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The pa t t e rn  o f  o 

e m  i s  depend 

a r t e ry ,  i t s  s i z  

physiological conditions under which the observations are 

The flow curve recorded from a major a r t e r y  supplying the 

vascular  beds o f  r e l a t i v e l y  high res i s tance  cons is t s  of a la rge  . 

s y s t o l i c  forward flow component which i s  immediately followed by a 

b r i e f  period of  f l o w  reversal .  A second small forward flow compon- 

e n t  may occur p r i o r  t o  the next pulse cycle. I n  m,gLons of low 

r r e s i s t ance  such as the brain,  l i v e r ,  and kldneys, there 

l l y  a much l a rge r  mean flow component without flow reversal .  

The need f o r  accurate  measurement of the d i r ec t iona l  cornpon- 

of  a r t e r i a l  and venous flow has been obvious t o  the physiologist  

s i n t e re s t ed  i n  describing the physical behavior and character-  

i s t i c s  of  the c i r cu la to ry  system. The demand o r  need for  similar 

information i n  c l i n i c a l  medicine has not  been as apparent except as 

ates t o  the determination of average cardiac output. Informa- 

e l a t i v e  t o  the  o s c i l l a t o r y  flow pat te rn  has been recorded i n  

s with  the electromagnetic flowmeter which perniits recording 

tantaneous ve loc i ty  and flow direct ion.  Although the electro- 

netic flowmeter has been extensive1 

u t i l i t y  i s  l imi ted  by uncertain basel ine s h i f t s  and the  d i f f i cu lgy  

b ta in ing  meaningful i n  v i t r o  c ibrat ions.  Application i n  man 

su rg ica l  exposure of  the 

and (3) the required 

thesia, depending on type and conditions, may profoundly influence 



cardiovascular dynamics. 

Interest i n  the  prospect of  measuring both instantaneous 

c i t y  and flow w a s  stzimulated by obse t ions  made w i  

boppler u l t rasonic  blood flowmeter.2s3 

the  Doppler s h i f t  experienced by high frequency u l t r a  sound scatter- 

o f  moving blood c e l l s  t o  provide transcutaneous, observations 

Sample Doppler 

The instrument u t i l i z e s  

as well as ca the te r  t i p  and implanted probe s tudies .  

instruments, while providing information r e l a t i v e  t o  flow veloci ty ,  

cannot d i f f e r e n t i a t e  between the poLitive and negative Doppler s h i f t s  

produced by forward o r  reverse ve loc i ty  components. 

put i s  produced by both forward and reverse velocity.  

A posi t ive out- 

Sine-wave and 

o s c i l l a t o r y  flows thus appear to  be f u l l  wave r e c t i f i e d ,  Unfortunately, 

many physiological flows are o s c i l l a t o r y  thereby shszrply l imi t ing  the 

poten t ia l  broad appl icat ion of the instrument. 

A phase de tec t ion  technique, f i rs t :  used i n  s ing le  sideband comm- 

unications equipment4 and more recent ly  i n  l a s e r  interferometry,’ has 

been adapted for  i d e n t i f i c a t i o n  and separat ion of  Doppler s h i f t s  produced 

by pos i t ive  and negative ve loc i ty  components, The method u t i l i z e s  

two de tec tors ,  operating i n  quadrature, t o  i den t i fy  the s igna ls  phase 

ro ta t ion ,  and thus the d i r ec t ion  of  flow, The method r e t a ins  the in-  

6 

herent zero reference and l i n e a r i t y  of  the s i m p l e r  non-directional Dsppler 

owme t e r  ’. 



/\ DIRECTIONAL 

Figure 1. Stop flow t r ans i en t  showing fill wave r e c l i f i c i a t i o n  of 
damped o s c i l l a t o r y  flow by non-directional flowmeter. It 
i s  impossible to tell t h a t  the  flow has gone through zero 
on t h e  non-directional t race .  
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Figure I Block Diagram 
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METHODS 

Basic Pr inciple  

Blood c e l l s  provido s u f f i c i e n t  in te r face  t o  s c a t t e r  and re-  

f l e c t  a small port ion of an incident  beam of  high frequency (7-11 

M Hz) u l t r a  sound. The frequency of waves sca t te red  from s ta t ionary  

in te r faces  is  the same as t h a t  o f  the incident  wave; however, waves 

sca t te red  from moving pa r t i c l e s  experience a frequency s h i f t  proportion- 

a l  t o  the sca t t e r ing  cel:!'s velocity.  

by the Doppler equation, is: 

The frequency s h i f t ,  described 

2 cos a 
C Fd = 2 Fc 

Eq.  1 

where: Fd= frequency s h i f t  o r  difference frequency. 

