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ON THE INSTANTANEOUS MEASUREMENT OF BLOODFLOW BY ULTRASONIC MEANS 

M.G.J. Arts 

Summary 

Eindhoven University of Technology 

Department of Electrical Engineering 

Eindhoven, Netherlands 

Part of the problem of determining the flow through a blood vessel is the 

measurement of the instantaneous average blood velocity over a cross-section 

of the vessel. In this paper a new method is described to estimate that 

velocity from the received signal of a doppler flowmeter using continuous 

ultrasound. 

The method is based on the determination of the frequency shift averaged 

over the power density spectrum of the received signal. Due to a new type 

of instrumentation this can be done without carrying through a complete fre

quency analysis of that signal. 

This enables a rather accurate determination of the instantaneous value of 

the blood velocity. 
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I. Introduction 

For a long time there has been a need for an easy and unbloody way to 

measure the flow through a bloodvessel. From this point of view, measuring

methods based on the doppler effect of ultrasound, give rise to hopeful 

expectations. 

As a result of the performed study it seems possible, using this effect, 

to measure the instantaneous velocity of blood, averaged over the 

cross-section of a bloodvessel. Knowing this average velocity and the 

diameter of the vessel we compute the flow: 

Flow = average velocity x cross-section 

The determination of the cross-section of a bloodvessel is a separate 

problem, and will not be discussed in this report. 

As mentioned, the principle used for measuring the velocity of blood is 

based on the doppler effect, appearing when ultrasound, transmitted by 

a crystal, strikes a moving particle. This particle scatters the sound 

in all directions. Normally the frequency of the scattered sound differs 

from the frequency of the transmitted sound. The difference ~w between 

the radial frequency of the received and transmitted signal is 

~w = w- w 
o 

Wo 
= -- v(cosa + cosS) c 

with (see fig. I) 

w radial frequency of the received 

signal 

Wo radial frequency of the trans-

mitted signal 

c velocity of sound in the medium 

v the velocity of the particle 

a angle between the transmitting 

beam and the direction of the 

velocity of the particle 

S angle between the receiving 

beam and the direction of the 

velocity of the particle 

(I) 
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This principle is already being used for qualitative measurements of the 

blood flow; the ultrasound will be scattered by the erytrocytes. As a 

result of the various velocities of these particles (depending on their 

distance from the axis of the bloodvessel) the received signal contains 

a spectrum of frequencies. The problem is to determine the average velo

city of the blood (averaged over the cross-section of the vessel) from 

this received signal. 

Until now, in doppl.er flow measuring systems using continuous ultrasound, 

the received signal is made audible by a loudspeaker by means of syn

chronous detection. To get a quantitative measurement of the flow, some 

systems are making use of a zero-crossing technique, applied to the 

synchronous detected signal (YAO et al. 1970) 

It can be shown, however, (Rice 1954) that systems based on this 

principle fundamentally cannot give accurate measurements of the average 

velocity of the blood. 

In this report a new processing method for the received signal will be 

described. Because of its theoretical background and the experimental 

results obtained, this method gives rise to hopeful expectations for 

unbloody quantitative doppler flow measurements. 

2. The relation between the average velocity across the cross-section of a 

bloodvessel and the power density spectrum of the received signal. 

To find the relationship between average velocity and power density spec

trum we refer to the situation represented in fig. 2. 

The following assumptions are made: 

1) In the shaded volume inside the bloodvessel, transmitter- and re

ceiverbeam are homogeneous with respect to intensity of radiation 

and receiving gain respectively. 

Moreover these beams are assumed to be sharply bounded. 

2) Only particles in this volume contribute to the power of the re

ceived signal. Every particle is assumed to give the same contri

bution with respect to the magnitude of this power. 

since in the volume under consideration there are many particles with 

various velocities, the received signal contains not just one frequency, 

but a spectrum of frequencies. The particles give equal power contribu

tions, but at different frequencies, depending on the magnitudes of the 
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quantities in (I). 

