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Acoustic pressure amplitude thresholds for rectified 
diffusion in gaseous microbubbles in biological tissue 

Peter A. Lewin 

Danish Institute of Biomedical Engineering; 345 Park •411e, Copenhagen, DK-2dO0 Giostrup, Denmark 
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The Jcoustics Laboratory, Technical University of Denmark DK-2800 œyngby, Denmark 
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One of the mechanisms oi•en suggested for the biolog•cal action of ultrasonic beams irradiating human tissues 
is concerned with the presence in the tissues of minute gaseous bubbles which may, under the influence of the 
ultrasonic field be stimulated to grow to a size at which resonance or collapse occurs with severe associated 
shear stresses. The evidence for the existence of microbubbles in tissues is reviewed. The results of 

calculations, using two existing theoretical models, of the peak pressure threshold as a function of frequency 
are presented. The frequency is normalized with 'the resonant frequency of the bubble, and results are 
presented for three bubble radii (1, 2, and 3.5/•m} and for different values of the gas concentration in the 
tissue between.0.1 and 1. The results from two models differ suggesting that an improved model and better 
experimental data for the threshold calcuiatious would be appropriate for further calculations. The thresholdg 
calculated range below the peak pressure amplitudes used in continuous wave diagnostic instruments, 
indicating the need for a more careful investigation both of this damage mechanism and of the exposures used 
in routine diagnosis. The results of calculations for typical Itransient) exposure conditions from pulse-echo 
equipment are presented, indicating that rectified diffusion and stable cavitation are improbable phenomena 
in these circumstances. 

PACS numbers: 43.80.Gx, 43.80.Qf, 43.25.¾w 

INTRODUCTION 

Consideration of the irreversible effects produced 
when a biological system is irradiated by ultrasound is 
of importance both for discussion of the safety level of 

, diagnostic applications of ultrasound, and of the poten- 
tial use of ultrasound as a therapeutic agent. The de- 
tails of the biological effects produced when living 
organisms, including human tissue, are irradiated by 
ultrasound, and the physical mechanisms that are in- 
volved have been recently reviewed by Reid and Sikov z 
and by Wells? The identified mechanisms are those 
sotfated with the heating which results from the ab- 
sorption by the tissue of energy from the ultrasonic 
wave (thermal effects), and those associated with the 
presence, growth, resonance, and collapse of vapor- 
ous cavities (bubbles) in the tissue (cavitational ef- 
fects). 

There appear to be additional effects which are ob- 
served when experiments are performed in such a way 
as to minimize the possibility of heating or cavilalton 
occurring (nonthermal, noncavitational effects). Where- 
as it is relatively easy to monitor the prevention of 
thermal effects, the detection of eavitation cannot be 
achieved by measurement of a direct unique parameter, 
but relies on indirect effects? It is thus more difficult 
to be confident that no cavitational effects have been 

produced with a given irradiation procedure. 4 

Cavitation phenomena in liquids have been reviewed 
in detail by Flynn s and it is well known that the thresh- 
old for the onset of eavitation depends on frequency, 
pulse length, temperature, pressure, viscosity, and 
the amount of gas dissolved in the liquid. 

The work described in the present paper is concerned 
with the calculation of the thresholds (in terms of peak 
acoustic pressure) of the incident ultrasonic wave at 

which stable cavitation may be induced and rectified 
digfusion may begin. 

I. THE PRESENCE AND STABILIZATION OF GAS 
NUCLEI IN LIVING TISSUES 

While transient and stable cavitation in biological 
systems have been the subject of an immense number of 
reports, s-25 only relatively few works have given evi- 
dence of the' existence of stable gas nuclei in living 
tissue. 

-Gas volumes have been observed in plant tissues by 
Harvey and Loomis, aø Harvey etal., ae Nyborg etal., TM 
Gershoy et al.• and Miller. as'as The verigieation of 
their existence in optically opaque mammalian tissue 
is a more difficult problem, although investigations of 
decompression sickness provide evidence that gas 
nuclei at least are present in tissues. 

