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The reflection of a plane ultrasonic wave from a gas bubble in the blood
was considered quantitatively in the range ka < 1 (a is the radius of the bubble,
k = 2n/i and A is the wavelength). Taking as an example the elbow vein (vena
basilica), the losses in a signal caused by electroacoustical transducing, attenua-
tion of the wave in tissues, reflection of the wave from the bubble and diver-
gence of the reflected wave were evaluated using a typical ultrasonic Doppler
device with a frequency of 8 MHz.

It was shown that a single gas bubble with the radius 1.6 pm already
gives a signal which is received by the device; this signal, however, is masked
by the signal caused by the scattering of the wave by blood cells and, in addi-
tion, this bubble is instable. Determination of the level of signals scattered
in blood indicated that in the case investigated it is possible to detect in the
vein a single gas bubble with its radius greater than 16 pm or gas bubbles with
a radius of 11 pm lying at the stability limit provided that their density exceeds
35 em—3.

The present calculation procedure permits the determination in a specific
anatomic case of the level of signals scattered by blood, the level of electronic
noise and also the determination of the detectability of gas bubbles in blood
caused, for example, by the decompression of divers or by the caisson disease.
In the case of the pulmonary artery, using a frequency of 5 MHz, minimum
radii of detectable gas bubbles greater than 70 pm were obtained.

Notation

— surface area of the transducer

— attenuation loss

— radius of the gas bubble

— radius of the gas bubble lying at the detectability limit

— limiting radius of the gas bubble

— expansion coefficient of the wave reflected from the gas bubble
— expansion coefficient of the wave penetrating into the gas bubble
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radins of the transducer

level of the signal scattered by blood ecells

wave velocity in blood

wave velocity in gas

wave velocity in gas under normal conditions

wave velocity in the transducer with constant electric induetion

wave veloeity in the medium loading the back surface of the transducer
wave velocity in the medium loading the front surface of the transducer
loss caused by the divergence of the ultrasonic beam

internal diameter of the blood vessel

thickness of the transducer

base of natural logarithms

frequency

frequency of electromechanical resonance in the transducer
frequency of mechanical resonance in the transducer

resonance frequency of the gas bubble

— spherical Hankel function of the second kind of order m
— see formula (5a)

intensity of the plane incident wave

intensity of the scattered spherical wave

Bessel function of order m+41/2

V-1

a spherical Bessel funection of order m

see formula (5b)

wave number in blood

wave number in gas

coefficient of electromechanical coupling

distance of the blood vessel from the transducer
scattering power

power emitted at the back loading of the transducer
power emitted at the front loading of the transducer (biological medium)
natural number

Neuman function of order m--1/2

spherical Neuman function of the order m

density of blood cells (erythrocytes)

density of gas bubbles

Legendre polynomial (spherieal function)

static pressure of air

static pressure in liquid

static pressure in a gas bubble

static pressure caused by the surface tengion

static pressure of the incident wave

acoustic pressure amplitude of the incident wave
acoustic pressure of the reflected (scattered) wave
reflection loss

radial coordinate of the polar system

loss caused by scattering in blood

loss caused by piezoelectric transducing

time

ratio of the maximum to the minimum electric signal
blood volume in the ultrasonic beam
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vy — velocity of the back surface of the transducer

vp — velocity of the front surface of the transducer

z — relative frequency (see formula (19))

A — relative frequency of the electric resonance of the transducer

an — the scattering (intensity) coefficient in muscle tissue

ap — the scattering (intensity) coefficient blood

Iy — function of far field reflection

d — equivalent cross-section of scattering by blood cells

7 — coefficient of backscattering

6 — inclination angle of the ultrasonic beam

) — angular coordinate of the polar sgystem

A — wavelength in blood

0 — density of blood

0 — dengity of gas

20 — density of gas under normal conditions

o — density of the transducer

04 — density of the medium loading the back surface of the transducer
op — density of the biological medium loading the front surface of the transducer
Z — equivalent cross-section of scattering of the gas bubble

X5 — equivalent eross-section of scattering of a gas bubble with the limiting radius
o — surface tension at the blood-air interface

® — angular frequency

1. Introduction

Ultrasonic diagnostic methods permit the possibility of detecting such
structures in the human body whose acoustic specific impedance is different
from the impedance of the surrounding tissues. These are, for example, gas
bubbles in divers’ blood during decompresion (divers’ or caisson disease) or
in persons staying at high altitudes. An ultrasonic method permits detection
of the presence of gas bubbles in blood even before distinct, clinical symptoms
of this disease occur [20]. Gas bubbles in blood are also detected ultrasonically
in the blood circulation system in the artificial kidney.

