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The Gilmore formulation for bubble dynamics coupled with zeroth-order gas diffusion were used to
investigate theoretically the cavitation activity produced by a modified XL-1 lithotripter@J. Acoust.
Soc. Am.105, 1997–2009~1999!#. The model calculation confirms many of the basic features in
bubble dynamics observed experimentally, in particular the strong secondary shock wave emission
generated byin situ lithotripter shock wave–inertial microbubble interaction. In addition, shock
wave–inertial microbubble interaction produced by a Dornier HM-3, the most commonly used
clinical lithotripter, was evaluated. It was shown that the forced collapse of inertial microbubbles
with strong secondary shock wave emission could be produced consistently, provided that an
appropriate preceding shock wave and interpulse delay were used. Further, it was demonstrated that
truncation of the tensile stress of the lithotripter shock wave could significantly reduce the large
expansion of the bubble following shock wave-inertial microbubble interaction, which may alleviate
the risk for vascular injury during shock wave exposure. ©1999 Acoustical Society of America.
@S0001-4966~99!01511-8#
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INTRODUCTION

To improve the efficiency of cavitation-mediated mem
brane permeabilization by lithotripter shock waves, we ha
recently developed a method of producingin situ shock
wave–inertial microbubble interaction using a modifi
Dornier XL-1 lithotripter.1 Briefly, inertial microbubbles are
induced acoustically in an aqueous medium by a weak sh
wave preceding the regular lithotripter pulse by a few mic
seconds. These microbubbles expand to a size of a few
dred microns before being collapsedin situ by the ensuing
lithotripter pulse. This forced collapse of inertial m
crobubbles generates strong secondary shock wave emi
and formation of microjets immediately behind the propag
ing lithotripter shock front. These unique features are abs
from the dynamics of cavitation bubbles induced by stand
lithotripter shock waves. With optimal combination of th
preceding and lithotripter shock waves, membrane perme
lization of mouse lymphoid cells was found to be signi
cantly enhanced at low exposure~50 shocks at 25 kV! while
cell injury ~defined as lysis and functional impairment of t
cells! was substantially increased at high exposure~.100
shocks at 25 kV!, compared to the standard lithotripte
pulses.1 Apparently, appropriate modification of the litho
ripter waveform could dramatically alter the biological effe
it produces.

To provide a theoretical perspective on the physical p
cesses that may lead to a significantly altered bioeffect,
have studied the shock wave–inertial microbubble inter
tion using the Gilmore formulation for bubble dynami
coupled with zeroth-order gas diffusion, as originally d
scribed by Church.2 First, we compared the dynamics o
bubble oscillations produced by the various shock wave

a!Electronic mail: pzl@me1.egr.duke.edu
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quences investigated in our previous study.1 The model cal-
culations have confirmed qualitatively many of the char
teristic features in bubble dynamics~except for microjet
formation! produced by the modified XL-1 lithotripter. In
particular, strong secondary shock wave emission due to
forced collapse of inertial microbubbles~70–250mm in di-
ameter at the moment of shock wave impingement! was pre-
dicted, which was found to be comparable to the shock w
emission generated by the inertial collapse of a much lar
millimeter-size bubble. Second, to identify the optim
preceding-lithotripter shock wave combination, we evalua
the effects of interpulse delay and the pressure amplitud
the preceding pulse on shock wave–inertial microbubble
teraction. To ensure generality, the model calculation w
carried out using a hypothetical modification of a Dorn
HM-3 lithotripter, which is the most commonly used clinic
lithotripter. It should be noted that two previous studies ha
examined the shock wave-inertial bubble interaction p
duced by two shock waves of similar pressure amplitu
with various phase combination and interpulse delay3,4

However, in both studies gas diffusion across the bub
wall was not included in the model calculation. Furthermo
in this study modification of the tensile component of t
lithotripter shock wave was explored theoretically to ass
the possibility of minimizing vascular injury by reducing th
large expansion of the rebound bubbles following sho
wave–inertial microbubble interaction. Finally, bubble d
namics in response to inverted lithotripter shock wavefor
were calculated and contrasted with that produced by
preceding-lithotripter shock wave combination.

