
d Original Contribution

PREDICTING TISSUE SUSCEPTIBILITY TO MECHANICAL CAVITATION
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Abstract—Histotripsy is a developing focused ultrasound procedure that uses cavitation bubbles tomechanically ho-
mogenize soft tissue. To better understand the mechanics of tissue damage, a numerical model of single-bubble dy-
namics was used to calculate stress, strain and strain rate fields produced by a cavitation bubble exposed to a tensile
histotripsy pulse. The explosive bubble growth and its subsequent collapse were found to depend on the properties of
the surroundingmaterial and on the histotripsy pulse. Stresses far greater than gigapascalswere observed close to the
bubble wall, but attenuated by four to six orders of magnitude within 50 mm from the bubble wall, with at least two
orders of magnitude attenuation occurring within the first 10 mm from the bubble. Elastic stresses were found to
dominate close to the bubble wall, whereas viscous stresses tended to persist farther into the surroundings. A non-
dimensional parameter combining tissue, waveform and bubble properties was identified that dictates the dominant
stress (viscous vs. elastic) as a function of distance from the bubble nucleus. In a cycle of bubble growth and collapse,
characteristic times at which mechanical damage is likely to occur and dominant mechanisms acting at each time
were identified. (E-mail: lamancha@umich.edu) � 2017World Federation for Ultrasound inMedicine & Biology.
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INTRODUCTION

High-intensity ultrasound pulses produce rapid pressure

changes in tissue, thus giving rise to cavitation. As they

grow and collapse, bubbles forming in low-pressure re-

gions can cause damage to surrounding tissue. Acoustic

cavitation dynamics in soft tissue has been a subject of

growing interest since the development of non-invasive,

focused ultrasound therapies. Treatments such as shock

wave lithotripsy (SWL) and histotripsy directly rely on

cavitation. In SWL, the erosive effect of collapsing bub-

bles contributes to fractionation of kidney stones (Bailey

et al. 2003). Histotripsy is a non-invasive focused ultra-

sound procedure that uses cavitation generated by high-

amplitude ultrasound pulses to mechanically destroy

soft tissue (Parsons et al. 2006; Roberts et al. 2006; Xu

et al. 2005). Experimental studies of histotripsy-induced

cavitation in tissue phantoms and animal models have

illustrated the influence of tissue mechanical properties

such as elasticity on the cavitation threshold

(Vlaisavljevich et al. 2014, 2015b) and bubble growth

(Vlaisavljevich et al. 2015c). At present, however, the

mechanisms responsible for tissue damage observed in

histotripsy and other cavitation-inducing ultrasound

treatments remain difficult to quantify. There is strong ev-

idence that stiffer tissues are more resistant to cavitation

damage. However, the mechanics of cell–bubble interac-

tions and the influence of material properties, for

example, shear modulus, viscosity and ultimate stress/

strain, are less clear (Vlaisavljevich et al. 2013). An

improved understanding of cavitation-induced tissue

damage mechanisms will facilitate the development of

effective means of planning and monitoring therapeutic

ultrasound procedures, as well as improve the treatment’s

tolerability and efficacy (Miller et al. 2012). Understand-

ing the influence of tissue properties on damage could

enable optimization of treatment parameters for different

tissues, which would be particularly important for the

development of self-limiting and vessel-sparing clinical

applications (Vlaisavljevich et al. 2013).

Multiple mechanisms for cavitation-induced dam-

age during ultrasound procedures have been proposed,

Ultrasound in Med. & Biol., Vol. 43, No. 7, pp. 1421–1440, 2017
� 2017 World Federation for Ultrasound in Medicine & Biology

Printed in the USA. All rights reserved
0301-5629/$ - see front matter

http://dx.doi.org/10.1016/j.ultrasmedbio.2017.02.020

Address correspondence to: Lauren Mancia, 1231 Beal Avenue,
Ann Arbor, MI 48109-2133, USA. E-mail: lamancha@umich.edu

Conflict-of-interest disclosure: E.V. and Z.X. have financial inter-
ests and/or other relationship with HistoSonics Inc.

1421



including shock waves and high temperatures at bubble

collapse, as well as re-entrant jets produced during

aspherical bubble collapse (Nyborg et al. 2002). Experi-

mental observations (De et al. 2007; Vlaisavljevich

et al. 2016a) indicate that local deformations in the

vicinity of histotripsy bubbles can be considerable,

occur rapidly and depend on the material properties. It

is thus reasonable to hypothesize that cavitation-

induced mechanical loading is a potential tissue damage

mechanism in histotripsy. Correlations between high ten-

sile strength and resistance to tissue damage also suggest

that stress, in particular, contributes to tissue rupture in

histotripsy (Vlaisavljevich et al. 2013). However, experi-

mental measurements of local, highly transient,

cavitation-induced stresses and strains are difficult to

obtain because of limited spatiotemporal resolution and

optical access (Zimberlin et al. 2007). To bypass these

challenges, spherical bubble dynamics are numerically

modeled in a soft material (Warnez and Johnsen 2015),

thus quantifying localized stress and strain distributions

in simulated tissues exposed to histotripsy pulses.