Gas bubbles in blood are detected by means of the ultrasonie Doppler
technique [19, 20] and, in some applications, by means of the conventional
pulse technique. In some of our investigations [15] performed in cooperaticn
with the Central Institute of Occupational Safety, the Doppler technique
was used at a frequency of 5 MHz to observe the appearance of gas bubbles
in the pulmonary artery. SPENCER ef al. [20], who were the first to use the
method, showed that it was also possible to detect gas bubbles in the veins of
the peripheral circulation system, e.g. in the elbow vein (vena basilica).

The principal aim of this investigation is to evaluate the minimum size
of a single, spherical gas bubble to be detectable in blood using ultrasonie
Doppler or pulse, methods. The author found no answer to this problem in
papers related to this subject [2, 10, 12, 19, 20]. A quantitative analysis of the
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problem will be performed in the case of detection of gas bubbles in the elbow
vein (vena basilica) using a Doppler method under the conditions shown in
Fig. 1.

Fig. 1. The system for detection of gas bubbles in the elbow vein (vena basilica)

P — the ultrasonic probe with & piezoelectric transducer, T — the transmitter of electric signals, R — the receiver

of electric signals, d — the diameter of the vein, ¥ — the volume of blood covered by the ultrasonic beam, I —

the depth at which the vein lies, 6 — the inclination angle of the ultrasonic beam with respect to the vein, 2 a —
the diameter of the ultrasonic beam

2. Assumptions of the analysis

It can be assumed that an ultrasonic beam of longitudinal waves at a fre-
quency of 8 MHz is radiated by a piezoelectric transducer with the diameter
2a, = 5 mm. The mean wave velocity in soft tissues is approximately equal
to the wave velocity in blood (¢ = 1.57 km/s). Thus the radiated wavelength
is 7 — 0.2 mm. The boundary between the near and the for field is then a; /i =
— 31 mm. Considering typical anatomic conditions, it can be assumed that
the vein of interest with its internal diameter d = 3 mm lies at the depth | =
— 15 mm from the body surface on which the piezoelectric transducer was
placed (Fig. 1). It can then be recognized that at this distance the ultrasonic
beam is cylindrical. The mean (in the cross-section of the beam) wave intengity
is, as a result of diffraction loss, lower by only about 1.5 dB at the distance !
than at the body surface [3].

An ultrasonic Doppler device [5] will be used to detect gas bubbles. The
output voltage of the transmitter is Uy = 4 V when matched to the impedance
of the ultrasonic probe, i.e. 50Q. The voltage sensitivity of the receiver limited
by electronic noise is Ur = 4 pV. Under these conditions the ratio of the ma-
simum to the minimum electronic signal is W = Uyp/Ug = 10° =120 dB.
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3. Reflection of a plane ultrasonic wave from a gas bubble in blood

A further step of calculations here will be the determination of the acoustic
pressure of the wave reflected from a spherical gas bubble with the radius a.
It can be assumed additionally that the wave of the acoustic pressure incident
on the gas bubble is plane. The reflection of the plane wave from a sphere filled
with a fluid medium (liquid or gas) was considered in detail by RSHEVKIN
in his monograph [16] and subsequently by MorsE and INGARD [11]. The
further part of this paper is based on the former of these references.

gc

L]
Fig. 2. The polar coordinate system (r, #) with a gas bubble in the shape of a sphere with
radius a and with a plane acoustic pressure wave p; incident in the direction — X
oe, oe are the acoustic specific impedance of the media, respectively, outside and inside the sphere

In a threedimensional polar coordinate system a plane continuous wave
with the acoustic pressure p,, incident in the negative direction of the » axis
(Fig. 2) on a sphere placed at the origin of the system, can be represented as
an infinite series of spherical waves of the form [16]

