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I. Introduction

1. Ultrasonic measurements
A significant barrier to the acquiriing of physiological information on

cardiovascular function through nont;aumatic techniques is the human skin. A much
sought after parameter which has been the object of numerous measurement techniques
is volume blood flow., A critical evaluation of the methods currently available

for blood flow measurement indicates that among the most promising in terms of
accuracy and reliability are those employing ultrasonic energy (Rushmer, Baker and
Stegall, 1966).

Ultrasound has several distinct advantages over other energy séurces when
used in biological applications. It is conveniently generated from electrical
impulses using piezoelectric crystal materials, such as'Iead-titanate-z{rconate.

It can be easily transmitted into and through the. .fluid"medium of the body. - In
addition, it can be used to provide dimensional.-information on internal structures.ur
as well as providing velocjty:ihfprmation'on'movinguintérfacest..

The ability to,measutg-b106d~ve10city using ultrasound is derived from
the Doppler effect -~ the change .in frequency which occurs when sound is reflected
or transmitted from a moving target. When ultrasound of the appropriate frequency
is transmitted through.a moviné blood stream, the blood cells acé as-point scatterers
of ultrasonic energy. .If this scattered ultrasonic energy- is detected, it is found
to be shifted in frequency according to the velocity-of the blood ‘cells, v, the
frequency of the incident sound, fo’ the speed of sound in the medium, ¢, and the
The relation describing

angle between the sound beam and the velocity vector, o.

this effect is known as the Doppler equation.

2f vcos o
% 1.1

Af =
Cc

2. Continuous Wave Doppler flowmeters

Satomura (1960) was one of the first to employ ultrasonic Doppler shift



detection for blood flow measurements and numerous investigators have followed

suit. The majority of instruments available for this purpose Empiqyiqu;igqggf

» pavEeR T Rz somnd T ansnittedfromrone  pieZoeTectricrtransdieerzand . rece f ved
byzahotherseternerally  thelentive vesseliig-illuninated with ultrasonic energy

Gt iy

andiFhe-Dbppler; shifts  from fiany bToodzcellsmoving-atoyarious; velocities, combine

) ) . . ,—‘—*-;'3_,‘!"'-.-\:5-‘—‘ R o = S ¢ Rpagua—a Aot Pk »
ta_produce:a.DopplershifEispectrum. £The;first moment;pfnih1shggﬁgzénésh1$§

N L T e R e e T e e T R T T
Spectnin IS TeTateu o, the averaqs D100y, VEIOCI LY Over. the. région =11 1uminated.

¥hezfirstzmomepfsis~generally=approximated::through:-zera=crossingdetections=which
providess-anoutputzproportionalotoaihe average-number of: zerg-crossings—ofxsthe
Bopplerashiftz-signal. While this frequency to voltage con;ersion technique is
subject to error, especially for broadband Doppler shift signals, it provides

a simple and direct means of obtaining a blood velocity estimate.

3. The Pulsed Ultrasound Doppler Velocity Meter

In recent-years, instruments have‘been'developéd which are capable of . =+
specifying the range or .depth of the blood velocity measurement. Such "instruments
employ pulsed:ultrasound and are known as pulsed h?tr;soundﬂnopp]er velocity meters
(PUDVM). Their development has been undertaken by McLeod (1971), Baker (1970),
Peronneau (1970), and Wells (196%). The PUDVM emits short burst of ultrasound -

(~ lusec) at a fixed repetition interval from a piezoelectric transducer.

Burd ngrthe=perdod~betWeen~enmss10n; ~the—sanestransducer-acts-asza-receivey-af
backsatieradAtrasoumdy thos~eliminating the-neeg=for-a-separatesreceiyvipg

crystais The time delay from emission to reception of the scattered energy is
related to the distance of the scatterers from the transducer. ﬁﬁzﬁﬁﬁﬁngzihem
receiverronfor-g—sHoPtSntervalsofetimes{rrSusecy=atothorappropriate-delay
intervaizsthe~PUDVM=is-ablextozprocess~UoppIer-shift=informationfroma=1imj ted
yolumes=KnowrEas~thezsampie=region. This volume can be scanned across a blood
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vessel to measure what is known as a velocity profile. More recent instruments

employ mﬁ}tipie receiver gates to allow instantaneous velocity profile measurement.
Thecoritical-aspect=of=PUDVM:measurementsis:resolution, Axial resolution

can be defined as the ability to distinguish separately two adjacent moving

thin sheets of flow oriented at a given Doppler angle to the sound beam. Radial

resolution is a function of the ultrasonic bedam width. Many factors affect the
resolution of the PUDVM and its ability to accurately measure velocity profiles.

These will be discussed at length in the sections to follow.

4. VYolume flow measurements
Ultrasonic=bloGd FIOWNE Lers emp 10y Ing ~Lhe=DOppTEr-Shif toetTectuareractually

veloeity=meterssusincexthesmedstred=parameten=is=blood>velocity. | Consequently,
blood flow obtained through ultrasonic techniques is always a calculdted quantity . -
rather than a meaéﬁred quantity.i iSince€ several methods of obtaining;b1qu'Veiocityf‘
information. ave availables there are several differéﬁt—methéds of ‘computing volume
blood: flow.” The purpose of this study is- to .assess. the various -techniques..for: +-.
obtaining ultrasonic blood flow information in subcutaneous arteries. A secondary
goal -is ito deve]op:an optimal measurement procedure for volume blood flow based
on the results of. the above assessments -

Volume flow; V, is defined as .the mean velocity, v, over the entire

cross-sectional -area of. the vessel lumen, times this area, A« , ¢

V=v " A _ 1.2
If the velocity aistribution over the cross-section of the vessel is known,

volume flow can be written as an integral.

V =§A'\)(.a) d'A_, 1-3



where V(a) is the velocity at a point on the wvessel.cross-section.

Unfortunately, in the case of ultrasonic blood velocity measurements, not
all of the above parameters may be known. For CH u]trasqgnd measurements, if the
vessel is uniformly illuminated, the first moment of the Doppler shift power
spectrum corresponds to v. The cross-sectional area, however, is not obtainable
using CW techniques. With the PUDVM, a thin.ultrasound beam through the center
of the vessel can provide a measure of the diameter, thus allowing approximation
‘of A, but the velocity distribution is then only known across this beam path.
Therefore, CW ultrasound measurements require some independent measure of vessel
geometry, while PUDVM measurements require some assumptions concernin§ the velocity
distribution over the area of the vessel cross-section not measured.

Three basic techniques for obtaining volume flow from ultrasonic.velocity
measurements will be discussed. : A11 three are for implementation using a PUDVM
with a;variablenreceixeragate;ga]ﬂowiﬁg,adjustmént:ofuthe'axiaifléﬁgth,oﬁ-the -
sample volume.i. The first method employs-uniform: i1lumiration: of .the vessel. . _;
cross-section-similar to-a CW ultrasonic technique. - An. independent measure of the
vessel diameter must also be obtained. The second method uses the PUDVM in the.
traditional manner. to record blood velocity profiles which 'are then integrated
to obtain-volume flow.. The third technique is a hybrid of the first and second
and uses the PUDVM to measure the average velocity across a vessel along a
narrow sound beam, thus eliminating the need for profile measurement: _Al1 three
of these techniques can be carried out with single element transducers, with the

ultrasound applied transcutaneously to determine volume flow in underlying vessels.



11. Volume Flow Measurement Techniques

1. Uniform IT1lumination Method

This technique involves separate determination of the mean blood velocity
over the vessel lumen and vessel diameter. The determination of mean velocity
is accomplished by exposing the entire vessel cross-section to a uniform intensity
sound field and then obtaining the first momént of the Doppler shift signal spectrum,
The vessel diameter may be obtained by Doppler shift or echo imaging or by Doppler
shift power scanning, to be discussed in Tater sections.