Fc= frequency of incident  wave . 
V = vector  component of  s ca t t e r ing  pa r t i c l e s  ve loc i ty  along 

an ax is  b i sec t ing  the angle between the traiisducer elements 

a =  half  angle between transducer elements. 

C = ve loc i ty  of sound i n  f luid.  

For a typica l  physiological application: F = 10 MHz; C = 1.4 
C 

3 
x 10 M/sec; a =  4 5 O ;  V ranges from 0 to  + 1  m/sec; the Doppler s h i f t  

ranges from 0 t o  10 KHz. 

The blood stream cons is t s  of a large number o f  random s c a t t e r s  

moving i n  a ve loc i ty  prof i le .  The sca t te red  s igna l  i s  not a descrete  

frequency but a power spectrum representat ive of the flow prof i le .  

r e f l ec t ed  s igna l  i s  expressed as 

The 

P(fd, = A (VI 



where A(v) i s  the vesse l  crossect ional  area occupied by f l u i d  moving 

a t  ve loc i ty  V. The large. number o f  random on Gaussian scatters per- 

m i t s  expression of the mean ve loc i ty  as  the f i r s t  moment of  the power 

spectrum [P(fd)] *. 
The power received a t  the second o r  receiving p iezoe lec t r ic  

transducer i s  amplified and demodulated so as t o  preserve both amplitude 

and phase information. The demodulation process shown i n  f igure 2 

t r ans l a t e s  the sca t te red  power spectrum t o  the o r i g i n  where the d i r e c t  

coupled carrier appears a a zero frequency of  D.C. component and i s  

e a s i l y  removed with a blocking capacitor.  An empirical  zero crossing 

technique i s  used to  produce a voltage output proportional t o  the f i r s t  

moment of the demodulated power spectrum. 

*A f i e l d  of  coherent or organized s c a t t e r s  would have implied use 
o f  the f i r s t  moment of the voltage spectrum. 



Transducer s i  pnal 

Two piezoe lec t r ic  transducers are placed adjacent t o  the a r t e r y  

(fig.  3) .  One transducer,  exci ted i n  the thickness mode, d i r e c t s  a 

beam of 10 MHz. ultrasound i n t o  the flow stream, while the o ther  

transducer serves  as a receiving element for  the waves sca t te red  from 

the  moving c e l l s .  A conversion and coupling lo s s  of 15 db i s  observed 

f o r  the LTZ-5J; transducer material .  Both the e x c i t e r  and sca t te red  

sound experience an at tenuat ion i n  t i s sue  of approximately 10 dB/CM 

a t  t h i s  frequency. 

The m a x i m u m  possibld sca t te red  s igna l  can be estimated by 

a t t r i b u t i n g  a l l  losses i n  t h i s  frequency range t o  Scattering. A 1 c m  

s c a t t e r i n g  path a t tenuates  the exc i t e r  or inc ident  beam approximately 

10 dB o r  90%. The power ava i lab le  for  sca t te r ing ,  and thus the maximum 

amounts of sca t te red  s igna l  one can expect, i s  i n  the order of  -03 

dB. 

e r  in t e rcep t s  approximately 1% (-20 dB) of the i so t rop ica l ly  sca t te red  

A 4 mm. diameter receiving transducer placed 1 cm from the s c a t t e r -  

sound. The sca t t e red  s igna l  appearing a t  the t e rminab  of the receiv- 

ing  transducer is e x c i t e r  s igna l  minus a l l  a t tenuat ion,  sca t te r ing ,  and 

in se r t ion  losses .  A t  the very bes t ,  the received s igna l  is  70 dB down 

from the e x c i t e r  input. This approximation represents the maximum-poss- 

i b l e  s ignal .  Unfortunately, most a r t e r i e s  are smaller than 1 cm and 

deeper than 1 cm; a more typ ica l  s igna l  can be as much as 80 o r  90 dB 

down 

E l e c t r i c a l  leakage and acoust ic  coupling are responsible for  

Wransducer Products, Torrington, Connecticut 



d i r e c t  coupling a port ion of the exc i t e r  power i n t o  the receiving 

transducer. The worst-case acoustic-coupled s igna l  can be approximated 

as the combined in se r t ion  loss of the two transducers, i n  t h i s  case 

30 d3. 

be tween the leakage path and transducer impedances 

values o f ;  10 ohms leakage and 10 ohms transducer yield a d i r e c t  

E l e c t r i c a l  leakage i s  estimated by assuming a voltage d iv is ion  

Typical impedance 

4 2- 

coupling of -40 d3. 

leakage component, however i t  i s  o f  l i t t l e  value as thc l a rge r  acoust ic  

s igna l  cannot be avoided. 

