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Abstract: Bubble cloud persistence reduces the efficacy of mechanical
liquefaction with shock-scattering histotripsy. In this study, the contri-
bution of gas transfer to bubble longevity was investigated in silico by
solving the equations for bubble oscillations and diffusion in parallel.
The bubble gas content increased more than 5 orders of magnitude dur-
ing the expansion phase, arresting the inertial collapse. The residual gas
bubble required more than 15 ms for passive dissolution post excitation,
consistent with experimental observation. These results demonstrate gas
diffusion is an important factor in the persistence of histotripsy-induced
cavitation.
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1. Introduction

Shock-scattering histotripsy is a focused ultrasound therapy under development for tis-
sue liquefaction.1 Unlike thermal ultrasound therapies, shock-scattering histotripsy
relies on the formation of a bubble cloud to ablate tissue.2 Bubbles thought to be
nucleated from nanoscale sources expand tens of micrometers in diameter under the
tensile phase of the histotripsy pulse.3 Bubble clouds can persist for more than 50 ms
after the acoustic excitation pulse,4–6 even in highly degassed media. Persistent bubbles
shield the focal zone from subsequent pulses, preventing complete liquefaction of the
target tissues. One potential mechanism for the bubble persistence is gas diffusion. In
silico computations denote that the bubble dynamics in a fluid medium are influenced
by gas diffusion for shock wave lithotripsy7 and boiling histotripsy8 excitations.
Diffusion may also play a role in shock-scattering histotripsy bubble activity initiated
in an elastic medium. In this study, the response of a bubble nucleus to a shock-
scattering histotripsy pulse was computed with finite-strain elasticity incorporated in
the Gilmore equation7 in parallel with a first-order diffusion equation. The change in
equilibrium bubble diameter due to gas transfer was assessed after the histotripsy pulse.
The time for passive dissolution of the gas-filled bubble was computed following
Neppiras.9

2. Methods

The radial oscillations of a cavitation nucleus in a viscoelastic medium were calculated
by numerical integration. An adaptive fourth-order Runge-Kutta algorithm was imple-
mented in MATLAB

VR (The Mathworks, Natick, MA) to solve a modified version of the
Gilmore model
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where R is the time dependent bubble radius, the diacritic dot denotes the temporal
derivative, and C is the sound speed in the medium at the bubble wall. The enthalpy,
H, is defined in terms of the medium equation of state
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where A, B, and m are defined following Lastman and Wentzell,10 and P1 is the pres-
sure far from the bubble wall. The pressure at the bubble wall, P(R), is defined in
terms of the surface tension r, viscosity l, shear modulus G, and gas pressure Pg
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Soft tissues are the primary targets for histotripsy ablation. Thus, Eq. (3) varies from
Church7 through the addition of the last term to account for medium elasticity through
the Kelvin-Voigt model. The diameter of the bubble nucleus, 2R0, was set to 20 nm to
provide an upper estimate for the maximum diameter of histotripsy-induced cavita-
tion.11 The gas pressure is dependent on the time-varying number of moles of gas in
the bubble n, and was computed following Church.7 The molar-dependent equilibrium
radius of the bubble, R0n, was computed as

R0n ¼
3kBTn

4p P0 þ
2r
R0

� �
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64
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75
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where kB is Boltzmann’s constant and T is the medium temperature. The following val-
ues were used for the medium properties: surface tension r¼ 0.056 N/m,12,13 dynamic
viscosity l¼ 0.005 kg/m s,12,13 shear modulus G¼ 30 kPa,14 and temperature T¼ 310 K.
The diffusion constant D¼ 2.42� 10�9 m2/s (Ref. 15) and saturated gas concentration
C0¼ 0.822 mol/m3 are required for computing the gas pressure, and were based on air
dissolved in water. The gas concentration in the medium was set to 90%.7 The shock-
scattering histotripsy excitation term is embedded in P1, and was implemented with
measured pressure waveforms of a 1-MHz fundamental frequency source.11

Waveforms with peak negative/peak positive pressures over the range 14.5–18.3/
88.9–107 MPa were utilized in the computations.

3. Results and discussion

3.1 Representative calculation

Examples of single cavitation nucleus response to a 3-cycle histotripsy pulse are shown in
Fig. 1. The bubble expanded throughout the duration of the histotripsy excitation and
underwent an inertial collapse. A damped oscillation of the bubble to the gas content-
dependent equilibrium diameter followed the inertial collapse. The bubble contracted but
did not collapse during the compressional phases of the histotripsy pulse, consistent with
previous experimental observations3 and computations.11 The maximum bubble diameter
at the completion of the histotripsy excitation increased 10 lm (15%) for computations
accounting for gas diffusion compared to computations that did not incorporate the
effects of diffusion. These results denote diffusion has minimal influence on the bubble
dynamics during the excitation, consistent with computations of shock wave lithotripter-
induced cavitation.7