I. METHODS

A. Gilmore formulation for bubble dynamics

The Gilmore formulation for bubble dynamics, couple
with zeroth-order gas diffusion, has been used previously
30246(5)/3024/10/$15.00 © 1999 Acoustical Society of America
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TABLE I. Representative pulse parameters of the shock waves produced by the standard and modified
XL-1 lithotripter at an output voltage of 25 kV.a

Reflector
configuration

Preceding shock wave Lithotripter shock wave

P1 ~MPa! P2 ~MPa! t2 ~ms! P1 ~MPa! P2 ~MPa! t2 ~ms! a ~s21! I index
c

Standard 72.09 219.81 4.32 0.8783106 3391
D2 3.36 21.48 1.11 66.73 222.76 1.83 1.8683106 1896
D3 3.33 21.62b 1.54 64.33 217.91 3.70 1.0613106 2374
D6 6.03 22.14 2.19 59.77 212.38 3.36 1.4123106 1030

aMaximum values (mean1s.d.) taken from previous measurements in Ref. 1.
bValue interpolated linearly based on the corresponding values of D2 and D6 reflector configurations.
cI index is the mechanical index defined as@P2/MPa#2* @2 t2/ms#, which is roughly proportional to the mechan
cal work done to the bubble during the negative cycle of the lithotripter shock wave~see Ref. 18!.
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several groups to simulate the dynamics of cavitat
bubbles in a lithotripter field.2,5 For conciseness, a detaile
description of the theory is omitted here, but instead sum
rized in the Appendix. Two primary assumptions of t
Gilmore formulation are that the bubble remains spherica
shape throughout the oscillation and the initial radius of
bubble is much smaller than the wavelength of the driv
acoustic pulse. In our previous study,1 it was observed via
high-speed shadowgraph imaging that the forced collaps
the majority of the inertial microbubbles by the lithotript
pulse leads to strong secondary shock wave emission
spherically rebounded bubbles, features that are charact
tic of symmetric collapse of the bubbles. However, the c
lapse of a few microbubbles of larger size appeared to
asymmetric, as indicated by the formation of microjets in
rebound bubbles. It was observed that the tendency of as
metric collapse of the bubble during shock wave-inertial m
crobubble interaction increases with the size of the
crobubble, although the threshold for such a transition fr
symmetric to asymmetric collapse was not established.1 In
addition, the estimated diameter of the inertial microbub
at the instance of lithotripter shock wave impingement is l
than 250mm @to be shown later in Fig. 5~b!#, which is about
an order of magnitude smaller than the lithotripter pu
length. Hence, a uniform pressure distribution around
microbubble, as assumed by the Gilmore formulation, is r
sonably satisfied. Overall, on a qualitative basis, the Gilm
formulation appears to be appropriate to simulate the dyn
ics of an inertial microbubble impinged by a lithotripte
shock wave.

B. Lithotripter fields

In this work, three different lithotripter fields were con
sidered, namely, the modified XL-1 that was used in o
previous study, the Dornier HM-3, which is the most co
monly used clinical lithotripter, and an experimental elect
hydraulic lithotripter with pressure-release reflector~to pro-
duce inverted lithotripter shock wave!. As shown by
Church,2 the typical lithotripter shock wave~LSW! can be
modeled by

Ps~ t !52P1e2at cos~2p f t1p/3!, ~1!

where Ps(t) is the time history of the LSW, and we se
Ps(t)50 for t,0, P1 is the peak positive pressure of th
shock wave,a is the decay constant, andf is the frequency
oc. Am., Vol. 106, No. 5, November 1999 S. Z
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determined by the negative pulse duration of the LSW,t2,
with f 51/(2t2). Notice that the rise time of the shock fron
is not included in Eq.~1! since it has a minimal effect on th
dynamics of LSW-induced bubble oscillations.5 In practice,
it is usually convenient to substitute the values ofP1 andt2

measured experimentally into Eq.~1! and to adjust the value
of a so that the best fit for the peak negative pressure,P2,
and the temporal profile of the LSW could be obtained.

As shown in Fig. 8 of Ref. 1, the modified XL-1 lithot
ripter produces, within 10ms in front of the LSW, a preced
ing shock wave~PSW! and an intermediate shock wav
~ISW!. The PSW and ISW are generated, respectively,
wave diffraction and transmission through an annular r
reflector mounted on the aperture rim of the XL-1 reflecto1

Using Eq. ~1!, the shock wave sequence produced by
modified XL-1 lithotripter in general can be described as

Ps5PPSW~ t !1PISW~ t2DtPI!1PLSW~ t2DtPL!, ~2!