[+ <]

i = poexp(jot) Y™ (2m +1) Py, (008 #)jyn (k). (1)

m=0

The wave reflected from the sphere can, in turn, be expressed in the form
of an infinite series of spherical waves propagating in the medium surrounding
the sphere in the direction of the increasing radius 7

oo

Dy = exp(jot) D @y Py (cos )R (kr). 2)

m=1{

The wave penetrating into the sphere can be described by the expression

Py = exp(jol) ) @y P(cos8)jy, (kr). (3)

The coefficients a,, and @, are determined from the boundary conditions
satisfied on the surface of the sphere (r = a) which are the continuity of the
acoustic pressure and of the radial component of the acoustic velocity on the
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surface of the sphere. RSHEVKIN gives the following expression for the expansion
coefficients [16]

" 0 ju(ka) .
o) =22 2L (ke
A = —Poj"(2m+1) o j'“(,—w) ; (4)
B (ka) — — - =——h) (ka)
) 0C ju(ka) ;
where
2 d .
Im(ka) = g_ym(]‘:r) for r = a, (ba)
(2) d >
B (ka) = ?h;’(kr) for r = a. (5b)
T

Horizontal dashes denote here the quantities concerning the medium
inside the sphere, the dashless ones are related to the medium outside the sphere.
For blood g¢ = 1.61-10° kg/(m?*-s), while for gas a value close to that for air can
be assumed, oc = 0.0004-10° kg/(m*:s).

MorsE and INGARD [11] give analogous formulae in a slightly different
form, which, it can readily be verified, are the same as RSHEVKIN's formulae.

The point of interest here is the wave reflected at the point @ (Fig. 2)
at a distance so far from the centre of the sphere that the following condition
is satisfied

£ Aas OF, oK L., (6)
Thus the Hankel function A{) can be approximated by the expression
1 1

hi(2) = — exp[—j (k’."— m;r '.n:)] (7)

Considering formula (7) expression (2) becomes

exp( —jkr)
Py ==y R et (k . Iy(ka), (8a)
r
where
Ty(ka) = ' a,,P,,(cos#)exp[j(m+1)m/2]. (8b)
0

The quantity I'y(ke) will be called the function of far field reflection. This
function depends on the argument ke and on the angle ¢ (Fig. 2). However,
in the ultrasonic technique used for detection of gas bubbles in blood one co-
mmon piezoelectric transducer is used for transmission and detection of ultra-
sonic waves or two transducers placed in one probe close to each other. In
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such a case only the value of the function I';(ka) in the direction of the wave
radiation, i.e. for the angle # = 0, is of interest here. This simplifies further
caleulations, since for # =0, P, (1) =1. Hence the function

(=]

Ty_y(ka) = D ayexp[j(m+1)x/2] (9)

0

is only dependent on the argument ka. Fig. 3 shows this function calculated
in the dB scale for low values of ka = 0.05-1.4. The values of the spherical
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Fig. 3. The function of far field reflection I'y_y (ka) from the gas bubble in blood (# = 0,
kr > 1)
M — the mode Pﬂ-vu (ka), 4 — arg F§=0 (ka), a — the radius of the bubble, k& = 2r/1

functions necessary for the determination of the values of coefficients (4) were
calculated from the following relations between these functions and the Bessel
and Neuman functions of order 1/2

m(e) = ]/ 3’; I ms3(2), (10a)
N (2) ]/ —2“; Nuss (9), (10b)
R (2) = jou(2) = (2). (10c)

In turn, the values of the function J,, ,,(2) and N,, ., (2) were calculated
using the library of subprogrammes of a CYBER 70 IBM computer.

2 — Archives of Acoustics 1/83
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On the basis of the curve of the function I',_, (ka) and formula (8a), the
pressure p, of the wave reflected from a single gas bubble can be determined.
The quantity

R = 20logmod I'y_,(ka) (11)

represents the loss in the signal caused by the reflection of the wave from the
gas bubble.

In the case of a large number of bubbles it becomes practical to introduce
the notion of the equivalent cross-section of scattering [4, 9]. By definition
the equivalent cross-section of scattering is the ratio of the power lost as a result
of scattering by a plane wave to the intensity of this wave. In other words,
this is the area of this part of the plane wave incident on the scattering system
which is lost from the beam as a result of scattering [4].