Harvey and his associates have reported a? a com- 
prehensive histological study of bubble formation in 
animals post mortcm. The animals had died as a re- 
sult of decompression sickness and bubbles were found 
within the vascular system (in blood vessels), extra- 
vascularly (especially in fatty tissues) and also within 
cells and other fluid-filled spaces. Rubissow and Mac- 
kay aa have confirmed the existence of the bubbles in 
human tissue during decompression. With a frequency 
of 7.5 MHz they were able, on a pulsed scanning system 
to detect bubbles from 0.5-5 txm in diameter. Gramiak 
and ,qhab a9 have report6d echoes from blood passing 
through the human heart, some of which they ascribed 
to tiny gas bubbles. A number of hypotheses for the 
generation and stabilization of gas nuclei have been pro- 
posed•J.ao-•9 Crum• demonstrated that a Harvey-type 
model can lead to accurate prediction of the caviltrion 
threshold in water. A fairly comprehensive review of 
stabilization mechanisms for gas-cavitation nuclei was 
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recently given by Yount, "s who also suggested a novel 
model for stabilizing gas nuclei, based on surface ac- 
tiveskins of varying permeability. 

II. THE BUBBLE MODEL 

Under the influence of an ultrasonic wave, gaseous 
bubbles in biological tissue may begin to oscillate. This 
oscillation may introduce significant stresses in the 
vicinity of the bubbles and, at a certain displacement 
amplitude of the bubble surface, may result in btologt- . 
cal effects. It is therefore essential to assess the 

levels of displacement amplitudes which may be poten- 
tially harmful. 

The amplitude of displacement of the bubble wall de- 
pends on the bubble radius and the ultrasound frequencies 
employed. The exact size distribution of the microbub- 
bles in a biological system is as yet unknown. However, 
the existing experimental evidence indicates that the 
bubble sizes are most pi:obably in the range from 0.1- 
5 /•m. 28 The dimensions of the human capillary sys- 
tem-of the order of 3 L•n are not inconsistent with this . 
assumption. Also the scanning electron microscopic 
views of the endothelial cellular lining of human cord 
veins, recently presented by Baler, ss provide strong 
arguments that the bubble radii are of the order of 
microns. These micrographic views show endothelial 
cells of dimensions 20 x5 •m with gaps between adjacent 
cells of the order of microns. These gaps could easily 
become the sites of the growth of the minute bubbles, 
as suggested by Harvey? 

In the calculations of the acoustic pressure-amplitude 
thresholds for rectified diffusion reported in Sec. HI, 
the bubble model considered is largely based on the one 
used by Lauterborn. 4ø However, an additional comment on 
the present choice of the value of the poiytroptc exponent 
y may be useful. Details of the composition of the gas 
contained within the bubble are not known, but it prob- 
ably consists of a mixture of N2, 02, CO2, and H20 va- 
por. The compression 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 
results reported by Chapman and Plesset. 4• They 
demonstrated that the polytropic exponent y for resonant 
bubbles varies between y = 1 (isothermal oscillations) 
and y = 1, 4 (adiabatic oscillations), Fig. 1. For the case 
of the mixture of CO 2 and H20 vapor the polytropic ex- 
ponent varies between y = 1 (isothermal oscillations) and 
y = 1.33 (adiabatic oscillations). As can be seen from 

K• ! 10 0 101 10 2 10 3 10 4 
RADIU$• pm 

FIG. 1. The effective value of the polytropic exponent y as a 
function of the equfiibrium radius R0, after Chapman and Pies- 
set. 4t 

Fig. 1, the bubble oscillations are adiabatic for RD 
= 10-2 m and isothermal for RD: 10-6 m. Since the bubble 
radii considered (1-3.5 in'n) correspond to y = 1.03 this 
value of the polytropic exponent was used in the calcula- 
tions. The most vigorous motion of the bubble--and 
hence the greatest influence on the biological system-- 
can be expected for the bubbles of or close to the reso- 
nant size for the frequencies used. Mo:•t common 
clinical devices operate in the frequency range from 
1-4 MHz? 

