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Abstract:

Th1s progress report summarizes research comp1eted dur1ng the past
three sem1 -annual periods, March 1, 1974 through August 31, 1975 This
work provides an extensive evaluation of the practical and theoretical
" limitations encountered in the use df.totéle implantabie CW Doﬁp]ef fiow-
meters. TheoreticaT analyses, computer models, in-yitro and in-yivo cali-
bration étudies deécrfbe the sources and magnitudes of potential errors
1n the measurement of biood flow through both the renal artery, and Targer
vessels in the c1rcu1atony system. The eva]uat1on of new f1owmeter/trans-.

ducer systems and their use in physiological investigations is reported.
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Inuroduct1on

The deve]opment of totallv implantable anpler flowmeters for the
measurement of renal blood flow has been previously reported [1,2,3].
The purpose of researﬁh.completed during the last 18 months has been to
provide an extensive evaluation of the theoretical and practicﬁ]_Timﬁt—
ations encountered in the use of these systems. Such evaluations serve
~four major purposes: (1) They guide NASA personnel in specifying instru-
mentation for future animal flight experiments, (2) thay assist poten-
- tial users in determining the applicability of the CW Dupp1er technique
for their experimental protocols, (3) they critique our own development

- efforts to date, and (4) they may signal areas where improvements in
- commercially available flowmeters are required. The accomplishments
| towards this goal fall 1nto four broad categor1es‘ .

(1) Theoret1ca1 Evaluations
(2) In-Vitro Evaluations

{3) Acute In- Vivo Evaluat1ons
(4) Chronic In-Vivo Evaluat1ons

Spec1f1ca11y, the accomp11shments include: 7
(1) The theoretical analysis of potent1a1 error sources and the1r _'

're1at1ve magn1tudes for a current CH f]owmeter des1gn.

(2) The 1n1t1ation of 1n-v1tro ca11brat1on stud1es w1th th1s f1owmeter

T de51gn for compar1son w1th the results from task (1)



(3) The completion of an experiment to characterize the acoustic
properties of canine descending aorta.
(4) The initiation and partial completion of an in-vivo acute calibra-
tion protocol to: . _
(a) ‘identify the actual error sources encountered, and
{b) compare the magnitudes of these errors with theoreticaT1y.
‘ predicted values. _
~{5) The deve1opmant 0f real-time spectral analysis as a research tool
to provide evaluations of "zero crosser' performance and add a new
output wiode for existing systems.
(6) The chronic implantation of eleven flowmeter and transducer
systems and their subsequent use in a variety of physiological
 studies involving renal, iliac, and mesenteric blood velocities
- during rest,"exErcise; and'lower'body negative pressure.
(7)  The evaluation of a chbonica11y implanted integrated circuit CW
“ directional flowmeter. This'waS'éccoﬁﬁiishedAby compafing simul-
 taneous waveforms produced by the totally implanted CW system, and
an adjacent EMF'fTowmeter cﬁff whfch uséd'bércﬁtanebu§'1éad$;'. |
(8) The deveTopment and 1mp]anted eva]uat1on of a spec1a1 purpose
| :transducer to measure ve10c1t1es and ve10c1ty profxles adJacent to
} the mitral and tr1cusp1d valves. -
(9) 'The 1nvest1gat1on of techn1ques to aT]ow more eff1c1ent co]lect1oﬁ'
| 4and ana1ys1s of teTemetered phys1o1og1cu1 data,
As with a11 the in-vivo studies, the Work 1n task #9 was compTeted '
jn c011aborat1on with research personne1 at Ames Research Center, Moffett

F1e]d, Ca11fbrn1a, An abstract of this work will be 1nc1uded
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THEORETICAL ERROR ANALYSIS FOR
PERTVASCULAR DOPPLER FLOW TRANSDUCERS

1.1 Introduction to Error Analysis

CY Doppler techni@ues have been used hy'medfca1 investfgatorsAfor
almost two decades. During this per'od numerous authors have dESCVibed
~ various theoret1ca1 and pract1ca1 aspects of the Dopp1er prccesu (See
for exanple references 4 - 7). Despite this experience, there is Tittie
published infbrmetion describing the sources and megnitudes of errors
encountered in the use of 1mp1antab1e CW Doppler transducers. COnsequent1y,
many reaearchers cont1nue to rely on electromagnetic techn1ques for- %he
measurement of pu]sat31e blood f10w

Th1s theoret1ca1 analysis 1dent1f1es and quant1faes the errors in

the use of totally 1mp1antab1e cn Dopp]er transducers. The predicted
errors are validated by in-vitro and in-vivo studies. Initiai nesuTts |
~ are presented in Sect10n IV | | |
| The uncerta1nty for ve]oc1ty and f]ow est1mates 1s a funct1on of

(])_ The size of the piezoelectric element relative to the

vessel iu@en, | |

(2) The .construction and symmetry of the transducer cuff,

- {3) The acoustical and mecnanicai coupling to the vessel,
(4) Flow hemodynamics, . -
(5) The etatisticaT performance of common zero-crossing

detectors, and =~



(6) The technique for estimating the vessel lumen area.

Topic (5) will be considered in Section 1.2 and 1.5.

1.2 The Relative Size of the Piezoelectric Elements

- The relative size of the piezoelectric elements has profound effects
on the accuracy of velocity and volume flow estimation usﬁng Doppley
techniques. When choosing a transducer for a specific vessel size and--
target pafameter, one should consider the impact of element size on:

(1) signel-to—hoise-ratio (2) the relationship between'yelocities in
the sample volume and the average velocity across the vessel, and (3)
sigﬁa1 processing errors due to spreading of the Doppler spectrum.

Figure 1.1 shows the fam111ar symmetrical arrangement of the trans-
'm1tt1ng and rece1v1ng transducers on either side of the vessel. It is
eas11y apprec1ated that (fbr near f1e1d operat1on of ideal transducers}
as the transducers become arb1trar11y sma11, so will the d1mens1ons of the
samp1e volume In the 11nnt, a11 the part1c1es w1th1n the samp]e vo1ume
w111 approach the sane ve10c1ty, produc1ng a T1ne DoppTer spectrum For'
s1gnal to- no1se rat1os in excess of 20 dB a zero- cross1ng processor will
produce a perfect est1mat1on of the mean frequency within that spectrum
. Converse]y, as the +ransducers become arb1trat1]y 1arge (who1e vesse]
111um1nat1on) the part1c]es w1th1n the sample are more 11ke1y to contain
. a wide range of ve]oc1t1es The DoppTer spectrum will then be determxned
.by the 1nstantaneous ve10c1ty prof1le across the vesse] For a frequency
- spectrum produced by a parab011c prof11e theory pred1cts that zero

crossina demodulators will overestimate the mean. frequency by 18%. 1In
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practice, however, it is difficult to achieve perfectly uniform 117um-
ination. Additionally, the theory developed by Rice [8] applies only
1o true zero-crossing meters which have no hysteresis or bandpass
fiitering. Empirically, the addition of hysteresis reduces the magnitude
of this error. | o

In pract1ce, the piezoelectric materials can be neither arbitrarily
sma11 nor large without encountering serious theoretical, construct1on or
app11cat1on difficulties. The expected errors for transducers 1n th1s
intermediate'range are.not ea511y calculated. Th1s is part1a11y due to
the complex interactiohs between sample volumes with_cartesian symmetry
and ve]ocity pfofiIeS'ﬁhich typically have'rediailsymmetry. Foftdnate1y,
such 1nteract1ons can be anaTyzed via computer models and the resuits w111 |

be presented in a later sect1on

Signal- to'Noise Ratio

Flax, Brody, D1P1etro and Frescura haVe c0n51dered the 1mp11cat1ons
of altering the size of the piezoelectric e]ements with “espect to the
- vessel inner diameter {9 - 12].  DiPietro derived a transfer function

- describing the ratio between the -transmitted and»received ultrasonic

” . power as a function of piezoelectric element size;»drive frequency, trans- .