wherePPSW(t), PISW(t) andPLSW(t) are the time history of
the PSW, ISW, and LSW, whereasDtPI and DtPL are the
interpulse delay between PSW and ISW, and between P
and LSW, respectively. Based on previous measureme1

we chosePISW
1 5PPSW

1 /4, DtPI54 ms, andDtPL59 ms. In
our previous study,1 four different~standard and three mod
fied, axisymmetric—D2, D3, and D6! reflector configura-
tions were examined. The representative values of theP1,
P2, and t2 for the PSW and LSW, generated by the XL
lithotripter at 25 kV, as well as thea value for the best fit of
LSW are summarized in Table I. Notice that the maximu
values~defined as mean1s.d.) from the experimentally mea
sured data were chosen. The reasons are twofold:~1! poly-
vinylidene difluoride~PVDF! membrane hydrophone tend
to underestimate the tensile pressure of the LSW,6 and ~2!
enlargement of the electrode gap during shock wave lit
tripsy ~SWL! will increase the strength of the shock wav
Hence, a modeled shock wave based on the maximum va
of the waveform parameters may be a better representativ
the acoustic field used in the experiment, in which up to 2
shocks were delivered to a single sample,1 and each elec-
trode was used to produce a maximum of 1500 sparks a
kV. Figure 1 shows the modeled pressure waveforms of
shock wave sequences generated by the XL-1 lithotripter
ing the standard and the three modified reflector configu
tions, respectively. To facilitate comparison, eachPs(t)
curve was offset vertically except the bottom one, and, s
3025hu and P. Zhong: Shock wave–inertial microbubble interaction
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sequently, this style of presentation was used throughou
paper.

For the shock wave produced by a standard HM
lithotripter,7 the typical pressure waveform is modeled
Eq. ~1! with P1540 MPa, P25210 MPa, and t2

5212ms, using a best fita of 7.033105 s21. In order to
reduce the large expansion of the rebound bubbles, we
sume that an acoustic diode8 could be used to truncate th
tensile pressure of the LSW below a threshold level,Pt

2.
Such a modified pressure waveform can be described by
~1! under the condition thatPs(t) is set to equal toPt

2 when
Ps(t),Pt

2. Figure 2 illustrates a modeled pressure wa
form generated by a HM-3 lithotripter with its tensile com
ponent truncated atPt

2525 MPa.
To describe the shock waves generated by press

release reflectors, a time inverse lithotripter pressure wa
form ~a tensile wave followed by a compressive wave! is
introduced as

FIG. 1. Representative shock wave sequences generated by the origin~or
standard! and the modified Dornier XL-1 lithotripter with three differen
reflector configurations~D2, D3, and D6!, modeled by Eq.~1! using pulse
parameters listed in Table I.

FIG. 2. Modeled pressure waveform of the shock wave generated
Dornier HM-3 lithotripter with its tensile component truncated at25 MPa.
3026 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 S. Z
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Ps~ t !5 H 2P1e2a~ t02t ! cos„2p f ~ t02t !1p/3…, 0,t,t0

0, t,0, t,t0, ~3!

wheret0 denotes the time instance from which the wavefo
is horizontally inverted, andt0 is larger than the total pulse
duration of the LSW. Using a combination of Eqs.~1! and
~3!, an inverted LSW can be constructed with a leading t
sile component,PL

2, followed by a compressive compone
and a trailing tensile component,PT

2. Figure 3 shows the
modeled pressure waveforms of the inverted LSW, based
PVDF membrane hydrophone measurements taken az
5220, 0 (F2—the external focus of the ellipsoidal reflec
tor!, and 20 mm along the major axis of an experimen
electrohydraulic lithotripter equipped with a pressure-rele
reflector.4

C. Numerical algorithm and implementation

Notice that in response to a lithotripter pulse, the size
a bubble during its oscillation varies by several orders
magnitude.2 Therefore, in order to reduce the numerical err
in model computation, we have introduced the following d
mensionless variables:

R85
R

R0
, t85

t

T0
, U85

dR8

dt8
5

dR

dt

T0

R0
,

~4!

C85C
T0

R0
, H85H

T0
2

R0
2 ,

and nondimensionalized the original Gilmore formulati
@Eq. ~A1!# to

R8S 12
U8

C8 D dU8

dt8
1

3

2 S 12
U8

3C8DU82

5S 11
U8

C8 DH81
1

C8 S 12
U8

C8 DR8
dH8

dt8
, ~5!a

FIG. 3. Pressure waveforms of inverted lithotripter shock waves mode
using a combination of Eqs.~1! and~3!, based on PVDF membrane hydro
phone measurements taken atz5220, 0, and 20 mm, respectively, alon
the major axis of an experimental electrohydraulic lithotripter~see Ref. 4!.
3026hu and P. Zhong: Shock wave–inertial microbubble interaction
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whereR0 is the original bubble radius andT0 is the reference
time-scale for bubble oscillation. For convenience,T0 is set
to be 1ms.

