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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 lithotr[gteAcoust.

Soc. Am.105, 1997-20091999]. The model calculation confirms many of the basic features in
bubble dynamics observed experimentally, in particular the strong secondary shock wave emission
generated byn 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. 1@99 Acoustical Society of America.
[S0001-49669)01511-9

PACS numbers: 43.80.Sh, 43.25.Y®D]

INTRODUCTION quences investigated in our previous stidyhe model cal-
culations have confirmed qualitatively many of the charac-
To improve the efficiency of cavitation-mediated mem-teristic features in bubble dynamidgxcept for microjet
brane permeabilization by lithotripter shock waves, we havedormation produced by the modified XL-1 lithotripter. In
recently developed a method of produciig situ shock particular, strong secondary shock wave emission due to the
wave—inertial microbubble interaction using a modifiedforced collapse of inertial microbubbl¢g0—-250um in di-
Dornier XL-1 lithotripter! Briefly, inertial microbubbles are ameter at the moment of shock wave impingeness pre-
induced acoustically in an agueous medium by a weak shoctlicted, which was found to be comparable to the shock wave
wave preceding the regular lithotripter pulse by a few micro-emission generated by the inertial collapse of a much larger,
seconds. These microbubbles expand to a size of a few humillimeter-size bubble. Second, to identify the optimal
dred microns before being collapsedsitu by the ensuing preceding-lithotripter shock wave combination, we evaluated
lithotripter pulse. This forced collapse of inertial mi- the effects of interpulse delay and the pressure amplitude of
crobubbles generates strong secondary shock wave emissitite preceding pulse on shock wave—inertial microbubble in-
and formation of microjets immediately behind the propagatteraction. To ensure generality, the model calculation was
ing lithotripter shock front. These unique features are absentarried out using a hypothetical modification of a Dornier
from the dynamics of cavitation bubbles induced by standardHM-3 lithotripter, which is the most commonly used clinical
lithotripter shock waves. With optimal combination of the lithotripter. It should be noted that two previous studies have
preceding and lithotripter shock waves, membrane permeabéxamined the shock wave-inertial bubble interaction pro-
lization of mouse lymphoid cells was found to be signifi- duced by two shock waves of similar pressure amplitudes
cantly enhanced at low exposu#0 shocks at 25 kywhile ~ with various phase combination and interpulse défay.
cell injury (defined as lysis and functional impairment of the However, in both studies gas diffusion across the bubble
cells was substantially increased at high expos(xet00  wall was not included in the model calculation. Furthermore,
shocks at 25 kY, compared to the standard lithotripter in this study modification of the tensile component of the
pulses' Apparently, appropriate modification of the lithot- lithotripter shock wave was explored theoretically to assess
ripter waveform could dramatically alter the biological effect the possibility of minimizing vascular injury by reducing the
it produces. large expansion of the rebound bubbles following shock
To provide a theoretical perspective on the physical prowave—inertial microbubble interaction. Finally, bubble dy-
cesses that may lead to a significantly altered bioeffect, w@amics in response to inverted lithotripter shock waveforms
have studied the shock wave—inertial microbubble interacwere calculated and contrasted with that produced by the
tion using the Gilmore formulation for bubble dynamics preceding-lithotripter shock wave combination.
coupled with zeroth-order gas diffusion, as originally de-I METHODS
scribed by Church. First, we compared the dynamics of
bubble oscillations produced by the various shock wave seA. Gilmore formulation for bubble dynamics

The Gilmore formulation for bubble dynamics, coupled
dElectronic mail: pzl@mel.egr.duke.edu with zeroth-order gas diffusion, has been used previously by
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TABLE |. Representative pulse parameters of the shock waves produced by the standard and modified Dornier
XL-1 lithotripter at an output voltage of 25 k¥.