- ducer angle, red cell concentration,-uTtrasonic'attenuation,ahd the Tumen
‘diameter [11].  He found that for square elements and with all other -
variables held censfant, the backscattered power would increase as the
"transtCer edge tength cubed. For example, increasing theitransducer

element size from .1 (vessel inner diameter) to .5 {vessel inner diameter)
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would inérease backscattered power in excess of 20 dB. This would
increase the audio signal~to-noise ratio as long as the sample volums
remained completely within the vessel Tumen. When the sample volume
~intersects the vessel walls, large echoes from the wall may become part of
the Dopp1ér spectrum. If the walls are moving, the net result is the
addition of high amplitude, Tow frequency signals which must be removed
for accurate estimation of blood velocity. This problem will be most
‘proncunced during acute experiments, where there is no fibrous scar

tissue to secure the cuffs. Practically, the maximum audio signal-to~-
rioise ratio is limited by the spectral purity of the ultrasonic oscillator

and the noise figures of the signal processing stages.

Propertias of the Sample Volume and Impact on Measurement Accuracy

We must now consider other imp]ications.df altering the size of the
piezoejectric e1ements Spec1f1ca11y
(1) What are the dimensions of the sampie volume as a function of
element size and angTe?
(2) what is the mean ve1oc1ty w1th1n the samp1e vo]ume and how does 1t
_reTate to the mean ve1oc1ty across the wresseTP
(3). dow accurately w111 a zero-cross1ng detector estimate the mean
___ve10c1ty within a g1ven samp1n volume? _ o
(4) Finally, how do these factors comb1ne to produce d1screpanc1es
- between_the flowmeter output and the_mean velocity withjn:the

vessel]?
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Computer Model

In order to answer these questions, a computer model has been
formulated with the following simplifying assumptions:
(1)  The interactions between the incident ultrasound and moving blood
can be modeled as a Tirst order scattering process. [13]_
(2) The scatterers have a homogeneous distribution within the sample
volume. ‘ |
(3) The radial velocity of particles within the sample volume is equal
to zero. | |
(4) The transducers are ideal andndperating in the near field.
(6) Spectral spreading due to diffusion and transit time through the
| sample volume can be <ignored. |
(6) The transducer beam pattern remains unchanged as it passés thrdughl.
the vessel wall. |
| (?f- The effects of the attenuat1on of the u1trason1c energy as it
traverses the vessel will be offset hy the symmetr1c p]acement
of the transducer crysta]s
'As shown in F1gure 1. 2 the samp]e voTume 1s the product of the
beam patterns for the two p1ezoe1ectr1c elements. The proaectxon of the
samp?e vo]ume onto the Cartes1an -2 p1ane is a funct1on of the element
height.d, and the angle of intersection between the u1trason1c beams and
thezz—axis (6) ~ The maximum  x excurs1on is d/cos 8 while the maxi-

mum  z excursion is d/sin 6. The proaect1on of the sample vo]ume in the

yz .plane. is. simply the elewant w1dth w. Note that with 1dea1 transducer,ﬁ N

placement, the sample volume possesses perfect Cartesian symmethy

-~ Recall from-our assumption of first order scattering that back



8.

scattered power is directly proportiondl to ihe number of scatterers in -
the sampie volume. In order to express‘the backscattered power as a
rfunction of Tocation in the x-y plane one must then know the corresponding z
excursion of the sample volume (Az) and the particle density at that

point (¢). The number of scatterers (N ) then equals pxyAz . If we

Xy
assume a homogenenus particle d1str1but10n, ny is a Tinear function of
Azxy. One can then def1ne a geometric space where ny = ny Tor all

values of x and y w1th1n a part1cu1ar vessel cross sect1on In

other words, the backscattered;ppwer correspond1ng to any xv location

 is directly velated to the height of the sample volume at that point on

the;;y;plane

in contrast to th1s, ve1061ty prof11es within the blood vessels

are usually characterized as having radial symmetry, that is

_ Vp = ""max(1 - ) o ]'1_
where
, Vrv=.the velocity at some radial distancg r from the center of
the vesse1 . | |
SV = the maximum (centerl1ne) ve10c1ty

max .
n = the profile number which typlcally varies from 2 to 12

A veioc1ty space can then be defined by rotating this two- d1mens1ona]
velocity prof11e about the center axis of the vessel.

" Thus, each point in the xv plane maps onto two scaler fields
spacifying the velocity v(x,y) and fhe numbér of scatterers moving at

“that velocity, N(x.y).  The mean velocity for ail particles within



the sample volume is then:

- “.fvw'nydA .
s.V. '
foydA
where N = 0 outside ‘the sample volume.

Once calculated, the mean velocity within the samp1e voTume can

_be_compared with the mean velocity across the vessel. Where:v

j; L dA Jf%l - rn)gﬂr dr
- _ _ %

v = ;
vessel ./ﬁA 4‘ %fgﬁr_dr .

1.3

Finally, it is known [14] that a zero crossing detector (without
hysteresis) measures the RMS value of the frequency spectrum. Translated

to velocities, this becomes:

: ]-4’ )

where
| . V;é = zero ;fOSSing'eétihate of mean velocity within the sample
o v01ume This assumes for the moment, all other error sources
o are f1xed and = O
One can then use computer models to compare ¥ 'V and

s.v.” "vessel
for var1at1ons in element size and angTe- md prof11e number,  Inﬁ

add1t10n, one c0u1d a150 mode] comp1ex and asymmetr1c ve10c1ty prof11es,
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as well as spectral spreadiug due to djffusion and transit time through

the sampie volume.

Resylts of the Modal

Figures 1.3 ~ 1.7 1llustrate some of the comparisens described
above. ngure:1.3 plots V;'v and its percent error from Vvessel as a
function of transducer element size. These results are for square trans-
ducers for two different velocity profiles (n = 2 and 5), 'For a para-
bolic profile {at & = 60° } the mean velocity within the sample volume will
range from .98 to .54 V;ax for practical transducer sizes.  Note that even
when the edge Tength of the element equals the inner diameter of the

vessel, the V is overestimated by 8%. This error is due to the

vessel
geometry of the sample volume and ent1re1y 1ndependent of the Doppler
‘ process1ng scheme emp1oyed '
F1gura 1.4 shows s1m11ar p1ots for rectangular transducers for

'three different prof11es (n =2, 5 and 12). Note ‘that the mean ve10c1ty
with1n the samp]e vo]ume (V ) fa]]s more s1ow1y and un1form1y than for
square traneducers. | :

_ Ana1y51s of Eq. (1 4) 1nd1cates an overest1mat1on of the mean frequency
.as the Dopp]er spectrum broadens. F1gure ﬁ 5 shows the zero- cross1ng

overest1mat1on of the mean ve1oc1ty w1th1n the samp1e vo]ume as a funct10n

of transducer s1ze and geometry, and prof1]e number

o %‘error>=5ig%;——§1- x 100 » 1.5

Note that th1s error rema1ns 1ess than 6% ‘until the transducer element

size approaches the inner d1ameter of the vesseT

_#~:R3°a]1.thﬁﬁ,Vmax_r.maximum,(center]ine)_velocity :
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The curves in Figure 1.6 were generated by holding transducer size
constant and allowing the profile number to vany. They'1nd1cate the
range of errors or uncerta1nty in veloc1ty measurement if the velocity
profile var1es during the cardiac cyc]e -

Figure 1.7 cqmb1nes a811 of these factors to express the uncertainty
in the zevé;crossing eﬁtfmafe of the méén veTocffy across the'vessé1 as

a function of transducer size.

