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ABSTRACT 
A new u l t r a s o n i c  f low measurement 

method employing time domain c o r r e l a t i o n  
of c o n s e c u t i v e  pa i r s  of e c h o e s  h a s  been  
deve loped .  The time s h i f t  between a pair  
of r a n g e  g a t e d  e c h o e s  is  d e t e r m i n e d  by 
s e a r c h i n g  f o r  t h e  s h i f t  w i t h  t h e  maximum 
c o r r e l a t i o n .  T h i s  s h i f t  i n d i c a t e s  t h e  
d i s t a n c e  a g r o u p  of  sca t te re rs  h a s  moved 
between p u l s e s .  The h i g h  p r e c i s i o n  and  
good r e s o l u t i o n  of  t h e  v e l o c i t y  e s t i m a t e  
i n d i c a t e  t h a t  q u a n t i t a t i v e  f l o w  mapping i s  
p o s s i b l e .  T o t a l  f low t h r o u g h  t h e  v e s s e l  
i s  c a l c u l a t e d  and compared t o  a c c u r a t e  
hydrodynamic f l o w  measurements  i n  o r d e r  t o  
d e t e r m i n e  t h e  o v e r a l l  e x p e r i m e n t a l  
a c c u r a c y  of t h e  time domain method. 

The measurement of blood f low by 
u l t r a s o n i c  means h a s  proved t o  be a 
v a l u a b l e  t o o l  f o r  c l i n i c a l  d i a g n o s i s  of 
v a s c u l a r  d i s e a s e .  U n f o r t u n a t l y ,  c u r r e n t  
Doppler  b a s e d  measurement t e c h n i q u e s  a r e  
p lagued  w i t h  p r a c t i c a l  a s  we l l  a s  
t h e o r e t i c a l  d i f f i c u l t i e s  which r e s u l t  i n  
i n a c c u r a t e  f low measurement.  

Most s u c c e s s f u l ,  c u r r e n t ,  c l i n i c a l  
t e c h n i q u e s  a r e  based  on q u a l i t a t i v e  
compar i sons  of  measurements  from t h e  same 
p a t i e n t  [l] p r i m a r i l y  b e c a u s e  v a s c u l a r  
sys t em v a r i a t i o n  from p a t i e n t  t o  p a t i e n t  
can  be s i g n i f i c a n t .  V a r i a t i o n s  i n  t h e  
t h i c k n e s s  and t h e  f r e q u e n c y  dependen t  
a t t e n u a t i o n  [ 2 ]  of  t h e  i n t e r v e n i n g  t i s s u e  
w i l l  a f f e c t  t h e  a c c u r a c y  of mean Doppler  
e s t  ima t e  . 

Another  problem w i t h  Doppler  f l o w  
measurement t e c h n i q u e s  i s  t h a t  volume f l o w  
i s  estimated, n o t  measured. The t y p i c a l  
Doppler f lowmete r  measu res  t h e  a v e r a g e  
f low a l o n g  t h e  beam d i r e c t i o n  a t  a 
p a r t i c u l a r  d i s t a n c e  from t h e  t r a n s d u c e r .  
Both t h e  v e s s e l  s i z e  and t h e  measurement 
a n g l e  a r e  unknown. Some have s u g g e s t e d  
u s i n g  two o r  more d i f f e r e n t  measurement 
p o s i t i o n s  and d e t e r m i n i n g  t h e  Doppler  
a n g l e  by u s i n g  a number of peak f l o w  
estimates [ 3 1 .  S i n c e  t h e  v e s s e l  w a l l  i s  
c o n s t a n t l y  moving (due t o  t h e  p u l s a t i l e  
f low of b l o o d ) ,  it is  d i f f i c u l t  t o  
d e t e r m i n e  t h e  p o s i t i o n  of  t h e  v e s s e l  a t  a 
g i v e n  time. A l s o ,  s i n c e  t h e  t i s s u e  p a t h s  
f o r  each  measurement a r e  d i f f e r e n t ,  t h e  
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two measurements  c o u l d  have d i f f e r e n t  
b i a s e s .  S i n c e  e a c h  p a t i e n t  h a s  d i f f e r e n t  
s i z e  v e s s e l s  and it is  d i f f i c u l t  t o  
measure t h e  Doppler  a n g l e ,  q u a n i t a t i v e  
compar i sons  between normal and abnormal  
f low a re  n e a r l y  i m p o s s i b l e .  