Deformations produced in viscoelastic media by sin-

gle cavitation bubbles exposed to harmonic forcing have

been computed previously (Church and Yang 2006). The

current study is unique in providing independent consider-

ation of different tissue mechanical properties and wave-

form characteristics on several proposed damage

mechanisms (stresses, finite strains and strain rates) devel-

oped during cavitation under histotripsy forcing. Stress

and strain fields are considered in different reference

frames to facilitate experimental comparisons. The focus

is to quantify proposed damage mechanisms to identify

specific contributors to tissue damage and to provide a

theoretical basis for the development and enhancement

of damage metrics. Furthermore, recent experimental in-

vestigations of cells (neurons) exposed to large compres-

sive strains at high rates revealed that a critical strain

threshold must be met to produce cell death, but that the

extent of cell death depends on strain rate (Bar-Kochba

et al. 2016). The present work presents a means of identi-

fying the relative influence of strain (dominated by tissue

elasticity) versus strain rate (proportional to tissue viscos-

ity) as a function of distance from the bubble wall, which

could provide a more detailed prediction of lesion

morphology in different tissue types.

The numerical methods in this study were pre-

viously used to complement experimental investiga-

tions of histotripsy-induced cavitation thresholds

(Vlaisavljevich et al. 2014, 2015b, 2016b), bubble

growth (Vlaisavljevich et al. 2015c) and cell–bubble in-

teractions (Vlaisavljevich et al. 2016a). After description

of the theoretical model and problem setup, methods for

calculating field quantities are introduced. Next, the re-

sults of a simulation parameter study are provided to

illustrate the influence of tissue (viscosity, shear

modulus, nucleus size) and waveform (amplitude, fre-

quency) properties on stress and strain developed in the

tissue. Finally, a relationship is identified between the

dominant contribution to viscous versus elastic stress

and distance from the bubble nucleus.

THEORETICAL MODEL

Early theoretical models were developed to study

bubbles driven hydrodynamically (Plesset 1949) and

acoustically (Noltingk and Neppiras 1950) in liquids.

More recently, non-Newtonian models have been used

to investigate cavitation in viscoelastic materials repre-

sentative of polymer gels (Shima and Tsujino 1982) and

soft biological tissue (Brujan 2010). Several constitutive

models have been adapted to the study of cavitation with

the intention of mimicking the dynamics of bubbles in

soft tissue, including the Maxwell (Allen and Roy

2000a), Kelvin–Voigt (Yang and Church 2005), Oldroyd

(Allen and Roy 2000b) and Zener (Hua and Johnsen

2013) models. The present study simulates the dynamics

of a single, spherical bubble in a compressible Kelvin–

Voigt-based viscoelastic solid with non-linear elasticity

(Gaudron et al. 2015), which accounts for the reference

configuration of the tissue. Our model includes a hypere-

lastic term derived from finite-strain theory to adequately

represent the large deformations encountered in the nano-

meter- to micron-scale bubble growth observed in

histotripsy.

This study considers a spherical, homobaric bubble

in an infinite, homogenous viscoelastic medium. To ac-

count for acoustic radiation losses, the bubble dynamics

are described by the equation of Keller and Miksis (1980)
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where R is the bubble radius, c
N
and r

N
are the constant

sound speed and density of the medium and S is the sur-

face tension. The far-field pressure is the sum of the

ambient pressure, p
N
, and time-varying ultrasound forc-

ing, pf(t) (eqn [8]). The pressure of the non-condensable

air inside the bubble is given by the polytropic relation-

ship pB5 p0(R0/R)
3k, where p05 p

N
1 2S/R0 is the pres-

sure inside the bubble at equilibrium. Gas inside the

bubble is assumed to behave isothermally with a poly-

tropic coefficient k5 1, which is expected to be an accu-

rate representation of the heat transfer. For simplicity, the

tissue–bubble boundary is assumed to be impervious to

gas, and vapor inside the bubble is neglected. These as-

sumptions could potentially underpredict the bubble
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size (Harvey et al. 1944); however, this error is expected

to be minor because the mass boundary layer thickness is

small relative to the bubble radius throughout bubble

expansion (Barajas and Johnsen 2017). The integral of

deviatoric stresses in the surrounding tissue is

J5 2

ð

N

R

trr2tqq

r
dr (2)

where r is the radial distance from the origin, and trr tqq
are the radial and polar stress components, respectively.

