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Introductory Rcmrks 

The work summrizcd i n  t h i s  repor t  is a r e s u l t  of a collahor~C.ive - 
research e f f o r t  involving ind iv idua l s  from Thc Ohio S t a t e  Uuiversi ty  

and the  A~ses Research Cciltcr of >LISA and was supported f i u s n c i a l l y  by 

Faculty and s t a f f  from seve ra l  un ive r s i ty  departments have p a r t i c i -  

pated i n  t h i s  i n t e r d i s c i p l i n a r y  research  program and many have contr ibuted 

t h e i r  time f ree ly .  I n  add i t ion ,  t he  Department of Engineering Ncchanics 

acd the  Department of Veterinary Physiology and Pharmacrlogy have ex- 

te-.sivr.ly supported t h i s  p ro jec t  i n  terns of labora tory  space,  f a c i l i t i e s ,  

equipment and -released time f o r  research. 

The major emphasis of t h i s  s tudy  vas on t h e  i i a  vivo app l i ca t ion  of 

the NASA developed pulsed ul t rasound Doppler v e l o c i t y  meter (PL!W) f o r  

measuring ar ter ia l  ve loc i  y waveforms. In  p a r t i c u l a r ,  the  perforinance 

of t h e  PUDVi was compared wi th  a hot  f i lm  anemometer of proven accuracy. 

The successfu l  impleatentation of t h i s  research  program was due in 

considerable  p a r t  t o  t h e  unqual i f ied cooperat'ion of t h e  Nat ional  Aero -  

n a u t i c s  and Space Adr in is t ra t iou .  S c i e n t i s t s  and engineers  a t  the  b e s  

Research Center have wi l l i ng ly  shared with u s  t h e i r  knowledge and ex- 

p e r t i s e  in ultrasound flowmeter technology and the Center provided u s  

with a prototype pulsed ul t rasound Doppler v e l o c i t y  meter and ul t rasound 

transducers.  
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I. Pulsed Ultrasound Doppler Veloci ty  Ncter - 
A pulscd ultrasound Doppler v e l o c i t y  meter (PUDIW) developcd by the  

NASA - llmes Research C c n t c r  vas used i n  t h i s  labora tory  to  measure v e l o c i t y  

p a t t e r n s  i n  blood vesse1.s of experimental an ina ls .  The PuDVFf measures 

t h e  v e l x i t y  of blood cells i n  a small sample voluine within a blood v e s s e l  

by sensing the  change i n  frequency of backscat tcred ultrasound. '  A small 

p i ezoe lec t r i c  transducer emits  short b u r s t s  of ultrasound i n t o  t h e  t i s s u e  

s t r u c t u r e  and across  blood' vesse ls .  Ethoes from these s t r u c t u r e s  and 

from blood cells are received by t h e  t ransducer  during the  interval be- 

tween pulses.  The a r r i v a l - o f  t he  backscat tered ultrasound a t  the  t rans-  

d'ucer is delayed in ' t imk  by an  amount propor t iona l  to the  d i s t a n c e  bctvcen 

t h e  transducer and the  scatterer while  t he  frequency of t he  r e tu rn ing  

ultrasound is altered (Doppler sh i f t ed )  i n  proport ion to  the v e l o c i t y  of 

t h e  moving p a r t i c l e s .  By time o r  range ga t ing  the  r e t u v  s i g n a l ,  echoes 

from t a r g e t s  a t  s p e c i f i c  ranges can be se lec ted .  

t i o n  is determined by the  length  of t he  t ransmit ted pulse ,  transducer 

Depth or range resolu-  

r a d i a t i o n  p a t t e r n  and the  ga t ing  time, The blood ve loc i ty  is then de- 

termined by mixing the  Doppler s h i f t e d  r e tu rn  s i g n a l  with two quadrature  

s i g n a l s  a t  the  emission frequency. Zero cross ing  de tec t ion  and phase 

comparison of t he  two mixer outputs  provides a n  analog s i g n a l  propor t iona l  

to t h e  ve loc i ty .  

noncoherent pulsed doppler instrument developed by NASA. 

o s c i l l a t o r  vhich operates a t  a frequency of 8.476 MHz serves  as t he  