Errors in applying the uniform illumination method are both expg%iméntal

and systematic. Experimental errors are mostly due to improper selection and

positioning of the ultrasonic transducer. To=provid&=a=UnTformsintensity=sound
FHeWTIRE transducencmus trhavesaslarger=beam=crossesectionalzareasthansthe=vesse] .
However; the beam:area.must not be-so -largé as:to-.include ‘other. adjacent blood. .
vessels in {ts radiation-fields« The sample région_of-the PUDVM is set to include
the entire vessel lumer by adjusting the time ‘span -on the réceiver gate: - This < -
adjustment excludes unwanted signals from other vessels lying in the sound beam.
paths Since the sample region of the PUDVM is ‘made somewhat Targer than the vessel .
cross-section, lateral-and axial positioning errors are usually insignificant. The
most important source of error due to probe positioning is the setting-of the
Doppler angle. = Techniques for obtaining-accurate -Doppler angle settings will be
discussed in later sections. -

Systematic errors are primarily due to signal processing and.reso1ution.
The typical method of converting the Doppler frequency shift signal into a voltage
proportional to mean velocity is through zero-crossing detection. Application of
the zero-crossing frequency to v61tage converter. to Doppler shift signals has

been described by Peronneau, (1970) and Flax et-al. {1971). The technique is



used primarily for its simplicity and ease of implementation,
Themmeanzzera-cross Tig-retanpfizthezDopplersigmal is given by the
relationship (Rice, 19443 Bachman, 1966)

2
2 Seo(enar éi )1

m o fe(f)df
where o is the second moment or radius of gyration about the origin, f is the

Doppler frequency and P(f) is the power. the-mean;velocity=in—tha-samplecreqion,
hGWEVﬂﬂ;::iSzgiﬂ:&n:byztheﬁﬁtSWWEﬂtiﬂfﬁih&apﬂwer;&pgﬁjﬁ}magfaf EOrRaFrow-band
sigma 1§*‘f=as*aaomaszlyzenmuai—éredﬂhenxdeaJ:i ng=withzsmallzsample-regions=with=the
PUD‘.’M-,mthat-"er—mnﬁn_troduced:byc.takingr—th”e‘”*‘i'f:‘?‘*trzt?'d‘:‘,%?e"r‘-fout;-auﬁfa’s‘r:a?htes:{;ima:te:ﬁﬂ
fisds=negtigible. Ieiielcase—ofamiform vessel 11 uninasionszhoweverssthesDoppler
shift=spsctyiii~cans berqui te~ d6~andss Ignificant errorsThayyesult.

The error introduced, Af =5, - fd’ depends .on.the width and: shape ‘of. the
power spectrum, which -in-turn depends. on’ the velocity di-st-r"i\buti'omiacross.the
vessel. .Typical symmetrical velocity distributions. can bei,ap;proximated by the

equation o3z~
viry=1-¢" Co<r<1) .. 2.2 ..

where: r -is the ciistance radially -from the.vessel .axis: - For n.= 2 this equation-
gives a-parabolic flow field, and increasing niwvalues lead to .increasingly blunt -
flow profilesy — The peak -velocity-and vessel _radiusiare. normalized to. unity.- The
" average velocity over the entire vessel Tumen can be found by integrating equation

2.2 over the region r = 0 to r = 1.

N WY =§ (1-r") * 2ardr-
0

1
_ r2 - 1
M A A n 18
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2.3

.—.:: n
v n+2

The error in measurement of average velocity using the Zero-crossing
detector can be found by applying equation 2.1 to this same velocity field. Since

velocity is related to Doppler shift frequency by a constant (see equation 1.1) and

the power is assumed constant over the field, equation‘z.l can be rewritten as
W = f vz(r)dr 2.4
m S

Substituting equation 2.2 for v(r) and integrating to find the average velocity,

we obtain

. 1
vz = Zg (r2"_ - 2r" + 1)rdr

m 0
o - T, D S T
=2 rgpf%*’“ii 2rn+2:f‘ r2 T
2n+%¢ﬁ~¢ nt2 v 2 01 4
- . -~ %
— 1: ¢ 4 =
= K -+ LN I
vm [ﬂ+1£ c-L nt2 s ':_1] - ) 2.5

Taken the ratio of'Gm to v we obtain the normalized mean velocity error which

corresponds to the error in volume flow, as calculated by equation 1.2.

Ym__ nt2

14 5
n (n+1 pi it R 2.6

Equation 2.6 is ‘plotted in Fig. 2-1 for-n =-2. to.n = 12;-which corresponds to
the physiological range of blood flow profiles. It can be seen from the figure
that even at n = 12, corresponding to a very blunt profile, the volume flow error
is approximately 4%. For parabolic fiow (n = 2) the error is 15%.

These data demonstrate that zero crossing detection is unsuitable for
accurate volume flow measurements using uniform illumination. A more accurate

method would be spectral analysis; however, equipment or computer time involved
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in spectral analysis procedures can be ﬁrohibitab]y expensive. An alternative
to spectral analysis is analog processing of the Doppler shift signal to yield
a voltage proportional to the first moment of the Doppler power spectrum. Such
a processor is shown in Fig. 2-2.

The directional PUDVM provides two Doppler shift audio outputs. The
first is obtained by mixing the returned sign%i with the emitter frequency while
the second is obtained by mixing the returne& signal with the emitter frequency
shifted 96° in phase. The lead-lag relationship of these ;wo signals de?ermines
the sign of the Doppler shift frequency, Af. These signals may be expressed by

the following equations.

E

a Se(w) sin w t dw

Ey, k; e(w) cos wtdw: o

where e{w) and w specify. the amplitude and frequency of-the Doppler shift spectral

component. . The facton. k :is’a gain.factor relating the. two mixer output amplitudes.
Differentiating. these expressions with time yields:.

E; = »Se(w) wecoswtdwsy -,

E. ===k S-e(\{) w sin wtidw .

b

Multiplying EEl _by—:,El') ?nc{_ Eg- ij:E;.. we obtain.z=:

E = —kgez(w} W sin2 wt dw

E kS ez(w) W c:os2 wt dw

2

Taking the sum and difference of E1 and EZ’ we have

E, tE, = kSez(w) W (coszwt - sinzwt) dw

1

<
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= kSez(w) w cos 2 wt dw 2.7
E, - El = kSez(w) W (sinzwt + coszwt)dw
2
=kSe(w)wdw 2.8

Equation 2.8 represents the unnormalized first moment of the power spectrum of
the Doppler shift signal. Since the‘ampﬁtude and consequently the total power
of the Doppler signal varies with time, we must normalize equation 2.8 by dividing
by the total power. This is obtained by integrating equation 2.7 and eliminating

the frequency term by fuil wave rectification and averaging.

S(El + Ez)dt = %Sez(w) sin 2 wt dw

|§(E] = Eat] =~ % e aw s 2.9

Dividing equation 2.8 by equation 2.9 yields the desired normalized first moment

times the constant, 7. - -

Ec = 'jezé‘;{) W dw 2.10 -

- S e {w) dw
This analog process has been implemented using integrated circuit technoiég; and
preliminary tests have produced: favorable results. . Comparison with the zero-crcssing
type of processor--is being undertaken in fluid test systems with kinown flow -
characteristics. The use of “the first moment-processor-with the uniform illumination
technique for determining average velocity should bring about a substantial improvemer
in the accuracy of calculated-volume flow.

The second source of systematic error in applying the uniform illumination

technique derives from resolution errors in determining the geometry of the vessel

cross-section. . The vessel diameter can be determined in a number of different
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ways, including Doppler signal power scanning {to be discussed), echo scanning

and velocity profile measurement. Resolution errors associated with this latter
method will be discussed in the next section.

Calculating the vessel cross-sectional area from the measured diameter assume:
a cylindrical vessel shape. This assumpiion is reasonable for most subcutaneous
vessels, however, care must be taken not to distort the vessel geoﬁetry by
e¥cessive pressure with the ultrasound transducer. Perhaps more significant is
the error in diameter measurement, since the cross-sectional area is proportional

to the square of this measurement.

A= &

Let us assume that the actual diameter differ§ from the measured diameter.by an
amount Ad. The @rror iin A"is” then givep bys &>

LS
P

M = Hd+ adYis T &
= T {2dad + ad%) -

The percent of error is ‘=

M _c_ _2Ad° Ad 42
i T gt 5 )6 2.11

The error in calculated-volume  flow is also given by the above equation and is
shown plotted as a function of Ad/d in Fig:. 2-3. From the figure, we note that-
for a volume flow error of less than 10%, Ad/d must be less than .05. For a 5 mm
vessel, this amounts to a resolution of better than .25 mm, which is very demanding

on current PUDVM capabilities. These capabilities are discussed in detail in

section III.
A Tist of the various types of errors associated with the uniform illumination

ORIGINAL PAGE I3
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Error Source Magnitude
Doppler angle errors ~ EE%%E%EEY'" 1
Zero-crossing detection see Fié. 2-1
Non-cylindrical vessel ~ distortion in diameter
Diameter measurement ZAd + (Ad) (see Fig. 2-3)
error

Table 2-1. *Volume flow €rrors associated with the uﬁifonm .
iYlumination methed..: .. )

ORIGINAL PAGE IS
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technique along with an indication of their magnitude is shown in Table 2-1.

While this method of determining volume flow is subject to several sources of

error, it has the advantage of being one of thé simp1esf.and most direct techniques.
Many of the error sources can also be eliminated or reduced with improved technology.
The implementation of analog first moment processing can substantially improve the
accuracy of the mean velocity determination. "Improvements in resolving power

of ultrasonic dimensional measurements are continually being made which will reduce
the error in measurement of vessel cross-sectional error. Finally, the possibility
exists of making real time measurements of a vessel cross-section simultansously
with the mean velocity determination which, with appropriate signal processing,

could yield a true uitrasonic volume blood flowmeter.