Constitutive model

AKelvin–Voigt-based constitutive model relates the

deviatoric stress, t, and strain, E, tensors in the surround-

ing tissue whose coordinates span r˛[R,L], where L is the

arbitrary size of the domain. In this formulation, the stress

at any field coordinate r in the surroundings is the sum of

viscous and elastic contributions,

trr 5 tVrr1tErr
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where m is the viscosity, G is the (linear) shear modulus

and the original and current radial coordinates are related

via

r0ðr; tÞ5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r32R31R3
0

3

q

(4)

For an incompressible near field with spherical sym-

metry, tqq 5 2trr/2 5 t44. By convention, a negative

stress at any point in the surroundings represents compres-

sion of the corresponding material element, and a positive

stress represents tension (‘‘stretching’’). Figure 1 is a sche-

matic of the radial stresses and strains on a wedge of tissue

during bubble growth and bubble collapse. The shape of

the wedge changes as the bubble deforms the surrounding

medium, but its mass and volume are conserved. Derived

using continuummechanics formalism, this model ensures

that finite deformations r(r0,t) about the original configura-

tion r0 are accurately represented during bubble oscilla-

tions. Figure 2 illustrates the configuration of the bubble

and surrounding medium before and after deformation.

Labeled coordinates correspond to the variables related

by eqns (3) and (4). Evaluating eqn (3) at the bubble

wall yields the following constitutive expression in the

Keller–Miksis equation:
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Strain fields in the surrounding tissue are computed

using the Hencky (or true) strain definition
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to describe tissue deformation in successive increments

of classical engineering strain (Xiao 2005), and the strain

corresponds to the summation of incremental increases in

displacement divided by length in the current configura-

tion. The true strain definition is chosen because it most

closely approximates the smooth increases in strain

observed in experimental studies of cell–bubble interac-

tions (Vlaisavljevich et al. 2016a). This definition has

Fig. 1. Radial (trr) and polar (tqq 52trr/25 t44) stresses and
strains on a wedge of tissue during bubble growth (left) and

collapse (right).

Fig. 2. Schematic illustrating bubble radius and material coor-
dinates in undeformed and deformed configurations.
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also been favored for measurements of vascular tissue

properties because it provides a more direct measure of

a material’s instantaneous response to applied stress

(Khanafer et al. 2013). Strain rates are calculated by

taking the material derivative of the strain, where

ur 5R2 _R=r2 is the radial velocity component:
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Like the stresses, the radial and polar strains differ

by a factor of 22, as do the corresponding strain rates.

Problem setup

Viscoelastic parameters within the range of values

previously studied in histotripsy experiments in tissues

(Diamond 1999; Duck 2013; Maxwell et al. 2013;

Wells and Merrill 1962) and tissue phantoms

(Vlaisavljevich et al. 2015b, 2015c) are considered:

m 5 1–100 mPa$s, G 5 1–1000 kPa. Other tissue

parameters are fixed: kg/m3, S 5 72 mN$m and c
N

5

1497 m/s, corresponding to values in water at 25�C. As

in our past studies (Vlaisavljevich et al. 2014, 2015b,

2015c, 2016a, 2016b), the growth of a pre-existing gas

nucleus is initiated by a single negative histotripsy cycle:
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This work investigates the dependence of the bubble

dynamics on the pressure amplitude pA5 20–60MPa and

‘‘frequency’’u5 0.5–5MHz corresponding to this single

cycle; the time delay is d 5 5 ms, and n 5 3.7 is a fitting

parameter chosen to match the shape and duration of a

typical histotripsy cycle.

Using the characteristic velocity u5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pN=r
N

p

, den-

sity and the initial radius for non-dimensionalization, the

following dimensionless parameters govern the problem:

Reynolds (r
N
uR0/m), Weber (r

N
u2R0/S), Cauchy (r

N
u2/

G) and Mach (u/c
N
) numbers, as well as the polytropic

index k, dimensionless amplitude pA/pN and frequency

uR0/u. As in our past studies, the resulting dimensionless

system of differential equations is numerically integrated

using the MATLAB stiff ODE solver ode15s (The Math-

Works, Natick, MA, USA) (Shampine and Reichelt

1997). Our subsequent parametric study will consider

the effects of varying m, G, pA, u and R0.