Figure 1 shows a func t iona l  block diagram of t he  phase 

A tuned 

master, Frequency d i v i s i o n  is performed to select a pulse  r e p e t i t i o n  

frequency (PRF) of 52 Kllz, 26 KHz or 13 KHz. The pulse  r e p e t i t i o n  



Figure 1. Functioiial block diagram of pulsed 
ultrasound Doppler vclocity meter 
showf ig primary elements. . 



frequciicy con t ro l s  3x1 d j u s t a l l c  pulse  transniGsion g a t e  which l i m i t s  

the  numtcr of cyc lc s  of the  master o s c i l l a t o r  s i g n a l  used t o  d r i v e  the  

piczoe lcr t - r i c  crys ta l  t racsduccr .  E i t h e r  4, 8 o r  16 cyclcs of t h e  

oscil1a:cr frequc1:cy c.?a be sc lec ted .  This  s i g n a l  is fcd to t h e  u l t r a -  

sonic  tr;?nsducer t.lirottl;ii a pulse  a a p l i f  ier and a power ampl i f ie r .  The 

power supp1 ied t o  t!ic t rsnsducer  ranges f r o x  1 t o  '100 1;1 w a t t s  depending 

on the  d u t y  cycle. 

being e:iclti.d by tix Raster o s c i l l a t o r .  

The c r y s t a l  t ransducer  acts  as  a receiver '  when not  

The pulse  r e p e t i t i o n  frequency 

a l s o  trig;,7c;rs a vc?rj.zhle width (.S t o  3 5 ~ s )  monostable mul t iv ib ra to r  

used a s  a range g a t e .  

var i ab le  v i d t h  ( . 5  t o  3 5 ~ s )  sample window. 

window is gated with the rece iver  s i g n a l  t o  produce a n  output  s i g n a l  

The t r a i l i n g  edge of the  range ga te  t r i g g e r s  a 

The s i g n a l  from t h e  sample 
e 

during the  sample vicith. 

the  sanple wir,dow L2Si t he  depth and sainple byidth of t he  re turned s i g n a l  

may be determined. 

ampl i f ie r  which cozipeasates f o r  a t t enua t ion  of t h e  backscat tered u l t r a -  

sound i n  the vessel and a s su res  t h a t  adequate s i g n a l  s t r e n g t h  is main- 

ta ined from a l l  ranse l eve l s .  The output  of t he  logari thmic ampl i f i e r  

is used eo provide a video disp lay  so t h a t  t he  range and sample window 

information can be observed with t h e  a i d  of an osci l loscope.  

By s u i t a b l e  adjustment of the  range g a t e  and 

This re turned s i g n a l  is fed i n t o  a logari thmic 

The output  

of t he  logari thmic m p l i f i e r  is a l s o  mixed wi th  a phase s h i f t e d  s i g n a l  

derived from t he  mnstct o s c i l l a t o r .  

window gatc is  used f6r phase synchronization. 

phase- s h i f t s  l eads  t o  t he  separa t ion  of t h e  s i d e  bands around t h e  

8.476 m€z c a r r i e r  so t h a t  d i r e c t i o n a l  information is preserved. 

ou tputs  from the  wixcr containing t h e  s i d e  band information are de tec ted  ' 

The leading  edge of t h e  sample 

This  mixing using f ixed  
I 

The 



i n  two separa te  but  i d e n t i c a l  detcct ioi i  circuics t o  provide the  audib le  

doppler frequcucy information. 

frequency t o  vol tage conversion. 

t h a t  can be ncasured using t h i s  instrument i s  1 5  KHz wbich corresponds 

A zero c ross ing  de tec to r  is used f o r  

The highest  poss ib le  doppler f rcquctxy 

to  a f l u i d  ve loc i ty  of about 300 cm/sec. 