Preceding shock wave Lithotripter shock wave
Reflector
configuration P* (MPa P~ (MPa) t~ (us) P* (MPa P~ (MPa) t~ (us a(s™h lindex
Standard 72.09 —19.81 4.32 0.87810° 3391
D2 3.36 —1.48 111 66.73 —22.76 1.83 1.868 10° 1896
D3 3.33 -1.62 154 64.33 -17.91 3.70 1.06% 10° 2374
D6 6.03 -2.14 2.19 59.77 -12.38 3.36 1.412 10° 1030

#Maximum values (meafs.d.) taken from previous measurements in Ref. 1.

bValue interpolated linearly based on the corresponding values of D2 and D6 reflector configurations.
%lingex IS the mechanical index defined [#~/MPa]?*[2 t ~/ us], which is roughly proportional to the mechani-
cal work done to the bubble during the negative cycle of the lithotripter shock (e@ecRef. 18

several groups to simulate the dynamics of cavitationdetermined by the negative pulse duration of the LW,
bubbles in a lithotripter field® For conciseness, a detailed with f=1/(2t~). Notice that the rise time of the shock front
description of the theory is omitted here, but instead summais not included in Eq(1) since it has a minimal effect on the
rized in the Appendix. Two primary assumptions of the dynamics of LSW-induced bubble oscillatiohén practice,
Gilmore formulation are that the bubble remains spherical irit is usually convenient to substitute the valuesPdf andt ™
shape throughout the oscillation and the initial radius of themeasured experimentally into E@.) and to adjust the value
bubble is much smaller than the wavelength of the drivingof « so that the best fit for the peak negative pressBre,
acoustic pulse. In our previous stutlyt was observed via and the temporal profile of the LSW could be obtained.
high-speed shadowgraph imaging that the forced collapse of As shown in Fig. 8 of Ref. 1, the modified XL-1 lithot-
the majority of the inertial microbubbles by the lithotripter ripter produces, within 1@s in front of the LSW, a preced-
pulse leads to strong secondary shock wave emission aridg shock wave(PSW and an intermediate shock wave
spherically rebounded bubbles, features that are characteridSW). The PSW and ISW are generated, respectively, by
tic of symmetric collapse of the bubbles. However, the col-wave diffraction and transmission through an annular ring
lapse of a few microbubbles of larger size appeared to beeflector mounted on the aperture rim of the XL-1 reflector.
asymmetric, as indicated by the formation of microjets in theUsing Eq. (1), the shock wave sequence produced by the
rebound bubbles. It was observed that the tendency of asynmodified XL-1 lithotripter in general can be described as
metric collapse of the bubble during shock wave-inertial mi-

crobubble interaction increases with the size of the mi-  Ps=Ppsw(t) + Pisw(t—Atp) + PLsw(t—Atp), 2
crobubble, although the threshold for such a transition from ) .
symmetric to asymmetric collapse was not established. WherePpsy(t), Pisw(t) andP sy(t) are the time history of
addition, the estimated diameter of the inertial microbubblgh® PSW, ISW, and LSW, wheredsip and Atp_are the

at the instance of lithotripter shock wave impingement is lesdnterpulse delay between PSW and ISW, and between PSW
than 250um [to be shown later in Fig.(6)], which is about and LSW, respectively. Based on previous measurenients,
an order of magnitude smaller than the lithotripter pulseVe ChoSePisy=Ppsy/4, Atp=4 us, andAtp =9 us. In
length. Hence, a uniform pressure distribution around th@Ur Previous studyfour different(standard and three modi-
microbubble, as assumed by the Gilmore formulation, is reafied, axisymmetric—D2, D3, and Déreflector configura-
sonably satisfied. Overall, on a qualitative basis, the Gilmordions were examined. The representative values offthe
formulation appears to be appropriate to simulate the dynamf? . @ndt™ for the PSW and LSW, generated by the XL-1

shock wave. LSW are summarized in Table I. Notice that the maximum

values(defined as means.d.) from the experimentally mea-
) ) X sured data were chosen. The reasons are twof)dpoly-
B. Lithotripter fields vinylidene difluoride(PVDF) membrane hydrophone tends
In this work, three different lithotripter fields were con- to underestimate the tensile pressure of the LSkd (2)
sidered, namely, the modified XL-1 that was used in ourenlargement of the electrode gap during shock wave litho-
previous study, the Dornier HM-3, which is the most com-tripsy (SWL) will increase the strength of the shock wave.
monly used clinical lithotripter, and an experimental electro-Hence, a modeled shock wave based on the maximum values
hydraulic lithotripter with pressure-release reflectr pro-  of the waveform parameters may be a better representative of
duce inverted lithotripter shock walve As shown by the acoustic field used in the experiment, in which up to 250
Church? the typical lithotripter shock wavé_.SW) can be  shocks were delivered to a single samplend each elec-
modeled by trode was used to produce a maximum of 1500 sparks at 25
w kV. Figure 1 shows the modeled pressure waveforms of the
Ps(t)=2P"e"* cos(2mft+m/3), @ shock wave sequences generated by the XL-1 lithotripter us-
where Pg(t) is the time history of the LSW, and we set ing the standard and the three modified reflector configura-
P,(t)=0 for t<0, P* is the peak positive pressure of the tions, respectively. To facilitate comparison, eaPlyt)
shock waveg is the decay constant, arids the frequency curve was offset vertically except the bottom one, and, sub-
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FIG. 1. Representative shock wave sequences generated by the dioginal FIG. 3. Pressure waveforms of inverted lithotripter shock waves modeled
standargl and the modified Dornier XL-1 lithotripter with three different using a combination of Eq$1) and(3), based on PVDF membrane hydro-
reflector configurationgD2, D3, and D§, modeled by Eq(1) using pulse  phone measurements takenzat —20, 0, and 20 mm, respectively, along