N Vzg_i Vyessel « 100 1.6

Vvesse1

The percent errors are plotted for two different velocity profiles
~ and for two different transducer geometries. It should be restated,
however, that these results are based on computer models for ideal trans-.
' ducers and zero-crossing detectors without hysteresis or bandpass. These'
results will be confirmed by in-vitro and in-vivo studies. |
Additionally, these @nalyses ignored: any Targe reflections from
 fixed or moving VesseT walls and assumed rad1a11y symmetr1c velocity
profiles of the form V(r) (1 -~ ™. This type of;symmetry.doesA,
not always exist, especially in 1arge arteries near the heart [15].
'Gerzberg and Meindl [16] have shown that for Doppler signals with
simultaneous forward and reverse componEnt55 the components must be
" weighted by their ;«emm pover 7-1évé1'§'°¢o correctly estimate net flow -

ve]oéity.v Commerc1a11y ava11ab1e f]owmeters [17] do not employ this

techﬁiqué The pract1ca] 1mp11cat1ons of these ‘results will be cons1dered"="5:*:3'

1n Sect1on 1 5
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1.3 The Construcfion and'Symmetry of the Transducer Cuff

~ Once the element size has been optinﬁzed for a particular lumen
and target paraméter, thé following questions must be considered:
(1} What is the effect of errors in angle (during assembly) on
 the accuracy of velocity and flow measurements?
(2) What are the effects of axial offset during implantation of .
| the two haives of the transducer shells?
(3) What are the effects of angular offset either due to manu~ -
facturing errors or incomplete closure of the cuff around
. the vessel?
The accuracy of ﬁe]ocity estimation with commercially available
Doppler systems is dependent on knowledge of the relative angles between

the ultrasonic beam'and the blood velocity vectors (9). For the equation

AT ='Vb k cosg : : 1.7
where ~ Af = Doppler shift
v, = blood velocity
'k = constant =

‘the sensitivity with respect to 8 is

1.8
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This implies, therefore, that @ should be small for minimum angle depends-

ence. In practice, however, 6 w111 prabably be 45% or larger due to
near field constraints and the de51rab111ty of keeping the sample vo1ume

within the portion of the vessel constrained by the cuff. At o = 60 3

a one degree angle error produces a 3% error in velocity estimation.

Cuff Symmetry

" Assuming all cuffs are constructed of inflexible materials, at

‘Teast two error sources may exist:
(1) Axial Offset |
As shown in Figure 1.8, misalignment of the two cuff halves
during assenbiy or implantation will shift fhe éampTe volume aWay from
the vessel center. This produces the greatest erroré with cénter vessel
i1Tumination ahd'pafabbiic‘véTOCity profi]es; “An axiaT“misa]ignment of
10% of the cuff d1ameter will shift the center of the sample volume by
,125 X (cuff d1ameter) Assum1ng a 15% vesse] wall thickness, th1s is
eqUTValent,to_ls% of the vesse1_1nner diameter. As shown in Figure 1.9,
this will decrease the ﬁéiocity'at the céntéf.of'the_éamp1é Q01umé by
109, - -

Angular offset can occur e1ther due to manufactur1ng errors or
.-_1ncomp1ete c]osure of the cuff around the vessel. As shown in F1gure
_J 9b, the net effect is to move the samp]e vo1ume along the 11ne formed

by the mating surfaces 0§ & cuff ha]ves
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Distance moved = %-sin ) 1.9

cuff diameter

where d

angular offset in degrees

R
H

An 110 offset shifts the center of the sampie volume by 10% of the cuff .
diameter. The same comments concerning relative sizes beiween trans-

ducer and vessel diameter apply as in axial offset (#1)

In‘summary; thESe errors can be virtua]iy eliminated-by use of
'1ock]ng a11gnment p1ns in the half she]ls, by use of a s1ng1e p1ece

she]1, or by careful p]acement of the cuff on the vessel.
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| 1.4 | The Acoustical and Mechanical Coupling to the Vessel

'Aseuming all questions about cuff Symméﬁfy heve'been answered'
the user must then cons1der the mechan1cs of f1tt1ng the f1ow LUff to

the vesse1

cngl1ng Mater1als

| Var1ous mater1a15 have been used to coup1e ultrason1c energy

: hetween the p1£roe1ectr1c e1ements and the vessel wall. These inc1ude |
_:commer01a11y ava11ab1e water based gels, ster11e auger, epoxy and c1otted B
'b1ood. Each of these materials may have advantages in a part1cu]ar
appiica+ion The 1mportant po1nt to. remember is that u]trason1c energy

obeys Snell®s law of refraction {Figure 1.10},

By Snell's Taw

_sin.71_=.ec?

— 1.70 . .
sin Yo = Co
Whe?e c1'='Ve10city'of-UTtrasound-in material 1
Cg = yalocity of sound in metériaT 2

' That is, the ang]e between the 1nc1dent ultrasound and d1rect1on of
.biood f]ow can be sh1fted if the propagatlon ve]oc1ty for the “coupling
mater1a1 is different from that of blood. For example, if water is used
'.as a266ﬁb1€hg-med{uﬁ'end f] é'sd"iﬁéﬁ' Yo = . 329, 'QeTotity“QOHTd'theﬁ:be'.
: overest1mated by approx1mate1y 67 1f the effects of refract1on are

1gnored
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Probe Fit

In order to obtain dependable Tlow signals, one must carefully
match the inner diameter of the cuff to the outer diameter of the vessel.
For acdte-studiES,'many researchers prefer a cuff which constricis the
blood vessel by approximately 104. This helps to insure acoustical
'cdupTing between the elements and vessel walls, and minimizes the high
amp11tude 10w Trequency wall motion signals which may create significant
N errors in f1ow ve]oc1ty est1mat1ons If the probe is too tight, how-
aver, both the hydraulic 1mpedance of the blood vessel and flow wave-
form may be aiterEd siQnificahtTy. | |
| ~ In contrast, chronically implanted transducers should not constrict
fhe Vesse1 .Cbup1ihg and:wa11"motidﬁ p%ob1ems are minimized by rapid
scarr1ng wh1ch secures the transducers 1n p1ace Var1ous 11n1ngs can
| be used to m1n1m1ze abras1on and promote f1brous scar t1ssue growth
_Thg_usgr shou]d also consider the pos$1b11ty that the exposed vessel
has chanéed size due széctfvé.vésocohétfithoﬁ'dr'chaﬁgeélin trans-
.:mural pressure and may return to 1ts or1g1na1 size f0110w1ng the surg1cal

.procedure.

Cuff Canting on Vesse!

- Cuff cant1ng on the vesse1 is equ1va1ent to rotat1ng a f1xed

triang1erabout_one end (Figure 1. 11a) For a given angu]ar rotat1on L_:

.9, the sample volume coardinates become:
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>
]

(.58 d) cos (30 + Q) 1.70
(.58d) sin (30+g) -~ 1.0

N
I

where d = inner diameter of cuff
30° = transducer angle
@ = angular rotation about one of the acute angles

For the x coordinate, an angular rotation of 13° produces a horizontal
mﬁtw.TﬁmetwﬁiﬁJ.Arﬁﬂﬁhﬁ]f&h&ﬁmﬁmsmé
y - coordinate by approx1mate1y .1 of the cuff i.d. _The effects of such
displacements have been discussed in Section 1.3, | |
In addition to shifting the conrd1nates of the center of the samp1e _
vo]ume, cant1ng also art IECLS ‘the accuracy of aX1a1 VEioc1ty est1mat10n .
for flows w1th1n the samp1e volume (Figure 11b7) This is true hecause

the CN techn1quE measures vejocity components aiong the axis of the cuff.

. Thus flow ve10c1t1es are. underest1mated by (1 - cos Q) Canting thef

cuff by 25 produces a TDé error 1n ax1a1 vs1oc1ty estimation.

Fbcusing Due to Vessel Wall Curvature

. As i}iustrgted;bejpw, the ultrasonic beam suffers: a-slight.
dispehsibn’as'it passg5“thrbugh the COncenfric curvatures of the vessel
“wall. :This de-focusing is most pronounced when: =« -

_(1).-Thg‘vesse};waIT.thicknessvis large wfth raspect to the

'vessel-b;dk. ' |
~ (2) The transducer size approaches the vessel outer diametér,.and'
“(3)" There is severe mismatch between the propagation velocities

- of ultras=nd in blood and in the coupling material.‘
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For example, assume the following conditions:

wall thickness = 4%5- X (vessel o0.d.) = .075 x {vessel o.d,)

. . . . - . !
transducer size = .707 x {(vessel o.d.)