RESULTS: BASELINE CASE

Our baseline case consists of a tissue with m 5 15

mPa$s and G 5 2.5 kPa, initial nucleus size R0 5 5 nm

based on experimentally inferred nucleus sizes (Maxwell

et al. 2013; Vlaisavljevich et al. 2015a) and waveform

with amplitude pA 5 230 MPa and frequency u 5 1

MHz. This baseline is chosen because it is within the

parameter range of our previous studies (Vlaisavljevich

et al. 2014, 2015b, 2015c,2016a, 2016b) and illustrates a

transition from strain-dominated to strain rate-dominated

mechanical effects. Figure 3 illustrates the time history

of the bubble radius and driving pressure. The large peak

negative pressure of the histotripsy pulse causes a large

expansion phase to a maximum radius of 200 mm, fol-

lowed by a violent collapse to a minimum radius

,5 nm, which dissipates the energy primarily via

compressibility. A single, low-amplitude rebound back

to initial bubble radius is resolved, though not evident on

the scale of this plot. A detailed study of minimum bubble

Fig. 3. Time history of the bubble radius (top) driven by a single negative histotripsy cycle (bottom) for the baseline case.
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radius lies beyond the scope of this study as histotripsy

bubbles display more complex behavior at collapse, such

as breakup (Duryea et al. 2015); the present focus is on

the dynamics until just before collapse.

Spatiotemporal evolution of the total radial stress in

the tissue is illustrated in Figure 4. In addition to the color

maps, the time evolution of stresses along Lagrangian tra-

jectories starting at different initial distances from the bub-

blewall and the radial stress distributions at fixed times are

included. The tissue experiences large negative stresses

near the bubble wall at the start of growth as the tissue is

radially compressed. The highest stresses occur when the

bubble reaches its maximum radius and the surrounding

tissue is under maximal compression. The total radial

stress is not symmetric in time about the maximum radius,

illustrated by the large tensile (positive) stresses at collapse

as the shrinking bubble releases the compressed tissue to

assume its original configuration. Stress magnitudes are

greatest near the bubble wall and rapidly attenuate farther

into the medium such that they are negligible within

200 mm from the bubble wall. The stresses persisting

deeper in the tissue are small (,0.01 MPa), compared

with those within 1 mm of the bubble wall, which can

exceed 100 MPa. The highest stresses are so localized to

the bubble wall that they are better appreciated in the

Lagrangian trajectories, where the spherical coordinate

system moves with the tissue as it deforms over time.

The stresses are computed from eqn (3) along trajectories

r(t) for particles starting at different initial locations, r0, in

eqn (4). Such a particle could, for instance, represent a cell,

whose stress one is interested in monitoring. As the bubble

grows and collapses, the Lagrangian points oscillate with

the surroundings. By mass conservation, the distance be-

tween the Lagrangian trajectories decreases when the

Fig. 4. Top: Color plot shows temporal and spatial evolution of the total (viscous1 elastic) radial stress distribution in the
tissue for the baseline case. Solid lines correspond to stresses experienced as a function of time along Lagrangian trajec-
tories starting 1 to 200 mm from the bubble nucleus, with stress magnitude along each trajectory indicated by arrows at
right. Vertical dashed lines correspond to stresses in the surroundings at fixed times given below. Bottom: ‘‘Bubble’’ color
plots show stresses at fixed times between 5 and 41 ms, with traces indicating the magnitudes of compressive stresses

(solid blue) and tensile stresses (dashed red) as a function of distance from the bubble wall.
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bubble grows, and vice versa during collapse. A particle in

the tissue starting 1 mm from the bubble nucleus experi-

ences smoothly increasing compressive stress in the radial

direction, with a maximum compressive stress of 277

MPa at maximum radius. A nearly instantaneous peak in

tensile stress of 160 MPa occurs at minimum radius. For

particles starting 10–50 mm from the bubble wall, the

compressive stress at maximum radius and the tensile

stress at collapse are significantly attenuated. The stress

profile for a particle starting 10 mm from the bubble wall

exhibits a peak in compressive stress at the onset of growth

also present but not clearly visible in the 1-mm trace

because of early explosive growth. Further growth is

restricted by tissue stiffness, and slowed subsequent

growth produces a smoothly increasing compressive stress

in surroundings. As in the 1-mm case, particles initially

10 mm from the bubble nucleus experience a near-

instantaneous peak in tensile stress at collapse; however,

the magnitude of maximum tensile stress is reduced to

2 MPa at the greater distances. Particles starting 50–

200 mm from the bubble nucleus also experience

decreasing stress magnitudes. At 50 mm from the bubble

wall, the instantaneous peak tensile stress at collapse has

largely attenuated and reaches 0.052 MPa, whereas the

compressive stress at maximum radius is 20.057 MPa.

There is a further dramatic decrease in stress magnitude

experienced by cells 200 mm from the nucleus. Consid-

ering that most ruptured tissues have an ultimate tensile

strength. 0.05 MPa (Vlaisavljevich et al. 2013), an order

of magnitude comparison suggests that radial tensile stress

capable of rupturing most tissues is confined to a radius of

approximately 50 mm surrounding a nucleation site, a

finding consistent with observations of sharp lesion bound-

aries in previous experimental studies of histotripsy

(Roberts et al. 2006).