Thus from the analysis of Lauterborn, •ø the following 
expression may be used to calculate the relevant range 
of radii of bubbles resonant in this frequency range 

[3 (P 
where •o is the resonant bubble frequency, •o is the 
resonant radius, Po is the ambient pressure, y is •e 
polytrop•c e•onent of the gas, •, p •,•d • ar e, respec- 
tively, the surface tension, the density• and the shear 
viscosity of the liquid surroundi• the bubble. 

Taking values of y = 1.03; Po • 10s Pa and • =0.003 
Pa' s, p• = 1056 kg. m-a, • = 0.06 Nm -• (Ref. 42) w•ch are 
appropriate for blood, the relationship between •o and 
•o shown in Fig. 2 can be calculated. It can be seen that 
the frequencies appropriate to the frequencies of com- 
mon diagnostic use corres•nd to bubble radii between 
approximately 1.0 and 3.5 •m. The evidence of the pre- 
vious section suggests not only that bubbles of •ese 
sizes may normally exist in tissue, but also that slightly 
smaller bubbles may exist. 

Moreover, it is •sstble that the bubbles under the 
influence of the ultrasonic field may be induced to grow 
to •etr resonant size by a process of rectified diffusion. 
Since it may be expected that an increased n•r of 
pulsating resonant bubbles (stable cavitation) will result 

10 '1 10 0 10' 10 z 10 3 10 4 
RADIUS (}Jm) 

FIG. 2. Resonance frequency f0 [calculated according to Eq. 
(1)] as a function of bubble radius R for a gaseous bubble in 
blood. 

847 J. Acoust. Soc. Am., Vol. 69, No. 3, March 1981 P.A. Lewin and L. 8i•arnla: Microbubble thresholds in tissues 847 



in reinforced biological effect, it is important ,to attempt 
to identify the acoustic conditions under which rectified 
diffusion may be induced. It is here appropriate to note 
that Eq. (1) is valid for a free b•bble. It is recognized 
that the tiny gas bodies existing within the tissue may 
have arbitrary shapes and that their motion may be 
restricted due to the surrounding cells. From the recent 
analysis of Miller, 2s who derived a modified expression 
for calculation of the resonance frequency of the gas 
volumes to account for the deviation of the bubble from 

its spherical shape and for motion restriction it appears 
that this modified expression will only lead to resonance 
frequency somewhat different from that obtained from 
Eq. (1). This difference has a negligible effect on the 
present work calculation. 

III. ACOUSTIC THRESHOLDS FOR THE OCCURRENCE 
OF RECTIFIED DIFFUSION 

Two mechanisms (which may be related) have been 
suggested for rectified diffusion in the presence of an 
ultrasonic field. The simplest argument is that during 
the haft-period of rarefaction (decreased pressure), 
the concentration of the gas within the bubble increases 
as gas diffuses into it, while during the compression 
phase gas diffuses out of the bubble. Since the a.mount 
of gas diffused is proportional to the area of the bubble, 
more gas will diffuse in during rarefaction than diffuses 
out in compression, thus causing the bubble to grow. 
The more sophisticated discussion of Elier and Flynn, 43 
uses the fact that the rate of diffusion of gas in the 
liquid is proportional to the gradient of the concentra- 
tion of dissolved gas. When the bubble contracts the 
thickness pf a spherical shell of liquid surrounding the 
bubble increases, and since this reduces the concentra- 
tion gradient of gas in the liquid, the rate of diffusion of 
gas towards the bubble increases, and the bubble will 
thus grow. 