A 4_;4;55*(/ )
T
d .

0SB e g (* PNT tells)
. sin gy Cy %40

™ . !
T :
o

sin"1(.736) = 47.5°

5 |
Chord Tength L = {.075) x (tan B,)
0= Ld X 360 = -iﬁﬁ%fiﬁkili % 360 = 9.4°

By =By + ¥ = 47 5+ 9.4 = 56. 9°
T3 T2 1570 e
Sjn Bﬂr CZ Sjn 53 ‘JEa0 X 839 .855
B sin” ( 855) = 59°

-The total beam d1sper51on wou1d then be

s A= By oy - By ® 5 o L B 1'12: __ 
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1.5 Fiow Hemodynamics

Per1vascu3ar transducers can provide deta11ed information on the
hemodynamics of vascu1ar flow. Mean1ngfu1 1nterpretat1on5 of these
data, however, require consideration of the converse question. That is,
how will hemodynamic variations affect the accuracy of veiocity and voiume.
flow estimates by CW technigues? Four questions will be considered in
this Section: | |

(1) ‘What waveform distortions are caused by ve]dcity profile

variations during the cardiac cycle?

(2) Can these errars be corrected by cdmputation of womers1¢y's

index of pulsatility, o« [18]?
(3) What are the effects of turbulence on measurement accuracy?

(4) How do changes in hematocrit affect measurement accuracy?

‘Waveform Distortion

As stated in Section 1.2, blood velocity profiles are often
characterized as having radial symmetry of the form: .
_ _.__n
Vp = Vmax(1 )
Th1s Tormu1a is most app11cab1e for steady, fu11y deve1oped flow in
non-d15tens1b1e tubes. womers1ey [18] was among the f1rst of many
'researchers to so]ve the Nav1er-$tokes equat1ons for the analy 15 of

osc111atory blood f]ow in d1stensab1e tubes. H1s 11near model pred1cted

_Vsymmetr1es often qu1te d1fferent from the steady fTow case.



Figure 1 12 shows the pred1cted time varying prof11es which can
be calculated [19] with knowledge of pumping frequency, the 1nner |
diameter of the vessel, and the kinematic viscosity of blood. Time
varyihg velocity profiles are shown for three Qa1ues of o (dimension-

less) where:

R = vessel radius

W

puisatiie frequancy

kinematic Viscosity-of Eiood

v

As. ¢ increases so does the b]untness.of the velocity profile

during peak forward flow. For o = 2.5, a sinusoidal driving function
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produteé'orofiles which aré néar1y parabo]ic for tmuch of the flow cycle{

At o =5, 5 the effects of f1u1d 1nert1a are evident. Throughout the
f1rst 90° of the cyc]e, there ex1sts a region of h1gh shear near the

- vessel wall with Tower V§]0C1t]es in the center of the vessel. When

| o = 9.5; thé éffecfé of inertia are olearTy seen. The oonfrai core

_ contlnuai]y 1ags the flow. of the wa]] shear reg1on, keep1ng 1ts bTunt

" shape throughout the card1ac cyc]e These pred1ct1ons have been veri-

fied w1th 1n v1tro madels by several 1nvest1gators._
~-The. in-vivo forcing funct1on (ventr1cu1ar pressure) 15, however,

much closer to a sguare wave thanua,$1ne wave. _One”mustnthen_cons1der

the superposition of'effécts_from both the fundamental and higher order



harmonic frequencies. .The profiles in Figufé 1.13 were calculated in
this_manner by McDonald [20] from measured prassure gradients in the
femoral artery of a dog. Heré, the profile number 15 seén td vary from
2 to 10 during the First 105° of the cardiac cycle. Figure 1.6 showed
that under these conditions, -V;.V; would be overestimated by Tess than
6% for all but the largest transducers. If however, the mean velocity
across the vessel is desired, Figure 1.14 shows that V}esse1 will be
‘overestimated by variable amounts depending on the transducer size and
profile number. For the case of d = ,25 x (vessel i.d.), changing "n"
from 3 to 10 decreases the % overestimation from 65% to 20%. Signifi-
cant differernces in waveform could then be expected in comparisons
between EMF and Doppler flowmeters on the same vessel. These results
would suggest that waveform distortion during early systole can.be mini-
f mized by ihtreasihg'tr&hsduber-size.' From'1209 to 270%, the center
velocity in Figure 1.13 lags the mean velocity across the vessel,  For
sma11 transtceré this Wiil'tend-to eiongate ﬁhe systolic wayeform°with g
raspect to s1gnaTs produced by adaacent EMF systems. Increasing the
.e1emant s1ze ta 111um1nate the whoTe vessel creates a problem we- must
'now confront.

Many commerc1a1 f10wmeters emp10y a power splitting ﬁechn1que
to produce bi- d1rect1ona1 s1gna1s. The spectva correspond1ng to pos1t1ve
'and negat1ve f]ows are separated aﬁd passed swmu]taneous]y through |
_separate zero- cross1ng detectors They are then subtracted W1thout any
:norma1lzat1on for the re?at1ve power 1eve15 (1 e., number of scaﬁterers)

involved. Gerzberg and_Me1nd1_have shqwn_[lﬁj that with this method



a small number of scatterers moving in one direction can compleiely
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i
cancel the coniributions fvrom @ much greater number of scatters moving ~

in the opposite direction. This creates the potential for significant
errors in both magnitude and direction throughout much of the cardiac
cycle, Replacement of the zero-crossing detectors by single side-
band first moment processors will not correct errors of this type,

" unless power normalization is also adsed, |

The directional Doppler systems tested during the past contract

year'employ'a different power splitting technique to generate bi- -

d1rect1ona1 waverforms. Theoretica?‘error'predictions for such systems

using zero-crossing detectors with bandpass filtering and hysterisis
(non-zero thresho]d) are difficult to formulate, but in progress.
Emp1r1ca1ly, this error shou]d be much 1ess than those produced by 1ack

o normalization. More research on this topic is required.

Corrections for o

As previously stated, o is a function of driving frequency. Figure

1.15 p1ots.va1ues of o versﬁs.heart rate for VeSSelé fanging in radiﬂs
.,from ] to 5 mm; Th1s shows the necess1ty for comparlng heart rate as
well as veioc1ty in 1nterpret1ng f]ow data As an examp]e, assume

_ rest1ng values are recorded for flows through an iliac arteny, heart_
rate = 90 BPM vesse] rad1us = 2 mm, o = 3. If the animal is a110wed
to exercise, his: heart rate may reach 240 BPM The va]ue of. o wouid
_then increase to five, The profile number dur1ng peak forward flow

~could be expected to increase from n= 3 to n =8, under these
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conditions. The mean velocity across the vessel would increase from .6

max
iTlumination, this could produce as much as a 20% change in scale factor

to .8V___(during peak flow). For conditions other than whole vessel

as a direct result of changes_in heart rate,

A similar analysis for flows through the renal artery produces a
more encouraging result. For 20 - 25 Kg. dogs, the nmean inﬁer diameter
of the renal artery is about 2.5 mm . As such, o will be less than
2.5 for fundamental frequencies up to 240 BPM. In addition, the artehy‘é.
long Tength in comparisoh to diameter, Tow Renolds number, and large
d.c. flow component virtually insure prrabolic flow throughout the
entire cardiac cyc1e Continuous forward flow eliminates any possibility
of d1rect1ona1 ambiguity or norma11zat1oﬂ problems as described above.
~ Accurate and repeatabTe'mea5urement of mean cross sectional ve10c1ty'can'

therefore be expected.