The nondimensionalized Gilmore formulation~5! was
then solved by using the fifth-order Runge–Kutta–Fehlb
method with a step-size control algorithm.9 To couple with
gas diffusion@Eq. ~A6!#, an iterative method was used b
first solving Eq.~5! with the initial number of moles of ga
n0 inside the bubble. The computed bubble response,R(t),
was then substituted into Eqs.~A6!–~A9! to determine a new
number of moles of gasn inside the bubble, which, subse
quently, was used to recalculate the bubble response cu
This computational process was repeated until the solutio
n converges. The source code, written in MatLab Versio
~The Mathworks Inc., Natick, MA!, takes about 10 min to
run a single simulation of the bubble response to lithotrip
pulses on a Micron 166-MHz PC with Pentium proces
and 32 MB RAM. The code was benchmarked against
calculations in Church’s original paper2 and excellent agree
ment was obtained.

Considering bubble oscillations in water, the values
the physical constants~see the Appendix for their defini
tions! used in the numerical calculations arer05998 kg/m3,
m51.04631023 kg/m•s, s572.58331023 N/m, Cl

51500 m/s,D52.4231029 m2/s, P051.013105 Pa, C0

50.7899 mol/m3, Ci /C050.9, B53.0393108 Pa, h51.4,
andn056.9310215 moles~for R053 mm!. In this study, the
initial radius of the bubble nucleus,R0 , is set to be 3mm for
all cases.

II. RESULTS AND DISCUSSION

A. Modified XL-1 lithotripter

1. General characteristics

The response of a 3-mm cavitation nucleus,R(t), to
various XL-1 lithotripter-generated shock waves is shown
Fig. 4~a!, in whichRbi denotes the radius of the bubble at t
instance of shock wave–inertial microbubble~IMB ! interac-
tion. The typical response of the cavitation nucleus to
single shock wave~i.e., PSW or LSW! is an initial compres-
sion, a quick rebound and ensuing large expansion of
bubble, followed by an inertial collapse of the bubble a
subsequent ringing. The maximum radius,Rmax, and the col-
lapse time,tc , of the bubble increases with the peak val
and duration of the tensile pressure of the incident sh
wave ~see, for example, the results of PSW versus LSW!.
Compared to the response to the LSW, the most signific
difference in the response of the cavitation nucleus to
modified XL-1 shock waves, i.e., PSW1LSW or
PSW1ISW1LSW, is the forced collapse of the inertial m
crobubbles~induced by PSW or PSW1ISW) by the LSW.
Figure 4~b! shows the corresponding secondary shock w
emission in water at a radial distance of 5 mm from t
bubble center, calculated by using Eq.~A10!. The first peak
pressure in water,Pw1 , produced by the forced collapse o
the microbubble in the case of PSW1~ISW1! LSW is sig-
nificantly stronger than the corresponding value produced
the compression of the nucleus by the LSW. Also, two d
tinct subpeaks could be observed in the region ofPw1 . We
3027 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 S. Z
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will refer the first peakPw1 to the higher of the two sub
peaks, which correspond to the initial collapse and the s
sequent rebound of the bubble, respectively. The sec
peak pressure in water,Pw2 is produced by the inertial col
lapse of the bubble after its maximum expansion. Sim

FIG. 4. Responses of a 3-mm cavitation nucleus to various combinations
shock waves produced by the modified Dornier XL-1 lithotripter with D
reflector configuration.~a! Bubble radius normalized by the initial nucleu
radius.~b! Corresponding secondary shock wave emission in water ca
lated at a radial distance of 5 mm from the bubble center.~c! Comparison of
bubble response to PSW and PSW1ISW.
3027hu and P. Zhong: Shock wave–inertial microbubble interaction



FIG. 5. The collapse time,tc , shown in~a! and the size
of the IMB at the instance of LSW impingement,Rb ,
shown in ~b! produced by PSW and PSW1ISW
~bubble size att59 ms) with different reflector con-
figurations.R053 mm.
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values of Pw2 were obtained for both cases of LSW an
PSW1~ISW1! LSW. This result suggests thatPw2 is deter-
mined primarily by the tensile stress of the LSW,2 and is
minimally influenced by the bubble size at the instance
shock wave–IMB interaction, which is determined by PS
~1ISW!. It is also worth noting that the interaction of ISW
with the PSW-induced IMB does not produce a forced c
lapse of the microbubble, due to the relative weakness of
P1 of the ISW @Fig. 4~c!#. Instead, the microbubble is onl
slightly compressed by the compressive stress, and su
quently further expanded by the tensile stress of the ISW
a larger size before the inertial collapse. The net effec
ISW, therefore, is to enlarge the size of the microbubble,
subsequently increases the momentum transfer during
LSW–IMB interaction.