2. Diameter Profile Integration Method -

A second technique for measurement of blood flow.involves 'determination of.-
the blood velocity profile ﬁcréss a diameter oﬁ~£he vessel -under study. Since this
technique requires measurements of local blood 'velocity at discrete points across
the vessel, the PUDVM is employed. The procedure usually followed with single
gate.instruments-is as follows: . The transducer is positioned at a known angle to.
the vessel and the sample volume Tocated outside the near wall of the vessel. The
samp]e volume is then moved e1ectronica1}y across the vessel in discrete steps,
with several heart cycles of blood wvelocity information .recorded at each point.

The EKG must -be recorded..simultaneously so that velocity measurements can be-
synchronized in time. Generally the quantity of dafa is such that computer processing
of the velocity waveforms is required. The requirement that the Doppler angle be
substantially less than 90° prohibits recording a velocity profile across a true
diameter; however, for most measurements, the flow profiles can be assumed to be

constant over the axial length in question. If a single gate PUDVM is used, the

flow characteristics are also assumed to remain constant over the time required
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to move the sample volume across the vessel.

Several other assumptions are involved in calculating flow from the
measured profile. First of all, the vessel geometry is assumed to be cylindrical
over the measureﬁent region. Secondly, the blood velocity field should have a
degree of radial symmetry about the vessel axis. More specifically, the measured
velocity profile should be valid for rotation about the vessel axis by 1_900.
Thirdly, the blood velocity vector is assumad to be parallel to the vessel axis
at a1l times during the cardiac cycle, maintaining a constant Doppler angle to
the sound beam. These Tlatter two assumptions imply that the profile integration
technique is not suitable for highly skewed véﬁocity fields.

If the above conditions are met, the instantaneous volume flow can be found
by dividing-the vessel cross-section.into’a series.of-coricentric’ rings corresponding
to the number, of measurement'1ocations-(see{Fi§.E2:4)?~:The blood-velocity at.each..
Tocation can bezwritteniaq-v%(t),iwhere’1wgoés;from50wt0;n,%the number of ¥
measurement {ocations:;aThe volume’ flow is..found-by-~weighting: each. velocity by the
area of the half-ring containing the méﬁsurement Tocation and performing a '

sumnation. - The area of the half-rings can be written.in terms of the measurement

jncrément, Ax. The center haif-circle has an area of,

T A 2. N
RV

The area:of-the first_halfzring is_8a, the secondﬂlﬁa;éthé-ihird_24a;fand SO on. _

If we designate the center measurement location as the mth"bb%nt; then the -

instantaneous volume flow can be written as
n
v(t) = > Bvi(t)lmwila + v(t)a
i=0

The average flow is found'by-inteérating the above formula over a complete heart.

cycle, t.

RIGINAL PAGE 18
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Fig. 2-4 _Partioning of vessel cross~sectional for volume.
flow calculation. -+
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7 - g[sv-;(t) [m-i]a + vm(t)a]dt

(B

While the above calculations may seem quite tedious, they can be performed accurately
and quickly on a digital computer, if the velocity waveforms are appropriately
digitized.

In addition to‘the Timitations imp?ied‘in the above mentioned assumptions,
use of the diameter profile integration technique is subject to other errors.
These errors may be divided into two categories: 1) exper%mental errors in applying
the technique, and 2) resolution errors in the measurement of local velocity and
vessel diameter with the PUDVM, The first category involves mostly experimental
skill and technique while the second category involves inherent systematic errors.

The first category errors arise from several sources.-. The transducer' .
employed must <have a diameter which .is 'small. compared to the.diameter of the vessel
if the velocity measurements are to be accurate. - A Targe diameter sound beam"
degrades resolution by increasing the radial projected length of the sample region
and introduces errors due to vessel curvature in measurements near the walls. -
Theoretical and experimentai data indicate that errors due to sound beam width
are negligible for beam diameters less than % the vessel radius. ...

A second source of error in the.first category is due to misalignment of
the sound beam across the vessel:.- If the” sound beam is off the vessel axis, as
shown in Fig. 2-5; the calculation of. volume-flow is affected.-This type of - -
error is profile dependent and is at a minimum for a uniform ve]oc{ty field.

Even for this case, however, the error in volume flow calculated goes up as the

square of Ar/r.

% error in volume flow = (%F)z x 100 ¢

268
AL P A
R poor &
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DESIRED SOUND BEAM PATH_{L © YlacTUAL SOUND BEAM PAT

Fig. 2-5 Transducer beam offset -introduces error.in velocity.
profile measurement and computed volume flow. -
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For a parabolic profile, the percent error increases to 2(%?)2 * 100 for small

Ar With these two cases as a bounds on the error, we see that for a misalignment

r 1
of only Ar = %r, the random error in computed flow lies between 6.25 and 12.5%.

Another source of error involving probe alignment is caused by variation
in the Doppler angle. Since the measured blood velocity by the Doppler shift
method corresponds to the component of blood velocity in the direction of the
sound beam, thié measured velocity must be divided by the cosine of the Doppler

~=~*2 to obtain the actual velocity.

- 1

Vactual = vmeasured CoSo

For a nomimal Doppler angle of 60°, an errvor of only 3° introduces approximately
a 10% error. in veiocity.' '
For transcutaneous measurements, thg Déppler angle-is usually sét by
two steps. - The transducer is. first adjusted for-a null signal which orients
the sound beam at 90° to. the vgssel axis. The Doppler angle is then set by
rotating the transducer through a known angle in a plane which contains the
vessel axis. This two step prbcedure requires a comp]icated_trénsducer holder
for measuring the angles involved and is time consuming. " Also, refraction effects

as the sound beam enters the tissue .can introduce considerable error with this

approach. =i: .

An alterdate. approach—-for obtaining an-accurate Doppler angle is fo use .
triangulation techniqugs. The peak forward blood velocity vector at the vessel -
centerline can be measured from three independent directions and its orientation
computed by triangulation techniques. At peak forward flow this vector can
reasonably be assumed to be coincident with the vessel axis. This approach has
been successfully employed in transesophageal measurements of aortic blood flow

5 18
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(Daigle, 1974). Refraction effects remain a source of error with the triangulation
method, but if each sound beam is similarly affected, the refraction can be
measured and a correction made.

The second category of volume flow measurement errors are thbge introduced
by resolution limitations of the PUDVM. A great many variables influence the
size of the measurement volume of the PUDVM, known as the sample region, and
these are discussed in detail in section III, The majority of these variables
affect the axial length of the sample region, since the radial size of the sample
region is fixed primarily by the transducer dimensions. As mentioned previously,
for accurate profile measurements, the transducer beam width must be less than
% the radius of the vessel. This requirement can be met by choosing the proper size
and focus transducer for the véssel- under study. - The axial length of the sampie -
volume must also be small compared.to the vessel radius for accurate velocity . .
profile méasurements, but this requirement can not always be satisfied. In
practice, the, minimum axial length of the sample region is.on. the order of 1-2 mm.
Because of this limitation, it is appropriate to examine the resolution errors
introduced in velocity profile measurement and the consequences on calculated
volume flow.

The axial length of the sample region is best described by a plot of
the beam power along the beam axis as a function of range. Such a plot may be
experimentally constructed using -a.testing apparatus to.be described later.-: The
resulting curve is known as the sample function since this function specifies
the weighting of blood velocities along the sample region Tength. " The measured
biood ve]oc%ty is approximately the average of the velocities along the sample
region length, weighted by the sample function. Because of .this property, the
measured blood velocity profile when the sample volume is scanned across a

blood vessel is described by the convolution of the sample function with the
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actual velocity profile. Obviously, the larger the length of the sample function,

the greater the distortion of the actual velocity profile due to this convolution
effect.

A second type of profile distortion occurs near the walls of a blood
vessel (MclLeod, 1974). As the sample volume is moved out of the flow stream,
part of the sample volume enters a zero velocigy region. Since a zero velocity
region produces no Doppler shift signal, the PUDVM is unable to respond and the
effective size of the sample region is reduced. This effect introduces a boundary
error in the velocity profile measurement which gives rise to higher velocities
near-the vessel walls than expected from simple convolution of the sample function
with the actual pr&fi?e.

For example, consider a.rectangular velocity profile and a rectangular
sample function, as shown in Fig. 2-6. -The tonvo]ﬁtion of these functions is
trapazoidal in shape, as_showns If thé boundary. error-effect is.inclided,’ .

however, the profile shape becomes rectangular,. with an inﬁrease in width equal

to the sample function width.™"

In actual velocity profile measurements, the boundary error effects may
be diminished by reduced signal to noise ratios near the walls, and motion of: .

the walls with the pressure pulse. "The measured blood velocity profile generally

falls somewhere between the convoluted velocity profile and the convoluted ve]qgity'

pqgfilg_gjfh_?oundarykerror;ﬁﬂThis:negion is shown.shaded in'Fig.r 2-6.7-.

To investigate.the effects of sample function length on-velocity profile il:
measurement, a theoretical study was made using computer generated curves.