After trigonometric operation (I) can be written as: 

w 
~w = w - w = 2 ~ v cos!(a+S)cosj(a-S) o c 

(2) 

For a fixed mounting of transmitting and receiving crystals cosj(a-B) 

is a constant. Define a unity vector along the bisector of the angle 

between transmitter and receiverbeam, pointed between the crystals; c.f. 

fig. 3. Now one may write: 

-+ -+ 
v cosj(a+B) = v.k 

-+ If a particle has a velocity vector v. one can write for (2): 
~ 

w 
~w. = w. - w = 2 ~ 

1. 1. 0 C 

(3) 

(4) 

w. is the radial frequency component in the received signal, caused by 
~ 

-+ 
the particle with velocity v .• 

~ 

Now we define ~w as the difference between the average radial frequenav 
cy of the power density spectrum of the received signal and the radial 

frequency of the transmitted signal. 

Assume that the volume under consideration contains N particles. Accor

ding to assumption 2) the power contribution to the received signal is 

equal for every particle, so 

N 

L 
i=1 

~w. 
~ 

After substitution of (4) in (5) one finds 

w 
= 2~ 

c 

N 

L 
i=1 

-+ 
v.)cosj(a-S) 
~ 

The average velocity of the particles in that volume is 

... 1 
vav = N 

N 

.L 
~=I 

-+ 
v. 
~ 

Substitution of (7) in (6) results in: 

w 
= 2~ 

c 

(5) 

(6) 

(8) 
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Formula (8) relates the average velocity of the particles with the 

average radial frequencyshift ~w of the received signal. av 

Furthermore we assume: 

The average velocity of the blood in the measuring volume is equal 

to that across the cross-section of the bloodvessel. 

- The concentration of the particles is the same over the whole volume 

under consideration. 

The velocity of a particle is equal to the velocity of the surroun

ding liquid. 

- The centre of gravity of the cross-section of the bloodvessel re

mains always in the same place. 

- At any moment the bloodvessel is a cylinder (not necessarily a 

circle-cylinder). 

The.last one of these assumptions permits us to speak about an axial 

direction of the blood in the volume under consideration. The fourth 

assumption implies that the instantaneous average liquid velocity has 

an axial component only. 

All these assumptions together mean that in the volume the instantaneous 

average liquid velocity is equal to the instantaneous average particle 

velocity, and that this velocity is axially directed. 

Using these assumptions and applying (3) to (8) gives: 

w 
~wav = -2 (cosa + cosS)v c _ 

v The instantaneous average velocity of the blood, 
av 

averaged OVer a cross-section of the vessel. 

The angle between the axis of the vessel and 

the transmitter beam. 

The angle between the axis of the vessel and 

the receiver beam. 

(9) 
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According to the definition for the average radial frequency shift one 

may write: 

m 

f w~(w) dw 

lIw 0 (10) = - w av 
( 

0 

<I>(w) dw 
0 

where ~(w) is the spectral power density of the received signal as a 

function of the radial frequency w. 

If v is the maximum velocity of a blood particle eVer expected in a 
m 

bloodvessel, one may write: 

IlIwl = Iw-w I < lIw = o m 

w 
2-2. 

c 
v 

m 

This means ~(w) = 0 for Ilwl - wol > lIwm 

After substitution of w = w + lIw equation (10) changes into: 
o 

+lIw 
f m 

lIw.~(w +lIw)dllw 
-lIw 

0 

lIw m 
= 

av +lIw 
f m 

~(wo+t.w).dllw 
-lIw m 

(11 ) 

( 12) 

Equation (12) shows a way to determine lIw from the power density specav 
trum of the received signal. If lIw av is known and also the angles a and 

e, one can determine the average velocity of the blood in the cross-

section by means of expression (9). 

3. Differences between mathematical model and reality 

A number of assumptions, more or less agreeing with reality, were made 

in the derivation of eq. (9) for the average velocity of the blood. The 

implications of these assumptions will be discussed now. 