2. Comparison of different reflector configurations

As shown in Fig. 5, when the pressure amplitude~s! of
the PSW~1ISW! increases from D2 to D6 reflector configu
rations, the values oftc andRbi of the microbubbles increas
accordingly. As noted earlier, the time delay between
PSW and LSW produced by the modified XL-1 lithotripter
about 9ms. Comparison of this interpulse time delay with t
predicted value oftc indicates that the LSW–IMB interac
tion is likely to occur in the collapsing phase of the IMB fo
3028 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 S. Z
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the D2 and D3 reflector configurations, but in the expans
phase of the IMB for the D6 reflector configuration. Furth
it can be seen that the addition of ISW significantly increa
the value ofRbi from that produced by PSW alone, in pa
ticular for the D2 and D3 reflector configurations. The pr
dicted value ofRbi induced by PSW1ISW varies from 35 to
125 mm, which is within the range~,200 mm! measured
directly from high-speed photographic images in our pre
ous study.1

The predicted value ofPw1 from the forced collapse o
the microbubbles using the modified reflector is also mu
higher than the value produced by the initial compression
the cavitation nuclei by the standard LSW@Fig. 6~a!#. In
addition,Pw1 also increases from the D2 to the D6 reflect
configuration, although the positive peak pressure of the c
responding LSW is decreasing in this order~see Table I!.
This result suggests thatRbi is the primary determinant fo
Pw1 , provided that LSW is sufficiently strong. The fact th
Pw1 increases significantly from PSW1LSW to
PSW1ISW1LSW for the D2 and D3, but not for the D6
reflector configuration further supports this conclusion.
addition, the predicted values ofPw2 for the modified reflec-
tors are almost identical between LSW an
PSW~1ISW!1LSW @Fig. 6~b!#, indicating again thatPw2 is
determined primarily by the tensile strength of the LSW,
e
-
-

FIG. 6. Comparison of peak pressur
produced in water by different reflec
tor configurations and shock wave se
quences.~a! Pw1 and ~b! Pw2 . R0

53 mm.
3028hu and P. Zhong: Shock wave–inertial microbubble interaction
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FIG. 7. Effect of interpulse delay,Dt,
on ~a! bubble radii and~b! secondary
shock wave emissions produced b
a modified HM-3 lithotripter. R0

53 mm.
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more precisely, the mechanical work done on the bubble
the tensile stress of the LSW. The prediction thatPw2 is
larger for the D3 than for the D2 and D6 reflector config
rations, and the largest value is produced by the stand
reflector configuration further corroborates theoretically w
this speculation~see Table I for the values of the mechanic
index of the LSWs!. It is also interesting to note that th
predicted value ofPw1 is smaller thanPw2 for the D2, D3,
and standard reflector configurations, but larger thanPw2 for
the D6 reflector configuration, which induces the largest
crobubbles~Figs. 5 and 6!. This prediction is consistent with
the results of acoustic emission measurements from
modified XL-1 lithotripter.1

B. HM-3 lithotripter

To assess the optimal condition for producing desira
shock wave–IMB interaction, we have considered a hy
thetical modification of the most widely used clinical litho
ripter, the Dornier HM-3. We assume that the criterion
optimal combination of PSW and LSW is to produce t
strongest forced collapse of IMB, which could be associa
with the mechanical stresses that generate bioeffects.
ther, we assume that following the concept described
tested in our previous study,1 a similar modification of the
ellipsoidal reflector of a HM-3 lithotripter could be mad
For simplicity, we considered the addition of a PSW in fro
of the standard LSW produced by the HM-3. The ISW w
omitted to simplify the model calculation, and, physically,
can be eliminated by acoustic masking. Three factors
may influence LSW–IMB interaction and the resulta
bubble dynamics were considered, as described in the
lowing.

1. Effect of interpulse delay between PSW and LSW

First, we evaluated the effect of interpulse delay b
tween PSW and LSW,Dt, on the resultant bubble radii (Rbi

andRmax) and the secondary shock wave emissions (Pw1 and
Pw2) generated by the collapse of the bubble. In the follo
ing, PSW was assumed to be the one produced by the X
lithotripter at 25 kV using the D3 reflector configuration~see
Table I!, unless otherwise specified. The LSW was mode
by Eq.~1! with P1/P2540/210 MPa, andt25212ms, as
described previously. For a given combination of PSW a
3029 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 S. Z
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LSW, it was predicted that there is an optimalDt at which
maximum values ofRbi andPw1 could be obtained~Fig. 7!.
This optimal interpulse delay corresponds to the time nee
for the inertial microbubble induced by the PSW to expa
to its maximum size before being collapsed by the ensu
LSW, a condition that would ensure maximum momentu
transfer during the LSW–IMB interaction. Similar resul
were also obtained in previous studies using two sh
waves of different phase combination and interpulse dela3,4