parameters listed in Table I. the major axis of an experimental electrohydraulic lithotrigtere Ref.
sequently, this style of presentation was used throughout ths = 2Pte o Y cos(2mf(ty—t)+ w/3), 0<t<t,
paper. (= 0, t<O0, t<tg, (3)

For the shock wave produced by a standard HM-3
lithotripter,” the typical pressure waveform is modeled by

Eq. (1) with P"=40MPa, P~ =-10 MPa, and t is horizontally inverted, and, is larger than the total pulse
=—12us, using a best fit of 7.03<10°s™%. In order 0 g ration of the LSW. Using a combination of Ed4) and
reduce the large expansion of the rebound bubbles, we ags) 5 jnverted LSW can be constructed with a leading ten-
sume that an acoustic didtleould be used to truncate the sile componentP,, followed by a compressive component
tensile pressure of the LSW below a threshold lewgl, 4 o trailing tensile componer®; . Figure 3 shows the

Such a modified pressure waveform can be described by Ethodeled pressure waveforms of the inverted LSW, based on

(1) under the condition the(t) is set to equal t&; when  pypE memprane hydrophone measurements takerz at
Ps(t)<P, . Figure 2 illustrates a modeled pressure wave-_ _ 50 o (F,—the external focus of the ellipsoidal reflec-

form generated by a HM-3 lithotripter with its tensile com- tor), and 20 mm along the major axis of an experimental

ponent truncated &, =—5 MPa. electrohydraulic lithotripter equipped with a pressure-release
To describe the shock waves generated by pressureafioctor

release reflectors, a time inverse lithotripter pressure wave-
form (a tensile wave followed by a compressive waie
introduced as

wheret, denotes the time instance from which the waveform

C. Numerical algorithm and implementation

Notice that in response to a lithotripter pulse, the size of
T r T T a bubble during its oscillation varies by several orders of
magnitude’ Therefore, in order to reduce the numerical error
ni ] in model computation, we have introduced the following di-
mensionless variables:

£x 107

<3} ] R t drR' dRT,

g R=—, t'=—, U=—r=—=",

: Ro To dt’ ~ dt Ry

€, 2 (4)
2 LI

w I = — I — J—

&l 1 Ro’ Ry

and nondimensionalized the original Gilmore formulation

0 —/—— [Eq.(AD)] to

(. u\du 3 u
1 10 12 14 76 18 RIl=-=gr T2l 3¢V
TIME (us)
! 1 u’ dH’
FIG. 2. Modeled pressure waveform of the shock wave generated by a -1+ _— |H'+ —|1- —|R'—— (5
Dornier HM-3 lithotripter with its tensile component truncated-&& MPa. Cc’ C’ c’ dt’’
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whereRy is the original bubble radius ari, is the reference 10" — r T r

time-scale for bubble oscillation. For convenientg,is set R x10"; PSWHSW+LSW )
bi
to be 1us.
The nondimensionalized Gilmore formulatidb) was el Fe |

method with a step-size control algoritthT.o couple with
gas diffusion[Eq. (A6)], an iterative method was used by
first solving Eq.(5) with the initial number of moles of gas
ng inside the bubble. The computed bubble respoR¢é), 108
was then substituted into Eq#\6)—(A9) to determine a new

Rinax

[=]
4
2 x10%, LSW

then solved by using the fifth-order Runge—Kutta—Fehlberg 10“’-‘( x10%, PSW+LSW )
CN

' (@)
Y Y YY
TCYYTY‘-

number of moles of gaa inside the bubble, which, subse- _(} X102, PSW+ISW CN: Compression of Nucleus
guently, was used to recalculate the bubble response curve FC: Forced Collapse

This computational process was repeated until the solution of 10° —(}- PSW IC: Inertial Collapse .
n converges. The source code, written in MatLab Version 5 cNiic . Ro=3um .