Despite its minor contribution to the maximum bubble diameter, significant
gas influx occurred during the bubble expansion. The gas content of the bubble

Fig. 1. (Color online) The normalized bubble radius as a function of time (solid green curve for calculations
with diffusion, dotted gray curve calculations without diffusion. Left ordinate for both curves), and the corre-
sponding number of moles of gas in the bubble (dashed blue curve, right ordinate). (A) 14.5 MPa/88.9 MPa
peak positive/peak positive histotripsy pulse, (B) 18.3 MPa/107 MPa peak positive/peak positive histotripsy
pulse. The duration of the histotripsy pulse was 3 cycles with a fundamental frequency of 1 MHz, and the diam-
eter of the bubble nucleus was 20 nm.
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increased by over 5 orders of magnitude during the histotripsy insonation, an order of
magnitude larger than a computation utilizing a shock wave lithotripter excitation.7

Bubble expansion initiated by the histotripsy pulse, and the resulting gas diffusion,
would be mitigated by the elastic medium compared to the fluid medium considered in
the shock wave lithotripter study.16 The increased gas flow observed in this study may
be due to the excitation waveform. The lithotripter pulse was compressional leading,
causing the bubble to collapse during the initial portions of the tensile phase. The his-
totripsy pulse used in this study was tensile leading, and bubble expansion was
observed throughout the duration of the histotripsy pulse. While the inertia of shock-
induced bubble contraction must be overcome prior to in-gassing for lithotripter
pulses, bubble expansion-induced gas influx occurs throughout the histotripsy pulse
considered in this study.

After the histotripsy excitation, the bubble underwent an inertial collapse. For
computations accounting for diffusion, the gas content buffered the bubble collapse
compared to computations neglecting diffusion. The bubble diameter at the completion
of the collapse was increased by over 3 orders of magnitude when comparing calcula-
tions with and without diffusion [Fig. 2(B)]. In computations with diffusion, the influx
of gas prevented the bubble from contracting below the size of the original nucleus
during the collapse phase. The size of the bubble during the final stages of contraction
increased with the peak negative pressure of the pulse, similar to the behavior of litho-
tripsy induced cavitation.7

The hallmark of histotripsy liquefaction is strain induced by expansion and
contraction of the bubble relative to the size of its nucleus.17 The lack of bubble con-
traction below the nucleus size indicates compression-only strain. The bubble wall
speed is another metric of the inertial collapse, and was reduced by more than 3 orders
of magnitude when comparing computations with and without diffusion [Fig. 2(C)].
The strain rate is proportional to the bubble wall speed and dictates the morphology
and extent of cell death.18 The reduction in both the strain and strain rate of the bub-
ble collapse in the presence of diffusion may indicate compressional strains associated
with bubble expansion to be a dominant mechanism for histotripsy-induced tissue liq-
uefaction in gaseous tissues.11

The fate of the bubble following the inertial collapse is unknown. Mitigation of
the inertial collapse due to diffusion may prevent splintering of the bubble into smaller
daughter bubbles, prompting the bubble to rebound and undergo a damped oscillation
to the gas content-dependent equilibrium size. It is assumed here that the non-splintered,
gas-filled bubble is the source of persistent cavitation observed between consecutive his-
totripsy pulses. The gas content-dependent equilibrium diameter at the completion of the
histotripsy pulse was between 0.95 and 1.46 lm [Fig. 2(A)]. The equilibrium diameters
computed in this study are smaller than that computed for lithotripsy excitations with
similar peak negative pressures (equilibrium diameter of 80 lm for 16 MPa).7 The dis-
crepancy may be due to the 20 nm nucleus considered in this study in comparison to the
2–20 lm nucleus considered previously. Nanoscale nuclei are intrinsic to the tissue tar-
gets of histotripsy,19,20 whereas micrometer-sized nuclei can be harbored on a kidney
stone.21 Despite the difference in equilibrium size between the two sources of nuclei, the
bubbles computed in this study are large enough to be visualized with B-mode ultra-
sound.22 Passive dissolution of the gas-filled residual bubbles would require between 15
and 58 ms.9 Experimental observations indicate histotripsy-induced cavitation persists
for 30 to 50 ms post insonation,4–6 consistent with these calculations.

Fig. 2. (Color online) (A) Change in equilibrium bubble diameter as a function of the peak negative pressure.
(B) Minimum bubble size during the final stages of collapse as a function of the peak negative pressure. For ref-
erence, the size of the original bubble nucleus (20 nm) is demarked with the blue, long-dashed curve. (C) Bubble
wall speed during the final stages of collapse, normalized to the medium sound speed C (1540 m/s). The acoustic
excitation was a 3-cycle histotripsy pulse with a fundamental frequency of 1 MHz. The size of the bubble
nucleus was 20 nm. Calculations with and without gas diffusion are noted in the legend.
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The application of histotripsy pulses prior to bubble dissolution cause incom-
plete liquefaction of the focal zone.23 Based on the dissolution times computed in this
study, residual cavitation would be present when the pulse repetition frequency was
between 16 and 66 Hz. In practice, residual cavitation is mitigated when the pulse repe-
tition frequency was less than 1 Hz.23 The discrepancy may be due to the single bubble
computations in this study. The histotripsy pulse will form a bubble cloud,3 and bub-
bles within the cloud may coalesce. The larger, coalesced bubbles would require a
correspondingly longer time for dissolution.9 Regardless, passive diffusion is a slow
process, prompting the development of insonation schemes for acoustically-driven
diffusion.24,25