On the other hand, the interpulse delay has no effect onRmax

andPw2 , which are determined solely by the tensile streng
of the LSW. It can also be noted that near the optimal va
of Dt, the variations ofRbi and Pw1 with respect toDt are
almost symmetric. Moreover, it should be pointed out th
the forced collapse of the inertial microbubble could be p
duced within a range around the optimalDt, despite the fact
that under those conditions the interaction would occur a
smaller bubble size. As shown in Fig. 7, even with 50
variation of Dt around its optimal value, the correspondin
decrease inPw1 ~from 17.0 to 13.8 MPa! is less than 19%,
and these pressure peaks are an order of magnitude h
than that~0.42 MPa! produced by the initial compression o
the cavitation nuclei by LSW alone. This result indicates th
with appropriateDt, LSW–IMB interaction could produce
forced collapse of inertial microbubbles in a volume arou
the lithotripter focus, as observed experimentally in our p
vious study.1

2. Effect of PSW

Second, we evaluated the effect of PSW on LSW–IM
interaction. While maintaining a constant ratio ofP1/P2

52.06, we varied the peak positive pressure of the PS
PPSW

1 , and calculated the corresponding bubble dynam
and resultant acoustic emission. For each case, we use
optimal Dt between the PSW and LSW so that maximu
values ofRbi andPw1 were obtained. The results show th
Rbi and Pw1 increase almost linearly withPPSW

1 while the
corresponding values ofRmax and Pw2 remain unchanged
~Fig. 8!. Most interestingly, the calculations predict th
whenPPSW

1 exceeds 9.7 MPa,Pw1 will become greater than
Pw2 , despite the fact that the corresponding value ofRbi

~which leads toPw1 due to forced collapse! is an order of
magnitude smaller thanRmax ~which leads toPw2 due to
3029hu and P. Zhong: Shock wave–inertial microbubble interaction



-

FIG. 8. Effect of preceding shock
wave on~a! bubble radii and~b! sec-
ondary shock wave emissions pro
duced by a modified HM-3 lithotripter.
The interpulse delay,Dt, is set at the
optimal value.R053 mm.
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inertial collapse!. This result clearly demonstrates the pote
tial of using forced collapse of inertial microbubbles to pr
duce strong bubble collapsein vivo, such as in blood vessel
where the fluid-filled space is quite limited. In contrast to t
model prediction of bubble dynamicsin vitro, the expansion
of LSW-induced cavitation bubblesin vivo could be severely
hindered by surrounding tissue structure, resulting in n
spherical bubble deformation. Consequently, the violence
the subsequent inertial collapse of the bubble and the co
spondingPw2 in vivo would be greatly reduced. This coul
be a primary reason for the general observation that the
effect produced by standard LSWin vivo is much less sig-
nificant than that producedin vitro.10 In contrast, the forced
collapse of microbubbles capable of generating strong sh
wave emission~and associated mechanical stresses! in lim-
ited fluid-filled space could have unique advantages for p
ducing desirable biological effectsin vivo. Further in vivo
studies are needed to explore this unique property of
shock wave–IMB interaction.

3. Effect of truncated P LSW
2

In vivo, the large expansion of LSW-induced cavitatio
bubbles is not only constrained by the surrounding tis
structure, it may also cause rupture of capillary and sm
blood vessels.11 Thus, we further hypothesize that the op
mal preceding-lithotripter shock wave sequence for effec
and safe macromolecule deliveryin vivo would be the one in
which the LSW has a significantly reduced tensile com
nent. To achieve this, an acoustic filter that can selectiv
reduce the tensile stress of the LSW,PLSW

2 , without signifi-
cantly affecting the compressive pressure of the LSW
needed. Such an acoustic filter~or diode! was proposed by
Riedlinger in 1989,8 although its application to lithotripsy
has not been reported. If we assume such an acoustic d
could be constructed for an HM-3 lithotripter, the impact
LSW-induced bubble expansion would be quite signific
based on our model calculation. As shown in Fig. 9, th
retically whenPLSW

2 is truncated from210 to20.5 MPa, the
corresponding value ofRmax andPw2 would drop monotoni-
cally from 1100 to 120mm and from 41 to 4 MPa, respec
tively. This significant reduction in the maximum expa
3030 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 S. Z
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sion of LSW-induced bubbles would greatly reduce t
potential for vascular injuryin vivo due to intraluminal
bubble expansion.11 Further experiments should be carrie
out to test this hypothesis.

