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Acoustically induced shear stresses in the V|c|n|ty of

microbubbles in tissue

Peter A. Lewin and Leif Bjérne
Technical University of Denmark, DK-2800 Lyngby, Denmark

(Received 7 April 1981; accepted for publication 8 October 1981)

The shear stresses in the vicinity of gaseous microbubbles in tissue irradiated by continuous and transient
ultrasonic fields typical of those used in diagnostic practice have been calculated from a solution of the
equation of motion of the bubble. The assumptions and limitations of the model have been considered, and
within these limits, it appears that the steady stresses produced may lie above reported thresholds for
biological effects. It would appear from the data in the literature that not all the biological effects reported

may be caused by stresses resulting from acoustic streaming.

PACS numbers: 43.80.Gx, 87.50.Ce, 43.25.Yw

INTRODUCTION

In an earlier work,' it has been pointed out that, if
gaseous microbubbles exist in biological tissue, their
response to ultrasonic irradiation may be growth to a
resonant size and the generation of both oscillatory and
time independent flow (microstreaming) in their vicini-
ty. This flow leads to local increases in shear
stresses which may, by injuring the membranes, de-
stroy cellular function. The present work represents
the calculation of the potential influence of both steady -
state and oscillatory stresses.

Rooney” has discussed similar phenomena at a fre-
quency of the order of 20 kHz, but the present paper is
particularly concerned with potential effects at the
megahertz region of frequencies used in medical diag-
nosis and therapy.

In this paper emphasis has been put on the shear
stresses associated with microstreaming, which are

evaluated by the following procedure: The displacement

amplitude of the bubble wall in environments repre-
sented by the cellular liquid structure of biological tis-
sue .is determined from a numerical solution of the
nonlinear equation of bubble motion. Then, with a
knowledge of the amplitude, the streaming velocity U
and the velocity gradient G are calculated on the basis
of acoustic streaming theory.® Finally, the hydrody-
namic, time-independent stresses affecting cell mem-
branes can be obtained from the product of the shear
viscosity coefficient 7, of the liquid, and the velocity
gradient G.

I. THE GAS-BUBBLE MODEL

The basic equation of bubble motion for the calcula-
tion of the amplitude of displacement of the bubble wall
was derived by Lord Rayleigh in 1917,* and has since
been developed extensively®™'® to include such effects
as liquid viscosity, surface tension, and losses due to
thermal conductivity and sound radiation. In the cal-
culations reported here it is assumed (Fig. 1) that the
bubble is surrounded by an infinitely extended incom-
pressible liquid of density p,, surface tension o, and
viscosity n,. The factors that enter the equation, i.e.,
bubble shape, damping mechanisms, polytropic expo-
nent of the gas in the bubble, and the liquid viscosity
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will each be discussed briefly in the following sections.
The effect of the viscosity of the gas within the bubble
was neglected.

A. Shape of the bubble

In medical ulirasonics the frequencies employed are
usually confined to the range from 1 to 10 MH2z and
therefore the ultrasonic wavelength 2, is much greater
than the bubble radius at rest R, =1-3.5 um.! Conse-
quently, the pressure acting on the bubble will be iso-
tropic and radial mode pulsation will be assumed to
dominate. Since the zeroth mode is the most impor-
tant from energy considerations,!! it is assumed in sub-
sequent discussions that the bubble maintains its
spherical shape and that the bubble pulsations are of
the zeroth mode. Even for nonspherical bubbles
Strasberg'' has shown that the zeroth mode resonance
frequency is practically independent of the bubble
shape. A comprehensive description of the dynamics
of nonspherical bubbles has been given by Hsieh.

B. Damping mechanisms

It can be shown'®:!3 that for the case considered in
which R, ~1-3.5 um,' viscous losses prevail. Con-

- ueuib T -

_(_NCOMPRESSIBL_I— P, —

T — —_— —_— _—

FIG. 1. The gas bubble model (see Ref. 9).
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sequently, in the present calculations the effects of
damping due to sound radiation and thermal conductivity
are neglected. However, if it is necessary, these ef-
fects can readily be introduced, as shown by Pros-
peretti,' through an “effective viscosity,” which in-
cludes losses due to thermal and viscous digsipation
and radiation.