The r e c e n t l y  deve loped  time domain 
f low measurement t e c h n i q u e  h a s  t h e  
p o t e n t i a l  t o  overcome many of t h e  
a f o r e m e n t i o n e d  d i f f i c u l t i e s  [ 4 ] .  B r i e f l y ,  
t h i s  t e c h n i q u e  c o r r e l a t e s  two s u c c e s s i v e  
e c h o e s  a t  a p a r t i c u l a r  r a n g e  d i s t a n c e  from 
t h e  t r a n s d u c e r .  The p l a c e  where t h e  
maximum c o r r e l a t i o n  o c c u r s  is  used t o  
d e t e r m i n e  t h e  d i s t a n c e  a s e c t i o n  of b l o o d  
s c a t t e r e r s  h a s  moved between t h e  two 
echoes .  S i n c e  t h e  t e c h n i q u e  compares  two 
s u c c e s s i v e  e c h o e s  which have b o t h  p a s s e d  
t h r o u g h  t h e  same i n t e r v e n i n g  t i s s u e ,  
f r e q u e n c y  dependen t  a t t e n u a t i o n  of t h e  
t i s s u e  p a t h  w i l l  n o t  e f f e c t  t h e  mean f low 
measurement.  

The t i m e  domain t e c h n i q u e  r e q u i r e s  a 
s u f f i c i e n t l y  s m a l l  t i m e  (TI  between e c h o e s  
s o  t h a t  most of t h e  s c a t t e r e r s  s t a y  w i t h i n  
t h e  beam and t h e  c o r r e l a t i o n  between t h e  
two e c h o e s  r e m a i n s  h i g h .  F i g u r e  1 shows a 
s c h e m a t i c  s e c t i o n  of a n  u l t r a s o n i c  beam 
i n t e r c e p t i n g  t h r o u g h  a v e s s e l .  A f i r s t  
echo  r e s u l t s  f rom t h e  s ca t t e r s  i n s i d e  t h e  
c y l i n d e r  r e p r e s e n t e d  w i t h  t h e  s o l i d  l i n e .  
A t  a l a t t e r  t i m e ,  T ,  t h e  s c a t t e r e r s  
( r e p r e s e n t e d  by t h e  dashed l i n e s )  have  
moved a c r o s s  t h e  s t a t i o n a r y  beam. A s  l o n g  
a s  t h e  time T is  small enough s o  t h a t  t h e  
dashed  c y l i n d e r  o v e r l a p s  t h e  s o l i d  
c y l i n d e r ,  t h e  f low v e l o c i t y  ( V )  c a n  be 
e s t i m a t e d  from t h e  e c h o  time s h i f t  (T) and  
t h e  speed  of sound i n  blood.  

F i g u r e  2 i l l u s t r a t e s  t h e  t e c h n i q u e .  
The t h r e e  c o n s e c u t i v e  e c h o e s ,  sampled a t  
50  MHz ( 8  b i t ) ,  had a PRF of 2604 Hz. A 
5 MHz t r a n s d u c e r  ( P a n a m e t r i c s  V307) w i t h  a 
beam w i d t h  (BW) of 0 . 8  mm a t  t h e  f o c u s  was 
used t o  measu re  t h e  f low of SephadexR 
p a r t i c l e s  i n  a 6 mm d i a l y s i s  t u b e .  For 
i l l u s t r a t i o n  p u r p o s e s ,  t h r e e  0.8 ps r a n g e  
g a t e s  a r e  shown ( A ,  B,  and C ) .  Range 
g a t e s  A and C a r e  n e a r  t h e  f r o n t  and  back 
w a l l s ,  r e s p e c t i v e l y .  Range g a t e  B is  n e a r  
t h e  c e n t e r  of t h e  t u b e  where t h e  f low i s  
g r e a t e s t .  The c o r r e l a t i o n  c o e f f i c i e n t  of  
e a c h  pair of r ange  g a t e d  s e c t i o n s  v e r s u s  
time s h i f t  is  shown i n  t h e  lower  p o r t i o n  
of Fig.  2. The time s h i f t ,  T , f o r  r a n g e  
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g a t e  B is g r e a t e r  t h a n  t h a t  f o r  e i t h e r  
range g a t e s  A o r  C. Also,  t h e  t i m e  s h i f t  
i n d i c a t e d  between echoes  1 and 3 is twice 
a s  g r e a t  a s  t h a t  between echoes  1 and 2 o r  
2 and 3.  Since  t h e  measurement of flow 
v e l o c i t y  v e r s u s  range can be e s t i m a t e d  
from t h e  average  time s h i f t  between 
consecu t ive  range ga ted  echoes ,  t h e  
midstream v e l o c i t y  is  e s t i m a t e d  t o  be 
g r e a t e r  t h e n  t h a t  nea r  t h e  w a l l s .  