(The Mathworks Inc., Natick, MA takes about 10 min to 0 50 100 TIM;}‘LS) 200 250 300
run a single simulation of the bubble response to lithotripter

pulses on a Micron 166-MHz PC with Pentium processor 10" T T T ;

and 32 MB RAM. The code was benchmarked against the Put Puz ®

calculations in Church’s original papgeand excellent agree- 10%
ment was obtained.
Considering bubble oscillations in water, the values of 1
the physical constantésee the Appendix for their defini-
tions) used in the numerical calculations grg=998 kg/n?,
u=1.046<10"3% kg/m's, 0=7258310° N/m, C,
=1500 m/s,D=2.42x10"° m?/s, P,=1.01x1C° Pa, C,
=0.7899 mol/m, C;/Cy,=0.9, B=3.039x 1(¢? Pa, =1.4,
andny=6.9x 10" *® moles(for Ry=3 um). In this study, the
initial radius of the bubble nucleuBRy, is set to be 3um for
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IIl. RESULTS AND DISCUSSION e
A. Modified XL-1 lithotripter 10? .

c
1. General characteristics “
The response of a gm cavitation nucleusR(t), to
various XL-1 lithotripter-generated shock waves is shown in
Fig. 4(a), in which Ry,; denotes the radius of the bubble at the

instance of shock wave—inertial microbubiIMB ) interac-
tion. The typical response of the cavitation nucleus to a
single shock wavéi.e., PSW or LSWis an initial compres- 10°
sion, a quick rebound and ensuing large expansion of the
bubble, followed by an inertial collapse of the bubble and
subsequent ringing. The maximum radiis,,,, and the col-
lapse timet,, of the bubble increases with the peak value 4]
and duration of the tensile pressure of the incident shock
wave (see, for example, the results of PSW versus hSW ) 3 15 5
Compared to the response to the LSW, the most significant TIME (us)
dlﬁergnce in the response of the c.aV|tat|on nucleus to th%IG. 4. Responses of a/3m cavitation nucleus to various combinations of
modified XL-1 shock waves, ie., PSW.SW or shock waves produced by the modified Dornier XL-1 lithotripter with D3
PSWHISW-+LSW, is the forced collapse of the inertial mi- reflector configuration(a) Bubble radius normalized by the initial nucleus
crobubbles(induced by PSW or PSWISW) by the LSW. radius. (b) Co_rres_ponding secondary shock wave emission in water calcu-
Figure 4b) shows the corresponding secondary shock Wav%\ted at a radial distance of 5 mm from the bubble cerfg@iComparison of
ubble response to PSW and PSV&W.
emission in water at a radial distance of 5 mm from the
bubble center, calculated by using EA10). The first peak
pressure in water?,,,, produced by the forced collapse of will refer the first peakP,,; to the higher of the two sub-
the microbubble in the case of PSMUISW+) LSW is sig-  peaks, which correspond to the initial collapse and the sub-
nificantly stronger than the corresponding value produced bgequent rebound of the bubble, respectively. The second
the compression of the nucleus by the LSW. Also, two dispeak pressure in watek,,, is produced by the inertial col-
tinct subpeaks could be observed in the regioPgf. We  lapse of the bubble after its maximum expansion. Similar

10' |
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|
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~ 804 FIG. 5. The collapse timeé., shown in(a) and the size
’g: s § of the IMB at the instance of LSW impingemeiR,,,
‘; 7 ;: shown in (b) produced by PSW and PSWSW
- 60

(bubble size at=9 us) with different reflector con-

10 4 figurations.Ry=3 um.
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) N F%
0 1 T 0 1 1
b2 D3 D2 D3