C. Polytropic exponent v of the gas in the bubble

Details of the composition of the gas contained within
the bubble are not known, but it probably consists of a
mixture of N,, O,, CO,, and water vapor. The com-
pression process of the gas in the bubble can therefore
be described by a polytropic gas law. The polytropic
exponent y was chosen on the basis of the resulis re-
ported by Chapman and Plesset.!* For the case of a
mixture of CO, and H,O vapor the polytropic exponent
varies between y=1 and ¥=1.33. Since the bubble
radii considered (R, ~1-3.5 um) correspond to y
=~1,03,’ this value of the polytropic exponent is used
in the calculations.

D. Viscosity of the liquid

The biological medium in which the potential influence
of acoustically induced shear stresses is of greatest
interest is that of mammalian tissue. However, as far
as the present authors are aware there is no literature
data available on the viscoelastic constants of the tis-
sue. On the other hand, as living tissue is perfused
with blood, it is reasonable, at least to the first ap-
proximation, to assume that whole blood (including
water, inorganic ions, dissolved gases, organic mole -
cules, protein macromolecules, and cells) will suf-
ficiently close represent the cellular/liquid structure
of biological tissue.

The viscosity of blood is usually not constant and var-
jes between 0.003 and 0.050 Pa-s.'® The most
intense vibration of the gaseous bubble takes place in
the liquid with the lowest viscosity and as the present
work is aimed at the determination of the worst case —
i.e., the most vigorous oscillation of the bubble —the
viscosity of blood was set to be constant and equal to
0.003 Pa+s. This value is also consistent with the
published data on the viscosity of blood in the frequency
range considered. '®

Il. CALCULATION OF THE AMPLITUDE OF
DISPLACEMENT OF THE VIBRATING BUBBLE WALL

A. Continuous excitation

If an oscillating pressure p(¢) of amplitude P, and
frequency f, = w, /2w is applied to the system, the
bubble will be set into foreed radial oscillation and,
under the assumptions described above, the motion of
the bubble wall will be governed by the following
second-order nonlinear differential equation written in
spherical coordinates®:

d?R 3 (dR\? Ro\¥ 20 4m; dR
n 8 3l 8) o, (&) 03

m

where P,=20/R,+P, is the pressure inside the bubble
and P, is the hydrostatic pressure (=10° Pa). R is the
instantaneous radius and R, the equilibrium radius of
the bubble.

The amplitude of bubble pulsation was obtained from
the solution of Eq. (1). The equation was solved by
means of numerical calculations performed on an IBM
370/165 computer. The program'? permitted variation
of parameters such as the intensity, the frequency,
and the duty cycle of the driving sound pressure, as
well as the bubble radius.

Solutions for the initial conditions R{ =0)=R, and
dR/dt =R(t = 0) = Owere obtained for both steady-state
{cw) and transient forced oscillations, and were aimed
at modeling a bubble immersed in blood at 37°C (p,
=1056 kg/m°, 6=0.06 N/m, n,=0.003 Pa-s,®

A representative example of the steady-state solution
of Eq. (1) is shown in Fig. 2. The curve labeled “P”
is the driving sound pressure of the form p{¢)
=P, sinw, t; the curve labeled “ R* is the resulting
resonant bubble oscillation radius-time curve. Similar
curves have been plotted for the different cases con-
sidered. The results are summarized in Table I where
the displacement amplitude of the bubble wall for dif-
ferent parameter sets of bubble radius R, and relative
frequency f, /f, is given. It is here appropriate to note
that for the purposes of the calculations the pressure
amplitudes P, were chosen to be of the order of 0.2
+10° Pa corresponding with the levels most likely to be

: 0.2-105 Pa

100 133 187

FIG. 2. Example of the steady-
state solution to the bubble equation
of motion. P(#) is the driving ultra-
sound field pressure. The radius-
time curve was obtained for the
following parameter set: Ry=2 pm,
fo=1.6 MHz (natural frequency),
fa=1.6 MHz, n,=0.003 Ns/m?, o
=0.06 N/m, and p;=1056 kg/m3.