The mathematical theory describing the process of 
rectified diffusion has been given in detail by Hsieh 
and Plesset 44 and by Eller and Flynn. •s Safar 45 has 
pursued the theory of Hsieh and Piesset and has ob- 
tained an expression for the acoustic peak threshold 
pressure amplitude required for rectified diffusion, 
taking account of dissipating effects 

+ \U)o/ J \COol ,) 

(1 - c/Co + 2/aoJQ) (2) x [6(1 +2V/RoPo)t '/z ' 
where Pt is the peak threshold pressure amplitude; p, 
is the density of the liquid; •Jo =2wfo; fo is the linear 
resonance frequency of the bubble; [Eq. (1)], (Fig. 2); 
'•JA =2•rf•;fA is the ultrasound frequency; R o is the equi- 
librium radius of the bubble; c ! is the initial uniform 
concentration of gas in the liquid with the bubble absent, 
and also the concentration at an infinite distance from 

the center when the bubble is present; c o is the satura- 
tion concentration at a pressure of Po; P0 is the hydro- 
static pressure in the liquid; • is the surface tension 
coefficient; and b is the total linear dimensionless 
damping constant consisting of radiation, thermal, and 

viscous component s. 46 

An expression for the acoustic peak threshold pres- 
sure amplitude for rectified diffusion has also been 
given by Eller •*: 

p,=f] I +2(•/RøPø-c'/cQ (3' +4K)(c•/c o) - (1 + 2•/RoPo)K 
where 

1 p•R•r, z 
and 

(3) 

2 2 

K: 1 - p•w•Ro2P • + 5o'/3PoR o 
1 + •/3PoR o 

Equations (2) and (3) are both based upon the same 
physical model. The fundamental assumption in each. 
case is that mass transport in the liquid is governed by 
a diffusion equation with spherical symmetry. Both ex- 
pressions are valid for small pressure amplitudes and 
have been derived for continuous wave pressure fields. 
The main difference between the two expressions is a 
correction factor K introduced by Eller 47 to account for 
the possible nonlinear character of the assumed radial 
pulsation of the bubble. 

Equations (3) and (4) have been used to calculate the 
thresholds of acoustic pressure at which rectified dif- 
fusion may be induced for different relative concentra- 
tion (c•/co) of dissolved gas, and different relative 
frequencies/A//o, see Figs. 3 and 4. (fo is the linear 
resonant frequency of the bubble•see Eq. (1) and Fig. 
2•and fA is the frequency of the continuous-wave ultra- 
sonic field applied.) The thresholds calculated are 
plotted in Figs. 3 and 4. The calculations were per- 
formed using the values of liquid properties appropriate 
for blood (see Sec. l.I) at atmospheric pressure 
= 10 5 Pc) and for equilibrium bubble radii (R o) of 1, 2, 
and 3.5 

Note that for a bubble radius of 3.5 /•m fA/fo = 1 cor- 
responds to acoustic frequency .f• of 1 MHz. Likewise 
for a bubble radius of 2 /•m, f•/fo = 1 corresponds to 
acoustic frequency fx of about 2 MHz and finally for a 
bubble radius of I l•m, f•/fo =1 corresponds to acoustic 
frequency of 4 MHz (cf. Fig. 2). According to Devin • 
and Prosperetti • the linear damping constant b for 
small resonant bubbles considered here is dominated 

by the viscous component b u. The resonance value of 
this viscous component was calculated from the expres- 
sion; 

b, = 4•lf/coo• R•, (4) 

where •r is the coefficient of shear viscosity in the 
medium. It should be mentioned that lgller 4• extended 

results obtained by Devin 4• for the damping constants of 
resonant bubbles to the off-resonance case and pointed 
out that thermal damping is important for bubbles driven 
below resonance and that radiation damping is impor- 
tant for those above resonance. However, calculations 
show that for the range of conditions considered here 
viscous losses prevail. Inspection of the graphs, Figs. 
3 and 4, shows that Pf increases as the gas coneentra- 
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tion in the liquid decreases. On the other hand P, de- 
creases as the frequency of the applied sound field ap- 
proaches the resonant frequency of the bubble. 