T T
Dé D6

values of P,,, were obtained for both cases of LSW and the D2 and D3 reflector configurations, but in the expansion
PSWH(ISW+) LSW. This result suggests thRi,, is deter-  phase of the IMB for the D6 reflector configuration. Further,
mined primarily by the tensile stress of the LS\nd is it can be seen that the addition of ISW significantly increases
minimally influenced by the bubble size at the instance ofthe value ofR,; from that produced by PSW alone, in par-
shock wave—IMB interaction, which is determined by PSWtjcular for the D2 and D3 reflector configurations. The pre-
(+ISW). It is also worth noting that the interaction of ISW (dicted value oR,,; induced by PSW ISW varies from 35 to
with the PSW-induced IMB does not produce a forced col-125 um, which is within the rangé<200 um) measured
lapse of the microbubble, due to the relative weakness of thairecﬂy from high-speed photographic images in our previ-
P* of the ISW[Fig. 4(c)]. Instead, the microbubble is only ous study*

slightly compressed by the compressive stress, and subse- e predicted value oP,,; from the forced collapse of
quently further expanded by the tensile stress of the ISW tgne microbubbles using the modified reflector is also much

a larger size before the inertial collapse. The net effect Of1igher than the value produced by the initial compression of

ISW, therefore, is to enlarge the size of the microbubble, an‘iine cavitation nuclei by the standard LSiFig. 6a)]. In

ig@iﬁ?&%ﬁ%ég&?gﬁes the momentum transfer during thaeddition,Pwl also increases from the D2 to the D6 reflector

configuration, although the positive peak pressure of the cor-
responding LSW is decreasing in this ordeee Table )l
2. Comparison of different reflector configurations This result suggests th&,; is the primary determinant for

As shown in Fig. 5, when the pressure amplitgef  Pwi. provided that LSW is sufficiently strong. The fact that
the PSW+ISW) increases from D2 to D6 reflector configu- Pw1  increases  significantly ~ from  PSWL.SW  to
rations, the values df andRy,; of the microbubbles increase PSWH+ISW+LSW for the D2 and D3, but not for the D6
accordingly. As noted earlier, the time delay between thd@eflector configuration further supports this conclusion. In
PSW and LSW produced by the modified XL-1 lithotripter is addition, the predicted values Bf,, for the modified reflec-
about 9us. Comparison of this interpulse time delay with thetors are  almost identical between LSW and
predicted value of, indicates that the LSW—IMB interac- PSW+ISW)+LSW [Fig. 6(b)], indicating again thaP,,, is
tion is likely to occur in the collapsing phase of the IMB for determined primarily by the tensile strength of the LSW, or,

60 60
CJLsw (a ] Lsw [1 (b)
PSW+LSW PSW+LSW
50| HEEN PSWHSW+LSW 50| TN PSWHSW+LSW
40 - 40
® ® FIG. 6. Comparison of peak pressure
% 30 % ” produced in water by different reflec-
‘.; = tor configurations and shock wave se-
'S oS quences.(@) P,; and (b) Py,. Ry
20 - 20 =3 um.
10 - 10
0~ 0 T T
D2 D3 D6  STD D2 D3 D6 STD
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more precisely, the mechanical work done on the bubble by SW, it was predicted that there is an optin2el at which

the tensile stress of the LSW. The prediction tigf, is  maximum values oR,; andP,,; could be obtainedFig. 7).
larger for the D3 than for the D2 and D6 reflector configu- This optimal interpulse delay corresponds to the time needed
rations, and the largest value is produced by the standari@r the inertial microbubble induced by the PSW to expand
reflector configuration further corroborates theoretically withto its maximum size before being collapsed by the ensuing
this speculatiorisee Table | for the values of the mechanical LSW, a condition that would ensure maximum momentum
index of the LSW§ It is also interesting to note that the transfer during the LSW—IMB interaction. Similar results
predicted value oP,,, is smaller tharP,, for the D2, D3, were also obtained in previous studies using two shock
and standard reflector configurations, but larger tAgnfor  waves of different phase combination and interpulse d&fay.
the D6 reflector configuration, which induces the largest mi-On the other hand, the interpulse delay has no effed®,pp
crobubbleqFigs. 5 and & This prediction is consistent with andP,,,, which are determined solely by the tensile strength
the results of acoustic emission measurements from thef the LSW. It can also be noted that near the optimal value

modified XL-1 lithotripter* of At, the variations oR,,; and P,,; with respect toAt are
almost symmetric. Moreover, it should be pointed out that
B. HM-3 lithotripter the forced collapse of the inertial microbubble could be pro-