1 Driving pressure amplitude P,=0.2
i - 10% Pa.

Max.Radlus
7\ N
. N .
< _9,2-105 pa
oo s 1a 5 20 25 T
e, |
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TABLE I. Calculated peak values for the displacement ampli-
tude ¢ (10~% m) of the vibrating bubble for different radii,
frequencies, and acoustic pressure amplitudes of p , = 0.2- 10°
Pa,

Ry Driving frequency (MHz)

To

[Eq. )] 0.86 1 1.6 2 3.6 4
lpym

3.6 MHz 0.03 0.05 0.06 0.07 0.1 0.06
2um

1.6 MHz 0.11 0.18 0.3 0.2 0.07 0.06
3.5pm

0.86 MHz 0.8 0.6 0.21 0.14  0.07 0.06

expected at the output of medical diagnostic equipment
working in the continuous wave regime,!#2°

The linear resonance frequency of the bubble f,, was
calculated according to the expression®:

1 20\ 20 4qi/?
_— + )=,
fo 21R,(p /2 [37(P° Ro) Ry p,R?s] @)

From Table I it appears that for low-pressure ampli-
tudes in the steady-state solution, the displacement
amplitude of the bubble wall reaches its maximum val-
ue for a bubble driven at its resonance frequency. This
is consistent with the assumption made previously' on
the critical sizes of bubbles; that the most vigorous
motion of the bubble is to be expected with bubbles of
resonant size. Consequently, for quasilinear oscilla-
tions, evaluation of the worst case in terms of the
maximum time -independent shear stresses acting on
cell membranes in biological systems, can be limited
to resonant bubbles only.

B. Transient excitation

The transient solutions were obtained by introducing
the external driving pressure p(¢) in the following
forms: (i) As an exponential decaying pulse described
by the function p(#) =P,e™/ ( is the decay time con-
stant of the pulse); (ii) as a sinusoidal tone burst; and
(iii) as a waveform typical of pulses transmitted by
ultrasonic diagnostic devices.

The pulse shé.pe of the diagnostic devices Was nu-
merically synthesized by performing a Fourier analy-

sis of the measured output of medical instruments'?
and then applying the Fourier—Mellin theorem. This
method was found to be the most suitable as it per-
mitted possible distortion of the transmitted pulse,
due, for example, to the mechanical construection of a
pulse-echo transducer, to be taken into account. De-
tails of the computer program are given in Ref. 17.

A representative example of bubble response to an
applied transient pressure is shown in Fig. 3. Again
the “R* labeled curve depicts the radius-time curve of
the bubble pulsation. P~ indicates the shape of the
pulse wave representing the forcing sound pressure
transient. From Fig. 3 it appears that for relevant
transient excitations, the bubble vibrations decay very
rapidly. Thus on the basis of the above solutions to the
equation of vibratory motion of the bubble, it can be
concluded that for both steady-state and transient ex-
citations, oscillating bubbles exhibit vibrations of sig-
nificant amplitude. It should be noted, that for the
purposes of the calculations, the pressure amplitudes
have deliberately been chosen to eorrespond with the
levels most likely to be expected at the output of
medical diagnostic equipment, i.e., continuous wave
regime: [ =10 mW/em? (Refs. 17, 18) or P, =0.2
-10° Pa; pulsed regime: up to 20-10° Pa (Ref. 17).

Itl. ESTIMATION OF THE VELOCITY GRADIENT

Determination of the velocity gradient G requires in-
formation on the streaming veloeity U in the vieinity
of the vibrating bubble. Qualitative insight into the
physical situation can be gained by considering a gas
bubble at the membrane surface which is set into vi-
bration in the manner shown schematically in Fig. 4.