The susceptibility of tissue to histotripsy-induced

damage depends on the tissue’s mechanical properties

(Vlaisavljevich et al. 2013), and the stress in a visco-

elastic tissue depends on strain and strain rate. However,

the influence of individual tissue properties on suscepti-

bility to damage is less clear. Thus, separating the stress

into its viscous and elastic components is useful for

Fig. 5. Same as for Fig. 4, but for viscous stresses, tVrr.
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postulating how potential stress-related damage mecha-

nisms depend on tissue properties. The time evolution

of the viscous and elastic radial stress distributions in

the tissue for the baseline case is illustrated in Figures 5

and 6, respectively. Viewing each component separately

indicates that the extrema observed in the total radial

stress field originate from different mechanisms. The

sharp instantaneous peaks in total stress at early growth

and late collapse are due to viscous contributions.

Viscous stresses dissipate the kinetic energy of the

surroundings into heat as

f5 t : Vu5 12m

�

R2 _R

r3

�2

523
R2 _R

r3
tVrr (9)

Dissipation increases with increasing tissue viscos-

ity, which in turn limits bubble growth and decreases

the velocity of the bubble wall just before collapse.

Because viscous stresses at the bubble wall are propor-

tional to _R=R, the stress is compressive (negative) at early

growth and tensile at collapse (positive). Otherwise,

viscous stresses are negligible. The more gradually

increasing stresses at maximum radius are purely elastic

and are only compressive because the bubble does not

reach a radius much smaller than its initial value of 5 nm.

The stresses correspond to different deformation

modes: as evidenced by eqn (3), elastic stresses are pro-

portional to strains (deformation from the initial configu-

ration), whereas viscous stresses are proportional to strain

rates (velocity differentials). Strains and the correspond-

ing rates are quantities that can be measured in experi-

ments without a priori knowledge of the constitutive

model that describes a particular tissue. Figure 7 illus-

trates the temporal evolution of Hencky radial strains

based on Lagrangian and Eulerian (calculated with

respect to a fixed coordinate system) viewpoints. The

seemingly larger values in the Lagrangian viewpoint are

due to the diverging geometrical field during bubble

growth: by conservation of mass, particles starting at a

given distance from the bubble end up closer to the bubble

wall during expansion. Both plots indicate that strains

remain concentrated near the bubble wall and attenuate

Fig. 6. Same as for Fig. 4, but for elastic stresses, tErr .
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rapidly with increasing depth into the surrounding tissue.

Large radial strains that persist to greater depths in the tis-

sue are compressive and occur when maximum bubble

radius is reached. Lagrangian particles experience radial

compressive strains that smoothly increase to a maximum

at maximum radius. Eulerian strains progressively in-

crease as maximum radius is reached, but are less than

1.0 mm/mm until the bubble radius reaches approximately

150 mm. As the bubble reaches its maximum radius (and

approaches the position of the fixed Eulerian point), the

strains achieve a maximum and then decrease rapidly

with distance from that point. Strain magnitude varies

significantly with distance from the bubble in each depic-

tion. In the Lagrangian depiction, radial compressive

strains experienced by particles starting within 50 mm

from the nucleus are high, for example, 211 mm/mm

starting at 1 mm from the nucleus wall. Radial compres-

sive strain experienced by particles starting 200 mm

from the nucleus is significantly lower at 20.54 mm/

mm. In the Eulerian depiction, maximum compressive

stresses achieve the same value of 221 mm/mm at the

bubble wall at maximum radius, but maximum compres-

sive strains are 22.9 mm/mm at 1 mm and 20.10 mm/mm

at 200 mm from the maximum bubble radius. For compar-

ison, tissue measurements suggest that the ultimate frac-

tional tensile strain of tissues ruptured by histotripsy

ranges from 0.43 mm/mm for small intestine to 1.5 mm/

mm for uterine wall (Vlaisavljevich et al. 2013).

The largest strains are experienced by particles

starting at the bubble wall when the bubble reaches its

maximum and minimum radii; exact expressions for

the maximum radial compressive, polar tensile, radial

tensile and polar compressive strains are summarized

in Table 1. First, when the bubble achieves its maximum

radius, radial strain at the bubble wall is compressive

and polar strain at the bubble wall is tensile, correspond-

ing to the maximum radial compressive and polar ten-

sile stresses. In contrast, the largest radial tensile and

polar compressive strains occur when the bubble col-

lapses to its minimum radius, Rmin , R0. At this instant,

the tissue is fully released from the compressive

radial strain that occurred during bubble growth, and

the strain changes direction. These strains occur over

an exceedingly short time and attenuate much more

rapidly into surrounding tissue than the strains gener-

ated at maximum bubble radius. As seen in Figure 7,

Lagrangian particles starting as close as 1 mm from

the bubble nucleus experience negligible radial tensile

strain at bubble collapse. The highest strain rates occur

at instants of initial bubble growth and late collapse,

with maximum values ranging from 105 s21 for a

Lagrangian particle starting at a distance of 200 mm

from the bubble wall to 108 s21 at a distance of 1 mm

Fig. 7. Radial strains versus time following Lagrangian trajectories (left) and at Eulerian points (right). Distances corre-
spond to the different initial distances of the particles from the origin (Lagrangian) and to the initial distances from the

maximum radius (Eulerian).