. - ) . duced within a range around the optin2, despite the fact
To assess the optimal condition for producing desirablgpat nder those conditions the interaction would occur at a

shock wave—IMB interaction, we have considered a hypogmajier pubble size. As shown in Fig. 7, even with 50%
thetical modification of the most widely used clinical lithot- | 4 iation of At around its optimal value, the corresponding
ripter, the Dornier HM-3. We assume that the criterion for yocrease iP,,, (from 17.0 to 13.8 MP)a’is less than 19%
optimal combination of PSW and LSW is to produce the,ng these pressure peaks are an order of magnitude higher
strongest forced collapse of IMB, which could be associateghan, that(0.42 MP4 produced by the initial compression of
with the mechanical stresses that generate bioeffects. FUjre cavitation nuclei by LSW alone. This result indicates that
ther, we assume that following the concept described angith appropriateAt, LSW—IMB interaction could produce
tested in our previous studya similar modification of the  forceq collapse of inertial microbubbles in a volume around

ellipsoidal reflector of a HM-3 lithotripter could be made. ¢ jithotripter focus, as observed experimentally in our pre-
For simplicity, we considered the addition of a PSW in front ;5,5 study*

of the standard LSW produced by the HM-3. The ISW was
omitted to simplify the model calculation, and, physically, it
can be eliminated by acoustic masking. Three factors that’ Effect of PSW

may influence LSW-IMB interaction and the resultant  Second, we evaluated the effect of PSW on LSW-IMB

bubble dynamics were considered, as described in the fointeraction. While maintaining a constant ratio Bf /P~

lowing. =2.06, we varied the peak positive pressure of the PSW,
) Ppsw and calculated the corresponding bubble dynamics
1. Effect of interpulse delay between PSW and LSW and resultant acoustic emission. For each case, we used the

First, we evaluated the effect of interpulse delay be-optimal At between the PSW and LSW so that maximum
tween PSW and LSWAt, on the resultant bubble radiR(; values ofRy; andP,,; were obtained. The results show that
andR,,,) and the secondary shock wave emissidg,(and Ry, and P,,; increase almost linearly witkg,, while the
P.»2) generated by the collapse of the bubble. In the follow-corresponding values dR,,. and P,, remain unchanged
ing, PSW was assumed to be the one produced by the XL-(Fig. 8. Most interestingly, the calculations predict that
lithotripter at 25 kV using the D3 reflector configuratitGee  when Ppg,, exceeds 9.7 MP&,,; will become greater than
Table |), unless otherwise specified. The LSW was modeled®,,,, despite the fact that the corresponding valueRgf
by Eq.(1) with P*/P~=40/—10MPa, and~=—12us, as  (which leads toP,,; due to forced collapseds an order of
described previously. For a given combination of PSW andnagnitude smaller thaR,,, (which leads toP,, due to
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inertial collapse This result clearly demonstrates the poten-sion of LSW-induced bubbles would greatly reduce the

tial of using forced collapse of inertial microbubbles to pro- potential for vascular injuryin vivo due to intraluminal

duce strong bubble collap$e vivo, such as in blood vessels bubble expansioft Further experiments should be carried

where the fluid-filled space is quite limited. In contrast to theout to test this hypothesis.

model prediction of bubble dynamias vitro, the expansion

of LSW-induced cavitation bubblés vivo could be severely

hindered by surrounding tissue structure, resulting in non€. Electrohydraulic lithotripter with pressure-release

spherical bubble deformation. Consequently, the violence ofeflectors

the subsequent inertial collapse of the bubble and the corre-  gpqck wave—IMB interaction may also be induced by

spondingP,,, in vivo would be greatly reduced. This could joerted lithotripter shock wave$LSW), which has a lead-

be a primary reason for the general observation that the biqf1g tensile component followed by a compressive wive.

effect produced by standard ,LS‘{% vivo is much 1ess sig-  \iichael Bailey has described a method of using pressure-

nificant than that produceid vitro.™ In contrast, the forced g|ease reflector inserts inside an electrohydraulic lithotripter

collapse ‘?f r_mcrobubbles gapable of generating strong shocfyr the generation of ILSW.Except for the inversion of the

wave emissiorfand associated mechanical stregsedim- 2 eform, the ILSW has similar peak pressures, pulse dura-

ited fluid-filled space could have unique advantages for PrO%ion, and acoustic energy compared to the standard LSW.

ducing desirable biological effecia vivo. Furtherin vivo  p,\vever, because of the waveform inversion, cavitation ac-

studies are needed to explore this unique property of thgiv is significantly suppressed, and minimal injury is pro-

shock wave—-IMB interaction. duced in cells and renal tissue exposed to IL§Wf In the
following, we will examine the basic features in bubble dy-