Velocity profiles were generated according to the formula,
y =V, (1-[x"]) (-12x<1)

This formula yields a family of curves as shown in Fig. 2-7, with increasing -

values of n yielding profiles with increasing bluntness. For n = 2, the profile
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shape is parabolic. These theoretical profiles were convoluted with rectangular
sample functions of varying length. Nonlinearities introduced by the zero-crossing
detection process were neglected. For 1ohg transmission pulse Tengths, a
rectangular shape is a good approximation to the actual sample function shape,
as will be demonstrated in the section on resolution. For shorter pulse lengths,
the rectangular shape is still a fair approximation if the width is taken at the
half power points of the actual sample function curve. The Tength of the rectangular
sam§1e function is expressed as a fraction of the vessel radius, r.

A secpnd computation was also performed on thé theoretical velocity profiles
to include the effects of the boundary error. This convolution Qas carried out
by reducing the Tength of the sample function at the walls to the length of the
portion of the sample function within the vessel. These profiles were also

1er

calculated for various sample lengths for each n value. .u:,

Figures 2-8 through 2-11 show some of the results:of. these calculations..
Each figure shows ‘both the convolution and boundary error effects for various .
sample function lengths on a velocity profile of order n. - For éxample, Figure :
2-5 depicts the results for a parabolic velocity profile of order n = 2. Six
sample function lengths are computed from .2r to 1.2r in .2r increments. Note .
the effect of increasing sample function length on the convoluted profiles.. As
mentioned previod§3y, the conveluted velocity profile and the convoluted ve1ocit¥
profile with boundary. error. can be considered as-1imits on-the measured profiie, -
which generally falls between the two extremes. -

Next, we must compute the effects of these profile distortions on volume
flow calculations. A problem that immediately arises is where to specify the
vessel wall locations. If the measured profile is the only data available, some
method of wall Tocation based on that profile must be constructed. One such

method is to specify the wall location as the point at which the velocity goes
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to zero. This method is suitable for small sample function Tengths, but obviously
introduces rather large errors for lengths approaching the radius. An alternative
method is to extrapolate the maximum and ménimum profile slopes to zero velocity
and take these points as the‘wa11 Jocations. This method reduces the error due

to the convolution "tail" on the actual profile and allows wall determinations in
noisy environments which disturb the baseline, but is also profile dependent and
difficult to apply in irregular velocity fields. Occasionally, jnformation on
vessel diameter or wall locations is available from an independent source, such

as radiographs or ultrasound power scans (to be described in ?ater‘section). When
such data is available, we can truncate our measured prﬁfi]es to these new wall
Tocations for purposes of calculating volume flow.

Taking into consideration the above methods for determining the vessel wall -
tocations, volume flow was computed from the convoluted profiles:and convoluted -
boundary error profiles six ways. - For both profiles, flow’was computed 1) over
the entire width of the profile;’ 2} over the width of:the in vessel profile,
assuming an_independent measure of the wall locations, and finally over a width
determined. by extrapolating the maximum and minimum profile slopes to the baseline
The results are ghown‘in Table 2-2 relative to the actual theoretical §01ume flow.:.

Since thg%convoluted velocity profile and the convoluted boundary error ..
velocity profile represent bounds on'the measured velocity profile,. the volume - .
flow calculated from these curves should-also: represent the range_of.computed 27~ -
volume flow. . Figures 2-12 through 2-15 are graphs of the volume flow error range
as a function of sample function Tength for various n values. 0n1§ two error
ranges are graphed - that from computing the vessel wall locations from the
maximum and minimum profile slope, and that from calculations using independent

measurements of the wall locations which are assumed to be exact.
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Volume Flow Comparisons

volume flow from [volume flow from conv.|wall Tocations
convaluted profile | bound. error prof. from profile slope
gyer over
function | volume actual actual
n length flow djameter | complete | diameter |complete conv. c.b.e.
2 .25 1.0 1.005 1.010 1.015 1.027 1.005 | 1.015
.50 1.0 1.011 1.041 1.062 1.142 1.020 } 1.079
.75 1.0 1.015 1.092 | 1.129 1.342 1,042 | 1.184
1.0 1.0 1.018 1.162 1.207 1.621 1,110 | 1.415
1.25 1.0 1.020 1.250 1.288 1.968  11.204 | 1.968
3 .25 1.0 1.003 1.008 1.014 1.029 1.003 | 1.014
.50 1.0 " .998 1.031 1.056 1.151 1.017 ] 1.094
.75 1.0 .989 1.078 1.111 1.358 1,051 | 1.252
1.0 1.0 .977 1.138 1.170 . | 1.637 1.108 | 1.637
1.25 |{. 1.0 963 . | 1.214 .2f"1.227 | 1.978 1.188 | 1.978
T "f"?"'""""f"“ i) T T
5 ;.25 |0 L0 t. ) .999 1f11.007: :|1.014 .7) 1.033 & | .999 | 1.014  :
".50 |- 1.0 .:} 983 [-1.029. | 1.050 .| 1.170 .7:}1.014 | 1.118
' .75 1.0 - 959 {-1.066 | 1.091 ¢]:1.390. "u.|3.055 | .1.391
1.0 1.0 - .932 1.117 1.129 . | 1.674 1.107 | 1.674
1.25 1.0 .| .905 { 1.182 1.162 | 2.0 1.174 | 2.011
7 .25 1.0 - .997 1;907 +1.015 1.038 : ]1.002 | 1.027
© .50 1.0 @ .973 | 1.027: [.1.047 .4.1.{88 1.021 { 1.188
W75 1 1.0 b .941 <) 1.060 f 1,078 .. ] 1.418 - -11.052 | 1.418 _.
1.0 .| 10 52| .907 -} 1.107 [-1.104. }-1.705...2|1.100 | 1.705
1.25° | 1,0 :°{ .875 -|-1.167- -} 1.127 .| 2.082.:.|1.162 | .2.082 ~ -

Table 2-2. Volume flow computations from theoretical velocity profiies. Values are
normalized by volume Tlow from undistorted profile.
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Fig. 2-13 FError range for computed volume flow from velocity profile
of order n=3. Error ranges are as defined in Fig. 2-12,
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As shown in Fig. 2-12 for the parabolic profile case, the error ranges
are both above the normalized actual volume flow line of 1.0. As the sample
function length is increased, the error ranges increase dramatically. Figures
2-13 through 2-15 show the same error ranges for higher values of n. Note that
as n increases, the error range for the computer wall Tocation volume flow increases
more rapidly with increasing sample function']ength. Somewhat unexpectedly, however,
the error range for volume flow, as calculated from the profiles with an independent
measurement of the wall location, tends to remain constant with increasing n,
and even moves down to symmetrica!1yi?@qlg§e\the actual volume f1ow‘1ine.

Several conclusions can be made from the data in Figures 2-12 through
2-15, First of all, it is apparent that for sample function lengths Tess than
.25r, the volume flow calculation from profile integration is quite accurate,-
regardless of_the method of locating the vessel walls:: Assuming a minimum .
practical sample function Jength of 1% mm, #he technique“should be valid, from
the standpoint of resolution, -in vessels 12 mm in diameter and Targer. Since
most vessels that are accessible transcutaneously are considerably smaller than
this, we must consider the situation of Targer relative sample function engths.

For these situations, it is apparent that the method of determining the vessel. --
wall locations from the profile slope can lead to rather large errors in volume
flow, even with. ideal profiles.’-.It appears highly desirable-to.obtain an
independent-measurement of_the -vessel wall Tocations by.some-other more-accurate - -
technique: Finally, we see that accuracy depends, to some extent, on profile. .
shape.- For volume flow calculations based on profile slope measurements of wall
Tocations, the error is likely to increase with increasingly blunt profile shapes.
For the independent wall location technique, however, the error in computed volume

flow is likely to decrease with blunt profile shapes.
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Volume Flow Errors

Error Source Magnitude

Velocity profile not across ~ cos {Doppler angle, o)
true diameter

Physiological variation
during scan*

H

time required for scan

Non-cylindrical vessel ~ distortion in djameter
Non-symmetrical velocity .:. ‘é degree of skewing . .~
profile " .- ; :
!
Bﬁood’velocity.?ector not nu é function of-off axis angle,_:=
parallel” to vessel axis: ™ ; radius ‘of_vector and duration :
; of error during cardiac cycle |
Beam diameter, d too large function of 93 small for g-<.25
for vessel radius, r , v r
Sound beam not aligned. -: - J(%Fizifor uniform velocity field

with vessel axis -.:

COSQT: . 1.

cos(o+Aa ). T,

. T . . sample. function. length
Resolution errors-. function of radiuse-.

“and of wall location methpd -

i e

Doppler angle error-. ¢ N

[

*single gate PUDVM

Table 2~3. Errors in volume flow computed by diameter profile

integration method.
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Table 2-3 summarizes the error sources inherent in volume flow measurement
by the diameter profile integration method. As shown in the table, this method
is subject to probe alignment and geometry errors, asymmetrical velocity field
errors and resolution errors. The magnitude of the geometry and resolution errors
indicate that this technique is best suited for large blood vessels on the order
of 10 mm diameter and above. The small size of subcutaneous vessels accessible to

the PUDVM suggests that the profile integration technique is not suitable for accurate

transcutaneous volume flow measurements.

