R E P E A T  MODE
C A L L I S R
T S T RO
B E O L I N G E R
I NC I F C ; I N C R E M E N T  F R A M E  C O U N T

C M P R 2 . ^ B U F E N D
B G E L I N G E R
MOV N C H N , I C H
T S T B e ^ C K S R
B P L T I C K
B I C ♦ 2 0 0 , 0 + C K S R
C L R e # A D S R
I N C G 4 A D S R ; S T A R T  A / B
T S T B G 4 A D S R
B P L C H E C K
MOV G I A D B R . ( R 2 ) +
DE C I C H
DE O AD
I N C B 0 4 A D S R + 1 ; N E X T  C H A N N E L
J M P GO

C A L L I S R
I N C I F C
CMP I F C . I T I H E I T I H E  U P  Y E T ?
B G E R E T U R N
T S T B e i C K S R
B P L T OCK
D i e ♦ 2 O O , 0 # C K S R
J M P L I N G E R
MOV
R E T U R N
R E T U R N

♦  9 9 ' 3 . , ( R 3 ) l A B O R T  C O D E

: L H C L r t O . r  r , EU B E A T  P U L S H i t r D  C O U N T  I T

' S I ; i C K S R
b r BACK
B U ♦ l O O o O O . G ^ C K S R
DE C RO
S L I A W H I L E
D I R * ♦  B E L
.10 V
R E T U R N

3  4 I F C ,  R 3 )  +

I NC
R E T U R N
. E N D

0 4 I B E A X
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. 1 I T L E S A MI ' L T
. E N A B L AMA
. i l l :  A L L n I R $ , O I O W $

COMMON AR EA

."p-I E C T Z l , R W , I i , G B L , R E L , O V R
i c . HN : ■ B L K U 1

r : u r i ' : . , i . l ;U M l

- P S E C T S A M P L T
: l i : . B Y T E 1 3 .

. A S C I I R E ADY ? [ Y / N ] : ,
m Gm ' . N: . B Y T E 1 3 .

. A S C I I R E P E A T S A M P L E  ?  C Y / N 3 ;  ,
C l N i j I . B Y T E 7
: r i n U F : . B Y T E '

.  E V E N
T I T  O U T : Q t o w * I 0 . U V B , 5 , 1 , , , ,  < M G , 1 9 . , 4 4 :
r i T C R : O I O W * I 0 . W V B , 5 , 1 , ,  , , < M G , 1 . , 4 4 >
r e p e a t : o i o u t I 0 . W V B , 5 , 1 , , , , . A G A I N . 2 7 . , 4 4
B E L L : O I O W $ I 0 . U V B , S , 1 , , , , < R I N G , 1 , 0 >
T T Y  I N : O I O W * 1 0 . R U B . 5 , 1 , , . , <  I N B U F ,  i : .

;  P R O G R A M  E N T R Y

3 A M P L T :

W A I T :

C L R  e t A D S R
C L R e t C K S R
i i OVB I C H N . e t A D S R + I
MOV 4 1 7 7 7 7 7 , e t C K B R
B I S M 0 . 5 4 A D S R
MUU I B U F E . R ]
iTlJV U 4 4 , I ( 2
1.1 J R Î r i T Y l ' i l T
"  i: 1 I T T  I I N

C M P B ♦ ' Y , I M B U E
B E O S A M P L T
[1 I R f 4 T Ï Y C I !
R E T U R N
. E N D

; C L OC K Ù O E R F L O U  n O O E