Turbu]ence - |

The urans1st1un from 1am1nar to turbu1ent flow cond1t1ons has
compet1ng effects on measurement accuracy. The ve10c1ty profﬁ1e is
| _typ1ca11y b]unt during turbu]ent flow, wh1ch by 1tse1f wou1d reduce the
zero cross1ng overest1mat10n of the net cross sect1ona1 b100d ve]oc1ty
TurbuTence however, a]so 1mp11es s1gn1f1cant non- ax1a1 or even retro-
_grade ve10c1ty romponents dur1ng peak forward f]ow Th1s prodUCes
:spectral spread1ng and the proceSS1ng errors prEV1ous1y descr1bed The
~ results from.an aqqtg Q§11bratjon study with peak Renoids numbers

exéeeding:2500 will be reported in Section 4.
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Hematocrit |

Reid\[iS] has shown that backscattered power increases linearly
‘with the number of scatterers.. Thus increasing the hematccrit.ratio-_
from 35 to 45 volume % would only increase the audio signal to noise
vatio by sTlightly more than 1 dB. This will be of little consequence

for typical experimental conditions.

1.6 Area Estimation

‘Like the electromggnetic flowmeter [21], the Doppler flowmeter.is
intrinsically a velocity sensing device._ A number of investigations,
howeﬁer,'have reported 1inear reTationships between'theddutput'of various
CH systes and volume flow as detevrmined by direct bleed-out [22,23,24].
Such ca1ibre£ions are’ typically performed but once per animal, just
prior to recovery of the transducers Calibration.by this technique is
“at best d1ff1cu]t if the animal d1es unexpectedly or suffers an aortic
rupture near the cuff. (Ruptures are 1nfrequent due to the 11ght |
| we1ght cf the transducer assemb]y) -

Convers1ons from measured Veloc1ty to vo]ume flow have trad1t1on—
a11y requ1red est1mat1cn of 1umen area. Hott1nger has recent1y descr1bedi
an elegant pu]sed DoppTer techn1que wh1ch obv1ates the need for area
estimation [25]. Unforthateiy, th1s scheme cannot be used w1th present. |
_ commercia1 sysfems The researcher must therefcre eva1uate the accuracy
cf his own techn1que for estimat1ng 1umen area. Many such methods ex1st
: 1nc1ud1ng the measurement of vessel outer d1ameter durxng 1mp1antat1on, )

ang1cgraphy, post~m0rtem pressur1zed s11ast1c casts, use of one trans— '
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‘ducer element in the pulsed echo mode, or transcutaneous Doppier imaging.
Diameter measurements must be made with cautién; as any errors will be

- squayred during areavca1cu1ation. qu example, a % }O% accuracy in diameter

measurement brodﬁces area unéertainties or appfoXimatély-é 20%. Ina |
simitar manner, a * 30% diameter estimate produces potential area errors |
of £ 60% (+ 69%, - 51%). 'Fihél1y, diameters should be measured in more

--than‘one'p1ane to jnsure that the Tumen is indeed circular.

1.7 CdncTusions, | | | A

In summary, the CW Doppler flowmeters developed during previous
contract periods appear fully capable of accurate_and repeatable measure-
meﬁts:of mean cross sectional velocity for fiows through the renal |
artery. With careful attention to transducer construction and the method .
of éuff’attachment, grrors in this measurement should be both predictable
~and constant. CohveFSichs»ffom'veTnCity to. volume fTlow require careful

estimation of Tumen area.
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IN-VITRO CALIBRATION STUDIES

2.1 A series of studies has been initiated during the past year %o
~‘characterize the in-vitro performance of several Doppler systems.
These studies required the development of a flow simulator with cnntro11ed

acoustic and hydrodynamic properties. These properties must remain
sfab1e for weeks at a time to allow extended evaluations of flowmeter
perfbrmance,'and-te serve as'a_laboratory‘standard for testing new flow-
meter designs. Extended Studies are necessary to predict the in-vivo

~ performance and lifetime of totally 1mp1anfab1e'f1owmeter systens.

The s1mu1ator has been completed but awaits testing. Consequently,
10ng term stud1es or abso]ute flow calibrations have not been poss1b1e
to date. | “ | |

Al] of the error sources described in Section 1 of this report will
need to be ver1f1ed by 1n~v1tro tests under cnntro11ed conditions.

| Comp1ex t1me vary1ng spectra as’ descr1bed in Sect1on 1 5; can
:be generated by the apparatus shown 1in F1gure 2 1. " The M111ar pressure

generator is capab1e of prodUC1ng any cycl1ca] dr1v1ng pressure at o

. -frequenc1es up to ZOOHZ - When the syringe is vented to atmosphere,

oscillatory f]ows (descr1bed by HomersTey) are poss1b1e at fundamenta] |
Vfrequenc1es greater than TOHz Capp1ng, or Dack pressur1z1ng the |
_syringe, allows. term1nat1ons with var1ab1e comp11ance and ref]ect1on
»coefflc1ents

The velocity waveforms in F1gure 2.2 were: produced by a 2Hz square



wave forcing function, and compliant termination. This technique can

also be used %o check dynamic response of EMF or hot-film flowmeters,

27,
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Acoustical Properties of Canine Aorta

3.1 The acousticai properties of canine déscending aorta have heen
measured by in-vi*vo experiments. The results of the experiment allow
| estimaﬁiogs'of (1) beam dispersidn'(Section.1.4) duriﬁg'passage'thPOUQh
- the vessel wall and (2) the amount of ultrasonic power required for
feﬁidblé in-vivo f]dﬁméfér'performahce. The 1n-vifro'data on found-
trip attenuation have been verified during the acute calibration studies
 described in Section 4. | | _‘ | | - | ._ i
A Targe square transducer {as déséribéd by Hotfinger) was placed

in a water bath along with a stainless steel "point reflector". The

réf1ector was positionedJin the beam patﬁern.at a diétaﬁce of 25 c.
(Figure 3.1). _Returniﬁg echoes were received by a small circular element
of 4 mm diameter scribed within the 1arger'é1ément [25]. A Eeference
signa}-was Tirst estab]ighed_by_transmitting 2 usec_bursts_of 6 MHz
ﬁ]traéouhd,with.no'inferveﬁ%ng tésf'spec{mens,_'TheISTQna1 amp]ftude
| and rdundftrjp time_delay.Were.dispTayed on & high speed pscilloscope,
A.2 mm thickneés df canine déécending aofta was then 1nsérted between |
the‘transducgn4and the;target.« Thg spEcimenxhﬁd baen qbtaineq.immed-
fafe1y pdst‘mortem and saaked.inusaljne-until use (_2 hrs.). The-fat_:_ i}
was stripped,from;the!adyentitia. ‘The artery was then.opened and
positioned.by hemostats in the u]trésonic beam. |

The same experiment was repeated_foria.1 mm thickness oF non;~“

reinforced silastic and a 2 mm layer of aquasonic coupTﬁng gel. The
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amplitude and time delay of the original reference signal were then re-

measured and found to be unchanged.

Ve1ocity Ca1ca1atipns

Let t, round trip transit time of reference signal

t

1

2 round trip transit time with specimen iR place

T = round trip transit time through specimen

Then

A =T = 3.2

b
N5

where x = thickness of specimen.

C

5 = velocity of sound in specimen

Insertion of a specimen with a givén-thicknESS-hémoves the same thickness
of water from the acoustic path. A1l calculations can then be made with
respect to the known'véfoc1ty'6f sound in water (Cl)'and-the*thickheés

of the specimen (x).

, 'l 1]
At =2x(+= - =)
ST Co &

- which becomes - -« ”-“82-=””52x91211_..--?"ﬂ:z ' ﬁ'. 3.3

2% + AC,
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The results of these experiments are shown in Table 3.1.