- In general the transmitting- and receiving crystals will have radia

tion patterns which are not homogeneous in the main beam. Moreover 

the vessel wall and the surrounding tissue have acoustic properties 

that differ from the acoustic properties of blood. 

This causes diffraction and reflection of ultrasound. For 

this reason the sound intensity in the volume of the bloodvessel is 

not homogeneous. 
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The averaging of the velocities of the particles over the cross-section 

by means of the spectral power density of the received signal, gives 

rise to errors, as velocities in places with a higher sound intensity 

give relatively too much power contribution. 

It is expected, however, that when using crystals with good beam 

properties, these errors will not be large, since also the acoustical 

properties of tissue, vessel wall and blood do ·not differ very much. 

In addition to the moving erytrocytes all kind of tissue discontinui

ties (for instance the moving vessel wall) will give a contribution 

to the power of the received signal. 

The contribution of the discontinuities at rest, which is found in 

the spectral power density at the radial frequency w , will be very 
o 

large and has to be eliminated. 

The slowly moving vessel wall will also give a contribution at shifted 

frequencies. As the velocities of the vessel wall are small, the con

tributions of the vessel wall will be close to w • (dependent on the 
o 

angles ~ and ~) 

Elimination of these frequencies, which also eliminates the power con

tribution of slowly moving erytrocytes) is necessary. A correction for 

the error caused by this elimination will be discussed later. 

- In fact the average particle velocity is measured. Because of the non

homogeneous particle concentration and a relative movement of the 

particles with respect to the carrier flow, this velocity need not 

be equal to the average blood velocity. 

In an experimental set-up a number of power density spectra were measured 

in order to estimate the errors which occur due to the assumptions made 

for the mathematical model. This has been done in situations with sta

tionary flow and different values for the angles a and S. From these 

spectra the average frequency difference ~w was determined and using av 
formula (9) the average velocity was calculated. 

At normal velocities (20 cm/sec) and favourable angles a and e 
(30

0 
< a,S < 600

) the difference between the calculated and the real 

velocity was less than 5%. 

·Stimulated by this interesting result,we directed research toward finding 

a fast and accurate method to determine ~w from the received signal. av 
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Fig. 4 gives some measured power density spectra. They are recorded 

for the case of a stationary and laminary flow of a latex in water sus

pension through a thin-walled latex tube, at different angles !(a+S). 

4. Determination of Llw from the receiver signal., av 

Starting point for this determination is the expression (12) for Llwav ' 

The numerator and denominator of this expression are determined separa

tely and after that the division is performed. 

The most obvious method to determine the numerator and denominator is 

to perform the integrations in expression (12) over the power density 

function of the receiversignal. In that caSe a frequency analyser has 

to be used to produce this spectrum. This method was used in the first 

experiments. 

It is possible, however, to realize numerator and denominator as D.C. 

components of time signals which can be derived from the receiver signal 

directly. The mathematical exposition of this method will be given first. 

In this explanation some properties of fourier transformation will be 

used. These properties are given in appendix A. 

Assume the receiver signal f(t) has a fourier transform F(w). As stated 

before the receiver signal contains only frequencies in a band around 

(13) 

In a synchronous detector the receiver signal f(t) is ~ultiplied by 

CDSW t. 
o 

iw t -iw t 
f (t) f(t) t 1 f(t) {e 0 + eO} DI = coswo =, 

According to formula (e) of appendix A the fourier transform of fDI(t) is 

FDI (w) = HF(w-w ) + F(w+w )} 
0 0 

FDI (w) - 0 for Iwl> 2w +Llw 
0 m (14) 

Llw <Iwl< 2w -Llw m 0 m 
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The output signal of the detector passes through a low pass filter which 

eliminates the frequencies in the bands around Iwl = 2w • 
o 

The output of this filter is fLI(t) and its fourier transform is 

FLI (w) = j{F(w-w ) + F(w+w )} 
0 0 (15) 