E l e c t r i c a l  insu la t ion  can be used t o  reduce t h i s  

I n  summary, the received s igna l ,  shown i n  f igure  4,  consis ts  of 

a leakage c a r r i e r  component approximately 30 dB, down from the exc i t e r  

and a Doppler sh i f t ed  power spectrum 20 KHz wide and between 70 and 

90 dB. down from the exc i te r .  



!SOTROPIC SCATTER1 N G 

Figure 3. Schematic diagram i l l u s t r a t i n g  placement of transducer 
elements. Angle ~y is  measured from the flow axis  t o  
the center of the sound beam. 
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Figure 4. The r e l a t ionsh ip  between ex ic t e r  and predicted received 
power l eve l s .  The received l eve l s  shown represent a bes t  
case approximation, t yp ica l  s ignals  can be as  much as 
80 or 90 db. down from the ex ie t e r  power l eve l .  



System Considerations 

A good s igna l  to  noise ra t io  i s  required i f  we aye t o  accurate- 

l y  compute volume flow a.nd mean ve loc i ty  as the f i r s t  moment of the 

power spectrum. As seen i n  f igure 5 ,  noise e f f e c t i v e l y  a l t e r s  the 

ca l ib ra t ion  fac tor  . Taking 5 1% as the minimum acceptable accuracy, 

a 20 dB. s igna l  t o  noise r a t i o  i s  required. Assuming demodulator input  

noise as 1 PV RMS i t  i s  possible to  determine the following system 

parameters . 

2 

a) Received input  s igna l  level :  

Vd >20 dB. Vn 

>10 x 1F.l v 
>loll v RMS 

b) Exciter Power Level: 

V e  (70-90) dB 10 V 

Taking the worse Case: 

V e  :: 90 dB 10 pV 

4 r  z 1ou v x 10 x c10 

c )  Leakage Component: 

V1= (-30 dB.) Ve 

= . 3X  ( -30 Db.) 

= l o w  RMS 

These system parameters are intended only as design guides and 

are not based upon a rigorous development. 
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Figure 5a. The r e l a t ionsh ip  of s igna l  to noise r a t i o  and ca l ib ra t ion  
f a c t o r .  A curve of t h e  form ‘h//S4+1 
r e s u l t s  from superimposing the  r ec i eve r  s igna l  power 
spectrum on a band l imi ted  white noise spectrum. 
S/N r a t i o  is required f o r  f 1% accuracy. 
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The e f f e c t  of band l imi t ing  on l i n e a r i t y  and ca l ibra t ion .  
Removal of l o w  frequency components introduces a zero o f f i  
set </2 
mum measurable veloci ty .  

Elimination of high frequencies l i m i t s  the maxi- 



BAN DPAYS CONSIDERATIONS 

The power d i s t r ibuc ion  of t h e  Doppler s h i f t e d  s igna l  i s  

l a r g e l y  determined by the  ve loc i ty  p r o r i l e .  

is  to be properly in t e rp re t ed  i n  terms of ve loc i ty  p r o f i l e  and mean 

If t h e  Doppler s igna l  

f low on adequate bandpass must be provided t o  preserve the  amplitude 

and f r eqEncy  content of the s igna l ,  

response w i l l  tend to ignore the low frequency shifts produced by 

An i n s u f f i c i e n t  low frequency 

the  slow moving blood t h e  outer  portions of t he  p ro f i l e ,  placing 

undue emphasis on the higher ve loc i ty  components. Cutting of f  

o r  bypassing high frequency components limits t h e  maximum ve loc i ty  and 

tends to f l a t t e n  the peaks of cardiac waveforms. 

completely mask diagnosis of diseases  such as a o r t i c  and m i t r a l  

s tenos is .  Se lec t ion  of the  system bandpass represents  a compromise 

between preserving the i n t e g r i t y  of s igna l  and eliminating the  

Such l imi t ing  can 

noise and motion a r t i f a c t i s  by l i m i t i n g  the  bandpass. 

The average ve loc i ty  determined as the  centroid of t he  power 

spectrum i s ;  
f 

After  bandpassing the power spectrum becomes, 

P(f)L = P ( f )  F2 ( f )  

where: F ( f )  i s  t h e  system t r a n s f e r  function. 

Subs t i tu t ing ,  t h e  centroid of the  band l imi ted  power spectrum. 

becomes : 



Evaluation of th i s  expression i s  possible  by assuming: 

a. A rectangular power spectrum 

b. A rectangular bandpass such that F ( f )  = 1 over 

t h e  bandpass a F ( f )  = 0 above and below the cutoff points  f and f- E U- 

LGJ The mean ve loc i ty  becomes 

JC q p t p d s  - 
P -  
i r e  - 

LL: PGp d: ’ 

Thus, t h e  introduct ion of a rectangular basdpass places f i n i t e  l i m i t s ,  

f z  and fu, on the centroid in t eg ra l .  Figure 5b i l l u s t r a t e s  t he  bound- 

ing of a rectangular power spectrum. 

is  displaced or o f f s e t  by an amount fs/ 

a te ly ,  th i s  zero o f f se t  cannot be corrected by simple base l i n e  suppress- 

ion as forward and reverse ve loc i t i e s  a r e  s h i f t e d  i n  opposite d i rec t ions .  