The ul.trnsound t ransducers  used wi th  the  PUDVM were made of s i n g l e  

c r y s t a l s  of lead z i rconate  t i t a n a t e  (PZT-5) -2 t o  5 am i n  diameter which 

were imbeddcd..in polystyrene c u f f s  or bonded to  a c r y l i c  holders .  The 

c u f f s  are made i n  diameter increments of 2 mn to  f i t  snugly around an 

a r t e r y  and hold the  p i ezoe lec t r i c  c r y s t a l  i n  a f ixed o r i e n t a t i o n  w i t h  

respec t  t o .  t he  blood vesse i .  

of 30° to the.-axis of t he  v e s s e l  and ap2roximately 1 t o  2 nrm from the  

. .  The plane of the  c r y s t a l  l i es  a t  an . .  a.ngle 

ves se l ' s  surface.  

wal l  is provided by a water so luble  g e l  (Aquascnic) o r  agar. A cuff  

Mechanical coupling of t he  t ransducer  t o  the  ves se l  

transducer is e a s i l y  ca l ib ra t ed  because of  the  s t a t i o n a r y  o r i e n t a t i o n  of 

t he  c r y s t a l  t o  t he  flow f i e l d .  On t he  o the r  hand, t he  presence of the  

cuff on an  artery may l o c a l l y  alter normal blood ve ioc i ty  pa t t e rns .  

Transducers of var ious  conf igura t ions  including ha l f  c u f f s  and 

penc i l  type probes were also fabr ica ted  i n  our. l abora tory .  These trons- 

ducers were required f o r  transcutaneous measurements of blood flow and 

f o r  transmural app l i ca t ions  on ve ins  and o the r  v e s s e l s  which could not  

r ead i ly  accommodate cuff transducers.  

t o  measure flow i n  coronary arteries s i n c e  these vessels are imbedded 

For example, a ha l f  cuff I s  used 

.a the  hea r t  muscle and t h e i r  exposure, f o r  t he  purpose of applying a 

cuff transdycer,  involves  extensive surgery which most c e r t a i n l y  renders  

t h e  r e s u l t i n g  flow nonphysiological. The primary disadvantage of t h i s  



. 
t y p e  O K  transduccr is tha t  i ts  or ien ta t io t i  t o  the  flow axis  m u s t  b e  

known with in  p rec i se  l i m i t s  i f  accurate  q u a n t i t a t i v e  determinat ions of 

ve loc i ty  a r e  dcastrcd. 

The Dopplcr velocity meter cur ren t ly  being used i n  our  inves t iga t ions  

was developed by t h e  hrrcs Research Center on a design suggested by F. 

McLeod (KASA g r m t  NCR 05-020-499). 

ment tias completed i n  h’ove::iber 1972 and s e n t  t o  t h i s  labora tory  i n  

Deccnhr by the  Anics Research Center on a loan basis. 

f u l l y  opera t iona l  i n  our  labora tory  i n  la te  December, 1972, and t h e  

experiments described i n  this r epor t  were conducted between January and 

June, 3973. 

The f i r s t  prototype of t h i s  i n s t ru -  

The 1UDW was 



11. Experimental S tudies  

The pulsed ultrasound Doppler v e l o c i t y  mctcr was used prinnriSy t o  

aeasure  vivo blood v e l o c i t y  waveforms i n  experimental animals. S tud ie s  

were condwted t o  compare t h e  q u a n t i t a t i v e  accuracy of t he  PUDVN with 

measurements obtained with  a Lot f i lm anemometer of proven r e l i a b i l i t y .  

To da te ,  a l l  reported c a l i b r a t i o n s  of pulsed Doppler v e l o c i t y  d e t e c t o r s  

are based on comparisons with instrurncnts which measure volumetric flow 

r a t e  (e.g., electromagnetic flowmeter, CW Doppler flowmeter, timed volume 

co l l ec t ions ,  etc.) o r  upon t h e o r e t i c a l l y  pred ic ted  v e l o c i t y  p r o f i l e s  i n  

r i g i d  s t r a i g h t  pipes.  There are no r e p o r t s  comparing t h e  accuracy of 

pulsed Doppler v e l o c i i y  d e t e c t o r s  t o  measurements obtained with another 

type of f l u i d  v e l o c i t y  transducer.  Our s t u d i e s  provide t h e  f i r s t  such 

comparison. 

To c a l i b r a t e  t h e  PUDVM and, a s . a  f i r s t  s t e p  toward sys t ema t i ca l ly  

eva lua t ing  i t s  reso’ution and accuracy f o r  known flow condi t ions ,  we 

assembled a hydraul ic  model which provides s t eady  laminar flow and varying 

flow rates i n  s t r a i g h t  c i r c u l a r  p ipes  of several diameters. The system, 

sketched i n  Figure 2, c o n s i s t s  of a cons tan t  head r e s e r v o i r ,  test s e c t i o n  

and outflow r e s e r v o i r  and i s  equipped wi th  a r e c i r c u l a t i n g  punp. 