3. Diameter gate average velocity method

This technique for obtaining volume flow is in effect a hybrid of the
uniform illumination method and the diameter profile integrat%on method. It has
the advantages of the uniform iilumination method‘in that it is. simple and requires
no computer processing.: It shares-with the diameter profile integration method i+ -»
the ability.to measure vessel. diameter with the same transducer used for velocity
measurements. Unfbrtunatel};~the method also shares many of the error sources of -
both the other techniques. . -

The diameter gate average velocity techniqde utilizes a small transducer
compared with the size of the vessel (again accuracy demands a transducer beam width -
< .25r).. “The transducer is oriented with respect to the vessel at a known Doppler
angle so -that the sound beam intersects tﬁe vessel axis. The gate of the PUDVM .
is then set to encompass the vessel. Tumen,- If the flow characteristics-are constant
over the axial length of the vessel region.under illumination, the average velocity
along this thin sound beam represents the average velocity across the diameter of
the vessel. If the gate is then narrowed and set to measure the peak velocity at
the vessel centerline, the mean velocity for the whole vessel can be computed.

A measurement of the diameter then allows calculation of total volume flow.
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Equation 2.3 gives the mean velocity for the entire vessel cross-section

for profiles of the form

vir) = v, (1-r") 0<r<1 21
where vp = 1, For vp variable equation 2.3 becomes
» — - z - n !
v =y (“'*_'n+2 ) ) 2.15

The average velocity along a thin sample beam across a diameter is given by the

integral

C
0
Y ""i-‘: \ —-.n_;‘.._ ..j;,...: i
v, * \gp(- L0 R 2.16 %

Solving for:niin terms of v and vy .
. T

c P

“Substituting the above equation for-n in equation 2.15, we obtain the mean velocity- -

L

in terms-of v_ and v _+ -

c pT e
vz
- . _C T " - -
v vp {_p - )
v +2vb-2\fc_;;

R )

Vv = __E_C_:-___ - 2.17
2vp - vc

The above derivation is based on several assumptions.'.First of all, the

velocity field is assumed .to be axial symmetric, that is, the velocity profile

ORIGINAL PAGE I3
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is constant with respect to rotation about the vessel axis. Secondly, the profile
shape must be describable by the mathematical form given in equation 2-14. As

for the diameter profile integration method, these assumptions preclude the applicatic
of the method to skewed velocity fields.

Experimental errors inherent in the diameter cate average velocity technique
are huch the same as those for the diameter profile integration method. The
transducer must be oriented at a known Doppler angle, minimizing the offset of the
sound beam from the vessel axis. The beam diameter must be equal to or smaller
than % tbe radius. Care must be taken not to distort the vessel shape by excessive
pressure on the probe.

Systematic errors are also involved, as with the other techniques. Since
the Doppler shift spectrum is broad, due to the range of velocities present, errors
in converting frequency to voltage using zero-crossing detection.resuTt.--Using -
the same mathematical techniques employed for the uniform illumination method, we
can obtain an estimate of the ze}o-crossing detection ef}or;**App]ying éqqation 2.4

and integrating across a diameter we obtain
1

-2 _ .2 m2
Vo = vp g :!1 X ) dx
c .
2n+l . n+l ; 1 .
= UZ [X : 3 _ 2x X i
Plontiz-= - n#1 - % ;
0 o
- L - -
—~ - 1’ 2 - K
“m = Vp [2n+1 . ntl }:?] CT 2.18
Substituting'ﬁh for'Gc in equation 2.17, we obtain
3
1.2 ]2 .
_op [2n+1 i I 2.19

3. =
e 1 2 e
2 - [2n+1 nt ¥ 1]
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The actual v is given by equation 2.15. Dividing v, by v gives the normalized

error.

- 1 2 X . .

Ve _ nt2 .(2n+1 T n+l +1) 2.20

—n 2_(1 _‘__2_4,1);& )
2ntl  ntl

<!

The error in computed volume flow is similar to the normalized mean velocity

ervor and is plotted as a function of n in Fig. 2-16. HNote the similarity between
Fig. 2-16 and Fig. 2-1 which gives the normalized volume flow error introduceg by
the zero—crossef_for the uniform illumination method. The two curves are nearly
identical, even though the equations from which they are derived are quite different

in form.

This 'similarity in the volume.flow error. introduced by zerd-crassing"
detection for the diameter. gate average velocity..dnd uniform illumination methods D
suggasts an interesting possibility! - If the peak.velocity and mean velocity are . i
known, it is possible to compute n from equation 2.15 or_equation 2.18, depending |
on the method in use. Knowing n, it i$ then possible t6 correct the zero-crossing
error using the curve in Fig. 2-1 or Fig.' 2-16.- While this involves some rather. |
complex processing, the error in volume flow ‘can potentially be eliminated.. i

Other sys}ematic errors invoﬁved.in the diameter gate average velocity
method are due t6 resolution:errors::--The €rror.in diameter measurement has a-- 2
considerable effect”on: calculated volume:flow and the remarks-ih-section=2:1 apply, -
Fig. 2-3 shows the percent-error in volume flow. introduced by diameter measurement
errors.

. Table 2-4 1ists the error sources associated with the diameter gate average
velocity method.” The large number of experimental and systematic error sources

raise doubt as-to.the accuracy of this technique, especially in smal] vessels
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Fig. 2-16 Volume flow error introduced by zero-crossing detection
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Magnitude

Measured velocity not across
true diameter
1

Non-cyiindrical vessel

Non-symmetrical velocity
profile

Blood velocity vector not
paraliel to vessel axis .

Beam .diameter,.dy too large
for vessel radius, r=. :

Sound beam off vessel axis. 3

by Ar

Doppler angle error ..

r

Zero~crossing detection. .
error ™,

Resoiution error in diameter. {—

measurement -o=

Table 2-4.
gate average velocity method.

T X
. function- of

H

velocity variation along vessel

distortion in diameter

~

degree of skewing

!

function of off axis angle,
radius of vector and duration

of error::

—
3
r

smal] for

'S]Q-

e

W s

uniform velocity field

( ) for

casg

- cos]U+AU)

-see F19ure 2-167 -1,

1
I

-
Ly

5
i
i
3

20d |
id

Zn 'J
.

i (Ad)

Error source in volume flow determination by diameter-.
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with skewed Ve1oéity fields. The method's greatest advantage lies with the ability
to obtain volume flow estimates with a narrow beam width transducer without
computer processing of profile data. Since the same small transducer may be used
to obtain a vessel diameter estimate, all essential data for computing volume flow
can be acquired from a single transducer element, suggesting the possibility of
multiplexing schemes. Such complex types of gata acquisition and processing are

sti]1.in the future.
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11I. Resolution Studies

The resolution of the PUDVM in making blood velocity measurements is an

important factor in velocity profile studies. In section 2.2 the effect of limited

axial resolution along the sound beam on velocity profile measurements and derived
volume flow calculations was demonstrated. The other methods of volume flow
deter@ination involve vessel diameter measurehents, which when made with the PUDVN,
are also subject to resolution errors. Re;oiution, therefore is an important

consideration in pulsed ultrasonic blood flow measurements.

1. Theoretical aspects

The ability of the PUDVM to resolve spatial velocity distributions is
o

defined by a measurement function.which describes the geometric region over

|28

which the distribution is sampled and averaged by the measurement_process; The
dimensions of the sample région:vary with experimental .conditions and are - .-
characterized by the transducer radiation.patterm; Tength. of emission pulse,
transducer and receiverbandwidths and sample ﬁate time.. The transducer radiation
pattern generally defines the width of the sample region, while the other parameters
influence the axial Tength.  For velocity profile measurements the critical
dimension is the projection of the sample region length on the diameter of the °
vessel under study, which introduces an additional factor -.the Doppler angle..
Fig. 3-1 illustrates how. these individual elements of_resolution combine.to: =~
generate the-measurement function,. referred :to-as- the sample function..i:s
Analytically, the sample function can be derived by considering reflections
from a line source of scatterers transversing the transducer.field. Experimentally,

the function can be observed as the power returned from a moving 1ine or sheet

of flow. For purposes of illustration and in an attempt to make some general
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statements regarding the sample function, the transducer bheam is assumed to be
of constant cros§-secfion in the region of the sample function. This approximation
requires a slowly diverging beam, as in the case of a transducer several wavelengths
in diameter.