As the bubble alternatively contracts and expands it
transfers energy of vibrations to the membrane sur-
face and generates both oscillatory and steady (time-
independent) shear in its own vicinity. As already
mentioned, these stresses and their associated veloci-
ties can be evaluated by means of the theory of acous-
tie streaming near a boundary developed by Nyborg.?!
His theory is the only one to date which can account for
the acoustic streaming near a solid boundary and is
also valid in the case of a moving boundary.??-

Nyborg derived theoretical expressions for the acous-
tic streaming from the basic equations of hydrodynam-

FIG. 3. An example of a transient
solution to the equation of bubble
motion. The radius-time curve
R(t) was obtained for the following
parameter set: Ry=2 um, n,=0.003

Pa.s, ¢=0.06 N/m, p;=1056 kg/m>
P(8) is a computer generated approx-
imation of the actual output of the
acoustic transducer; pressure am-
plitude P,=1.6- 10° Pa being char-
acteristic for transient excited pulse-
echo transducers.
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FIG. 4. A gas bubble setting up vibration in a cellular mem-
brane.?

ics, making use of the method of successive approxima-
tions. A more detailed description of the acoustic
streaming theory is given in Refs. 17 and 24. The
theory leads to the following approximate expression
for the steady streaming velocity U in the boundary
layer of thickness 6 induced by a small hemispherical
bubble of radius R, resting on a membrane (Fig. 5);

U= Q2/41l’2(0A Rg[l —e'z(‘m— 3 e-‘ 0 sin(z/ﬁ)] ’ (3)

where @ is the strength of the hemispherical source
defined as the product of its surface area and radial
first-order velocity amplitude «,, f, =w,/27 is the ap-’
plied ultrasonic frequency and z/6 is the dimensionless
distance from the membrane. The acoustic boundary
layer 5 can be calculated from the expression given by
Lamb®:

5=(m/”P,fA)”2=(2v/wA)”2, l (4)

where 7, is the coefficient of shear viscosity of the
liquid, p, is its density, and v is the kKinematic viscosity
of the liquid.

Assuming the bubble motion to be purely sinusoidal,
Eq. (3) can be reduced to

U=2nf, R,(¢/RP[1 —€2“/® _3¢7*/%sin (2/8)], (5)

and the maximum or limiting streaming velocity can be
calculated from:

Up= 2ﬂfA Ro(g/Ro)2 r (6)

where ¢ is the peak displacement amplitude of the bub-
ble wall determined from the nonlinear equation of bub-
ble motion [Eq. (1)].

The normalized streaming velocity gradient G =3U/
2z calculated from Eq. (5), is shown in Fig. 6 as a
function of the distance z /5. It can be seen that G
changes rapidly in the vieinity of the membrane (z =0).
This means that a considerable shear stress S=,G
exists very close to the membrane and is almost insig-
nificant for z /6 > 4.

——— -——=-, INTERCELLULAR
{ v /R ( ) LIQUID
LY
Sce——r’ Gas )

FIG. 5. Acoustic streaming flow pattern induced by a vibrat-
ing bubble lying on a cell membrane. The dashed curve sug-
gests the course of the recirculating flow. ¥
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TABLE II. Calculated acoustic boundary layer thickness in
blood [Eq. (4)).

Frequency Acoustic boundary layer
(MHz) thickness (10°¢ m)
0.86 1.02
1 0.95
1.6 ' 0.75
2 0.67
3.6 0.50
4 0.47

A calculation of S for z =0 leads to the expression:
S=1,(Un/0) . ™

The acoustic boundary layer thickness in blood was
calculated from Eq. (4) for the frequencies considered
and is given in Table II. The values of p, and n, were
1056 kg/m® and 0.003 Pa +s, respectively.'® The re-
sults from Table II were then used to calculate the
stress S exerted on the membrane surface,

Substituting U,, from Eq. (6) in Eq. (7) yields:
S=n,/8)2af,Ry(£/R,).