The res-alt ing ca l ib ra t ion  curve 

and i imi ted  a t  fu .  Unfortun- 2 

A 100 Hz low frequency cutoff represents a reasonable compromise between 

zero of fse t  and wal l  motion a r t i f a c t s .  The ve loc i ty  e r ro r  introduced to 

a 1OMHz. 

ml/min i n  a 5 mm diameter vessel .  

Doppler flowmeter i s  i n  order of 5mm/sec o r  approximately 7 

A 15 KHz upper band l i m i t  i s  adequate 

f o r  most Doppler shif ts  which general ly  range up to 11 KHg. This limits 

the peak mean ve loc i ty  at  3/4 M/sec or 1 li te r /min  i n  a 5 mm vessel .  



EXCITER 

A Colpitts  o sc i l l a to r  and driver amplifier provides R. F. 

exc i ta t ion  t o  the transucer. The c i r cu i t ,  shown i n  Figure 8a, 

developes 1 vol t  RMS acrcss the piezoelectric emmitter element. The 

LTZ-5 transducer elements have a resonant impedance of approximately 

50 ohms. The accoustic power generated is  less than 20 mw/cm A 

15 db. i se r t ion  loss r e su l t s  from the impedance miss-match between 

the transducer element and t i s sue .  

energy is actual ly  coupled in to  the tissue. Exciter power consumption 

is 60 mw over the 7-10 MEz tuning range. 

2 

Less than 1 mw/cm2 acoustic 

Figure 8a. Exc 

0 -9 

ter osc i l l a to r  and driver  am^ 

L. 

if  i e r  . 
Frequency is  adjusted t o  the transducer resonant frequency by 

an adjustable core i n  inductance L 1' 



and phase information. The process introduces a phase shift  pr ior  

t o  detection that a f t e r  detection r e t a ins  the s ign of the frequency 

sh i f t .  mzaSe S h i f t  6 is  produced by addition of ca r r i e r  components, 

l a r g e  compared t o  the  leakage component. Two separate detectors are 

used t o  provide a reference from which 6 is measured. 

The Lead-lag re la t ionship  of the detector outputs i s  determined 

s o l e l y  by the s ign  of the Doppler s h i f t ,  making the method free from 



! 
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Figure 6. Phaser diagram. Two quadature components are  added t o  the  
received s igna l  t o  produce phase between the carrier in- 
puts t o  t h e  mixers. Angle i s  included t o  allow for  random 
va r i a t ion  of the  d i r ec t  coupled component phase and the  
added components. 
the added components should always be greater  than approxi- 
mately twice the d i r ec t  coupled component. 

In  order t o  maintain the sence of 

Clock Wise Counter Clock Wise 
Rotation Rotation 



Squaring and r e t a in ing  m l y  the  difference frequency terms : 

4 

5 
Phase angle 

P 6 

5 between 

(+ 

The s ign  of t h e  

t h e  detector  outputs V1. and V2 i s  

phase s h i f t  5 is  thus the  s ign of  t he  Doppler 

s h i f t  Wand can be used as a means of ident i fying flow direct ion.  
d 

Figure 7 i s  a graphical  and perhaps more meaningful approach t o  the 

above equations. The Doppler sh i f t ed  component i s  shown as a phasor 

lf  ro t a t ing  a t  W r e l a t i v e  to t h e  s ta t ionary"  c a r r i e r  components. 

The demodulation c i r c u i t ,  Figure 8, i s  a s t r a i g h t  forward 

The only addi t ional  compon- 

d 

implementation of equations 2 through 6. 

en t  is  a l o w  noise R.F. amplifier placed ahead of the mixer t o  improve 

the  system noise f igure .  Amplifier voltage gain i s  in ten t iona l ly  

small (Z 10) t o  avoid d i s t o r t i o n  and production of image sidebands 

by t h e  l a rge  c a r r i e r  component. The gain is also l imited by the  re -  

quirement t h a t  ; 

rv,r < 12VJ 

The amplified Doppler s igna l  and the  c a r r i e r  components 

A s e r i e s  RC phase b ined . in  s e l f  biasing co l l ec to r  detectors .  

a r e  com- 

s h i f t  



network in t roduces  a 90° phase difference between che c a r r i e r  com- 

ponent suppl ied  t o  each detector .  Operation i n  the square lawregion  
- 

of Q and 44 produces mixing of  the emitter-base vol tage <yD 4- VA). 