The power scattered and returned to the transducer by a reflector is
proportional to the illuminating power, the scattering cross-section, and the
transducer gain in the direction of the reflector. Thus, for a common emission

and reception transducer the return power can be expressed as:

P{R,r,t) = GGZ(R,F)PE(t - 1)

where g = scattering cross-section
6 = transducer power gain.
Pe = emission power . -
R = range- =
¢ = velocity of sound
T = range delay -

Referring to Fig. 3-2, 'the transducer gain can be written in the form -

) x sinx)-

&{R,r). = G(sm«

In terms of range delay -ra _this becomes-: =

T dinx
& = G(Ros™ 5~ cos-c)“' %

Similarly the emission power Pe becomes

¥ 2
Pe(t - e Sinx e X cosac) Pe(t" - c X gosac) -

The term % X coset is simply the range delay T in the x direction, thus
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Pe(t! - -E:x cosx) = Pelr" 'Tr‘)

The total returned from the plane of scatters at Ty = %?- is §imp1y the integral

of the scattered power over the entire plane

Px je(ao S SInK . ) Pe(r, -7, )dx

¢

c ¢ sin« )
2cosx S 6(Ry» 7 2osx T/ PTo ~ T T,

which is recognized as the convolution of the emission power pulse with the projected
transducer gain pattern. The effect of limited transducer and or system bandwidth
1s readily incorporated in this expression by defining Pe as the signal one would
record from an jdeal point reflector rather than on the rectangular excitor burst.
Typically, 1imited\transqucer bandwidth adds about %y séc to the emission burst.
Limited demoqu1ator bandwidth also tends to:stretch the pulse making a broadband
(5 MHz) demodulator imperative. ...

Signals reflected from a desired depth are selected by range gating the
return signal Px' * The range or sampie gate, described by the function a(t),
_has unity transmission._during .the selected sample interval, Tg? and zero transmission.

at all other times. Low pass filtering of the gated signal retains only the zero

order frequencies{rphus~the gate-output P becomes <
' ~ - 9. =
, O R
Po(t~145) = Pt - to)a(-g)dr —J . -r P(T-TO)CIT:_= :
N B
o~ 5

The form-of this expression is also recognized as a convolution integral.

Substituting and combining terms the range resolution or sampled function becomes

h{x) = g*Pe*a
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Expanding the emission power Pe in terms of the excitor pulse P, the transducer

bandwidth b and demodulator bandwidth d
Pe = p*b*d

Thus h{x) becomes

h(x) = g*p*b*d*a

Or in terms of spatial frequency, s

+

H{s) = GPDA

The expression of the sample function as the convolution of the component parts
Teads directly to the observation that the overall length of.the sample function

is given by the sum of the component widths and the_realization that each component

. =

tends to Tow-pass filter the spatial velocity distribution: ;- -,

The sample function can be measured experimentally asian impulse or step
response. The impulse response is the signal.level recorded from a thin flow :
sheet as a function of.range. The step response is.equal to the integrated -
impulse response and is the signal level. recorded as the sample region is slowly.
moved. from a region of zero flow into the.velocity field (see Fig. 3-3)...

Experimentally the step .response is much more easily obtained than the
impulse response and can be directly.evaluated at: the time of expériment...The.- ™
difficulties and uncertainties-associated with maintaining a thin (= :1_mm) flow
test section are eliminated. The only experimental constraint is that the step
be abrupt compared to the resolution of the system being tested. Worst case

abruptness- of- the experiménta] test function can be estimated from the minimal

velocity to which the instrument will respond and the velocity gradient dv/dr

at the wall ORIGINAL P AGE B
OF POOR QUALITY
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Vmin

A= dv ,
dr

r=R

For the present discussion a parabolic velocity profile is taken as the worst
case. Turbulent and oscillatory profiles tend to be blunter and therefore have
a steeper velocity gradient and can thus be regarded as providing a steeper

-

step. The velocity distribution for parabolic flow is

!

v=v (1- (9

where Vo is the peak velocity and %-is the nondimensional radius. The velocity

gradient at %—equa] to one. is.

B doo = ooy, ey
d(s) fre-r 4-
R 1. L

The minimal sensable velocity of the present instrument is-on the order of 1 cm/sec.
A typica]‘vo is .5 m/sec. Substituting the abruptness of the step AR becomes

- L ry . 1 -Z

. MR =100 o

The 1/100 fractional radius step abruptness is for steeper than the instrument.
resolution and can therefore be considered ideal’. o:1.

Next to resolution;: the most serious limitation.of. the Doppler flowmeter
is its_ inability to detect zero flow.. As a consequence of -this the sample. function
changes as it is scanned across the vessel wall into a region of zero flow. This
boundary -error produces profile broadening and distortions in excess of those

produced by convolution alone.” The effect is particularily troublesome in velocity

gradient and shear stress studies.

ORIGINAL PAGE IS
OF PODR QUALITY
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A correction factor for this effect can be derived by applying appropriate

1imits to the convolution integral. The desired velocity Vd for a sample function
Jocated near the wall is given by
[_m Px)V(x)dx

d S N P{x)dx

-l

However outside the vessel wall, x > y , the velocity is zero and the power
contributed from this region is also zero. Therefore:
¥
J’_wP(x)V(x)dx

' j:P(x)dx

Since V(x) is zero for x > ¥ the numerator of Vd: and Vm are equal to -

r

¥ = .
J.,,,P(_x)\,-'(X)dx =) _PxIv{x)dx

Subsequently the desired velocity Vd becomes . . -
¥

Vv, = f-wPix )dx ‘,"*V

d = A m
j_mp‘(’f_)dx Y‘-"""-(

Thus the boundary error is readily related to.the: sample-finction. .The *’
appropriate 'conrefsfion Tactor-is merely the fraction-of-the sample. function= -
remaining within the flow stream. - For the case of a symmetrical sample function

centered at the wall, the correction is 0.5 and independent of P{x).

2. An apparatus for studying the sample region-ofl the PUDWM ..

Due to tha many factors influencing the extent of the sample region of the
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PUDVM, experimental determination of the sample function is often necessary for
obtaining an estimate of the measurement resolution. As mentioned in the previous
section, the impulse response can be determined using a moving sheet of flow
giving the sample funétion directly. Alternatively, the step response can be
measured by moving the sample region into a uniform field of flow. Both of these
methods require rather careful experimental set ups and precise measurements.
Since the sample region is defined by é spatial distribution of acoustical
power, reflected energy from sfﬁtionary targets can also be used in studying the
extent of the region. If a small, dense spherical object, such as a steel ball
bearing is placed in radiation field of an ultrasonic transducer, it approximates
a point reflector of acoustical energy. For the PUDVM, this reflected energy
can be received during the time between emission pulses and processed by a
squaring circuit to obtain a measure -of received power. Further processing by
the sample gate of -the PUDVM allows all elements influencing the extent of the
sample region to exert their effects.. By moving the reflector through the sample
region, power maps can be made and the dimensions of the region can thus be
defined. .
A schematic diagram of -a testing apparatus based on the above concepts
is shown in Fig. 3-4.° .The transducer and ball bearing are located inla water -
bath with the ball bearing movable id. three dimensions..Two of the dimensions,
in the axial beam direction-and across. the beam path,.can be measured usingys
slide-wire -potentiometers either of--which can provide a voltage drive to an-
X-Y recorder. ~The basic_circuitry of the PUDVM is employed, except the demodulator -
is connected as a squaring circuit with the receiver signal applied to both input
ports. The output.of the sample gate drives the other input of the X-Y recorder.
The testing apparatus can be used in a number of different studies o%

acoustical intensity distributions. Since the radial extent of the sample region
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Fig. 3-4 Transducer beam and sample region mapping
apparatus.
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is determined by the radiation pattern of the ultrasound t}anducer, this pattern
can be mapped by positioning the sample region at various distances from the
transducer face (by changing the delay time between emission and sample gate)
and scanning the ball bearing through the center of the region in a cross-beam
direction., Such a map is shown in Fig. 3-5 for a 1.5 mm circular transducer.
Note the attentuation in received power as a function of range and the slight
beam divergence. Such maps can be useful in assessing the quality and useful
range of a given transducer.

A more significant use of the testing apparatﬁs is in the mapping of
the sample regijon of the PUDVM apd studying the influence of. various elements
on the extent of this region. Fig. 3-6 shows the results of an axial scaﬁ‘of
the ball 'bearing through the sample rggion for. two emission pulse durations.

The power curve thus obtained provides an. accurate descr%ption of the sample
function {the actual 'sample function s obtained by projection onto the vessel
diameter and is dependgnt on -the Doppler angle). Such axial power scans are
useful in jnvestigating the changes in the sample function with range. Primarily,
however, they are used in determining the effects of parameters such as pulse _
léngths, transducer and receiver bandwidth, and gate time on the axial length of the
sample function. Many of these effects are documented in the next section.

The testing apparatus described should -prove useful tb-"any investigator
working with pulsed ultrasound devicesy It can be used to. investigate transducer
characteristics -alone, such as efficiency, Q and focusing properties. It can
also be used to determiﬁe the sample region of a PUDVM, thereby giving the -

investigator accurate knowledge as to the resolution of his instrument.