1.0 T T T T T T
05 -
o
-
€
2
h-)
2
Q
- 0.0
[
N
Kl
3
=
-]
2
~-o05} 7 N
-1.0 [ I A L [} A
1 2 3 4 S 6
Z
[)

FIG. 6. Calculated, normalized streaming velocity gradient
generated by membrane/bubble vibrations as a function of a
distance z/5.
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The above expression can be used for the evaluation of
the steady-state (hydrodynamic) shear stresses gen-
erated in the vicinity of a vibrating resonant bubble.

In most cases in the literature, rather than the values
of the shear stresses that results in bioeffects being
quoted, their associated velocity gradients are to be
found. The velocity gradients calculated for resonant
bubbles with R,=1, 2, and 3.5 um exposed to con-
tinuous sound pressure excitation are given in Table III
for the value of the driving pressure amplitude which
is representative of the output levels of diagnostic de-
vices (0.2+10° Pa). For the purpose of comparison,
the results of the calculations for nonresonance fre-
quencies are also included.

The displacement amplitudes of the bubble surface £
were taken from Table I. The calculated velocity gra-
dients are also compared in Table III, (last column)
with critical threshold gradients for bioeffects reported
by Leverett,?® Nevaril,?” Rooney,*® and Williams.??

Comparison of the theoretical gradients and the ex-
perimental critical gradients indicate that resonant
bubbles introduce time-independent stresses which may
lead to changes in biological structure even at the very
low acoustic output levels within or very close to the
range of those currently employed in medical diagnos-
tics. The significance of this comparison is of
course dependent on the validity of the assumptions of
the theory used. In the next section the procedure
outlined above for calculating the velocity gradients is
discussed in the light of the limitations of the acoustic
str‘eaming theory employed.

IV. LIMITATIONS OF THE ACOUSTIC STREAMING
THEORY

In deriving the theory of acoustic streaming near a
boundary,'”?* a number of assumptions have been
made:

(i) the pulse duration of the applied ultrasound must
be much longer than the period of the applied frequen-
cy;

(ii) the resulting expression for time -independent
velocity applies only to minor amplitude variations of

TABLE III. Predicted velocity gradients (1/s) associated with
the vibrating resonant bubbles, P ,=0.2-10° Pa.

Ry Critical
fo Driving frequency (MHz) gradients
[Eq. (2)] 0.86 1.6 3.6 (1/s)

1pum 3 4 5 . 4
3.6 MHz 4,710 4.8410 4,5.10 5.-10%2

2 um 4 5 5 ~ 5b
1.6 MHz 3.2-10 6.0-10 1.1-10 1,5-10

3.5um 5 5 4 ~108¢c
0.86 MHz 9.7.10 1.7-10 6.3:10 10

2Hemolysis of human erythrocytes (Refs, 26 and 27).

®Membrane disruption (hemolysis) (Refs. 28 and 29).

¢ Hemolysis of human erythrocytes, exposure time 10 gs (Ref.
26).
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the acoustic pressure, as the derivation is based on
perturbation theory;

(iii) the radius of the pulsating bubble must be much
greater than the thickness of the acoustic boundary
layer (near boundary streaming); and

(iv) it is assumed that the liquid is Newtonian, i.e.,
its viscosity is constant.

These assumptions will be discussed individually be -
low.

A. Pulse duration

Acoustic streaming theory describes the steady-
state circulatory flow set up by sound waves in a fluid.
Shear stresses and velocity gradients associated with
this flow can be evaluated only when the expression for
the second-order velocity U is known [Eq. (5)]. The
derivation of U is based on time averaging over a
large number of cycles. This would suggest that the
theory is valid for a single exposure to pulses contain-
ing—say—ten periods. However, the experimental re-
sults of the visual observation of the acoustic stream-~
ing'” indicate that streaming may be established under
ultrasonic irradiation with repetitive pulses containing
less than five periods. Such pulses, in the mega-
hertz frequency range, are typical of those encountered
at the output of diagnostic pulse —echo equipment.