FLI (w) - 0 for Iwl > l::.w m 

The square of fLI (t) is 

d(t) = 2 
fLI(t) (16) 

and according to formula (d) of the appendix, its fourier transform is 

I roo 
D(W)= 2"-00 FLI (w)FLI (w-w)dw 

The DC component of d(t) is D(O); using formule (c) of the appendix,one 

finds: 

+00 

D(O)= ~" J II 
FLI (w) FLI (+w)dw 

-00 

and after substitution of (15) 

0(0) 
1 +l::.w 

=8iT J m 
-l::.w 

m 

I +l::.w 
+8iT J m 

-l::.w 
m 

II II 
{F(w-w )F (w-w ) + F(w+w )F (w+w )}dw 

o 0 0 0 

II II 
{F(w-w )F (w+w ) + F(w+w )F (w-w )}dw 

o 0 0 0 

(17) 

(18) 

Only if there are particles in the volume with opposite velocities, the 

product' terms in the second integral of (18) are not equal zero. 

In that case, however, the expected contribution of this integral to 0(0) 

'" will still be zero, as the frequency components F(w-w ) and F (w+w ), 
o 0 

caused by these particles, are not correlated in time. 

So using formula (f) of the appendix and remembering that the spectral 

density ~(w) = F(w)F"'(w) of the receiver signal is an even function of w, 

one finds: 

0(0) 
+l::.w 

=_ J m 
8IT -l::.w 

m 

~(w+w ) + ~(w-w )dw 
o 0 

I +l::.w 
zi;; J m 

-l::.w 
m 

~(w +w)dw 
o 

( 19) 
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Consequently4rr D(O) equals the denominator of formule (12) and can be 

used for the determination of ~w • av 

For the determination of the numerator of (12) the receiver signal f(t) 

is multiplied by sinw t in a synchronous detector, of which the output is 
o 

The fourier transform of f D2 (t) is 

-iw t 
o } 

(20) 

fD2 (t) passes a low pass filter to eliminate 

The output signal of this filter is f L2(t), 

frequencies around Iwl = 2w • o 
which has a fourier transform 

Now 

FLZ(w) = Zi {F(w-wo) 

FLZ(W) 5 0 for Iwl > 

- F(w+w )} 
o 

~w m 

(ZI) 

(2Z) 

According to formula (g) of the appendix,the fourier transform of f L3 (t) 

is 

FL3 (w) = iwFL2 (w) = !w{F(w-wo) - F(w+wo)} 

FL3 (w) 5 0 for Iwl > ~wm 

Forming the product of fL1(t) and f L3 (t),one finds 

(23) 

(24) 

Using formula (d) of the appendix,the fourier transform of net) is found 

to be: 

1 +~ 

N(w)= z; J FL1 (w)FL3 (w-w)dw 
-~ 

The D.C. component of net) is N(O); using formula (c) of the appendix, 

one finds 
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1 +00 

N(O)= 2'7i f FLI (W)F~3 (w)dw 
-00 

Substitution of (24) and (15) gives: 

N(O) 

+lIw 
m 

=- f 
811 -lIw 

m 

+lIw 
m 

+_1 f 
811 , -ow 

m 

,.. .. 
w{F(w-w )F (w-w )-F(w+w )F (w+w )}dw 

o 0 0 0 

.. .. 
w{F(w+w )F (w-w )-F(w-w )F (w+w )}dw o .00 0 

For the same reason as given in the explanation for (18) the second 

integral in (26) gives no average contribution to N(O), and one can 

write for N(O) 

N(O) 

+lIw 
1 m =-f w{~(w-w )-~(w+w )}dw 
811 , 0 0 -ow 

m 

lIw 

= - ~11 t 
-lIw 

m 

wHw+w )dw 
o 

( 25) 

(26) 

(27) 

Consequently -411N(O) equals the numerator of expression (12) and can be 

used for the determination of lIw • av 

5. Electronic Instrumentation 

The method described makes it possible to determine the average velocity 

over a cross-section of a tube as a function of time. ThE~ instrumentation 

that follows from the mathematical description is given in fig. 5. 