Assuming isotropic scattering (which is valid for ke <1) and scattering
of the first order (with no repeated reflections of waves between bubbles),
the scattered power can be determined in the form

M, = 4 |p,[*|2¢c. (12)
The intensity of the plane wave incident on the sphere is
I, = Ip|*[2¢e. (13)

Hence the equivalent cross-section of scattering, by definition, is equal
to the ratio of expressions (12) and (13). After consideration of formula (8),
the equivalent cross-section of scattering becomes
M,
I

Z:

4 9
= oma(ka) . (14)

The function I'y(ka) was determined only for the value of the angle § = 0
and therefore expression (14) is valid strictly for consideration of backsca-
ttered signals in the incidence direction of the plane wave. For & +# 0 this
formula becomes approximate, to be used when ka < 1.

Tt is interesting to note the ratio of the equivalent cross-section of scattering
X to the cross-section area of the bubble ma?, shown as a function of ke in a broad
range of this product in Fig. 4. The curve calculated shows a maximum for
the value ka,, ~ 0.014, which corresponds to resonance vibrations of the bubble;
these vibrations are of the zeroth order. The value of this maximum depends
on the magnitude of energy of the reflected wave, viscosity of the surrounding
liquid and on the thermal conduction of the liquid [10].

Neglecting in first approximation the viscosity of the liquid and also the
surface tension, the resonance frequency of the bubble can be determined from
the formula [16]

- 3pc;, P,

fres=§;a_ 0 Po H (15)
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where g, and ¢, denote respectively the density and wave velocity in gas under
normal conditions (temperature 0°C, normal pressure P, = 750 mm Hg = 1000
hPa).

The above formula assumes an adiabatic transition of gas in the bubble.
In the case of very small bubbles, as a result of low gas volume and high thermal
conduetion of the liquid, the phenomenon is isothermal and the above formulae
require some modification [10]. This, however, does not cause any greater
change in the resonance frequency.
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Fig. 4. The relative equivalent cross-section of backscattering of the gas bubble in blood
calculated in relation to ke from formulae (14), (9) and (4)

I — the absolute equivalent eross-section of backscattering: a, a, and U T respectively, the radius, the limiting
radinus and the resonance radius of the gas bubble, R — the vibration resonance of the bubble

Attention should be drawn to the phenomenon of the surface tension
occurring on the surface of the gas bubble. It causes the appearance of additio-
nal pressure directed from the liquid to the surface of the bubble. This pressure
has the value [8]

P (16)

Lo
a|§

The surface tension of blood has the value ¢ = 60 dyne/em [12]. For
a bubble radius longer than 10 pm, from formula (16), the pressure P, caused
by this is lower by almost one order of magnitude than the mean blood pressure
in man which is taken as 850 mm Hg = 1.13-10° dyne/cm* = 1130 hPa.
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In the case of gas bubbles with shorter diameters the pressure within the
bubble becomes greater than that of the surrounding liquid, since the follo-
wing equation occurs [2],

20
P =Pt (1)

where P, is the gas pressure inside the bubble and P, is the static pressure in
the liquid. For ¢ = 0.5 pm the excessive value of this pressure is P,—P;, =
= 1800 mm Hg = 2400 hPa. 1t can be assumed that the liquid contains dissol-
ved gas with such concentration that there is an equilibrium with the gaseous
phase of air with the pressure P,. When the relation P, = P, occurs (i.e. when
the liquid is not supersaturated), P, < P,. In such & case the gas diffuses from
within the bubble to the liquid at a velocity proportional to the difference
P;—P,. E.g. in air-saturated water (P, = P;) a bubble with this radius dissolves
over geveral hundredths of a second [2]. Thus, under these conditions very
small gas bubbles are not stable.

The notion of the limiting radius of the bubble can therefore be arbitrarily
introduced. It will be such a radius a, for which the pressure P; inside the
bubble exceeds the pressure of the saturated hqmd P, by 1/10. Hence, from
formula (10), for blood

20, 2-60dyne/cm

0.1P,  0.1-850 mm Hg B i

a, =

For radii shorter than the above value gas bubbles are instable and quickly
dissolve in the liquid. Fig. 4 shows the resultant boundary values ka, = 2=nfa,/c
for frequencies f = 2.5, 5, 8 and 10 MHz. It follows therefore that no practical
possibility exists for resonance to occur when bubbles are detected using fre-
quencies equal to or higher than 2.5 MHz.