3. Effect of truncated P |5y,

In vivo, the large expansion of LSW-induced cavitation 1200
bubbles is not only constrained by the surrounding tissue ——Rnax 145
structure, it may also cause rupture of capillary and small
blood vesseld! Thus, we further hypothesize that the opti-
mal preceding-lithotripter shock wave sequence for effective
and safe macromolecule delivaryvivo would be the one in
which the LSW has a significantly reduced tensile compo-
nent. To achieve this, an acoustic filter that can selectively
reduce the tensile stress of the LS®{,g\,, without signifi-
cantly affecting the compressive pressure of the LSW is 400
needed. Such an acoustic filt@r diode was proposed by
Riedlinger in 198% although its application to lithotripsy
has not been reported. If we assume such an acoustic diode
could be constructed for an HM-3 lithotripter, the impact on
LSW-induced bubble expansion would be quite significant 0 T T T T r
based on our model calculation. As shown in Fig. 9, theo- Az 10 8 -6 4 2 0
retically whenP g is truncated from-10 to —0.5 MPa, the Prsw (MPa)
corresponding value Ry, andPy, would drop monotoni- FIG. 9. Effect of truncation of the tensile pressure of LSW on maximum
cally from 1100 to 12Qum and from 41 to 4 MPa, respec- pybple radius and secondary shock wave emissions produced by a modified
tively. This significant reduction in the maximum expan- HM-3 lithotripter. Ry=3 xm.
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) ' ' FIG. 11. Effect of the leading tensile pressure of ILS®{,, on bubble
10'2L 14MPa g dynamics. The corresponding valuesRyf are(a) —10 MPa,(b) —9 MPa,
3.7MPa (c) —8.5 MPa, and(d) —6 MPa, respectively. In all four caseB,'/Pt
=40/-3.85 MPa were used. Notice the transition from forced to nonforced
o | x10%  Z=20mm collapse of the bubble & = —9 MPa[see curveb)]. Ry=3 um.
gm
u 13.5MPa ensuing compressive wave is sufficient to reverse the out-
3108 1.7MPa ward motion of the bubble, leading to a forced collapse of
& the bubble before its reexpansion By . Correspondingly,
o x102 Z=0mm L. . .
& A the calculated shock wave emissidn,f;) in water is much
1o 2.7MPa higher for the bubbles) with forced collapse than that with-
0.17MPaJ 7e-20mm out forced collaps¢Fig. 10b)]. The transition from forced
A collapse to nonforced collapse is clearly illustrated in Fig. 11
10" . ) . ) whereP is hypothetically increased from6 to —10 MPa
0 20 40 60 80 100 i + — iti |
(b) TIME () while P™ andP; are kept unchanged. Initially, whe®  is

relatively small, a forced collapse of the bubble is produced,
FIG. 10. Responses of a@n cavitation nucleus to inverted lithotripter followed immediately by a large reexpansion and then an
S?Oik \rf]va(;/:;su I?Ct Itlfgt:ifndlgfma P?ZEISOSZ t’:}gggstg?ezzm?efxie(g)mem%ertial collapse of the bubble with subsequent ringing. As
(I;L?tgtrlz ?/adius normalizped by thg initial nucleus radi(ty. Corresbonding P_ becomes stronger, the for(,:ed collapse of the bubble t,)e-
secondary shock wave emissions in water calculated at a radial distance of@PmMes weaker, and the duration of the bubble reexpansion
mm from the bubble center. decreases. Eventually, whéhy approaches a critical value

of —9 MPa, the forced collapse disappears, and only the

inertial collapse is predicted after a time delay. Further in-
namics produced by ILSW and compare them with that procrease ofP, will lengthen the time delay to the inertial
duced by preceding-lithotripter shock wave combination. collapse.