For good functioning in practice, however, this instrumentation needs 

some additions, which will he described now. 

1. High Frequency Amplifier. 

As the received signal f(t) is too small, it has to be amplified, 

in order to get a sufficient amplitude for the demodulation mul

tipliers. 

2. Automatic Volume Control. 

The magnitude of the received signal can vary consi.derably under 
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different circumstances. This means that also the magnitude of 

f L1 (t) and fLZ(t) vary. 

Because of the limited driving range of the multipliers and the 

divider, an automatic volume control for the denominator is used. 

As the ratio of the signals f L1 (t) and fLZ(t) may not be influenced, 

two coupled volume controls are used. These are part of an inte

grating control system which keeps the D.C. component of d(t) at a 

constant value (see fig. 7). 

The constant value of this component seems to make the divider 

redundant. However experiments showed that the output of the divi

der had less noise than the numerator, and therefore it was still 

used. 

3. Limitation of the pass band for the low frequency signals. 

As mentioned before, the power spectral density ~(w) of the recei

ver signal is very large for frequencies close to w • This is 
o 

caused by reflections of the ultrasound by stationary or by slowly 

moving tissue transitions (e.g. bloodvessel wall and skin). 

When determining the average velocity from ~(w) this would cause 

large errors. That is why the frequencies close to w have to be 
o 

eliminated. To realize that, the low pass filters after the syn-

chronous detectors (see fig. 5) have to be replaced by band pass 

filters. 

The high cut-off frequency of these filters is still 6w • The low 
m 

cut-off frequency 6wL is that frequency above which there is no im-

portant power contribution from reflecting subjects except from 

blood particles. 

This way of filtering implies the elimination of the lowest fre

quencies, that are caused by the moving blood particles. and so 

a change of 6w into 6w' • In fig. 6 the apparent consequences av av 
of this filtering for ~(w) are given. and corrections are made to 

keep the difference between 6w and 6w' small. av av 

By artificially raising the power contribution of the frequencies 

with a shift between 6wL and 6w ,the difference between 6w and 
c av 

6w~v is smaller for receiver signals that have a maximum frequency 

larger than w + 6w • For signals with a maximum frequency lower 
o c 

than this value, however, the error is still'the same. 
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By creating negative frequency shifts in the region -~wL + 

the error made for the last signals is kept small too. 

-6w 
c 

For signals with a maximum frequency lower than Wo + ~wL there is 

no correction at all. This frequency determines the lowest velo-

city that can be measured. 

The raising of the lowest frequencies 1S easy to realize in the 

band pass filters which have to be identical for both channels. 

The negative frequency shifts are artificially created by admit

ting cross-talk for the lowest frequencies of f L1 (t) and f
L2

(t) 

(see fig. 7). 

4. Zero-calibration. 

During measurements a zero-calibration can be done at any moment 

when a flow is present. This calibration is made by connecting 

the signal lines of f L1 (t) and f L2 (t). 

d 
As the D.C. component of g(t)'dt get) is zero, the output of the 

divider has to be zero in the case of connection. This gives a 

way to set the offset of the divider to zero. 

The block-diagram of the system after all these modifications is given 

in fig. 7. 

Calculation of the average frequency shift by using the signals N(t) 

and D(t). 

It has been shown that the numerator and denominator of eq. (4) are 

equal to the DC-components of the signals -2 net) respectively 2 d(t). 

To determine the D.C.-component of a signal it is necessary to average 

over an infinite time interval. Since changes in the velocity also 

should be measured, the D.C.-component only can be estimated by averaging 

over a finite time interval. This interval is determined by the maximum 

frequency of the changes of the velocity that have to be measured. 

Of course,by averaging over a shorter interval the estimation is less 

accurate and the noise will be larger. 