Table 1. Magnitude of maximum strain experienced by a
particle starting at the wall of the bubble nucleus*

Location Direction Deformation Expression

Maximum radius Radial Compression Err(Rmax)/2log(Rmax/R0)
Polar Tension Eqq(Rmax)/log(Rmax/R0)

Minimum radius Radial Tension Err(Rmin)/2log(R0/Rmin)
Polar Compression Eqq(Rmin)/log(R0/Rmin)

* Absolute maximum strains occur when the bubble reaches its
maximum radius, and relative maximum strains occur at minimum bub-
ble radius.
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from the bubble wall. The highest strain rates coincide

with the peaks in radial tensile stress and strain that

occur at the bubble wall at Rmin.

RESULTS: PARAMETRIC STUDY

The effects of tissue (viscosity, shear modulus) and

waveform (negative pressure, frequency) properties, as

well as initial bubble radius, on maximum radial stresses

and strains experienced by a Lagrangian particle (e.g., a

cell) are evaluated. TheLagrangianviewpoint is of practical

relevance because it enables one to determine the loads

experienced by a cell, initially at some distance from the

nucleation site, over the course of bubble growth and

collapse. In all of the following maximum stress (Figs. 9,

12, 15, 18, 21) and strain (Figs. 10, 13, 16, 19, 22) figures,

the horizontal axis gives the starting point of a particle

within 50 mm from the bubble nucleus, with 500 sample

points. The vertical axis has the highest magnitude of total

stress (combined elastic and viscous) or strain experienced

by a cell that starts at a given distance from the nucleus.

Because of their typically distinct origins, maximum

compressive and tensile stresses are considered separately.

As a reference, a water case in which viscosity and shear

modulus are fixed at m 5 1 mPa$s and G 5 0 Pa is used

when tissue material properties are varied. Results are

provided for radial stresses and strains; tissue is also

experiencing polar stresses and strains, of opposite sign

and half the magnitude.

Viscosity

Figures 8, 9 and 10 illustrate the time history of the

bubble radius, maximum radial compressive/tensile

stress and maximum radial compressible (Hencky) strain

experienced by Lagrangian particles starting at different

distances from the bubble for m 5 1, 5, 15, 50 and

100 mPa$s, fixing shear modulus (G 5 2.5 kPa) and

other parameters at their baseline values. Equivalently,

this corresponds to varying the Reynolds number while

holding all other dimensionless parameters fixed.

Increased viscous resistance impedes bubble growth,

as evidenced by the reduction in the maximum bubble

radius at higher viscosities. As the viscosity is increased,

the collapse phase (from Rmax to Rmin) becomes longer

than the growth phase (from a stationary nucleus of radius

R0 to Rmax). This asymmetry originates from the dissipa-

tive nature of viscous effects. For a given viscosity, the

maximum tensile stress (produced at collapse) smoothly

and monotonically decreases with initial distance. Howev-

er, slightly lower tensile stress is achieved in the 100mPa$s

medium than in the 50 mPa$s medium. This behavior is

again due to increased viscous dissipation, which gives

rise to lower velocities at collapse and, thus, smaller tensile

stresses. At sufficiently high viscosities, the maximum

compressive stress exhibits a ‘‘kink’’—a discontinuous

slope—highlighted in Figure 9 with an inset and subse-

quently with open circles. This point corresponds to the

initial distance of the ‘‘cell’’ from the origin at which the

absolute maximum compressive stress transitions from

elastic to viscous over the course of the simulation. The ab-

solute maximum compressive stress is of elastic origin and

occurs at the bubble wall when the bubble reaches its

maximum radius. As initial distance into the tissue is

increased, this elastic stress decreases according to the sec-

ond term in eqn (3). In contrast, a maximum in viscous

compressive stress occurs at the bubble wall when growth

is initiated; the viscous compressive stress decreases ac-

cording to the first term in eqn (3). Increasing viscosity en-

hances the importance of viscous stresses relative to their

elastic counterparts in two important ways: the coefficient

weighing viscous contributions (m) is increased compared

with that weighing elastic contributions (G), and the

maximum radius is reduced. As a result, the attenuation

of elastic stresses for particles starting farther away from

the bubble is greater than that for viscous stresses. At

larger viscosities (15–100 mPa$s), viscous stresses at the

onset of bubble growth exceed elastic stresses (at

maximum bubble radius) closer to the bubble wall. As a

reflection of decreasing maximum bubble radius with

increasing viscosity, compressive strain consistently

Fig. 8. Time history of bubble radius for media of different viscosities (m 5 1, 5, 15, 50 and 100 mPa$s).
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decreases. Media with viscosities between 1 and 15 mPa$s