The tes t  f l u i d  is water containing a suspension of s i l i c o n  particles 

(Dow Antifoam, 1-1/29: by volume) which s imula te  t h e  presence of blood 

cells by providing s c a t t e r i n g  sites f o r  the ultrasound. This  mixture 

flows through a t h i n  (.001 inch) c e l l u l o s e  tube  which has an ent rance  

l eng th  t o  t h e  test s e c t i o n  in excess of 100 tube diameters. The c e l l u l o s e  

tubing is  supported along i t s  length  wi th in  an a c r y l i c  p ipe  (pipe 1 . D .  

c e l l u l o s e  tube 0.D.)  except j.n t h e  test s e c t i o n  where t h e  c e l l u l o s e  
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se l ec t ed  because rf i L s  low acous t i c  impedancc. The ultrasound t rans-  

ducer- is posi t.loncd nt l jactnt  t o  the c e l l u l o s e  tube i n  thc coiitaiiier and 

bcncclth thc sui-face of tltc w r i t e r  vhich then a c t s  as the  coupling medium 

bctwccn tlici t r m s d u c c r  i l r ; J  the sinul.ated vessc l .  

To eva lua te  the  accuracy of our pulsed Doppler v e l o c i t y  meter f c .  

hcr.mdynamic c?nsurcmeiits, simultancous recordings oc flow v e l o c i t i e s  

obtained wi:h thc.  PLJDV:: ai!d il iioiidirectional ho t  f i l m  anetnometer were 

compared, Thc constaii t tcxipera t u r c  anemometry systam inc ludes  a Disa 

55D01 anemometer’ and a 55D10 l i n e a r i z c r .  Platinum f i lm  sensors  mounted 

on needle probcs o r  011 c a t h e t e r  t i p s  were used. 

of t he  hot f i i n l  v e l o c i t y  meter is included i n  t h e  Appendix t o  t h i s  

A complete d e s c r i p t i o n  . 

repor t .  

-- I n  vivo ~ ~ e a s u r e n e c t s  of a r t c i d a l  flow p a t t e r n s  were made i n  open 
. .  

ches t  dogs and horses  aiicsthetizcd wi th  sodium pentobarb i ta l .  Are 3 

I l l u s t r a t e s  a t y p i c a l  experimental se tup  f o r  simultaneous r n ~ s  raoients 

of ve loc i ty  i n  the thorac ic  a o r t a  using a hot f i l m  c a t h e t e r .  I n  t h i s  

example the hot f i l m  c a t h e t e r  i s  in t ro .  iced through a femoral a r t e r y  and 

Its t i p  located f luoroscopica l ly  i n  t h e  descending tho rac i c  ao r t a .  I n  

these  experiments the wtheter  t i p  was no t  r i g i d l y  f ixed  i n  the  lumen. 

The ultrasound transdvcer is posit ioned ad jacent  t o  t h e  a o r t a  a t  t h e  

l e v e l  of the c a t h e t e r  t i p , .  The ultrasound sample volume can be va r i ed  

by e l e c t r o n i c  range ga t ing  anA f o r  these  experiments t he  sample volume 

was centered on the  a x i s  of t he  ves se l .  

wi th  the  a i d  of a Sta tha3  pressure transducer (Model P23BB) coupled t o  

. t h e  ca ro t id  a r t e r y  by a s a l i n e  F i l l ed  c a t h e t e r ,  

Arterial pressure  is monitored 

In experiments using 
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. 
the r igid needle hot film probe, the probe was Inser ted  into  lie vessel 

by d i r e c t  puwture. 

normal to the vessel acd then fixed to a micrometer to a l l w  for p r e c i s e  

placeaent of tile probe t i p  in  tbe vessel cross section. 