The p rev ious  work 141 cons ide red  t h e  
one dimensional  measurement of f low from 
which volume flow was e s t ima ted  by 
a l i g n i n g  t h e  u l t r a s o n i c  beam so t h a t  it 
passed d i r e c t l y  through t h e  c e n t e r  of t h e  
v e s s e l .  The f low p r o f i l e  was assummed t o  
be p a r a b o l i c  i n  shape and a x i a l l y  
symmetric.  Cons iderable  d i f f i c u l t y  was 
encountered  i n  determing t h e  measurement 
a n g l e  and t h e  p o s i t i o n  where t h e  beam 
i n t e r s e c t e d  t h e  v e s s e l ,  both of which 
r e s u l t e d  i n  q u i t e  l a r g e  exper imenta l  
e r r o r s  i n  t h e  volume f low measurement. 
The purpose of t h e  c u r r e n t  r e s e a r c h  i s  t o  
measure flow i n  a p l ane  pass ing  through 
t h e  v e s s e l  and t h e n  de termine  t h e  
measurement a n g l e  and volume flow from t h e  
2-D f low v e l o c i t y  f i e l d .  

Many of t h e  sou rces  of e r r o r  i n  t h e  
measurement of t h e  sca t te re rs '  speed can  
be a s s o c i a t e d  w i t h  t h e  f i n i t e  u l t r a s o n i c  
beam. A s  more s c a t t e r e r s  e n t e r  t h e  beam 
between echoes ,  t h e  maximum c o r r e l a t i o n  
dec reases .  For a g iven  scatterer speed,  
as t h e  t i m e  between echoes  i n c r e a s e s  and 
t h e  accuracy  of t h e  f low v e l o c i t y  estimate 
dec reases .  On t h e  o t h e r  hand, i f  t h e  time 
between echoes  i s  t o o  small ,  t h e  p o s i t i o n  
of maximum c o r r e l a t i o n  and t h e  
cor responding  flow v e l o c i t y  estimate w i l l  
va ry  randomly due t o  t h e  random n o i s e  i n  
t h e  b a c k s c a t t e r e d  s i g n a l .  

F igu re  3 shows t h e  p r e c i s i o n  of t h e  
t i m e  domain f low method measured nea r  t h e  
c e n t e r  of a 6 nun t ube  where v e l o c i t y  
g r a d i e n t s  a r e  small. P r e c i s i o n  is  d e f i n e d  
a s  t h e  r a t i o  of t h e  s t a n d a r d  d e v i a t i o n  of 
t h e  flow estimate t o  t h e  mean, expressed  
i n  pe rcen t .  The p r e c i s i o n  v e r s u s  t i m e  
s h i f t  curve  f o r  t h e  t h r e e  measurement 
a n g l e s  depends on t h e  t r a n s d u c e r  beam 
width ,  bandwidth, and s i g n a l  t o  n o i s e  
r a t i o .  The r e s u l t s  were ob ta ined  a t  5 MHz 
(bandwidth of about  2 MHz) and a 20 dB 
s i g n a l  t o  n o i s e  r a t i o .  The mean and 
s t a n d a r d  d e v i a t i o n  estimates where d e r i v e d  
from 6144 echoes.  

To o b t a i n  a n  accurate estimate of t h e  
f low v e l o c i t y ,  a l a r g e  number of echoes  
a re  used. Each flow v e l o c i t y  estimate h a s  
t h e  form, 

where: 
V = Magnitude of t h e  v e l o c i t y  of t h e  

s c a t t e r e r  a t  a p a r t i c u l a r  range.  

and j t h  echo ( j > i ) .  
T = Time i n t e r v a l  between t h e  

t r a n s m  i t t e d pu l  se s. 
c = Speed of sound i n  t h e  f l u i d .  
0 = Angle between sound beam and 

S ( i , j )  = T i m e  s h i f t  between t h e  i t h  

v e l o c i t y  (measurement a n g l e ) .  