It follows from Fig. 4 that in the range ka = 0.11-10 the equivalent
cross-section of scattering is from 4 to 1 times as large as the area of the equa-
torial cross-section of the gas bubble.

4. Signal loss as a result of wave attenuation in the biological medium

Evaluation of the attenuation of ultrasonic waves on their way from the
body surface through the skin, muscle and the wall of a blood vessel to its
interior can only be approximate. Table 1 presents such an evaluation. Con-
sidering the path of an ultrasonic wave in both directions, attenuation loss
can be taken as A; = —25 dB. ;
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Table 1. Estimation of ultrasonic wave attenuation on the path from
the transducer to the vessel (vena basilica) (extrapolated for the
frequency f = 8 MHz)

1. Muscle (including skin)

(ace. to HOETER [7]) 9.0 dB em 1-1.3 em

2. Vessel wall

(ace. to GREENLEAF [7]) | 4.8 dB em~1:0.1 cm

3. Blood

(ace. to Kikucur [7] 2.2dB em-1:0.15 cm

total

5. Signal loss as a result of the divergence of the scattered beam

It follows from formula (8a) that the amplitude of the wave reflected
from a gas bubble decreases as a function of 1/kr. Substitution of the values
r =15 mm and 4 = 0.2 mm gives 1/kr = 0.00212 = —53 dB = D. The quan-
tity D will be called the beam divergence loss.

6. Electroacoustic transducing loss

The loss involved in the transducing of electric signals into ultrasonie
ones and conversely can be estimated using, after MAsox [6], the equivalent
system of the piezoelectric transducer (Fig. 5). In this diagram the symbol »

Fig. 5. The equivalent electromechanical system
of the piezoelectrie transducer with thickness
vibration, according to MasoxN
Ry =Aecy Rp=Aogep R=Agc?, 4 — the
surface area of the transducer, Cﬂ — the static capaeity
of the transducer, N — the “turn” ratio of the electro-
mechanical transformer, z — the relative frequency

back load

da o ol 15

electromechanical
transducer

e
electric terminals

biclogical medium
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denotes the relative frequency equal to
x = nflf, = odfcP. (19)

With good enough approximation it can be assumed that [6]
Fulfw = V1=K . (20)

Taking for the ceramic material CERAD used here the value of the coe-
fficient of electromechanical coupling for thickness vibration k, = 0.5 and the
frequency of electromechanical resonance f, = 8 MHz, the following value can
be obtained from formulae (19) and (20),

x, = nV1—k =2.72. (21
On the basis of the equivalent diagram (Fig. 5), the simple relation can
be written

v (0404 —|—jchtgme/2) = vp(opcp -{—jchtgmeﬂ) . (22)

Measurements of the electric admittance of ultrasonic Doppler probes
used in the continuous wave blood flow measurements give the value of the
acoustic impedance g ¢, = 3-10° kg/(m*-s). The acoustic specific impedance
of soft tissues has the average value ppxc; = 1.6-10° kg/(m*-s). The analogous
value for piezoelectric transducers is greater by an order of magnitude and
varies within the limits ec” = (25-35)-10° kg/(m*-s). Considering the above
values, the following expression can be derived from formula (22),

vy  opbpt+jec’tgw,/2 : "
A5t - ; ~ 1, since < 0404 < 06Ptgx,[2. 23
vp 0404 +jec’tgw,/2 ! erle < 04C4 < 00 tgX/ (23)

Therefore, the ratio of the power M, emitted in the biological medium
to the total power supplied to transducer is

2
My Vp0rCE ~ 0pfp

— ~ —

M, +M; 0%04Ca V50808 04C4+0BCH

=0.35 = —4.6 dB.  (24)

Additionally, consideration must be given to the loss occurring inside
the piezoelectric transducer, which can be estimated as 0.75 dB, and the loss
resulting from the mismatching of the transducers to the electronic systems
and caused by the unrepeatability of the parameters of ceramic transducers.
The latter can also be estimated as 0.75 dB. The diffraction loss, given in chap-
ter 2, is 1.5 dB. Thus, finally, considering the double piezoelectric transducing
of signals, for transmitting and for receiving of signals, the total transducing
loss T = —15 dB can be determined.
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7. Wave scattering in blood