In t h i s  case the probe vas aligned on a di.urcter 



111. Ea;p:rlmeutal l t esu l t s  

A r ep resen tz t ive  recording of c e n t c r l i n e  v e l o c i t y  waveforms in 

thc caii ine thorac ic  sorts is i l l u s t r a t e d  i n  Figurc 4. A hot  f i lm  c a t h e t e r  

vas used i n  t h i s  e s p c r i m n t .  Peak v e l o c i t i e s  of about 70 cm/scc vere 

measured v i t h  the  PL2\X conpared to  approx imte ly  CO cdsec f o r  t he  hot 

fi lm. For forward Zlow t he  ve loc i ty  waveform from both instruments  arc 

q u i t e  similar althoagtr during d i a s t o l e ,  reverse  f l o w  is evident  only on 

the pulsed Doppler record.' S imi la r  recordings were obtained from the  

brsc abdominal aorta as shown in Figurc 5 .  These records w e r e  obtained 

with the  PUDW and "L shaped" hot  f i l m  probe and again demonstrate a 

rHrked s i m i l a r i t y  i n  the  v e l o c i t y  pa t te rns .  

f a i t h f u l l y  record the  -11 (approximately 2 cm/sec) v e l o c i t y  perturba- 

Note t h a t  both d e t e c t o r s  

tions during s y s t o l e  and the  large (approximately 15 an/sec) forward 

ve loc i ty  pulse  although oniy tb hot f i lm  record i n d i c a t e s  a dis turbance 

during d i a s to l e .  Th i s  f l u c t u a t i o n  in t he  hot f i l m  record m y  be due to 

probe morion induced by the  pressure  wave which propagates down t he  w a l l  

. of t h e  aorta. 

Figure 6 dramat ica l ly  i l l u s t r a t e s  t h e  advantage of making noninvasive 

measurements of cardiovascular  f l o w  parameters. In t h i s  example, a 

measurement of c e n t e r l i n e  v e l o c i t y  in t h e  horse renal. a r t e r y  was obtained 

v i t h  t h e  a l d  of t h e  PUDTRI with the  ultrasound t ransducer  r e s t i n g  on the  

su r face  of t h e  r e n a l  a r t e r y .  The transducer was removed and an  "L shaped" 

bo; f i lm  probe immediately in se r t ed  through the  v e s s e l  w a l l  and posi t ioned 

v i t h  its t i p  i n  t h e  center  of t he  a r t e ry .  

pu lses  on ;he hot film record are similar .o t h e  PUDW t he  blood ve locf ty  

Although the  f i r s t  few flow 
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gradual ly  diminishes u n t i l  t he re  is no longer ally f lov .  This  is  ex- 

plained by the  f a c t  t h a t  the  vessel a c t i v e l y  responds to  the  trauma 

associated r . i th  tlic prohe i n s e r t i o n  by c o n s t r i c t i n g  around t he  probe 

u n t i l  t he  ves se l  is  f u l l y  occluded. It is apparent from t h i s  example 

t h a t  invas ivc mensurtmcnts of hemodynamic phenomena may not  necessa r i ly  

r e f l e c t  riornol physiological  condi t ions.  

I n  add i t ion  t o  measuring blood ve loc i ty  i n  l a r g e  arteries we i n i -  

t i a t e d  s t u d i e s  of. ve loc i ty  waveforms i n  the  coronary arteries of horses.  

For these  experiments w e  used suiall ponies (approximate weight 200-300 Kg) 

which are w e l l  su i t ed  f o r  these types of measurements because of t h e  

r e l a t i v e l y  l a r g e  s i z e  (3 t b  5 mm diameter) of t h e i r  major coronary 

branches. I n i t i a l  resul ts  from the  l e f t  a n t e r i o r  descending branch of 

the  coronary a r t e r y  are i l l u s t r a t e d  i n  Figure 7. 

was obtained with the  PUDVM and i n d i c a t e s  two d i s t i n c t  phases of forward 

flow and a marked re t rograde  flow preceding d i a s t o l e .  