S ince  each  echo i s  an  independent  
measurement, a l l  p a i r s  of echoes  can be 
used t o  de te rmine  a s h i f t  va lue  and 
cor responding  f low v e l o c i t y  va lue  a t  each 
range p o s i t i o n .  S ince  t h e r e  a r e  N echoes  
s e p a r a t e d  by T ,  N-1  echoes s e p a r a t e d  by 
2T, N-2 echoes s e p a r a t e d  by 3T and so  on, 
a t o t a l  of N ( N + 1 ) / 2  v e l o c i t y  v a l u e s  can be 
determined a t  each range p o s i t i o n .  A 
minimum va r i ance  v e l o c i t y  e s t i m a t e  can be 
ob ta ined  by weight ing  t h e  v e l o c i t y  
estimates wi th  t h e  known v a r i a n c e  of t h e  
e s t ima te .  S h i f t s  w i t h  a smal l  va r i ance  
a re  weighted more h e a v i l y  t h a n  t h o s e  w i t h  
a l a r g e  va r i ance .  Th i s  weighted v e l o c i t y  
e s t i m a t e  i s  used i n  a l l  of t h e  volume f low 
measurements. 

Two dimensional  f low measurements of 
cont inuous  c o n s t a n t  laminar  flow have been 
ob ta ined  by us ing  t h e  exper imenta l  s e t u p  
shown i n  Fig.  4 .  The t r a n s d u c e r  i s  
r o t a t e d  about  t h e  scan a x i s  by hand and a 
l a s e r  beam is  used t o  measure t h e  angu la r  
p o s i t i o n  of t h e  t r ansduce r  w i th  an  
u n c e r t a n i t y  of + 0.03O. The measurement 
a n g l e  ( 0 )  can be changed by s l i d i n g  t h e  
t r a n s d u c e r  a long  a s p e c i a l l y  machined 
c i r c u l a r  track (Fig .  5 ) .  The f o c u s  of t h e  
t r a n s d u c e r  remains near  t h e  c e n t e r  of t h e  
t u b e  independent  of t h e  measurement. 

F igu re  6 shows t h e  r e s u l t s  of a flow 
measurement of a cont inuous  non-pu l sa t i  l e  
f low of Porc ine  blood through a tube  wi th  
a d iameter  of about  6 mm a t  8 = 60°. 
Four teen  d i f f e r e n t  t r anduce r  s can  a n g l e s  
were used. Each scan  l i n e  measurement w a s  
ob ta ined  from 384 echoes,  each of 1 0 2 4  
samples.  The f low v e l o c i t y  measurements 
v e r s u s  range  a long  t h e  t r a n s d u c e r  beam a re  
used t o  de te rmine  t h e  range p o s i t i o n s  
where t h e  v e l o c i t y  is  a g iven  va lue .  Ten 
e q u a l l y  spaced f low v e l o c i t y  v a l u e s  a long  
each  scan  l i n e  a r e  used t o  deve lop  a set  
of c o n s t a n t  v e l o c i t y  p o i n t s .  The p o l a r  
c o o r d i n a t e s  ( range  a long  scan  l i n e  and 
s c a n  a n g l e )  a r e  t h e n  conver ted  t o  
r e c t a n g u l a r  c o o r d i n a t e  v a l u e s  by us ing  t h e  
known d i s t a n c e  from t h e  r o t a t i o n a l  a x i s  t o  
t h e  t r ansduce r .  When t h e  p o s i t i o n s  of t e n  
c o n s t a n t  v e l o c i t y  v a l u e s  f o r  a l l  angu la r  
p o s i t i o n s  a r e  p l o t t e d  on a r e c t a n g u l a r  
g r i d ,  a r e s u l t  s i m i l a r  t o  Fig.  6 is  
obta ined .  