Fig. 6 shows all the signal losses which have been calculated so far. Under
the measurement conditions assumed the smallest gas bubble at the detectabi-
lity limit would be a bubble for which ka = 0.05. This corresponds to the radius
a = 0.054/2% = 1.6 pum; since then the signal received would be equal to the
level of electronic noise N. It can be noted, however, that red blood cells (eryt-
hrocytes) have dimensions @ 8.5 x2.5 um. Moreover, aggregates of blood cells
up to 6-10 cells, or sometines up to hundreds of cells, form in large blood vessels
[5]. Accordingly, it is essential to explain to what extent the wave scattering,
mostly by erythrocytes, masks the signal from a single gas bubble.

0
(a1} y
I %
-50 =
Q
B o
e, 5 S
I 2
-100 e

AN IENNE

Fig. 6. The level of the signals with respect to the electrical transmitted signal (0 dB) in the
course of the detection of a gas bubble in the elbow vein (vena basilica)

T — piezoelectric transducing loss, 4, — attenuation loss in the medium, D — loss caused by divergence of the

‘beam scattered by bubbles, B — loss caused by reflection from the bubble, § — scattering loss in blood, B — the

level of the signal scattered in blood, N — the level of electronic noise, W — the difference in level between the
maximum and minimum electric signals

RED ef al. developed theoretical fundamentals for the ultrasonic pulse
method for the measurement of wave scattering in blood [17]. They also per-
formed extensive experimental investigations of this phenomenon [18]. These
anthors determined the value of the eqivalent cross-section of erythrocyte
scattering which for a frequency of 8.5 MHz and a hematocrite (the ratio of
the volume of erythrocytes to the total blood volume) of 40 % is 6 = 107" em?,

It can be assumed that the erythrocyte distribution in blood is random,
while the reflection is isotropic, of the first order. These assumptions are not
strietly satisfied in blood, for example, because of the relatively densely packed
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erythrocytes. As the packing density of erythrocytes (increasing hematocrite)
increases, the equivalent cross-section of scattering decreases [17]. Multiple
reflection might occur then or the erythrocyte distribution might cease to bhe
random. The scattering phenomenon becomes more complicated; despite this,
a single model of scattering can be used, taking the above assumptions for
satisfied. The argument for this assumption is the fact that the amplitude of
each successive wave reflected from an erythrocyte is lower by at least 23 dB
than the amplitude of the previous reflected wave. This results from the hardly
distinet difference in acoustic specific impedance between erythroeyte and
blood plasma [5].

The erythrocyte density #n = 5-10° mm~® can now be assumed. The sca-
ttering blood volume V results from the area of the blood vessels covered by
an ultrasonic beam with the diameter 2e, = 5 mm (Fig. 1). The intensity of
the wave scattered isotropically by blood and incident on the receiving trans-
ducer at the distance [ = 15 mm is

no 4
Is = th_qﬂ-zuli, (21)3)
hence
1 a2 )
oty T T N < O R (25D)

1, 4sin6 4nl®

where d = 3 mm is the internal diameter of the blood vessel and 6 = 45°.

According to formula (25b), the level of the signal scattered by blood is
lower by 8§ = —60 dB from the level of the signal incident on blood. The level
of the signal scattered by blood is marked in Fig. 6 by dashed line B.

8. Wave scattering in muscle tissue

The scattering of ultrasonic waves in muscle tissue is much greater than
that in blood. This can be shown on the basis of the results of experimental
investigations performed on the muscles of dog’s hearts by O’DoNNOLL et al.
[14]. At a frequency of 8 MHz they determined the value of the differential
coefficient of backscattering # = 2.5-107* em '-sr'. Therefore, assuming
isotropic scattering, the (intensity) coefficient of scattering [4] is a, = 47y
em™ = 0.32 em™'. In turn, the analogous scattering coefficient for blood is
a, = on =5-10"* em™'. Thus, when the scattering volumes of muscle and
blood, placed at the same distance from the transmit-receive transducer, are
assumed to be the same, the power of the signal scattered in muscle is greater
by a,/a, = 640 = 28 dB than that of the signal scattered in blood.
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However, in contrast to blood, muscle tissue or, alternatively, other tissues
penetrated by ultrasonic wave is stationary. Accordingly, the wave scattered
by this tissue does not change its frequency with respect to the incident wave;
the Doppler phenomenon is absent. In view of this, the signals of these waves
can be eliminated electronically, e.g. by filtration or the technique of stationary
echo cancellation [13].