3.2 Dependence of the equilibrium bubble size with pulse duration

Shock-scattering histotripsy pulses require multiple cycles for efficacious ablation, and
the diffusion rate varies throughout the pulse. The largest influx of gas occurred during
the first cycle of the pulse (Fig. 3). Gas diffusion would thus also contribute to bubble
persistence during intrinsic-threshold histotripsy, a form of histotripsy that utilizes a
single-cycle excitation.19 Beyond the first cycle, the growth rate of the equilibrium bub-
ble diameter reduced and was dependent on the peak negative pressure. For the largest
peak negative pressure considered here (18.3 MPa), the equilibrium bubble diameter
was 0.8 and 1.9 lm at the completion of 1 and 5 cycle pulses, respectively. Although
the equilibrium bubble size increased only 1.1 lm over this range of pulse durations,
the time for passive dissolution increased by 185 ms (15 and 200 ms for 1 and 5 cycle
pulses, respectively). Pulse duration is thus also a consideration when avoiding bubble
persistence.

3.3 Influence of saturated gas pressure on equilibrium bubble size

The equilibrium diameter dependence on the degree of medium gas saturation is shown
in Fig. 4(A). The equilibrium bubble diameter at the completion of the 3-cycle pulse
varied by more than a factor of 2 over the range of 10%–110% gas saturation (0.7 lm
vs 1.5 lm at peak negative pressure 18.3 MPa). The time for passive dissolution of a
0.7 lm bubble in a 10% gas saturated medium would be 5.3 ms, and 63.4 ms at 110%
gas saturation for a 1.5 lm bubble [Fig. 4(B)].

The lower range of medium gas saturations explored in this study would not
occur physiologically,26 even in ischemic tissues.27 However, in vitro studies of histo-
tripsy utilize phantoms of highly degassed agar to monitor bubble dynamics.6,28,29 As
noted in Fig. 4(A), the equilibrium diameter, and therefore the duration of bubble per-
sistence, is reduced in degassed media compared to physiologic gas saturated media.
Thus, inference of the bubble lifetime in a degassed phantom may not be totally reflec-
tive of in vivo bubble activity.

4. Conclusions

In this study, an established model of bubble dynamics7 was utilized to investigate the
influence of gas diffusion on shock-scattering histotripsy-induced cavitation. While lit-
tle difference was observed in the bubble dynamics during the histotripsy excitation,
the influx of gas buffered the collapse of the bubble compared to calculations without
gas transfer. The equilibrium bubble diameters computed in this study based on

Fig. 3. (Color online) Equilibrium bubble diameter at the completion of the histotripsy pulse as a function of
the pulse duration. The diameter of the bubble nucleus was 20 nm, and the fundamental frequency of the histo-
tripsy excitation was 1 MHz. The peak positive/peak negative pressure of the excitation is noted in the legend.

Kenneth B. Bader and Viktor Bollen: JASA Express Letters https://doi.org/10.1121/1.5043081 Published Online 21 June 2018

EL484 J. Acoust. Soc. Am. 143 (6), June 2018 Kenneth B. Bader and Viktor Bollen

https://doi.org/10.1121/1.5043081


shock-scattering excitations were more than an order of magnitude greater than the
cavitation nucleus, and would require more than 15 ms to re-condense under passive
diffusion. Overall, these results indicate diffusion is an important aspect on the longev-
ity of histotripsy cavitation.

There are several aspects of this study that limit the generalizability of these
findings. The amplitude of the measured shock scattering histotripsy pulses used as the
source term in Eq. (2) may be underestimated due to spatial averaging of the fiber
width and the bandwidth of the system.30 The size of the bubble is assumed to be
much smaller than the wavelength of the excitation pressure for the Gilmore equation,
which is not the case for shock wave excitation. The oscillations of a single bubble
were considered in this study, which can be used to gauge the onset of shock
scattering-induced bubble cloud formation.11 These computations neglect the bubble-
bubble interactions that occur in a dense cloud. Shock-scattering pulses up to 20 ls in
duration have been utilized.31 The longest pulses considered here were 5 ls in duration
due to the large computational time (�20 h/calculation). Additional effects, such as the
transfer of vapor, were not considered in these calculations,32 and the assumptions of
air as the gas content may not be appropriate in some physiologic conditions, particu-
larly in ischemic environments.27 Nevertheless, these findings indicate diffusion in an
important aspect of histotripsy-induced cavitation.
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