(including water), exhibit similar maximum bubble radii

and, hence, compressive strains of similar magnitude.

Shear modulus

Figures 11, 12 and 13 illustrate the time history of

the bubble radius, maximum radial compressive/tensile

stress and maximum radial compressible (Hencky)

strain experienced by Lagrangian particles starting at

different distances away from the bubble for G 5 0, 1,

2.5, 10, 100 and 1000 kPa, fixing viscosity

(m 5 15 mPa$s) and other parameters at their baseline

values. Equivalently, this corresponds to varying the

Cauchy number while holding all other dimensionless

parameters fixed.

Increased tissue stiffness reduces bubble growth, as

evidenced by the smaller maximum radii and shorter

collapse time (from Rmax to Rmin) achieved at higher shear

modulus. Contrary to viscosity, elasticity is a restoring

force with no direct dissipative effects. Symmetry between

growth and collapse phases is thus not affected by elastic-

ity. The dominance of elastic stress close to the bubblewall

is evident when cases of non-zero shear moduli are

compared with water. The maximum compressive stress

increases with increasing shear modulus, whereas the

maximum tensile stress and compressive strain decrease

with increasing modulus. As in the previous section, a

‘‘kink’’ is observed in the G 5 1 kPa and G 5 2.5 kPa

traces for maximum compressive stress, marking the loca-

tions at which the dominant stress contribution changes

from elastic to viscous. Decreasing the shear modulus re-

duces the relative importance of elastic contributions

compared with viscous stresses. The maximum tensile

stress experienced by particles in the tissue exhibits only

limited dependence on the shear modulus for

G , 100 kPa, which is expected because this quantity

strongly depends on viscous stresses and because the bub-

ble radius histories are similar. For larger G, smaller

maximum tensile stresses are achieved. Again, differences

Fig. 9. Maximum compressive (left) and tensile (right) stresses versus initial distance from the bubble nucleus in media
of different viscosities (m5 1, 5, 15, 50 and 100 mPa$s). The elastic-to-viscous transitions are circled on the compressive

stress traces.

Fig. 10. Maximum compressive Hencky strain versus distance
from the bubble nucleus in media of different viscosities

(m 5 1, 5, 15, 50 and 100 mPa$s).
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in compressive strain developed at all distances from the

bubble are due to differences in maximum bubble radius.

Maximum compressive strain exhibits a relatively weak

dependence on shear modulus in low-elasticity media

(G, 100 kPa), and as shear modulus increases, compres-

sive strain decreases.

Waveform peak negative pressure

Figures 14, 15 and 16 illustrate the time history of the

bubble radius, maximum radial compressive/tensile stress

and maximum radial compressible (Hencky) strain

experienced by Lagrangian particles starting different

distances away from the bubble for pA 5 20, 30, 40, 50

and 60, holding all other properties at their baseline

values. Equivalently, this corresponds to varying the non-

dimensional pressure amplitude holding all other dimen-

sionless parameters fixed.

Increasing the peak negative pressure enhances bub-

ble growth: the maximum radius and time at collapse

(time from the beginning of growth to Rmin) increases lin-

early with pressure amplitude. Maximum compressive

and tensile stresses, as well as maximum compressive

(Hencky) strains, are largest at the bubble wall and mono-

tonically decrease with increasing initial distance. Kinks

in the maximum compressive stress are observed in the

20-, 30- and 40-MPa traces. This finding indicates that

waveform parameters can also affect the origin (elastic

vs. viscous) of stresses at different distances from the

bubble wall, likely through their effects on Rmax. When

peak negative pressure is varied, the stress behavior is a

consequence of the qualitatively similar bubble dynamics

at each pressure. In contrast, changes in material proper-

ties can produce changes in bubble radius histories that

are not simply proportional to the altered parameter.

Fig. 11. Time history of bubble radius for media of different shear moduli (G 5 0, 1, 2.5, 10, 100 and 1000 kPa).