Proper b i a s  is maintained by feedback of the detected voltage appear- 

3 

ing ac ross  R1 CI. The co l l ec to r  c i r c u i t  i s  R.F. bypassed, allowing 

only the d i f f e r e n c e  o r  Doppler sh i f t ed  component t o  appear a t  the 

output, 

ca t ions  are blocked by sa tu ra t ion  of a s a tu ra t ab le  inductor.  A con- 

ve r s ion  ga in  of 15 i s  rea l ized .  Typical de tec tor  o u t p u t s  a r e  i n  the 

. -  
Low frequency t r ans i en t s  t h a t  occur i n  transcutaneous appl i -  

- order 5mvRMS. Broadband noise output i s  l e s s  than 1 mv RMS. 

An audio ampl i f ie r ,  f igure  9 ,  increases  the output of each 

detector for monitoring and s igna l  processing. Blocking on t r ans i en t s  

is avoided by not using emi t te r  bypass capaci tors .  The emi t te r  follow- 

er output  provides a low impedance output as wel l  as maintaining proper 

b i a s  condi t ions i n  the  voltage gain s tage.  

is 150 m v  REIS s i g n a l  with l e s s  than 3 mv RMS noise.  Output d i s t o r t i o n  

The output a t  t h i s  point 

begins to occur  a t  1 V RMS. 



Figure 8. Demodulator Circui t .  A tuned input amplifier amplifies 
t he  rec.eived s igna l  p r i o r  t o  addi t ion of the  c a r r i e r  com- 
ponent added a t  t he  base of Q . The combined s igna ls  axe 
detected by co l lec tor  de tec t ian  i n  Q . 
square-law region is  maintained by th bias  voltage develop- 
ed across R.C. 

Operation i n  the  

Figure 9. Auc?io amplif ier  c i r c u i t  used t o  amplify detected s igna ls  
p r i o r  t o  zero crossing detection. 
not used t o  prevent d i s t o r t i o n  and la tch ing  up on t r ans i en t s .  
Band pass i s  f la t  t o  20 KHz. 

Emitter bypassing i s  





SIGNAL ' PROCESSING 

Mean flow ve loc i ty  i s  empirically determined as ehe mean zero- 

crossing rate of  the Doppler sh i f t ed  power spectrum. The zero cross- 

i ng  technique, i n i t i a l l y  se lec ted  for  i t s  s impl ic i ty ,  has proven re- 

l i a b l e  and adequate as evidenced by the instruments l i n e a r  ca l ib ra t ion  

cha rac t e r i s t i c ,  i n  f igure 10. 

the observed Gaussian re la t ionship  between the mean zero crossing r a t e  

The method i s  fur ther  supported by 

and (S/H) the r a t i o  of  Doppler s igna l  s t rength  to  zero crossi,ng 

hysteresis .  As shown i r  f igure 11, very l i t t l e  change i n  ca l ib ra t ion  

is observed over a broad range of  Doppler s igna l  amplitude. 
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Figure 10. Chronic ca l ib ra t ion  study conducted t o  t e s t  use of 
zero crossing r a t e  for  determination of mean Doppler 
sh i f t .  
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Figure 11. Relationship of ca l ib ra t ion  fac tor f  an Schmitt t r i g g e r  
hys t e r s i s  H. 
grea te r  than 5. 

L i t t l e  change in? is observed for S/H values 
1/ 



CIRCUITRY 

Schmitt t r i gge r s ,  Figure 12, a r e  used to detec t  zero 

crossings of t he  demodulated s igna ls  VA and V 

a t i o n a l  amplifler (1/2 MC1437L) connected i n  a pos i t ive  feed- 

An oper- B* 

back loop i s  used as a low hys te res i s  Schmitt Trigger. 

hys te res i s ,  determined by feedback r e s i s t o r s  R1 and R2, 

i s  set ju s t  above the  noise l e v e l  Vn, Expr ience  has shown 

Vn t o  be near ly  constant thereby allowing a f ixed hys te res i s .  

Two in tegra ted  c i r c u i t  NOR gates  connected as a one-shot 

mult ivibrator  generate a 10 Gsec. pulse f o r  each zero-crossing. 

The zero-crossing sequence of V and V gates  the  pulse gen- 

e ra to r s  and thus assoc ia tes  the  pulse w i t h  a pos i t ive  o r  negative 

Doppler shif t .  The gated pulses a r e  inverted,  converted 

The 

A B 

i n to  current  pulses,  and averaged i n  an RC low-pass f i l t e r  

t o  obtain a voltage output proport ional  t o  t h e  mean 

zero-crossing r a t e .  Output frequency response, t yp ica l ly  

10 m-see., is  determimd by the  RC time constant of t he  f i l t e r .  