Although, as previously mentioned, the values of 
damping constant calcutated a•cording to Eq. (4) are 
valid for frequency equal to, or very close to the reso- 
nance frequency of the bubble, the rectified diffusion 
thresholds were also plotted for fA/fo values well below 
the resonance. This was done to demonstrate, within 
the restriction on the validity of the analysis applied, 
and mentioned above, the expected general tendency that 
the lowest threshold will appear for the bubble of or 
close to the resonant size for the frequencies used. 
Further comparison of the figures reveals rather large 
discrepancies in the predicted thresholds, depending 
on the equation used for the calcutation. While Safar's 

expression [Eq. (2)] results in the lower (i.e.•worst) 
resonant rectified diffusion thresholds (approximately 
0.8x10 • Pa, 0.3x105 Pa and 0.1x10 • Pa for bubbles 
of 1,2, and 3.5 pxn, respectively), Eller's equation 
[Eq. (3)] yields higher values. 

Equations (2) and (3) have been experimentally con- 
firmed at frequencies of 11 (Ref. 50), 22 (Ref. 51)jand 
26 kHz. 47 At these frequencies, depending on the bubble 

!.6 

• Ro ,, 
• Re, - 2)Jm 
--'-- Ro - 3.5•m 

0.5 0.• 0.7 

f•/•o 

FIG. 3. Peak pressure thresholds P, for rectified diffusion 
calculated according to Safar 4s [Eq. (2)] for different relative 
frequencies fA/fo and concentrations ½{/½0: (a)'½{/½e = 1, (b) 
c{/co=0.85, (c) c•/co=0.75 , (d) c{/co=0.5, (e) c•/ce=0.3, and 
(f) c•/½o = o.]. 

radii, given parameter set and the equation used for 
the calculation, a reasonable agreement (i.e., to 
within 20%- 30%) between the predicted and the mea- 
sured values of P• was obtained. HoweveY, these 
frequencies are well below the range of frequencies 
considered here. The only experimentally based in/or- 
mation on threshold for rectified diffusion in water 

for bubbles resonant in the low megahertz range seems 
to be that presented by Miller? 2 He obtained an ap- 
proximate agreement with both of Eq. (2) and (3) for 
c{/co in the range 0.4-0.6 and experimentally deter- 
mined • of 1.2. Although Miller's experiment was per- 
formed under conditions which are not fully adequate 
for immediate comparison the computation results of 
this work are consistent with Miller's conclusion that 

the threshold for rectified diffusion according to Safar's 
equation is lower than the one obtained from Eller's 
expression and that both thresholds decrease with in- 
creasing c•/c o. The discrepancies observed in the 
present calculations indicate the necessity of further 
work at higher frequencies for a possible modification 
of the expressions for P•. It can be seen from Figs. 3 

ß, ,,• O, g5 
• • •o = 2pro 

.. 
0 'f: , , , [ [ 

FIG. 4. Pe• pressure thresholds Pt for rectified d•fusinn 
calculated aceord•g to Elle• T for different relative fr•uen- 
ties y•/yu •d concentrations c{/co: (a) 

0.85; (c) c{/co= 0.75; (d) c•/co= 0.5; (e) c•/co = 0.3. 

849 J. Acoust, Soc. Am., Vol. 69, No. 3, March 1981 P.A. Lewin and L. Bjl•rnl•: Microbubble thresholds in tissues 849 



and 4 that the expressions predict the lowest thresholds 
at frequencies which deviate slightly from the linear 
resonant frequencies fo (Fig. 2). The reason for this 
can be traced to the correction factor 

{[ 1 - (•.,/•oY]• + •(•,,/•o)• 

in Eqs. (2) and (3) which reaches a minimum value for 
o•/co o slightly lower than unity. 