As far as the present authors are aware, no acoustic
streaming theory, fully adequate for the case of very
short, repetitive pulses exists. Therefore, for
pulses which contain a small number of periods, the
theory should be applied with caution, since it may not
necessarily yield a correct value for the velocity grad-
ient.

B. Minor pressure amplitudes

All the fundamental expressions for the acoustic
streaming theory have been derived using the general
Rayleigh perturbation approach and thus require that
the displacement amplitude of the bubble wall £ is
much smaller than the bubble equilibrium radius R,(/
R,<« 1) and that the bubble wall motion is nearly sinu-
soidal. Consequently, in the range where the condition
£/R,<«1 is no longer fulfilled, i.e., for higher pres-
sure amplitudes, the theory can only be used to obtain
‘a qualitative indication; with an increase in excitation
(pressure) amplitude, the velocity gradient G can also
be expected to increase. However, it is also worth-
while to note that the radius-time curve of Fig. 3, cor-
responding to transient excitation, seemed to remain
quasisinusoidal even when the pressure amplitude of
the driving signal was fairly high (1.6+10° Pa). This
may indicate that the acoustic streaming theory may,
if careful, be applied at moderately high pulse ampli-
tudes.

C. Near boundary streaming approximations

The near boundary conditions require!” that the bubble
radius R, is large compared to the acoustic boundary
layer thickness 5 given by Eq. (4), (R,/6>>1). The

P. A. Lewin and L. Bjgrng: Stresses in tissue 732



R,/6 ratios in blood have been calculated for frequen-
cies of 1, 2, and 4 MHz, and bubble radii of 1, 2, and
3.5 um, yielding the results listed in Table IV. From
the results in the table it appears that the condition
R/6>1 is hardly fulfilled, and the consequences of
this are worth more detailed discussion.

Nyborg derived his expression for the acoustic
streaming velocity U [Eq. (5}], under the agsumption
that the bubble lying on 2 membrane surface had a
hemispherical shape (Fig. 5). However, when the
acoustic boundary layer thickness & and the radius of
the bubble R, are of the same order of magnitude, the
surface tension will tend to maintain the spherical
shape of the bubble. Although the situation here is not
exactly that of a free spherical bubble surrounded by
an indefinitely extended liquid, as the membrane is in
the vicinity (Fig. 5), it is reasonable to expect that the
assumption of an hemispherical shape may lead to an
overestimation of the surface velocity amplitude.

D. Viscosity

The acoustic streaming theory is developed using the
assumption that the liquid considered is a Newtonian
liquid, such as water. For the purposes of calculating
the displacement amplitude of the bubble wall, it was
assumed that the blood viscosity was constant and the
lowest measured value of 0.003 Pa s was chosen.'®
However, as was mentioned in Sec. I, blood can ex-
hibit non-Newtonian properties and thus its viscosity
can change. In order to estimate the influence of a
possible increase in the viscosity on the velocity
gradients calculated (Table ITI), further computer cal-
culations were performed in the frequency range con-
sidered, namely 1-4 MHz. These calculations showed
that a threefold increase in blood viscosity —to 0,01
Pa-+s—results in an approximate halving of the dis-
placement amplitude of the bubble wall. This would
lead to a decrease in the streaming velocity of a factor
of four and would reduce associated viscous stresses
by a factor of 4/3 [Eq. (7)].

If all the above considerations are taken into account,
it would appear that the velocity gradients calculated
according to the theory given by Nyborg®* and listed in
Table III, are an order of magnitude too high. How-
ever, it should also be noted, that even the reduced
velocity gradients may lead to biological effects (cf.
Table III).

V. TIME INDEPENDENT VERSUS OSCILLATORY
STRESSES

The calculations in Secs. I-III are valid for contin-
uous waves for single exposures which are much long-

TABLE IV. The Ry/6 ratios in blood for frequencies of 1, 2,
and 4 MHz.