Figure 12. Highgain operat ional  amplifiers connected i n  a pos i t ive  
feedback configuration are used as l o w  hys te rs i s  Schmitt 
t r i gge r s .  Hystersis H is  determined by t h e  feedback 
r e s i s t o r  r a t i o .  

Balloon 

Figure 13. Flow tes t  system. A hydral ic  t r ans fe r  chamber i s  used to 
minimize blood c e l l  damage and prevent introduction of 
bubbles i n t o  blood. 



CALIBRATION PROCEDURE 

Probes are ca l ibra ted  and l i n e a r i t y  cha rac t e r i s t i c s  determined 

by infusion and withdrawal of a known blood volume a t  d i f f e ren t  ra tes .  

A closed flow system, f igure 13, i s  used t o  prevent inadvertent intro- 

duction and production of  bubbles, 

crassect ion of bubbles gives r i s e  to  la rge  Doppler s igna ls  which in t e r -  

The comparatively large sca t t e r ing  

f e r  with the ca l ib ra t ion  procedure. A rubber diaphragm is used t o  

i s o l a t e  the displacement pis ton from the blood and thus prevent both 

jamming of the p is ton  and c e l l  damage. During s tudies  s t e r i l e  s a l ine  

i s  used as a t ransfer  f l u id  betweer. the pis ton and diaphragm i n  the 

event of  a diaphragm fa i lu re .  

dr iven with a cam t o  produce a sine-wave flow. 

The pis ton i s  e i t h e r  hand operated o r  

Heat shr ink tubing i s  general ly  used as an a r t i f i c a l  a r te ry ,  It 

is i nne r t  and e a s i l y  shrunk to  f i t  the probe being tes ted.  Ar t e r i a l  

cons t r ic t ions  and obstruct ions are  e a s i l y  simulated by heating and de-. 

forming the tubing. Following the experiment, a cast of the flow sec t ion  

is made by f i l l i n g  the sec t ion  with epoxy o r  denta l  res in .  The tubing 

i s  s l i t  and removed leaving a cas t  from which the i n t e r n a l  cross-section 

i s  e a s i l y  determined. 

P r io r  t o  use the e n t i r e  system i s  throughly cleaned and flushed 

with a s t e r i l e - i so ton ic  s a l i n e  to  remove foreign p a r t i c l e s  and prevent 

hemolysis. A small amount o f  heperin i s  added to  prevent c l o t  formation. 

Constant cycling fo r  a period of 1 t o  2 hours i s  required t o  f lush  a l l  

bubbles from the system. This t i m e  i s  reduced by carefu l  cleaning o f  

the systemand pouring o f  the blood. 



maximize the desired information. 

J @utput)dt 5 F(T) 
‘f 

On such a graph, a zero o f f s e t  appears as the s lope of a l i n e  and a 

non-l inear i ty  as a break i n  the l ine .  A se t  of typ ica l  da t a  i s  pre- 

sented i n  both forms, i n  f igure 14 a and b. The sharp break i n  the 

curve was  introduced by band l imi t ing  the audio band pass with a 10 KC. 

low pass f i l t e r .  



Figure 14. Presentat ion of  ca l ib ra t ion  data. The p lo t ,  
reveals non- l i n e a r  it ies hidden i n  conventional p lo t  
of the same data. 

-- 
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t he  flow s igna l .  In  addi t ion  to ca l ib ra t ion  changes, S/N is  seen t o  

a f f e c t  the c l a r i t y  of the  output s igna l .  

Figure 14, shows both the  reduction i n  output c l a r i t y  and change i n  

s e n s i t i v i t y .  

A family of sine-wave t e s t s ,  

Generally speaking a S/N r a t i o  of (20) dB is  required f o r  

good s igna l  c l a r i t y  while only a (2 )  dB S/N r a t i o  i s  required f o r  mean 

f lov  measurement. 

c l a r i t y  has not ye t  been quant i ta t ive ly  observed. Typical s igna l  l eve l s  

and S/N r a t i o s  ranging from 32 dB on the  d i g i t a l  a r t e r y  to 60 dB on a 

The re la t ionship  of the output time constant to s igna l  

i d  implant a r e  tabulated i n  Table 1. 

A family of ca l ib ra t ion  curves, Figure 15, i l l u s t r a t e s ,  the zero 

produced by a l t e r i n g  t h e  low frequency response of t he  audio 



Noise (Referred to- output 1 

Cartoid 
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sheep) 

I I 
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SIGNAL SIGNAL 
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-94 

-90 

- 84 

-84 

db * Vin 20 log - V e  

38 

42 

48 

48 

db 



processing. A time constant of . 

o t h e r  underlying bone and tissue s t ruc tu res .  

is  limited to 15 KRZ by two independent RC f i l ters  t o  both reduce.noise 

.and provide a s p m e t r i c a l  noise spectrum. An asymmetrical or skewed 

noise  spectrum w i l l  provide a zero-offset  as we l l  as a l t e r  t he  Cali- 

The high frequency response 

brat ion,  

observatfan.  