It can also be seen that Eller's equation [Eq. (3)] is 
highly dependent on the parameter el/co--the concen- 
tration of gas in the surrounding liquid--and ceases to 
be valid for ci/co<O. 1 as the expression under the 
square-root sign becomes negative. For ci/c o in the 
range 0.3-1.0, the difference between the thresholds 
given by Eqs. (2) and (3) increases with decreasing 

The authors are not, for the time being, able to give 
a plausible explanation on the discrepancies observed in 
the present calculations. Therefore, to avoid a pros- 
pective confusion, the above-emphasized approximate 
nature of the equations used for the calculation should 
be kept in mind whenever employing Safar and Eller's 
expression for rectified diffusion thresholds calcula- 
tions. Furthermore, as pointed out pre•iously, it 
should be remembered that the calculation is based on 

the analysis that assumes a free bubble and may not 
be fully applicable in the clinical situation. Miller's 24 
modified expression for calculation of the resonance 
frequency of the gas volumes accounting for the devia- 
tion of the bubble from its spherical shape and motion 
restriction indicate that his expression teads to a 
slightly different value of the resonance frequency when 
compared to the fo calculated from Eq. (1). This effect 
may be neglected from the point of view of the present 
analysis. However, in the clinical situation, it is most 
likely that the bubbles are trapped in the cracks of the 
cell membranes. If this is the case, the surface area 
of the bubble which is directly exposed to the inter- 
cellular liquid is smaller, which in turn may have an 
influence on the rectified diffusion process and thresh- 
old. This influence, however, is difficult to estimate as 
no adequate theory describing the dynamic behavior of 
the bubbles in cracks so far exists. 

IV. DISCUSSION 

' It is relevant to compare the results of the calcula- 
tions presented above with the levels of exposure used 
in medical applications bearing in mind the above as- 
sumptions used and their associated application restric- 
tions. Several surveys of the intensities output by dif- 
ferent commercial diagnostic instruments have been 

published? 's4 These suggest that the maximum .outputs 
are for pulse-echo equipments of the order of 200 W ß 
cm -2 for durations of 10 •s, and for continuous wave 
equipments of the order of 3?5 roW. cm -2 (spatial aver- 
age, temporal average). The lowest thresholds for 
rectified diffusion from Figs. 3 and 4 are peak values 
of 0.1 x l0 s Pa and 0.3 x l0 s Pa, which for plane waves, 
correspond to intensities of the order of 3 mW. cm-2 
and 30 roW. cm -z, respectively. These are thus well 
below the intensities used by both pulsed and continuous 

wave devices, and are indeed within the exposure level 
quoted by AIUM. • 

Conversely, with the assumption of plane waves, the, 
AIUM figure of 100 mW-cm -z corresponds to approxi- 
mately 0.5x10 • Pa. It can be seen from Figs. 3 and 4 
that, whereas this will only give rise to rectified diffu- 
sion, according to Eiler, for bubbles of 3.5 {•m radius 
for gas concentrations above 0.?5 (and for a gas concen- 
tration of 1- for 2•'n bubbles); according to Safar it 
will give rise to rectified diffusion for both 2p.m and 
3.5pxn bubbles at all gas concentrations above 0.1. It 
is probable that if continuous wave devices are used, 
rectified diffusion will take place leading to an increased 
number of resonant bubbles at frequencies close to 1 

MHz (/t o =3.5 •m) and 2 MHz (/to=2 •m) and more sig- 
nificant biological effects may result. For comparison, 
the lowest thresholds for rectified diffusion are shown in 

Fig. 5 together with the maximum outputs from diag- 
nostic devices and the summarizing biological effects 
graph of Wells • (which was calculated for on intensity, 
while the exposure time is the on time, and no fre- 
quency dependence is described by it). 