Z:‘t. A 4EC

Fig. 3-6 Axial sample function power o
for 1 and 2 usec emitter durations. (&

Fig. 3-5 Cross-sectional beam power as a function of range for a 1.5 mm
transducer,
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3. Experimental measurement of sample function effects

To obtain more specific information on the resolution of the PUDVM under
various experimental and technical conditions, the testing apparatus described
in the previous section was used to measure sample function power along the
sound beam axis. These measurements can be made in either of two ways. One
method is to set the sample region at a given distance from the transducer face
by varying the range de]a} and then move the ball bearing axially through the
region to map the sample function. Alternatively, if the PUDVM has a level output .
proportional to range delay, this output can be used to drive the X axis of the
recorder and the ball bearing can remain fixed while the range delay is.varfed
to move the sample region. This latter method was found to be more convenient
and consequently, the X axis of most of the plots to be presented is'calibrated . -
in terms of rénge delay in wicroseconds, rather than distance.» The delay times —--
may be converted to distance in millimeters by multiplying times the conversion
factor, .75 mm/useC.: =

One of the most significant factors in specifying the radial extent of the
sample region is the emission puilse Tength.- The electrical pulse delivered to the
transducer-generally consists of several cycles at the frequency of the emission -
oscillator: ;- The transducer response tends.to round the leading and trailing edges
of this pulse.in tﬁé conversion to acoustical.energy.  Several factors are involved
in the transducer response, including Q of.the transducer material and the manner -
in which it is mounted. Figs. 3-7 through 3-=9 illustrate typical sample- functions
obtained for various pulse lengths, Tys and transducer backing materials... Fig.
3-7, for example shows the sample function produced at various pulse lengths for
a circular piezoelectric crystal (lead-titanate-zirconate) mounted by its outer
perimeter only. Note the smoothness of the sample function shape. Only for

T, = 2usec does the transducer obtain its full output power. Figs. 3-8 and 3-9
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show similar curves for other types of transducer backings: The curves in Fig.
3-9 for 5-minute epoxy backing show irregularities due to reverberations off of
air bubbles in the epoxy medium and demonstrate the need for an acoustically
quiet backing material.

Another factor which has a significant effect on sample function length
and shape is the bandwidth of the ultrasound receiver section of the PUDVM.

Early designers sought to reguce the effect of extraneous noise sources by
1imiting the pass band of the receiver to cover the Doppler sidebands on}y. This
band-1imiting is appropriate for continuous wave Doppler flowmeters, but has .
the undesirable effect of decreasing resolution for the PUDVM. This can be
seen by considering the frequency domain transform of the emission pu15e.- For

a continuous wave sound beam, the transform is an impulse at the emission frequency.
For a .burst of the emission-frequency, however,the transform is a sin w/w type
function centered at the emission frequency.. The shorter the emission pulse, the
broader the transform and for a pulse of lusec duration, the width of thes main lobe
of the sin w/w function is 2 MHz. The receiver bandwidth must be broad enoﬁgh

to cover at }east this range of frequenc1es for high resolution measurements.

The effect of limited receiver bandwidth i5 -to stretch out the sample
function in the axial direction..: This effect “is demonstrated in Fig. 3-10, which
shows the effect of various amounts of: band-1imiting on a lusec duration emission
pulse.. Decreasing the pass.band of the receiver results-.in-a 'smearing out of .
the sample function-and gives rise to an increasingly long "tail." The-degrading
effect on resolution -is apparent.---- .

Finally, the effect of sample gate duration on the sample function is
considered.: For high resolution velocity. measurements; the sample gate time must

be as short as possible, consistent with other constraints. Increasing the sample
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gate time lengthens the sample function according to the relation

T _*C
sample function length = 10 + 5

where 1, is the sample function length due to other factors, T js the sample

1

gate duration and ¢ is the speed of sound.
Fig. 3-11 shows the effect of increasiné sample gate times on sample
function length for three separate emission pulse durations. Note that as the

gate time, 1, increases from »usec to 2usec, resolution is significantly degraded.

g
The reduction in peak power which occurs with the longer gate times is due to

the fact that the emission power is constant, resuﬁting‘in sample functiens that
enclose equal areas. := '

Figs. 3-6 through 3-11 illustrate the usefulness of the sample region .
testing apparatus= . The experimental: curves presented-allow ‘Specification-of:
optimum measurement parameters:for.highénqso]ution3ye1001ty\measutgments;,l*
Practical considerations such as attentuation effects with increasing range
and réduced signal to noise ratio often cause the experimenter to increase
] emission pulse duration or sample gate duration. The consequences on resolution
must be known and appreciated if meaningful resuits dre to be obtained. .

A final expetip?nta1 result which should be presented %s the boundary error -
effect in ve1ociﬁy“prﬁfi]e measurement which.resu1t§afrom*effectfve reduction of
the length. of. the sample function:.at_the walls of-a. vessels.-In the physiological
case, -factors such as'wall-motion and lTow signal -to noise ratios! can obscure- - -
this effect, but in rigid tubes with-constant flow the effect is more easily
observed. Fig. 3-12 shows velocity profiles measured in a 10 mm diameter tube

with sample functions made increasingly long by increasing the sampie gate duration. -

These experimental. results should be compared with the theoretical profiles calculated



65

- L Ll
I £ ’ s
snagusakafyigpgeda A:u o o - L 14 I A_ [
i H1 | A '+ anb . 3 & 8 H1HH1H
aama H < H I " 1l ¥ T
H ubdaril! dadiyagy 1} k - HH
14 Ty 1 H rt H Rily ]
amgasgums P T o
_ EaSgaaL
: H ks dsfaaga
vt L H Sdyqhuass THHHRTH
! awa H Y
TH THTHI 1
rreH +Ti- A
T andguand
I fezelpuial
1 41
117 H-H
Tt
T 1 " 1 A AL
gaie o 1 T HHER R HE LR
i LM
Iy .\uwxnu 11
_ HTHEHTT A T
T
HATH Smnfnnn 12 shasaralian
sasls b : LEFE HU T slefgitidgd i i
i ] 14 ] it
[ERh T LT 1
T T ft -1
e T an
+ "y -1
™ f u
T 1 u H
+ ¥ » » H N o a NRpENnd
T SeitE: & R ¥
s - "
: : aan ik
T by np! ]
> +++ 14
Y T . sufan
; P 1
? ige HE HHHH
2 L 2 sk 11 HIHH
1 Edijanphbd
v
e
adbens F L &t fiandagaats
o H ] HA 1
HHH 238 H B
: + FH
ianes M ¥ shefaadipits 1T
Y M. ¥ 13H T o .H.. SErRpgE 11
1 .
AAR Y H —+¢
o ) *, aaBnugun adpdpune
i a= L
Fhn: H aiy HiH T
I » A EHLERT T pagfdiie
g o ® -, - HILTH HH s A 4
A T HitH SRERSEIITbgaa2E Hht
snakatiapt THATH MITHA IrERL T H P I e
. = 14 -
1] r
O M
Q { [ T
v " Y )xs b 111
:
et = ) i
FE dalid
[ = H 11
a8 ha “w= 11T f. ¥8
-1 N bl ALNNERES. N PEylpagnyea
111 e - . 4 =l
H 1 anadiadiils hepaaii
HEEEHH : puass e ghnd : 1an THI aeaks
T T . R T
AT 1 T 1] H
HE THT ats P ._...m H M [ H T
HEH T 1 HNTER th o1 R N HTH
sepapfs 4 ed| han pedeasnallishige {Epahis
FE SNadguseifs HH AN HH
I HT SEe H1l HE s 3 HN H
ensdials H 3 W HE HH a3 i LR shdjgaitly ) ctblgnagi
TR 2 2 H = ajuaink BRI myaass
1 1 3 H iE i3 agialt A3kiteeddlss
AT ] A H 3 H dstfeqiaibnciisnsh T
Riiti 1 H H a1 H H HH S HHHTH L 1114 L
H : pad HH tH T d sedpily 1y H
1gsed did HH LErr ] I fgagiatl 1 H1H 11313
¥ T HE (1] M Sadagungn . sighudnnyl B
] [ 1 32 dpusaiuags andkgaliahliifoked H
3ay azgaan b T . : LT IE Mt H
iy EHA 4 ] 13513813 T i H 115 HItL Rl ErH sfii
t I Y H [ ] H 1 1 1]
.
(& (8
@ [«}}
v ...IM
— o
1} 1]
| -
- L]

Range in psec

Fig. 3-11 Effect of sample gate on sample funct

jon length.



66

. z/’f
Transducer dia. = 1.5mm 4f/////
T = lusec y
r (4
T_=busec
4., 2
3
2
3
i
/
|
{
{3 !
1!} Nl .
A i/ g ;! L] 1 . .
2 - 4 - 6 8 10 . 12 - 14 -7:

Range in usec -= E

Fig. 3-12 .Measured velocity profiles in 10 mm tube for various -
sample function Tengths.



67

in section II-2. Specifically, refer to Fig. 2-9 which shows very similar

boundary error profile shapes for increasing sample function lengths.