The v e l o c i t y  waveform 

In t h i s  example, 

the  depth of: the  ul t rasound sample volume is approximately equal  to  the  

lumen diameter. 

measured i n  dogs and humans with continuous wave Doppler flowmeters on 

These waveforms are in c o n t r a s t  t o  coronary flows 

electromagnetic flowmeters which show only a s i n g l e  phase of forward 

flow. 

the  hot  f i l m  ca the t e r  and these  measurements a l s o  e x h i b i t  t h e  character-  

Recordings have been obtained i n  the  r i g h t  coronary a r t e r y  wi th  

istic double waveform and timing of the  flow pulses .  Figure 8 shows 

ve loc i ty  pa t t e rns  from the  h0rs.n. LAD coronary a r t e r y  obtained with the  

PUDVM and hot  f i lm anemometer immediately preceding h e a r t  f a i l u r e .  Note 

p a r t i c u l a r l y  the  s i n g l e  rapid ve loc i ty  pu l se  which is  i n d i c a t i v e  of only 

a small volumetric flow through the  vessel, These records  were taken a t  



l---H 
0 0 0  
m CY 

I 

\ 

. 

Figure 7. Characteristic velocity waveforms from 
equine lcf t anterior drsc~r:dfxlg corntinry 
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velocity meter. 
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two differeiit  times approximately 30 seconds apart. In Getleral the 

waveforms ore similar and the estimates of peak vrelocity are i n  close 

agreement. 



DISCRIPTION OF 110T FILPI rL"\TEHO:IETER 
(J. A .  Runbcrger) ' 

The h o t  f i lm onci:imeter system used i n  t h i s  study c o n s i s t s  b a s i c a l l y  

of an  anpiif i e r  and a bridge c i r c u i t  containing th ree  cons tan t  i n t e r n a l  

r e s i s t o r s  and one v a r i a b l e  e x t e r n a l  r e s i s t o r  ($.e., t h e  scnsor). 

T h e  bridge output s i g n a l  (non-1j.nearized) is a vo l t age  r e l a t e d  t o  

flow p r c p e r t i e s  as follows: 

V2 = (A + B(pU)"") (Ts-Te) ,  

where A, E a l e  cons tan ts  depending on flow parameters, p is  the  .f.luid . 

dens i ty ,  U t he  f l u i d  vc loc i ty ,  Ts t h e  sensor opera t ing  temperature, T e  

the  f l u i d  temperature and n an exponent t h a t  v a r i e s  wita the  range of 

v e l o c i t i e s  expected, t he  f l u i d ,  and t h e  sensor used and is determined 

expcr i m e r i  t cll y . 
T h e  hot f i i m  sensor c o n s i s t s  of a t h i n  platinum f i l m  baked onto a 

g l a s s  rod (2 mm diam) which is  maintained a t  a p r e s e t  cons tan t  temperature 

( " 5 O C )  above t h e  ambient value of t he  blood via t he  anemometer c i r c u i t r y .  

Catheter probes and "L shaped" probes were fab r i ca t ed  i n  our l abora tory  

and arc i l l u s t r a t e d  i n  Figure A-1. As t h e  veloci. ty p a s t  t h e  sensor in- 

c r eases  (assuming p = cons t ) ,  t h e  sensor  sur face  tends t o  cool  which re- 

s u l t s  i n  a decrease i n  r e s i s t ance .  

vo l t age  d rop  zcross t he  f i lm  t o  decrease  thereby a l t e r i n g  t h e  input  t o  

Th i s  change i n  res$ctance causes t h e  
. .  

the  amplifit:r. The ampl i f i e r  compensates by Increas ing  c u r r e n t  through 

the sensor i n  an attempt t o  balance t h e  bridge. 

drop across t he  br idge  is monitored a t  the  br idge  output.and is a d i r e c t  

The r e s u l t i n g  vo l t age  
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r e f l c c t i o n  of thc vclocit-y of the fluid iricdia i a s t  the sciisur sur face .  

A commercially ava i l ab le  anemometry system was used f o r  the es- 

perimcnts and consis ted of a Disa 55D01 nncmometer a n d  a D i s a  55D10 

l i n e n r i z c r .  

Thc hot  f i l m  sensor was ca l ib ra t ed  with thc  ? i d  of i iri-channeled 

p lcx ig la s s  d i s h  mounted on a va r i ab le  speed turn tab lc .  Steady cn l i -  

bra t ion  speeds from 0 cm/sec to  150 c d s e c  were ava i lab le .  

b ra t ion ,  the blood (or water) is maintained a t  35OC by mails of c i rcu-  

l a t i n g  water between the  iiiaer and ou te r  channels of the d ish .  

During c a l i -  