Discussion
| These results appear reasonable when comparesd with published déta
for other materials [261. For the aorta, the propagat1on velocity closely
‘matches the mean value for human tissue (1540 m/sec), Assum1ng a linear
- relationship between attenuation and frequency, the one way attenuation
-equals 1.25 dB/cm/MHz. This closely appraximates'the value for muscle
(along fibers) of 1.3 dB/cm/MHz [26]. This figure is nearly an order of
'magnitude gfeater than for blood, but less than the value for heart muscle.
In comparison, silastic is not a gnod’acoustica] analog for vascular
tissue. .The velocity of sound is nearly 40% lower while the attenuation
(in dB) is increased more than three-fold. |
The properties of Aquasonié wefe studied due to its populsrity as
‘a coup1ing'materia1 fdr'acute stﬁdies. 'Any differences frbm the acoustic:”
propert1es of water were undetectable by our techanues. This is not
surpr1s1ng, however, because Aquason1c is a water based gel. As shown .
.1n Sect1on 1.4, the angle between the 1nc1dent ultrasound and the
d1rect1on of bTood f10w Will be ‘shifted by 2° (for 6 = 60° ) if Aquason1c

15 used for coup11ng If this d1ffract1on is 1gnored f]ow ve10c1ty w111

~ then be overest1mated by 6%



Table 3.1

AcoustﬁcéT Properties of Test Materia]s'

- Mate?fa] Thickness = At - Velocity of Sound ' Round-trip attenuation = Round-trip attenuation
: e (o) usec . X 10° m/sec @ 6tz (dB) ~__per mm @ 6MHz {db)
~ Stripped | |
. Rorta -2 - - 1.537 o 3 : 1.5
. Nen- ' ' _ : : _ : .
Reinforced | . L i _
‘Silastic - o 7 o975 3 ) 5
3'AquaSQnic I | ) |
Cowpling -} 5 ~0 1.48 - Same as Water | Same as Water

;A11'meaSurements were made at;approximate1y 25°C.

"LE
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IN-VIVO CALIBRATION STUDIES

Acute Cal Study - Series I

Two acute calibration series have been initiated during the past
year. 1In Series I, polystrene Doppler cuffs and EMF probes were placed
in series along the descend1ng aorta of six dogs. Vessel wall thick-
ness was assumed to be 15% of the outer 'diameter. After waveform
compar1sons, the transducers were ca11brated by direct bleed-out. For
5 of the 6 animals, £10% linearity was observed for a wide range of
flow rates. Even though the cuffs were placed on vessels uf'simiiaf'

d1ameters, however, Lhe slope of the calibration curves varied by as

.much as 50% from one an1ma1 to the next. The study protoco1 prcpa%ﬂd

 to identify the sources of variztion follows in Section 4.2.

4.2 Acute Cal Study - Series IT

If. Purpose: To compare and ca]1brate three doppler flowmeters
and 1dent1fy the1r exper1menta1 errors during acute exper1- 7

. ments.

I1. Instrumentation: EMF:Flowmetar
| L&MCY DoppTer
f-Stanford CW Doppler
Stanford Pulsed Doppler

- 'Mitlar Pressure Catheter
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TII. Parameters to. track:
A. Vessel Diameter

. Flow Profile

B

C. Signal to noise ratio

b. Acoustic loss through vessel walls and coupling media
E

. Hematocrit

IV. Protocol (See Flow Chart - Figure 4.7)
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The basic model is an acute preparation of an anesthetized

dog with an exposed artery in the chest or abdomen.

. The same set of transducers will be used for all animals.

Pulsatile waveforms will be compared between the EMF and
doppler flowmeters at three different flow rates produced
by graded occlusions distal to the transducers.

Vessel djameters will be estimated by an arteriogram for
three different';ases:' (1) Closed Cheﬁt (2) Open Chest
with Probes Attached;_and (3) Open.Chest After Cannu1a£ion.
In addition, a pressurized silastic cast of the artery
will be made at the conclusion of the experiment. _

In vivo calibrations will be obtained by heparinization

of the animal, followed by cannulation and timed collection
of flow at three different flow rates. The collection
period will be 10 seconds,; run in duplicate at each

level of constriction, with_the blood returned to the

 animal after each run.

. ~Reference Transducers: In general, a cannulating doppler

' Probe,'aﬁd the EMF flowmeter will be used as reference

transducers and left undisturbed (inCiuding electrical

" connections) until completion of in-vivo calibrations.

Universal Doppler Transducér:"A pair of Stanford trans-

' dicers with interchangeable cuffs will be used for all

doppTer aortic flow measurements and calibrations. A
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matched pair of transducers will be placed directiy in
the blood stream through the walls of the cannula. This

will allow measurements of the acoustic loss through the

- vessel walls and coupling media. This will also help

to identify beam diffraction, transducer canting, or
other problems associated with the transducer-vessel
interface;

Probe Sequence: At Teast two (preferably four) experi-

ments will be run with the EMF cuff proximal to the Doppler.

"~ Thereafter, the order will be reversed for the same number .

of animals. A1l doppler transducers will point towards

" the heart.

The cannulating transducer will be'driven on alternate

days by the L & M and Stanford CW Systems for the duration

of the flow collection procedure.

Flow ﬁrofi]es'ﬁilT bé'measured'for three cases:

(1) Pu]sat1le Arterial Flow (2) Arterial Flow After
Cannu1at1on, and (3) Flow Through the Cannula. =

AN f]ow data w111 be summar1zed by an on-line computer

'(mon1tor program) to a]Tow qu1ck checks fOr ca11brat10n

Tinearity.
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Results
| The results for the first two studies in this Series subport
the theoretical predictions of Section 1. Figure 4,2 shows the mean
velocity profile across a 10 mm (inner diameter)vvessel at a heart rate
of 12Q BPM. The value of Womersley's o was calculated to be 9. This
predicts a profile number of 10 during peak flow which closely matches
the observed profile. For a fixed transducer.size (3 mm) Figure 1.14
predicts a 20% overestimation of the mean cross sectional velocity.
Figure 4.3 compares the observed calibration factor with this theoretical
prediction. For the second animal, the measured inner diameter was 8 mm.
Homersley’s o wWas éaIcuTated to be 7.5, predicting a profile number of
9 during peak flow. As shown in Figure 4.4, the observed profiles
closely match this prediction. |
Returning again to Figure 1.14, a 22% overestimation of mean
o velocity was éxpettéd; UAS shown in Figure 4.3, the results again match
the theoret1cal pred1ct1on.
| ~In both studzes the round~tr1p acoust1ca1 ‘loss through the
vessel was measured to be 3 dB. Pulsed DoppTer estimates of inner
d1ameter matched the outer d1ameters of the s11ast1c casts to within
1 mm “This study w111 cont1nue, but the 1n1t1a1 resu]ts appear- to

support,the theoret1ca1 pred1c»1ons. )

- ERECEDING py gy BLANK NOT rragg
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The reader is reminded that the zero-crossing detectors used in
this experinment are 1eést susceptabie to statistical errors for narrow |
input spectra. The presence of blunt velocity profiles, and the results
of real time spectral ana1ysié (Section 5) 1ndicéte thht ke Statistica1
errors can be expected with this set of experimental conﬂitions. “This
study should be repeated,.therefbre, on sma1jer caliber vessels where

Tower values of o and broader spectra are predicted.



39,

REAL TIME SPECTRAL ANALYSIS

5.1 " The validation of zero-crossing or first moment estimates of

the mean velocity within.a given sample voTume,.requires knowledge of
thé.SPertrai distribution of the input signai. This has been demonstrated
in Sect1on 1.2. |

| For steady f]ow s1tuat1ons, the DoppTer aud1o signal can be -
analyzed by a conventional Spectrum ana1yzer such as an HP 8556A. - The
swept f11ter techn1que involves a tiade-off between t1me reso]ut1on and
‘frequency:resolution. Adequate frequen;y resolution requires slow
éweep speeds. For éxamp1é; assume the Doppler signal bandwidth is 10 KMz
and 1%.reso]ution_(i.e., 100 HZ) is required. For this typical case,
- one complete sﬁeep from 0 to 10 KHz requires a.fﬁ11fsecond. This is
clearly unacceptabie for the amalysis of pﬁ1sati1e flow data which'may" 
.change at rates in excess of 50 Hz. |
Alternatives such as fast Four1er transforms, or t1me compresQ