C. Electrohydraulic lithotripter with pressure-release
reflectors

Shock wave–IMB interaction may also be induced
inverted lithotripter shock waves~ILSW!, which has a lead-
ing tensile component followed by a compressive wave12

Michael Bailey has described a method of using pressu
release reflector inserts inside an electrohydraulic lithotrip
for the generation of ILSW.4 Except for the inversion of the
waveform, the ILSW has similar peak pressures, pulse d
tion, and acoustic energy compared to the standard LS
However, because of the waveform inversion, cavitation
tivity is significantly suppressed, and minimal injury is pr
duced in cells and renal tissue exposed to ILSW.13,14 In the
following, we will examine the basic features in bubble d

FIG. 9. Effect of truncation of the tensile pressure of LSW on maximu
bubble radius and secondary shock wave emissions produced by a mo
HM-3 lithotripter. R053 mm.
3030hu and P. Zhong: Shock wave–inertial microbubble interaction
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namics produced by ILSW and compare them with that p
duced by preceding-lithotripter shock wave combination.

Figure 10~a! shows the predicted bubble response o
3-mm nucleus to the three different ILSWs~see Fig. 3! mea-
sured atz5220, 0 (F2), and 20 mm along the major axis o
an experimental electrohydraulic lithotripter equipped with
pressure-release reflector.4 It can be seen that the bubble r
sponse is quite sensitive to the ratio of the leading peak n
tive pressure,PL

2, to the ensuing peak compressive press
P1 of the wave~see also Fig. 3!. When the ratio ofPL

2 /P1

is high, such as in the case of pressure waveform az
5220 mm, the nuclei is first expanded by a strong lead
tensile wave, and then the outward motion of the bubble
quickly slowed down by the ensuing compressive wa
However, because the initial expansion of the bubble is
strong, the compressive wave could only slightly reverse
motion of the bubble, but cannot force the bubble to colla
completely before the trailing tensile wave (PT

2) reexpands
the bubble again. On the other hand, for the pressure w
forms atz50 and 20 mm where the ratio ofPL

2 /P1 is low,
the initial expansion of the bubble is not so strong that

FIG. 10. Responses of a 3-mm cavitation nucleus to inverted lithotripte
shock waves at three different positions along the axis of an experime
electrohydraulic lithotripter with pressure-release reflector~see Ref. 4!. ~a!
Bubble radius normalized by the initial nucleus radius.~b! Corresponding
secondary shock wave emissions in water calculated at a radial distanc
mm from the bubble center.
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ensuing compressive wave is sufficient to reverse the
ward motion of the bubble, leading to a forced collapse
the bubble before its reexpansion byPT

2. Correspondingly,
the calculated shock wave emission (Pw1) in water is much
higher for the bubble~s! with forced collapse than that with
out forced collapse@Fig. 10~b!#. The transition from forced
collapse to nonforced collapse is clearly illustrated in Fig.
wherePL

2 is hypothetically increased from26 to 210 MPa
while P1 andPT

2 are kept unchanged. Initially, whenPL
2 is

relatively small, a forced collapse of the bubble is produc
followed immediately by a large reexpansion and then
inertial collapse of the bubble with subsequent ringing.
PL

2 becomes stronger, the forced collapse of the bubble
comes weaker, and the duration of the bubble reexpan
decreases. Eventually, whenPL

2 approaches a critical valu
of 29 MPa, the forced collapse disappears, and only
inertial collapse is predicted after a time delay. Further
crease ofPL

2 will lengthen the time delay to the inertia
collapse.

In comparison to the bubble dynamics generated
optimal preceding-lithotripter shock wave combinatio
whereby forced collapse of an IMB is always produced,
bubble dynamics from ILSW is less consistent, and forc
collapse of IMBs may not always occur. More important
the shock wave–IMB interaction produced by ILSW do
not occur at the optimal phase of the IMB oscillation,
discussed previously.1 This can be seen clearly by comparin
the results in Fig. 10~b! ~produced by ILSW! with those in
Fig. 8~b! ~from preceding-lithotripter shock wave combin
tion!. For a comparable preceding tensile wave, if the app
priate time delay were allowed for the IMB to grow to i
maximum size before the LSW–IMB interaction, a signi
cantly strongerPw1 would be generated. On the other han
in general the maximum expansion of the bubble induced
ILSW is significantly reduced compared to that produced
a standard LSW. This feature, combined with the obser
tion that minimal vascular injury is produced by ILSW i
renal tissue, seems to corroborate the theory that intralum

tal

f 5

FIG. 11. Effect of the leading tensile pressure of ILSW,PL
2, on bubble

dynamics. The corresponding values ofPL
2 are~a! 210 MPa,~b! 29 MPa,

~c! 28.5 MPa, and~d! 26 MPa, respectively. In all four cases,P1/PT
2

540/23.85 MPa were used. Notice the transition from forced to nonforc
collapse of the bubble atPL