Figure 1@a) shows the predicted bubble response of a  In comparison to the bubble dynamics generated by
3-um nucleus to the three different ILSWsee Fig. 3mea-  optimal preceding-lithotripter shock wave combination
sured az=—20, 0 (F,), and 20 mm along the major axis of whereby forced collapse of an IMB is always produced, the
an experimental electrohydraulic lithotripter equipped with abubble dynamics from ILSW is less consistent, and forced
pressure-release reflecfoit can be seen that the bubble re- collapse of IMBs may not always occur. More importantly,
sponse is quite sensitive to the ratio of the leading peak negahe shock wave—IMB interaction produced by ILSW does
tive pressureP , to the ensuing peak compressive pressuranot occur at the optimal phase of the IMB oscillation, as
P of the wave(see also Fig. B8 When the ratio o /P~ discussed previousfyThis can be seen clearly by comparing
is high, such as in the case of pressure wavefornz at the results in Fig. 1®) (produced by ILSW with those in
= —20mm, the nuclei is first expanded by a strong leadingFig. 8b) (from preceding-lithotripter shock wave combina-
tensile wave, and then the outward motion of the bubble ision). For a comparable preceding tensile wave, if the appro-
quickly slowed down by the ensuing compressive wavepriate time delay were allowed for the IMB to grow to its
However, because the initial expansion of the bubble is senaximum size before the LSW—-IMB interaction, a signifi-
strong, the compressive wave could only slightly reverse theantly strongeP,,; would be generated. On the other hand,
motion of the bubble, but cannot force the bubble to collapsén general the maximum expansion of the bubble induced by
completely before the trailing tensile wave{) reexpands ILSW is significantly reduced compared to that produced by
the bubble again. On the other hand, for the pressure wavex standard LSW. This feature, combined with the observa-
forms atz=0 and 20 mm where the ratio & /P* is low, tion that minimal vascular injury is produced by ILSW in
the initial expansion of the bubble is not so strong that theenal tissue, seems to corroborate the theory that intraluminal
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bubble expansion is a primary mechanism for vascular injunC, the equation of state for a compressible fl(l@it equa-

during lithotripsy*! tion) and the pressure at the bubble w&(R), in relation to
the gas pressure inside the bubbiRy), liquid viscosity(uw),
I1l. CONCLUSIONS and surface tensiof) in the liquid are considered and given

The Gilmore model coupled with zeroth-order gas dif—In the following,

fusion was used to simulate the bubble dynamics generated P=A(p/py)™—B, (A4)
by various shock wave sequences of a modified XL-1 lithot- oo 4
ripter. The results show that LSW—IMB interaction can gen- _ g_cH

P 9 P(R)=Pg— =~ & U, (A5)

erate strong secondary shock wave emission comparable to
th_at_ produc_ed by the inertial collapse_ o_f a much Iarger,Where po is the equilibrium liquid density, andA
millimeter-size bubble. The model pred_lct|on also conﬂrms_: C2p/Pom with m=7 andB=A—1.

many of the features of bubble dynamics observed experi-
mentally, in particular for pubble dynamics produced by dif'may be calculated from the zeroth-order solution to the dif-
ferent reflgctor_ conﬁgurqnons. Th|§ m.ethod was then eX3usion equation given by Eller and Flyrif:

tended to identify the optimal combination of preceding and
lithotripter shock waves for producing the most desirable
LSW-IMB interaction using a Dornier HM-3 lithotripter.
The model calculation suggests that with appropriate PSW ) o . o
and interpulse delay between the PSW and LSW, the forcefyhereD is the diffusion constant of the gas in the liquig,
collapse of IMBs with strong secondary shock wave emisiS the number of moles of gas initially present in the bubble,
sion can be produced within a volume around the Iithotripterand
focus. Further, it was demonstrated that truncation of the t
tensile stress of LSW could significantly reduce the large T:j RY(t") dt’, (A7)
expansion of the bubble following LSW-IMB interaction, 0
which may lessen the risk for vascular injury during shock  F(7)=c Py/Po)—Ci, (A8)
wave exposure.

The instantaneous number of moles of gas a bubble

n=n0—4(WD)1/2fOTF(T/)(T— ) Ydr, (A6)

where
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oscillation of a single spherical bubble can be described by  As described by AkulicheV’ the pressure distribution in

APPENDIX: THE GILMORE FORMULATION FOR
BUBBLE DYNAMICS 2

the original Gilmore formatior® the liquid at a distance from the bubble center is given by
R(l U dU+3 U U2 m—1 ma 1\ L212m(m-1)
C/dt 2 3C PO=A 7+ 7|1t rC|2G -B,
u U\ _dH (AL0)
B el IR Rl L et (A1) whereG is an invariant of the bubble motion that may be
) ) ) ) specified at the bubble surface by

whereR is the bubble radiud) (= dR/dt) is the velocity of )
the bubble wall, andC andH are the speed of sound in the G=R(H+U/2). (A11)
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