~ sion ana1y51s_have been ;on51dered for:processmng_the Dppp1er_spectrg. |
Of the two, time cbmpression techniquss offer the greatest hope for real
~ time spectral analysis. (RTSA). In addition. the requisite eqnjpmenf for
RTSA and computer analysis of the speciral outputs exisﬁs'in-hpusé at
~ Ames- Research Center, Moffett Field, Ga11fbrn1a [27] o
| The time compression approach is similar to the swept f11ter
technique, except that the signal is accepted_1nirea1-t1me_andzthen_rg— o

played at a much accelerated rate through a single swept filter.
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The time duration of the data window is determined by the reciprocal of
the resolution (i.e., bandwidth of the swept filter).required. The
' signals are digitized and stored in partially overiapping memories with
contiguous starting times. (Figure 5.1). The contents of each mémony
“are only analyzed for energy within a certain portion of the overall
signal bandwidth, vThe center frequency of the swept fiitef is incre-
mented between analyses until the desifed'freQUendy'fangé'haé been
traversed. When the time to‘perfOrm a complete spectrum'analysis is less
than or edua] to the data co11ectidn time, real time operation is achieved.
- These analyses are automatically performed within a Honeywell-Saicor
real time spectrum analyzer. | - -
| The spectral éutpdt signals can be displayed in a variety of
formats. Figure 5.2‘shows.one display option.' A Syncronizatioh |
signa]_from:thelanalyzer triggers a tracing on a Honeywell fiber optic
reéordéf for each Qpeciral aﬁalySiS‘pefformed. Frequenéy'startsv0n~the
‘ . Teft hanﬂ,mérgin and increases to the right; Spe@tral density within
fhe givén Bandwidth 15 indicated by z~axis modulation. This figure |
showsrrea] time spectra (1 horizontal sweep each 10 msec) for Doppler flow
signals for four sﬂcée#sive heart beats;.Time increases towards fhé top |
of the page.. The recorder tracings have been darkened by hand to en-- . .
hance reprbduction. _. |

~Figure 5.3 shdws,comparisons-hetween--(a);the-signa1s_produced o
by adjaceﬁt EMF and Doppler transducers on & canine descending aofta,
and (2) ‘the spectral content of the audio inpUt-torthe,zero-crossing‘-:

~detector. For an indicated dep]er.shiff'of AKHz (peak zero crosser
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output), the parﬁicTes in the sample volume produce Doppler shifis which .
are evenly distributed between 2 and 6 KHz. King, Light, and Gosling have
also demonstratad the value of such sonograms for transcutaneous Doppler
diagnosis.
Figure 5.4 shows an alternate disp1ay format. As in Figure

5.2, frequency increases from left to right. In th1s case, spectral
dens1ty (1 e., the relative number of scatterers) is indicated by vertical
def1ect1on. Trac1ngs 1T~ 10 show the Time vary1ng spectra for iliac
_Dopp]er s1gna15 dur1ng earTy sy5t01e. F1gure 5 5 shows spectra1 changes
as velocaty decreases from peak Flow to zero. ' |

| The centr01d or mean frequenqy of each spectra] p]ot can be
, computed by hand and compared W1th the correspond1ng f1owmeter output. |
| The preferred techn1que, however, is to have a computer perform these
calculations off line and report compar1sons‘between the mean frequenqy
within the sample volume and the instantaneous flowmeter output} Such
programeewill be developed dering the coming year end'be.used.to evaluefe..

~-the performance of present and future signal processing schemes.
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CHRONIC ANIMAL STUDIES

6.1 Introduction

| " The-in-vivo parfofmance of eleven totally implanted CH Flow-

meters has been thoroughly evaluated &uring the past contract year.

This constitutes the final test for a numbef ot design philosophies

developed during previous contract periods; Several existing or potent-

‘ ﬁa] weaknesses have been 1dent1f1ed and eT1m1nated The femaining

concepts have been 1ncorporated 1nto the des1gn of a rugged user

oriented, tota11y 1mp1antab1e d1rect1ona1 f]owmeter. Th1s 1ntegrated

__.c1rcu1t, CH des1gn promxses s1gn1f1cant 1mprovements 1n both s1gna1 |
quality and user conven1ence Initial prototypes w111 be ava11ab1e for

use at Ames Research Center W1th1n the near future.

6.2 Discrete Non-Directional Systems

~ Eight totally implantable, non-directional flowmeters were
| implanted and used iniphysio]ogica] studies. -RénaT, ilfac, and mesen-

~ teric blood flow ve10c1t1as were. measured dur1ng rest, exerc1se and
lower body negative pressure. Typical tracings dur1ng rest, exercise
- and recovery are shown in Figure 6.1. The instantaneous renal velocity
signal was fed fo a cardiotachbmetef, for heart rate derivations.

" Within ten seconds after-ﬁhsetfﬁf'exercise,_ve]ocﬁties.and heart rate :

- were stabilized at new baselines. Mean renal velocities decreased 156%,

‘mean iliac VEiocities*1ncreased.mareafhan 3 fold, heart-rate increased. -
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by slightly more than a factor of two. After 90 secs. of exercise,
treadmill speed was increased and held constant until the end of the Five

minute éxercise study., These results are not unexpected. They do,

however, demonstrate the ability to telemeter clean, uninterrupted fluw' |

signals from mu1t1p1é units implanted in an exercising animal.

LT
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EVALUATION OF AN INTEGRATED CIRCUIT,
TOTALLY IMPLANTABLE, BIDIRECTIONAL
CW{ DOPPLER FLOWMETER

The in-vivo performance of a totally implanted, integrated
circuit,.bidirectiona1 CW Doppier flowmeter has been tested atrAmés
. Research Cenfter during the last yeér [12]. Three flowmeters were¢1me_
planted with the Doppler probe immediately adjacent to a Zapeda EMF
flow transducer. .The EMF 1eads were externalized at the base of the
neck to allow beat by beat waveform comparisons.

‘The tracings in Figure 7.1 show the results of such a study
one month after implantation. This unit functioned reliably until
fﬁ%]ure 6f the transducer cable, two months after implantation.

As previously stated, many of the design concepts proven in
th{s teét ﬁaVe been included in an upgraded version of a similar syStem. -

The chron1c problem of transducer cable breakage has been
e11m1nated by use of a commerc1a11y ava1]ab1e sta1n1ess stee] coax1a1
cab1e. Th1s will great]y increase the 1mp1anted Titetimes for present

and future 1mp1antable Doppler systems.
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DOPPLER MITRAL FLOW TRANSDUCER

A new Doppier mitral flow transducer has been developed for.
measuring f]ow'aoross the mitral valve in chronic animal preparations.
The transducer is constructed from a stainless steel ring, a cast
epoxy pedestal, and LTZ-2 piezoelectric material (Figure 8.1). The
transducer elements are coated with a.%wwave Matching Tayer and backed
with a layer of echospheres for efficient operation in the pulsed mode.
‘The transducers are molded onto the pedestal, which is epoxed to the
étain1ess steel ring, The ring is then coveved with dacron mesh and.
sewn into the mitral annulus above the’mitral valve {Figure 8.2).