Frequency (MHz) Ro=1um R¢=2pm Ry=3.5um
1 1.05 2.10 3.68
2 1.49 2,98 5.22
4 2,13 4.26 7.44

733 J. Acoust. Soc. Am., Vol. 71, No. 3, March 1982

er than-the forcing frequency period (see Sec. IV).
They give information on the level of the dc stresses,
i.e., the stresses that are independent of time. There
does appear to be some evidence for believing that the
hydrodynamic shear stress threshold is time dependent.
Thus Leverett et al.2® reported that the hemolysis

of human erythrocytes required shear stresses of the
order of magnitude of 150 N/m? (G =5 +10* 1/s) during
an irradiation time of 100 s, while stresses of the
order of 4000 N/m? (G = 1.3 -10° 1/s) were necessary
during an exposure time of 10 us. In view of the re-
sults it is natural to inquire whether oscillatory or
first-order stresses also play a role in the interaction
between the ultrasound wave and biological tissue.

The first-order (oscillatory) stress can be esti-
mated on the basis of Lamb’s results for fluid motion
near a vibrating object.?® According to Lamb, the os-
cillatory stress in the boundary layer 5, near the sur-
face of a vibrating bubble is given by

SIIT"(QJAE/ﬁ) )

where 7, is the viscosity of the liquid, f, =w,/27is
the ultrasonic wave frequency, £ is the displacement
amplitude of the bubble wall, and 0 is the acoustic
boundary layer thickness given by Eq. (4).

The second -order (steady-state) stresses, as shown
in Sec. III, can be estimated from the acoustic stream-
ing theory and are given by

S, = (w, £2/8R,) =S, (E/R,) .

For the assumed values of f, =3.6 MHz, a resonant
bubble radius R,=1 pm, a pulsation amplitude £ cor-
responding to the relatively low acoustic pressure of
0.2-10° Pa (Table I), 5§=0.5 um (Table II), and 7,
=Ty100a =0. 003 Pa+s,'® the steady-state stress be-
comes: S, ~1.3-10° Pa, while the oscillatory stress
S, is above 1.3 -10* Pa. It can be seen that the oscil-
latory stresses are ten times greater than the steady-
state stresses, while the duration of the oscillatory
stress is of the order of half of a sonic period, which
for the assumed f, =3.6 MHz, corresponds to 0.138

us.

The only data reported on the influence of such short
duration stresses on biological material is that of
Hamrick and Cleary?®® concerning an investigation on
tobacco mosaic virus. They reported that the breakage
of tobacco virus particles required a velocity gradient
of 4107 s7! of duration 0.1 ys. Assuming that the re-
sulting stress could be calculated as the product of a
shear viscosity n; and a velocity gradient G it would
correspond in a biological medium to a stress of 12
+10* Pa. This stress is about nine times greater than
the value of S, (1.3 < 10* Pa) calculated above and this
seems to suggest that oscillatory stresses may be ex-
cluded as a factor contributing to damage.

V1. CONCLUSION

The steady shear stresses in the vicinity of micro-
bubbles irradiated with ultrasonic waves have been
calculated for both continuous wave and transient ir-
radiations and the limitations of the calculation model
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have been assessed. Also oscillatory stresses have
been estimated on the basis of the theory. The values
of the shear stresses caused by continuous exposure to
ultrasound were found to lie within the range in which
biological effects have been reported. It is not clear
for the time being whether pulse—echo diagnostic in-
struments give rise to sufficiently high stresses to
cause damage in mammalian tissue. However, there
does appear to be some evidence that thresholds for
biological effects are dependent mainly on the temporal
peak intensity®! while only a modest effect was found
caused by the pulse repetition frequency thus changing
the average intensity.3 A variation of bioeffects with
repetition frequency when the pressure amplitude is
kept constant suggests that acoustic streaming theory
may not be entirely adequate to explain the effect ob -
served. It emphasizes the need for more extensive ex-
periments on biological effects, with carefully con-
trolled exposure parameters, and for better funda-
mental data for theoretical calculations.
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