2529 MPa @see curve~b!#. R053 mm.
3031hu and P. Zhong: Shock wave–inertial microbubble interaction
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bubble expansion is a primary mechanism for vascular inj
during lithotripsy.11

III. CONCLUSIONS

The Gilmore model coupled with zeroth-order gas d
fusion was used to simulate the bubble dynamics gener
by various shock wave sequences of a modified XL-1 lith
ripter. The results show that LSW–IMB interaction can ge
erate strong secondary shock wave emission comparab
that produced by the inertial collapse of a much larg
millimeter-size bubble. The model prediction also confirm
many of the features of bubble dynamics observed exp
mentally, in particular for bubble dynamics produced by d
ferent reflector configurations. This method was then
tended to identify the optimal combination of preceding a
lithotripter shock waves for producing the most desira
LSW–IMB interaction using a Dornier HM-3 lithotripter
The model calculation suggests that with appropriate P
and interpulse delay between the PSW and LSW, the for
collapse of IMBs with strong secondary shock wave em
sion can be produced within a volume around the lithotrip
focus. Further, it was demonstrated that truncation of
tensile stress of LSW could significantly reduce the la
expansion of the bubble following LSW–IMB interaction
which may lessen the risk for vascular injury during sho
wave exposure.
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APPENDIX: THE GILMORE FORMULATION FOR
BUBBLE DYNAMICS 2

Considering the compressibility of the liquid, the rad
oscillation of a single spherical bubble can be described
the original Gilmore formation:15

RS 12
U

CD dU

dt
1

3

2 S 12
U

3CDU2

5S 11
U

CDH1
1

C S 12
U

CDR
dH

dt
, ~A1!

whereR is the bubble radius,U(5dR/dt) is the velocity of
the bubble wall, andC andH are the speed of sound in th
liquid at the bubble wall and the enthalpy difference betwe
the liquid at pressureP(R) and pressureP` , respectively,
which are determined by

H5E
P`

P~R! dP

r
, ~A2!

C5@Cl
21~m21!H#1/2, ~A3!

whereP andr are the time-varying pressure and density
liquid, P` is the pressure at infinity,Cl is the infinitesimal
speed of sound in the liquid, andm is a constant. When a
lithotripter shock wavePS is produced in the liquid far away
from the bubble, we haveP`5P01PS whereP0 is the am-
bient pressure of the surrounding liquid. To determineH and
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C, the equation of state for a compressible fluid~Tait equa-
tion! and the pressure at the bubble wall,P(R), in relation to
the gas pressure inside the bubble (Pg), liquid viscosity~m!,
and surface tension~s! in the liquid are considered and give
in the following,

P5A~r/r0!m2B, ~A4!

P~R!5Pg2
2s

R
2

4m

R
U, ~A5!

where r0 is the equilibrium liquid density, andA
5Cl

2r/P0m with m57 andB5A21.
The instantaneous number of moles of gasn in a bubble

may be calculated from the zeroth-order solution to the d
fusion equation given by Eller and Flynn:16

n5n024~pD !1/2E
0

t

F~t8!~t2t8!21/2dt8, ~A6!

whereD is the diffusion constant of the gas in the liquid,n0

is the number of moles of gas initially present in the bubb
and

t5E
0

t

R4~ t8! dt8, ~A7!

F~t!5C0~Pg /P0!2Ci , ~A8!

where

Pg5S P01
2s

R0
D n

n0
S R0

R D 3hS R0n

R0
D 3~h21!

, ~A9!

R0 is the initial equilibrium radius of the bubble,R0n(t) is
the time-varying equilibrium bubble radius,h is the poly-
tropic exponent of the gas,C0 is the saturation concentratio
of the gas in the liquid, andCi is the initial concentration of
the gas in the liquid far from the bubble.

As described by Akulichev,17 the pressure distribution in
the liquid at a distancer from the bubble center is given b

Pr~ t !5AF 2

m11
1

m21

m11 S 11
m11

rCl
2 GD 1/2G2m/~m21!

2B,

~A10!

whereG is an invariant of the bubble motion that may b
specified at the bubble surface by

G5R~H1U2/2!. ~A11!
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