Analogously in time this averaging across a short period can be done 

by a low pass filter without oscillations in the impUlse response. 

The radial cut-off frequency should be equal to about the reciprocal 

of the wanted averaging period. 
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6. The flow instrumentation. 

To verify the measuring system it is necessary to design a flow instru

mentation, which resembles as much as possible reality. 

The blood vessel is simulated by a small latex-rubber tube, stretched 

til double the length. In this case the measurements of the tube are: 

diameter inside about 4 rom, thickness of the wall about 0,15 rom and 

length about 150 rom. 

A good simulation for the blood is a suspension in water of small latex 

spheres, of the size of the erytrocytes. Before using this suspension , 
is boiled under very low pressure to remOve small bubbles of gas. 

Comparing the measuring results obtained with blood and this liquid, 

it appeared that the scattering properties of both liquids were the 

same. 

To simulate the surrounding tissue the tube is placed in a basin filled 

with water. In this basin also is placed the holder, keeping the trans

mitter and receiver crystal. By turning this holder around the centre 

of the artificial blood vessel,the angle l(~+e) can be changed (see 

fig. 8) 

All ·the quantitative measurements have been performed on stationary la

minary flow. For these measurements it is necessary to keep the velocity 

of the liquid constant during some time. This velocity is determined 

by a constant difference between two levels (see fig. 9). 

The lower level is constant because of overflow of the reservoir B, 

into which the liquid is flowing. The upper level is constant, since 

the loss of weight of the reservoir A as a result of the loss of li

quid, causes a contraction of the spring, just enough to keep the level 

constant. 

During the doppler velocity measurement, the innerdiameter d of the 

latex tube was measured too. 

Also measured was the time interval T required for a known volume 
v 

V to flow from resevoir A. 

The average velocity over the cross-section of the latex tube can be 

computed. 

V 
vav = T 

v 

4 

1fd
2 

(28) 

This should be equal to the average velocity measured with the doppler 

method. 
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7. Results 

The output voltage of the described velocity meter is proportional to 

the average frequency shift of the received signal, compared with the 

transmitter frequency. 

According to eq. (9) this average frequency shift is proportional to 

v (cosa + cosS). Knowing Wo and c one can calculate v (cosa + cosS) av aV 
from the output signal. 

The angles a and S can be measured and therefore v (cosa + cosS) can av 
be calculated too from eq. (28). 

These two values are compared for 72 cases 1n fig. 10. 

The heavy lines represent the relationship between the computed value 

of v (cosa + cosS) and l(a+S) for eight values of the flow. av 
For each flow the output voltage of the velocity meter was measured 

for nine values of the angle l(a+S). After calibration these measuring 

points were indicated in the same figure. 

Quantitative verification of measurements in the case of dynamic flow, 

however, has not yet been done. 
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Appendix A 

If f(t) is a function of a real variable t. and the integral J If(t) Idt 

exists. the fourier transform of f(t) exists and is noted as 

f(t)o-oF(w) 

The fourier transform F(w) is 

+00 
f(t)e-iwtdt F(w) = J 

-00 

From F(w). fCt) can be found 

In 

+00 
F(w)eiwtdt f(t) 1 

J =z:rr 
-00 

general F(w) is complex 

F(w) R(ill) + ix(w) 

F*(w) = R(w) - ix(w) 

defined as 

as 

If f(t) is a real function of t. then 

* F (w) F(-w) 

If f(t)o-oF(w) and g(t)o-oG(w). then 
I +00 

f(t).g(t).o-o 2n f F(w)g(w-w)dw 
_00 

If f(t)o-oF(w) then 

f(t).eiwoto-o F(W-w
o

) 

If f(t)o-oF(w) then 

d 
dt f(t) 0-0 iwF(w) 

(a) 

(b) 

(c) 

(d) 

(e) 

(g) 

The spectral powerdensity of a signal f(t) which has a fourier transform 

F (w) is 

~(w) = F(w). F*(w) (f) 
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