4. Diameter measurement by Doppler power scanning

In addition to providing a convenient method for studying the sample function
and resolution of the pulsed Doppler, the step response provides an accurate and
precise method of determjning vessel wall 1océtions. The Tocation of each vessel
wall is defined as the point at which the sample function is exactly centered on
the wall and therefore halfway into the flowstream. With the sample function
half in and half out of the flowstream, the number of scatterers and thus the
returned signal power is one half that obtained when the function is totally
within the flowstream. A power recording atross the vessel is required to locate
both walls and determine the vessel diameter.: S{nce the 1ocation.of each wall is
given by the % poweé point of the power scan, the diameter is- simply the % powver :.
width of the power curve. .-: |

Accuracy of the measurement is not resolution }imited, but is 1limited only
by one's ability to determine the % power point. Tyﬁica]iy the ambiguity in finding

this point is 1imited by four factors. - -

1) Ambient Noise. The quality of the power scan is affected by the Doppler

signal to noise ratio {S/N). Both base 1ine shifts and signal variance
are present with poor S/N. »In practice this is. not a problem, however,
when S/N ratios-on the order of 20 to 50 dB are obtained..- -

2) Wall motion and wall motion "Noise.":: Wall motion tends to "blur" the

wall location during the power scan, thus a mean diameter is obtained.
While-the "blurring" is reduced_by multichannel operation it is not
completely eliminated because of the finite integration time required

to measure the signal power (Rayleigh signal statistics and fading must
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be integrated out). Large amplitude low frequency echoes from the
wall are another wall motion problem. These echoes tend to distort
the sémple function near the wall and make it appear compressed.

This problem is reduced by high pass filtering to eliminate the
echoes. Alternately, Tow pass filtering can be used to select or
enhance the wall echo and provide an impulse (§) response at the wall.

3) Range Attentuation. The Doppler signal power falls off as a function

of range, tending to obscure the step function endpoint. This difficulty
can be eliminated either by range gain compensation, proper transducer
design, or graphical correction of the power scan record.

4) A _fourth and perhaps minor limitation is vessel curvature at the wall.
The step function concept was developed for a plane or nearly flat .-:

surface, however a vessel wall is a curved surface. This curvature,:~..

A, 1s. easily shown to be : --

_ 2 _@_2 {T?"
A=r - Jfro - (2 15 B

where a is the transducer beam diameter and r is the vessel radius. -
Evaluation of this'for a transducer diameter of .25r leads to a curvature
of Tess than-1%. .

Combinatibﬁzgf the above 1imitations leads to an experimental wall location
error on the ord;}'oﬁ_%-a'samp1e Ffunction length and a-diameter error on the order
of igrtiﬁés the- sample function. length... In practical terﬁs‘the»samp]e function
length is one the order-of 1 mm, thus vessel diamete} measurement is on the order -
of + .4 mm. Although seemingly precise, this is still a 10% error on a 4 mm.vessel.

Presumably this error. will -be reduced as the sample function length is decreased

with improved instrumentation and experience.
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1V. A Proposed Method for Transcutaneous Volume Flow Measurement

1. Principles of measurement technique

One of the gonals of this research has been to Heve]op an optimal technique
for the transcutaneous measurement of volume blood flow using ultrasound. By
optimal is meant a technique which has the best combination of accuracy, simplicity
and insensitivity to experimental errors. Anoéher important criteria for clinical
work is that the measurement be made in real time and not require numerous data
transformations to obtain results.

0f the three volume flow measurement techniques, the method which claims
the best combination of the above mentioned features is the uniform illumination
method. This may seem surprising in view of the fact that the PUDVM, with its
ability to resolve spatial velocity distributions, has been hailed as the next
step in quantification of blood flow. ' If the desired parameter is volume blood
flow, however, uniform illumination wins out. .ix.

Referring again to Tab]e‘le,‘We see that the most significant errors in
applying the uniforal i1lumination method are 1imited to three main sources. These
are 1) errors introduced by improper Doppler angle setting; .2) errors introduced
by zero-crossing detection of the Doppler shift spectrum; and 3) errors introduced
by poor resg1ut%on in the vessel diameter measurement. The elimination of zero-crossing
detection errors caﬁ be .accomplished usiné tﬁehanalog fitst moment -processor: -
discussed prévious1y; Methods -of: vessel- diameter measurement have also been
discussed which show promise of fair accuracy. Remaining then, is the derivation
of a simple technique for setting the Doppler. angle and the combining of these
techniques into a single measurement procedure.

A problem that immediately arises in an attempt to derive a unified

technique is one of transducer size. i The uniform illumination method of average
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velocity determination requires a transducer width greater than the diameter of
the vessel under study. Accurate diameter measurement, however, generally requires
a small transducer dimension, compared with the vesseT'diametef. Without resorting
to compiex, multitransducer probes, a compromise procedure must be worked out.

A second problem also relates to the number of transducer elements. One
of the goals in developing an optimal volume flow measurement teclinique is simplicity
In terms of probe design, this implies a small unit that may be held in the hand
of the clinician. Since the Doppler angle is a critical parameter in the mean
velocity determination, some means of setting and maintaining a known Do§p1gr

angle must be developed. Measurement of the Doppler angle requires some sort of

triangulation procedure with multiple transducers.

2. Transducer design.:.

An attempt has been made to satisfy. the requirements'mentioned in the
previous section with a two transduéer element probe.- Fig. 4-1 shows the probe
design and transducer configuration. Element one consists of a narrow, rectangular
transducer, 2 mm in width by 10 mm in‘1ength. Element two consists of a larger
transducer, 7 mm by 10 mm." Both elements are oriented such that their sound
beams intersect the probe axis -at 30°. ..When the probe is located over a subcutaneous
vessel with the probe axis perpendicular. to the vessel axis, the sound beams
intersect the vessel. at a Doppler ang}e»gf 60%. < . -

Transducer element number one of the volume flow probe:is used in mean
velocity determinations. It can be operated-in-the transmit/receive mode with.
the PUDVM using a wide sample gate which encompasses the cross-section of the

vessel. Transducer element number two acts as a receiver of ultrasonic energy

only and is used in setting of the Doppler angle and in diameter measurement.
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3. Experimental method

The procedure involved in making a volume flow measurement is as follows:

1)‘ The subcutaneous vessel should be located at two adjacent points (by
palpation‘dr otherﬁise) separated by a few centimeters and a Tine drawn on the
skin indicating the vessel's course. The probe is then placed over this line
such that the Tongitudinal axis is parallel to it.

2) Element number one of the probe is operated ip the traditional manner
with the PUDVM while element number two is connected to a separate receiver. The
probe position is set by maximizing the reflected power received by element two.
A squaring circuit such as used in the sound beam testing apparatus is suitable
for this purpose and its output can be wired to a meter for observation. Maximizing.
the reflected power from the vessel éets angle o = angle B in Fig. 4-1,: If
necessary the element number.two receiver taﬁ be range-gated to eliminate undesired
echoes from other surfaces. ...

3) The two wall echoes appear as Targe peaks on the power output vs.
delay time curve from element two. These peaks can 5e found by scanning the
power curve with a sample gate or by tracking the two peaks in a manner similar
éo arterial wall echo-tracking devices (Hokanson, 1972): The time delay between
the two wall echo peaks gives the path length difference, Ar (see Fig. 4-1).

4) If refraction effects at the skin surface canibesignored,sthe diameter
of the vessel-can be found directly from Ar.: Since ¢ = B = X==60°,-f;%angle
abc is equilateral.with its height equal to the diameter of the vessel. The

height of an equilateral triangle is given by the formula
height=ff§i- (1ength- of side) -

Since the length of the side of the triangle is & Ar, the height or vessel
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Fig. 4-1 Probe for_ proposed method_of transcutaneous
volume- flow measurement,: #
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diameter is given by

diameter = g Ar

5) The average velocity over the entire vessel Tumen is measured from
element number one using the PUDVM with a wide sample gate. The sample gate
is set to inclﬁde th? vessef under study but to eliminate signals from other
vessels in the near vicinity. An analog first mément processor is used to
process the Doppler shift signal.

This proposed method of volume flow measurement is both simple and direct,
Since average velocity and vessel diameter can be computed simultanecusly, these
variables can be processed'in a simple analog circuit to yield a voltage
output directly related to volume flow.": This method therefore-eliminates the
need for complex computer processing. : -

¥hile the uniform i]?dmiﬁatibn method of average velocity determination-
is employed in this measurement technique, it should be noted that the PUDVM
is required as the measurement instrument. The vessel diameter measurement by
transducer element number two requires that the ultrasound be pulsed. Range-gating
Af the signals from both transducers can also be employed in the typical PUDVM : —
manner to eliminate undesirable.signals. i-

This method of volume flow measurement is currently undergoing testing .-
and evaluation in.fluid test system trials..'Ii1 is being compared with other.,
more -traditional methods of volume flow measurement, such as. timed volume
collections.-.- The accuracy of the diameter measurement.technique is.also being -

assessed.~=ff the method survives these trials, the testing will proceed to

trials on experimental animals. - -
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