9. Detectability of gas bubbles

The radius of the gas bubble detectable by means of the present method
can be determined directly from Fig. 6. The condition for which the magnitude
of the signal reflected from the gas bubble is greater than the level of disturbing
signals masking the reflected signal can be taken as the criterion of detectability.
These distortions can be the electronic noise of the receiver, or stochastic signals
caused by scattering from blocd cells or from other anatomical structures;
in the present case, from muscle tissue. It was shown in the preceding section
that the latter could be neglected.

Accordingly, the detectability conditions become

|T4+A+D+E(ka)| < |W| (26a)
and
|D+R(ka)| < |8]. (26Db)

Only the last term on the right side of inequality (26 a, b) depends on
the radius of the bubble a. This dependence is represented by the modulus
of the function of far field reflection I'y_, (ka) shown in Fig. 3 (see formula
(11)) and plotted in Fig. 6. This curve suggests the final conclusion that the
detectability condition (26) is satisfied for a single gas bubble for which ke > 0.5.
For a frequency of 8 MHz used here this signifies that the radius of the bubble
detectable under the present conditions must satisfy the condition

Y
4> a5 = 0.5 -— =16pm, (27)
2n

In the case of a larger number of gas bubbles in blood the situation becomes
complicated insomuch as the distribution of the size of bubbles with different
radii is not known. Therefore, the least convenient detectability conditions
are taken, under the assumption that only gas bubbles with limiting radii
(lying at the stability limit) whose radius was determined by formula (18),
occur in blood.

The density n, [em ™ *] of such bubbles, necessary for their detection, can
then be found. At a frequency of 8 MHz the equivalent cross-section of scattering
of a bubble with the boundary radius a, = 11 pm is X, = 3wa; (see Fig. 4),
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while for a single bubble lying at the detectability limit, with the radius a; =
= 16 pm (ka = 0.5), this value is X' = 2.5=aj. The power of the signal reflected
from #,V bubbles with the radius a,, equal to I,Zyn,V, can be equated to
the power of the signal reflected from a single gas bubble with the radius a4,
equal to I,2. Hence, the desired density of bubbles follows,

o B 2.5ma} 4sin6
XV 3mal  md2a,

Ny e~ 35 em ™. (28)

The analysis performed indicates that the sensitivity of the method for
detection of gas bubbles is very large, since they are detectable with density
as low as 35 em~*. Calculations were made for air bubbles, while divers’ work
involves nitrogen bubbles. The wave velocity and the density of nitrogen and
air differ from each other by only a few percent [1, 8]; and therefore the results
obtained can be extended to the case of nitrogen bubbles.

The above procedure for the calculation of the detectability of bubbles
can be used with success in the case of other blood vessels. As an example,
the detectability of bubbles in the pulmonary artery can now be calculated.
This is an important case from the practical point of view, because of the fact
that all the blood in the circulation system flows through this artery, when
one neglects the slight bronchial flow. By covering the entire cross-section
of the pulmonary artery with the ultrasonic beam, it is possible to control
fully the circulation.

A disadvantage of this measurement system is the higher attenuation
of signals in view of the greater depth of the pulmonary artery, compared to
the case of the veins in the peripheral system, and also in view of the movements
of the heart which make examination more difficult.

It is now possible to take an ultrasonic beam and a pulmonary artery
with diameters of 1.3 cm and the centre of the artery at the depth I = 4 cm.
Table 2 shows the estimation of loss as a result of attenuation in the penetrated
tissue. It follows from this table that attenuation on the path from the transducer
to the centre of the pulmonary artery and back is A = —48 dB.