Studies of t h i s  e f f e c t  have been limited t o  quant i ta t ive  

The r e l a t i o n s h i p  between ca l ibra t ion ,  9- and S/H, t he  s ignal-  I >  
t o - h p t e r e s i s  r a t i o  is  a means of demonstrating the Gaussian s t a t i s t i c s  

of the Doppler s i g n a l  (Fig. I 1  ). 

i n  t.j? is observed for  S/H r a t i o s  grea te r  than (19) XB, allowing the hystersis 

t o  be fixed at a level j u s t  above the  incoming noise leve l .  

Less than 5 percent change 

L 
A transducer consis t ing of two 4.8 mm dia  LTZ-5 mounted at  a 50' 

angle f r o m  the f low axis was  used dur ing- the  ca l ib ra t ion  s tudies .  

w i t h  a 0.22'' dia flow sec t ion  a 6.55 Hz/ml/min ca l ib ra t ion  f a c t o r  is 

obsemed. 

When used 

This  is t o .  be compared w i t h  a predicted value of 4.69 

ed values suggest 

i c  

c i t y  i n  a parabol ic  

system' confirms t h a t  



t h e  transducer r ad ia t ion  pa t t e rn  is  indeed l imi ted  t o  the center  

of t he  t e s t  sect ion.  The hypothesis is  f u r t h e r  supported by the  

r e l a t i v e l y  narrow spread i n  frequency shifts revealed by s p e c t r a l  

analysis .  

Turbulent flow prodnced by a t i g h t  f i t t i n g  probe produced 

changes i n  the ca l ib ra t ion  f ac to r .  -Such implants a r e  characterized 

by non-linear and asymnetrical ca l ib ra t ion  curves. Two t i g h t  f i t t i n g  

probes were implanted adjacent to each other i n  an e f f o r t  to establish 

the  cause of the observed nonl inear i ty .  

represent  mirror images suggesting t h a t  t he  "jet" produced by t h e  

The curves, Fig. 16a and by 

upstream probe cons t r ic t ion  was a f fec t ing  the  ca l ib ra t ion  f s c t o r  

and that the  probes a r e  indeed p r o f i l e  sens i t ive .  A more complete 

understanding of the in t e r l a t ionsh ip  between flow p r o f i l e  and c a l i -  

b ra t ion  is  required f o r  quant i ta t ive  flow measurements. 

l i n e a r i t i e s  a r e  not seen with ca the te r  probes and properly f i t t e d  

probes. 

These non- 
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Figure 16 a and b, 
probes, 

’ a f fec t ing  the  l i n e a r i t y  of the down stream probe. 

Calibration of t i g h t  fit adjacent implanted 
Constriction caused by probe produces a j e t  
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S to-noise r a t i o s  range from 3OdB during 

d i g i t a l  artery t o  50 dB on a car to id  a r t e r y  implant. 

is  b e t t e r  than 

than 1%. 

Zero reso lu t ion  

Linear i ty  i n  laminar f l o w  range is b e t t e r  5 ml/min. 

However; l i n e a r i t y  i s  severly degraded i n  t h e  t r a n s i t i o n  from 

laminar t o  blunt f low.  

result from a more complete understanding of transducer rad ia t ion  

pa t t e rns  and subsequent advances i n  probe design. 

kprovement i n  t h i s  parameter w i l l  hopefully 
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PARTS LIST 

EXCITER DEMODULATOR 

Resistors, 1/4 watt, 5% 

Value Qua. t i t y  

51 62 
200 n 
510 62 

1.5 K 
2 . 2  K 

10 K 
47 K 
51 K 

CAPACITORS 

1 2  PF, 27 ,  56, SIVMIC 

100 PF 1 KV Disc .250 Lead Spacing 
150 PF 1 KV Disc .250 Lead Spacing 
270 PF 1 KV Disc .250 Lead Spacing 

1200 1 KV Disc .250 Lead Spacing 
.01 1 KV Disc .250 Lead Spacing 
.1 25 V Disc .400 Lead. Spacing 
8.0 15 V Elec ,110 Dim .300 LG. 

2-56 Pf 

INDUCTORS 

100 .lo0 d i m .  .250 lg 2 ea. 
UTC DO T 49 Ser ies  Wire D 2 ea. 

Quantity 
1 

1 
2 
2 
1 
1 
4 
1 

Micrometals L56-6 -CT-B-6 1 ea. 
L 56-2-CT-B-6 1 ea. 

TRANSISTORS 2N3904 6 ea. 
MpF 107 1 ea. 