It may be expected that the occurrence of rectified 
diffusion depends on the character of the driving sound 
pressure and thus depends on the mode of operation of 
the ultrasound device. In the pulsed mode of operation 
short pulses (often only 1-3 •s), of repetition rate 
1-3 kHz, are employed and the peak pressure of the 
pulses can readily exceed l0 s Pa. ss As was mentioned 

Intensity 

W/cm 2 

10 4 

]o 

lO'1 

lO -•1 

10 -•' I0 'm I 
t , ! 

I0 lO { lO • 

FIG. 5. A comparison of the lowest thresholds for rectified 
diffusion from Fig. 3 (line A) and Fig. 4 (line B) (corrected 
using plane-wave relationships) with data on measured outputs 
from diagnostic ultrasonic devices •a (area C: Pulse-echo; 
area D: Continuous-wave), the curve of the incidence of bio- 
logical effects (curve E), 2 and the level specified in the AIUM 
statement (curve F). 6 

850 J. Acoust. Soc. Am., Vol. 69, No. 3, March 1981 P.A. Lewin and L. Bjf•rn•: Microbubble thresholds in tissues 850 



TABLE I. Calculated decay times for oscillat/ng resonant ACKNOWLEDGMENTS 
bubbles in blood (Her. 56). 

Bubble radius Decay time (s) 

0.5/tin ~0.44-10 'I 
1 pm ~0.17.10 
2 •m ~0.67-10 's 
3.5 pm ~1.62-10 's 

The authors wish to thank Dr. R. C. Chivers, Physics 
Department, University of Surrey, Guildford, England 
for his helpful comments on a draft of this paper, and 
Dr. L. A. Crum, Department of Physics, University of 
Mississippi, University, Mississippi, U.S.A., for draw- 
ing our attention to several important references. 

above, the expressions of Eller and Safar are valid 
only for steady-state conditions and moderate pres- 
sures and thus may not be applicable to the pulsed mode 
of operation in which diagnostic scanners operate. As 
far as the authors are aware, no theory for rectified 
diffusion adequate for the case of pulse excitation of the 
bubble exists. Some information on the occurrence of 
rectified diffusion under these conditions has been ob- 

tained from the solution of the equation of bubble mo- 
tion. s• The computations showed s8 that the bubble re- 
turned to its equilibrium radius almost immediately 
after the applied sound field was switched off. The 
results were consistent with the theoretical values for 

decay times of the displacement amplitude of the oscil- 
lating resonant bubbles obtained from an analytical solu- 
tion of the linearized equation of bubble motion? .87 
These decay times, calculated with the inclusion of 

loss mechanisms due to thermal, viscous dissipation s 
and radiation are given in Table I. The shear stresses 
associated with the velocity gradients in the acoustically 
induced flow field around the pulsating bubble influenc- 
ing the bubble environment (cell membrane) will be dis- 
cussed in the separate paper. ss 

V. CONCLUSION 

From the foregoing discussion it can be concluded not 
only that microbubbles are likely to exist in some living 
tissues (and in blood in particular), but also that reso- 
nant bubbles may be expected to play a significant role 
in the interaction between ultrasound and biological 
tissue. In the fields generated by currently available 
diagnostic devices operating in the continuous wave 
mode, the bubbles may, by a process of rectified diffu- 
sion, grow into resonant bubbles in the size range 
2-3.5 •m. 

The discrepancy between the results from the two 
theoretical expressions used indicates that a more so- 
phisticated theoretical development may be needed. 
However, it is relevant to mention the other prerequisites 
for a reliable identification of the conditions of the in- 

ception of this mode of biological action, which are, for 
a given tissue, evidence of the existence of micro- 

bubbles, reliable values for the parameters used,in the 
formula (i.e.,density, surface tension, viscosity, poly- ' 
tropic exponent of the gas, damping coefficient), and 
some measurement of the type and concentration of gas 
in the tissue. The potential difficulty of achieving all 
these steps should not, in the authors' opinion, be a 
discouragement to the pursuance of work in this impor- 
tant area. 
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