' This'tkahsoucef has been calibrated for measurement of mitral
Flow ﬁt‘rest and during lower body negative preésure. The results of
the study'hove been -published dUring the*paét contract year [28]. The
transducer a1]ows chronic measurements of prev1ou51y unavallab1e mitral
T1ow parameters Pulsed Dopp]er operat1on aT]ows rea1 time d1splay of
the t1me vany1ng velocity prof11e (above the valve) throughout the
card1ao cyc1e (F1gure 8 3) The orthogonal placement of transducers
around. the r1ng a]lows these measurements both a1ong and across the
"~ valve commissures (F1gure 8.4). Sequent1a1 use of the three transducers7.
7_ a1lows tr1angu1atnon to determine the orientation of the center flow
ve1oc1ty vector with respect to the m1tra1 annulus Changes 1n ‘this

vector can then be computed throughout the card1ac cycle for a var1ety

of physuo10g1c states The echo 1nfbrmat1on 1nherent in the pu15ed |
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Doppler video signal can be displayed and recorded by fiber optic
recorders to provide a real time, hard copy record of relative motion
between the transducers and the opposing atrial structures. Multiplexing
of the range gate mar%ers onto this display would document the diameter
across Which fiow was measured, '

The tracings in Figure 8.5 show the amplitude and timing of
| typieal centeriveTocfﬁy waveforms récdrded by the CW technique. Both
passive and active ventricuTar'f111ing can be seen. The waveforms
.show c1o$e'agreement wfth published EMF waveforms [29], and mitral
echocard1oqrams [30]

F1gure 8.6 shows typ1ca1 mean ve1001ty prof11es recorded along
‘the axis of the comm1ssures A-scan echo 1nformat1on is recorded in
the top trac1ng while the gate 100at1on and mean ve]oc1ty at that
Iocat1on appear beneath - ‘
| F1gure 8 7 shows s1mu1taneous trac1ngs from 6 1ocat1ons across

:the comm1ssures of another an1ma1 These s1gna15 were produced by a

o ”totaTIy 1mp1antab1e non d1rect1ona] pu]sed Dopp]er flowmeter [3]

In this case, the f]ow prof11e is observed to .be nearly blunt throughout
rthe entire cardiac cyc]e, -
- In summary, the transducers can be operated in elther the. ow |
(Figure 8.8) or pulsed mode, with externa1 or total]y 1mpIanted e]ectron1cs
© . to provide new 1nformat1oo on the_hemodynam1cs”of f1owAthrough”norma1 _
‘and prosthetic valves in the chronically instrﬁmented‘anima].‘ Modifi-
- tions' of ring. construction would allow its use toumeasore venous return -

through the tricusped valve during centrifugation,;exerCiSe or .Tower body
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negative pressure. - The ahticipated.advances in signal display techniques

will be directly applicable to conventional puised Doppier systems.
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i .

. t
DATA COLLECTION TECHNIQUES

Researchefs from Stanford and NASA have also collaborated te
eva]uate techniques for the automatic collection and analysis of teie-
métered physio]ogiéalldata. 'Thié work s a neceésary'prelude for many
extended research protocols where direct interactions between experimentor
and subjéct are eifher undesireable (cifcadian rhytﬁm studies) br im-
possible {as in space flight). The resu1t§ of that resear.h aré.sﬁmmarized

in the Appendix.
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APPENDIX

42.2 A SYSTEM FOR THE AUTOMATIC COLLECTION AND ANALYSIS OF TELEMETERED
PHYSIOLOGICAL PARAMETERS

W. R, Freund, Stanford Electronics Laboratories, Stanford, Calif.

E, P. McCukcheon®, T. B. Fryer®, H, Sandler® , ‘

A number of special experimental protocals re- - power, and dp/dt on a beat-by—-beat basis for each
quire long term data sampling from unrestrained, data block selected,
free ranging animzls. High data density is often The data shown below were collected automatical-

required, especially for the detection and classi- Iy with the system described:
fication of apericdic events. Obtaining physia-
logical data for lonmg durations at controlled sam~

pling rates requires special system capabilities. AUTCMATIC DATA RECORDING TAKEN OKZE FER niud
Chroniecally implanted transducers or telemgtry i :

packs mist be sufficlently durable to withstand mwmu‘” lﬁh% ﬁm Eﬂgﬂmﬂil _E“l :
the internal environment and sufficiently non- £y !ﬁ“ﬁm i

reactive to be tolereted for indefinite perieds of

time., Data acquisition and transmission links

must be completely religble and capable of opera-— r‘a:sg‘;l: .ﬁmmw'»"m Wi#ﬂw“ "‘\i\}“v' [”” "“"H'\'!"‘
tion with minimum attention. Automatic data ana—-

lysis is mandatory to compraess the weeks of data s r‘mm‘iﬁuwﬁuu ‘.,,JME“IJMJHM Wil bl
often collected. To'satisfy these criteria, a T R N T donon e oo oo
monitoring system has been designed which allows - baterea, '

automatic data collection and analysis on either a - n
continuous or periodic basis from appropriately T 0 lm%%%ﬁw—ﬁwwwmwmu
ingtrumented animals. The information can be pre-
_ served by ‘an anaslog tape recorder for off-line i = wn W
processing on & large computer, or sent directly s

to a mini-computer (PDP-12) for on-line analysis
and daka reduoction.

&l
TINE {? »l' 2

In a representative application to cardiovascu- The system as described has meny uses. At the
lar research, multiplexing and transmission of the pregsent time it is providing information concern-
various pressure, EKG and flow signals are accom~ ing circadian rhythms and the effents of drugs or
plished by use of a miniature, multi-channel the cardiovascular system.
telemetry system (1). The parameters of interest REFERENCES : .
can be continuously transmitted by a backpack sys- 1, Freund, W, R., T. B. Fryer, H, ‘Sandler. A
tem with percutaneous leads or by a. totally im-— : miniature milti-channel telemetry system for
planted telemetry system (2}, In the latter case, - physiological menitering, Proc, 26 ACEMB, 1973.
current drain from the jmplanted batterles can be 2. McCuteheon, E. P., E. Carlsom, T. B, Fryer, H.
minimized by transmitting only a few minutes of Sandler, An implantable multi-chamnel telemetry
data each hour. In this mode, periodic switching gystem for obtaining data from free-ranging ani-
is accomplished by a timed osecillator which trans- mals, Assn. Adv, Med. Inst.. New Orleans, April
cutaneously controls the operation of the implant- = - 1974 ' : _ . )
ed unit.. With an increase of power, the oscilla- 3. Fryer, T. B,, H. Sandler, A rechargable battery
tor can also be used to recharge the implanted system for implantable telemetry systems. Proc.
batteries between transmission periocds. (3}, 23 ACEMB, 1970.

After transmission, the KF signals are ampli-
fied and routed to an FM tecelver loeated at’ the : - This work was pariially funded by NASA grant
terminal processor. There the PUM information is NGR 05-20~6153 and NIH Grant NIH-GM-1790-04.

demultiplexed, combined with a time code, and
routed to an on-line computer and to various re~

cording devices. When the switching oseillator is Stanford Electronies Laboratories

employéd; a tone detector mouiiors the receiver Stanford University

output. When the PWM subcarrier appears, the tone Stanfurd California . 94305

detector signals the beginning of a new record to

the tape recorder or computer, % NASA, Ames Research Center
Several opilons are available for data compres- . Biomedical Reseaich Divizdon

sion and analysis. An on-line computer logs ieam - - Moffett Field, California: 94035 .

valuegs and sereens for selected parameters from
each beat. Mean values are determined for 10-
gecond intervals or for integral mulediples of 10
seconds. These are staored, and multiple display '
formats are available, ' ° o PRECEDI,NG ‘PAGE BLANK NOTmm '
Off line analysis with e.l.ther the PDP-12 or ) ) ’ - -

- largey computers can be used to screen rapidly for :
ectopic beats. In addition, the trend gnalysis
indicates date blocks requiripg more detailed ex-
aminetion, -The Iarge comptiter Is programmad Lo
analyze twenty or more caerdiovascular variabies
such as pulse wave velocity, stroke work and

378 . .. -27th ACEMB, MARRIOTT HOTEL PHILADELPHIA, PENNSYLVANIA - OCT. 6-10, 1974
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FIG 5.1 DATA INPUT FOR REAL TIME SPECTRAL ANALYSIS

FIG 5.2

FIBER OPTIC RECORDER DISPLAY OF TIME VARYING DOPPLER SPECTRA
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FIG 5.3 COMPARISONS BETWEEN FLOWMETER OUTPUT AND TIME VARY-
ING DOPPLER SPECTRA (ACUTE CAL DATA)
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FIG 6.1 TELEMETERED FLOW DATA DURING REST, EXERCISE, AND RECOVERY
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FIG 8.2 TRANSDUCER LOCATION

Pulsed Doppler Velocity Measurement

FIG 8.3 PULSED DOPPLER OPERATION
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FIG 8.5 DATA COLLECTED DURING CW DOPPLER OPERATION
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FIG 8.8 CW DOPPLER VELOCITY MEASUREMENT