Table 2. Estimation of ultrasenic wave attenuation on the path
from the transducer to the pulmonary artery (extrapolated for the
frequency f = 8 MHz)

1. Musele (including skin) 9.0 dB em1-1 em = 9 dB
2. Adipose and connective

tissue 6 dB em1:2 ecm = 12 dB
3. Vessel wall 5dB em1:0.2 em = 1 dB
4. Blood

(to the centre of the artery) | 2.2 dB em~1-0.8 cm = 1.8 dB
total 23.8 dB ~ 24 dB
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The loss resulting from the divergence of the scattered ultrasonic beam
is, according to formula (8a), D = 20log0.2 mm/27-40 mm = —62 dB
(see section 5). The total loss T'+A+D = —125 dB is so great that, even
when neglecting the reflection loss R(ka), the signal received would be lower
than the level of electronic noise of the device, and thus undetectable. For this
reason it is necessary to eliminate the frequency of 8 MHz from further consi-
dera tion and to use instead a frequency of 5 MHz, also typical of Polish-made
Doppler equipment.

Since attenuation in soft tissue is directly proportional to frequency,
attenuation loss then decreases to the value 4 = 30 dB. The loss caused by
the divergence of the scattered beam is D = 20log 0.32 mm/27-40 mm =

= —b8 dB.
The level of the signal scattered by blood also changes to become
né
8S=1/I,=V— = —60 dB
B/ 1 V 471:12 ?

where V = 2.2 em® is the blood volume in the artery covered by the ultrasonic
beam (a, = 7.5 mm)and 6 = 2-10~"* em® is the equivalent cross-section of scatte-
ring of erythrocyte for a frequency of 5 MHz [18]. The detectability condition
(26b) becomes | —58 AB +R (ka) | < | —60 dB|, hence the inequality E(ka) > —2dB
results. Considering relation (11), the value ka = 1.4 can be found for E(ka) =
= —2 dB from the curve in Fig. 3. It follows therefore that at a frequency of
5 MHz single gas bubbles with a radius greater than a; = 70 pm can be detected.

10. Conclusions

The analysis and caleulations performed here show that in the anatomical
ease considered (elbow vein — vena basilica), when a typical ultrasonic Doppler
device is used at a frequency of 8 MHz, even a single gas bubble with a radius
greater than 1.6 pm gives a signal received by an electronic device. This signal,
however, is masked by signals caused by wave scattering in blood. Moreover,
the bubble with so small a radius is unstable. The level of the signals scattered
in blood (B in Fig. 6) is equal to the level of the signal from a single gas bubble
with a radius of 16 pm (ka = 0.5). Thus single gas bubbles with a radius greater
than 16 pm are detectable. Bubbles with a minimum radius of 11 pm lying
at the stability limit are detectable when their density exceeds 35 cm .

In the case of the pulmonary artery the frequency of the ultrasonic wave
should be decreased in view of the overlarge attenuation in tissue. It was shown
that when a frequency of 5 MHz is used, single gas bubbles with radii greater
than 70 pm are detectable.
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It is interesting to note that this is the necessary but not sufficient detecta-
bility condition, since detection of a signal above the level of distortions re-
quires some difference between these levels and the probability of detection
of gas bubbles increases as this difference increases.

The values of the radius and density of detectable gas bubbles obtained
here depend on dimensions and position of the blood vessel in which measure-
ments are taken, on the kind of tissue penetrated by the ultrasonic beam and
on the electronic and acoustic parameters of the ultrasonic equipment used.

For simplification it was assumed in the present analysis that the acoustic
pressure distribution in the near field of the ultrasonic beam was uniform and
equal to the mean value for the beam cross-section. In practice local minima
and maxima of the acoustic pressure occur in the beam; these maxima being
theoretically twice as large as the mean value mentioned. This value can cause
variations in the signal received from the gas bubbles as it crosses with the
blood flow the successive minima and maxima in the beam.

The present calculation procedure permits the estimation in a specific
case of the detectability of gas bubbles in blood and also the estimation of the
level of signals received from blood with respect to electronic noise of the device.
This makes possible the optimization of the technological conditions of elec-
tronic and acoustic devices for investigations of blood flows and for detection
of gas bubbles in blood.

The present calculations have to a large extent the nature of an estimation
and therefore the results should be regarded as approximate. Although these
results apply to continuous wave Doppler equipment, their extension to pulse
equipment does not offer difficulties.
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