For t h e  round t u b e  used i n  t h i s  
exper iment  w i th  c o n s t a n t  laminar  f low,  t h e  
c o n s t a n t  v e l o c i t y  cu rves  form a se t  of 
c o n c e n t r i c  e l l i p s e s  ( f o r  a nonzero 
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measurement a n g l e ) .  The data p o i n t s  of 
c o n s t a n t  v e l o c i t i e s  r e p r e s e n t  o n l y  a 
p o r t i o n  of e a c h  e l l i p s e .  The p o r t i o n  of  
t h e  e l l ipses  which are  n e a r l y  p a r a l l e l  t o  
t h e  beam is  n o t  v i s i b l e .  An e l l i p t i c a l  
c u r v e  i s  f i t  t o  t h e  d a t a  p o i n t s .  Although 
t h i s  is somewhat d i f f i c u l t  t o  accompl i sh  
i n  t h e  g e n e r a l  optimum sense, t h e  d a t a  can 
be f i t t e d  by l e a s t  s q u a r e  c u r v e  f i t t i n g .  
The r e s u l t  of t h e  e l l i p t i c  f i t t i n g  program 
a r e  d e p i c t e d  i n  F ig .  6 by t h e  s o l i d  l i n e s .  
The l a r g e s t  e l l i p s e  r e p r e s e n t s  t h e  t u b e  
w a l l  and e a c h  s m a l l e r  e l l i p s e  i n d i c a t e s  
where t h e  v e l o c i t y  is g r e a t e r  by 10% of 
t h e  peak f low.  

The e s t i m a t i o n  of volume f low from 
t h e  e l l i p t i c a l  c u r v e  f i t t e d  d a t a  i s  now 
r e l a t i v e l y  s i m p l e .  The c e n t e r ,  a n g l e  of 
r o t a t i o n ,  major and minor  a x i s  of e a c h  
c o n s t a n t  v e l o c i t y  e l l i p s e  is  d e t e r m i n e d  by 
t h e  c u r v e  f i t t i n g  program. The a v e r a g e  
measurement a n g l e  i s  g i v e n  by, 

PI- 1 
e = X  2' sin-l[%] 

n=O 
where a, i s  t h e  minor a x i s  l e n g t h  
i s  t h e  major  a x i s  l e n g t h  of t hen thbn  
c o n s t a n t  v e l o c i t y  e l l i p s e .  A t o t a l  of M 
e l l i p s e s  a r e  d e t e r m i n e d  w i t h  t h e  f i r s t  and 
l a r g e s t  e l l i p s e  h a v i n g  n=O. The volume 
f l o w  i s  d e t e r m i n e d  by numer i c  i n t e g r a t i o n  
o f  t h e  f l o w  p r o f i l e .  

For t h e  b lood  f l o w  measurement shown 
i n  F ig .  6 t h e  f l o w  ra te  was d e t e r m i n e d  t o  
be  103.1 ml/min. T h i s  a g r e e s  w i t h  t h e  
r e f e r e n c e  f l o w  measurement of  109.5 m l / m i n  
d e t e r m i n e d  by t h e  time t o  f i l l  t h e  253 m l  
volume of t h e  lower r e s e v i o r .  Thus,  t h e  
t o t a l  f l ow may be measured w i t h o u t  p r i o r  
knowledge of  t h e  v e s s e l  s i z e  or t r a n s d u c e r  
o r i e n t a t i o n .  

The a u t h o r s  acknowledge t h e  s u p p o r t  
from t h e  Ameican H e a r t  A s s o c i a t i o n ,  
I l l i n o i s  A f f i l i a t e  and from P r o f e s s o r  
M. E. C l a r k .  
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VELOCITY 

F i g u r e  1. U l t r a s o n i c  beam (BW:beam w i d t h )  
i n t e r c e p t i n g  a v e s s e l  a t  a n g l e  0 .  

F i g u r e  2.  Time domain c o r r e l a t i o n  method. 
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SitFT tm1 

F i g u r e  3 .  P r e c i s i o n  of t i m e  domain f l o w  
measurement method. 

L O W E R  

I G R I D U A T E O I  
R E S E R V O I R  A 

TRANSDUCER 

I 

F i g u r e  5. Scann ing  assembly a n d  veKsej .  

I C O N S T A N T  T E M P E R A T U R E  B P T H  

F i g u r e  4 .  E x p e r i m e n t a l  se tup.  

2-D FLW W L E =  63 4 WTE= 183 I 

I I I i I I I 1  
- 3 - 2 - l e  I 2  3 4 

x <I) 

F i g u r e  6. P o r c i n e  blood f l o w  measurement.  
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