PARTS LIST 

SIGNAL PROCESSOR 

RES ISTORS 
1 1 /4  Watt 5% 

Value 
100 
290 
1 K  
1.5 K 
2 K  
5.1 K 
7.5 K 
10 K 
11 K 
15 K 
68 K 
200 K 
Trinipot 2K 

CAPACITORS 

100 PF 
150 PF 
250 PF 
500 PF 
. O l  
.1 
8.0 
20 

2N 3904 10 ea. 
2N 3906 2 ea. 
MC 817 p 1 ea.  
MC 1437L 1 ea. ' 

Quantity 
2 
2 
1 
1 
2 
2 
2 
4 
4 
8 
2 
2 

Mod. 3282W 1 ea. 

1 KV Disc 
1 KV Disc 
1 KV Disc 
1 KV Disc 
1 KV Disc 
25 V Disc 
15 V Elec 
15 V Elec 

.250 Lead Spacing 

.250 Lead Spacing 
,250 Lead Spacing 
.250 Lead Spacing 
.250 Lead Spacing 
.400 Lead Spacing 
.110 Diam .300 LG 
.110 D i a m .  450 LG 

Jack Switchcraft  TR -2A-pZ 2 ea. 
1 C Socket Barnes 041-001-111 2 ea. 
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This d isc losure  r e l a t e s  a method f o r  reducing in te r fe rence  i n  Doppler e f f e c t  
flowmeters. A hybrid c o i l  arrangement is used t o  reduce e x c i t e r  noise ,  R.F. 
in te r fe rence  from external seurces and the  a r t i f a c t  s igna l  produced by vessel  
wa.11 motion. 

Method 

are connected t o  a balanced inpiit as shown i n  Figure 1. 
provided t o  t h e  center- tap,  divides  equal ly  between the  transducer elements. 
amount of  e x c i t e r  vol tage induced i n  the primary of  TI i s  determined by the  matching 
o f  t he  transducer elements. 
equal ly  a t  the  t ransducer  elements and are  r e j ec t ed  as common mode s igna l s .  
Similar ly ,  i n t e r f e rence  from externa l  R.F. sources i s  equal ly  coupled i n t o  the 
transducer elements and i s  a l s o  r e j ec t ed  as common mode. 

. Two transducer elements, mounted s o  as t o  provide overlapping rad ia t ion  pa t te rns ,  

The 
Exciter power, ( 1OMhz) 

Waves r e f l ec t ed  from large t i s s u e  in t e r f aces  appear 

Discuss ion 
A. 

Leakage, between conventionally connected e x c i t e r  and demodulator transducer 
elements i s  t y p i c a l l y  a s  high as 10% of  the e x c i t e r  voltage.  
ment requires  b e t t e r  than 10% matching o f  the  transducer elements. 
balance c i rcui t  i s  shown i n  Figure 2.  
suppression o f  the  c a r r i e r .  This, however, represents  another panel control.  A 
s ign i f i can t  advantage i s  r ea l i zed  with ca the te r  probes where i t  i s  d i f f i c u l t  t o  
sh i e ld  the  e x c i t e r  and demodulator leads.  
t he  present  double coax. 

-- 
Suppression of Direct Coupled Carrier 

Thus, any improve- 
An adjustable  

The d i f f e r e n t i a l  capaci tor  permits complete 

A sh ie lded  p a i r  caa be subs t i t u t ed  f o r  

B. 
Reduction of  s igna l s  from la rge  r 'eflectors as vessel  wal ls  depends t o  a large 
degree on the  alignment of  the  transducer rad ia t ion  pa t te rns .  
t o  a t t a i n  with the  present  adjacent  placement of  transducer elements. 
of transducer a r rays  is though t o  be a so lu t ion  t o  t h i s  problem. 
t i o n  i n  wall motion has  been seen with ca the te rs .  
t rans  cutaneous probes has been r e  a1 i zed. 

C. Suppression of External Interference 

Interference from externa l  R.F. sources i s  reduced by over 20 Db. and does not  
require  carefu l  watching of  the  transducer elements. 
c r i t i c a l  improvement on flowmeters operated i n  the  presence of R.F. f i e l d s  and 
o the r  R. F. equipment. 

Reduction o f  Reflect ion from Large Reflectors 

This i s  d i f f i c u l t  
The use 

A marked reduc- 
No major improvement with 

' 

This could represent  a 

Summary 
This disclosure relates appl ica t ion  o f  t he  hybrid c o i l  t o  t he  Doppler flowmeter. 
The desired reduction i n  vessel  wall motion a r t i f a c t  hes no t  been f u l l y  rea l ized .  
Reduced sh ie ld ing  requirements between e x c i t e r  and demodulator leads s impl i f ied  
construction o f  small ca the t e r  probes. 
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