Fig. 12. Maximum compressive (left) and tensile (right) stresses as a function of initial distance from the bubble nucleus
for media of different shear moduli (G 5 0, 1, 2.5, 10, 100 and 1000 kPa). Elastic-to-viscous transitions are circled on

compressive stress traces.
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Waveform frequency

Figures 17, 18 and 19 illustrate the time history of the

bubble radius, maximum radial compressive/tensile stress

and maximum radial compressible (Hencky) strain

experienced by Lagrangian particles starting different

distances away from the bubble for u 5 0.5, 0.7, 1.0, 3.0

and 5.0 MHz, holding all other properties constant.

Equivalently, this corresponds to varying the dimensionless

frequency holding all other dimensionless parameters fixed.

Decreased pulse frequency enhances bubble growth

as the tension driving bubble growth acts for a longer

time. As a result, larger maximum radii and collapse

times (from Rmax to Rmin) are achieved with decreasing

frequency. For the maximum tensile stress and compres-

sive strain, these decreases are monotonic: At a given

location, the stress and strain decrease with increasing

frequency. As when previous parameters were varied,

‘‘kinks’’ are observed in the maximum compressive stress

foru5 0.7, 1.0, 3.0 and 5.0MHz, marking the location at

which the dominant stress contribution changes from

elastic to viscous. Because of the smaller Rmax, elastic

contributions decrease rapidly and are overwhelmed by

viscous stresses closer to the bubble wall.

Initial nucleus size

Figures 20, 21 and 22 illustrate the time history of the

bubble radius, maximum radial compressive/tensile stress

and maximum radial compressible (Hencky) strain

experienced by Lagrangian particles starting different

distances away from the bubble, for R0 5 2.5, 5.0, 10, 100,

1000 and 10,000 nm, holding other parameters at their

baseline values. In terms of dimensionless parameters,

varying the initial nucleus size modifies the Reynolds and

Weber numbers, as well as the dimensionless frequency.

Increasing the initial nucleus size enhances bubble

growth. As a result, larger maximum radii, minimum

radii and collapse times (from Rmax to Rmin) are achieved

with increasing initial bubble radius. For smaller nuclei

(R0, 10 nm), small increases in nucleus size can produce

large increases in maximum bubble radius. When nucleus

sizes are increased to 10-mm initial radius, the minimum

bubble radius becomes sufficient to permit additional cy-

cles of bubble growth and collapse. A more detailed

consideration of bubble behavior at and following Rmin

is beyond the scope of the present study; however, exper-

iments cannot rule out the possibility of additional bubble

oscillations caused by limitations in temporal resolution

(Vlaisavljevich et al. 2015c). Because the initial bubble

radii vary, the initial distance from the radius starts

from different locations on the graph. Except for the

2.5-nm case, for which values are noticeably lower, the

maximum compressive/tensile stresses and the maximum

compressive strain exhibit only aweak dependence on the

initial radius. The stresses exhibit different behavior close

to the bubble wall for micron-sized initial radii. The

higher tensile stresses are explained by the finding that

Fig. 13. Maximum compressive Hencky strain as a function of
distance from the bubble nucleus in media of different shear

moduli (G 5 0, 1, 2.5, 10, 100 and 1000 kPa).

Fig. 14. Time history of the bubble radius for different peak negative pressures (pA 5 20, 30, 40, 50 and 60 MPa).
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elastic stress is no longer purely compressive and contrib-

utes a significant tensile component at collapse. The

appearance of elastic tensile stress at larger initial nucleus

sizes occurs because larger nuclei lead to significantly

smaller minimum radii. These observations can also be

understood by considering the maximum values of each

elastic term on the right side of eqn (3): the first term is

tensile, whereas the second is compressive. Thus, for

smaller initial nuclei, Rmax/R0 . R0/Rmin and the domi-

nant elastic contribution is compressive at maximum bub-

ble radius, whereas for larger initial radii, Rmax/R0 , R0/

Rmin and the dominant elastic contribution is tensile at

collapse. Although the relative contributions of compres-

sive stress to total stress differ significantly in small

versus large nuclei, the relationships between compres-

sive elastic and compressive viscous stresses are similar

to those discussed in previous sections. Kinks indicating

a transition from dominant elastic to dominant viscous

compressive stress are again present in the maximum

compressive stress plots and vary with maximum bubble

radius; thus, the smallest growth case (R05 2.5 nm) has a

kink located significantly closer to the bubble wall.

Elastic-to-viscous stress transition

In each parameter variation study, the presence of

‘‘kinks’’ has been noted in certain compressive stress traces

which indicate the distance of a Lagrangian particle from

the bubble nucleus at which the viscous (rather than elastic)

component becomes the dominant contribution to compres-

sive stress. In other words, cells whose initial position is less

than this distance experience elastic stress as an absolute

maximum compressive stress, whereas cells whose initial

position is greater than this distance experience viscous

stress as the larger compressive stress. This elastic-to-

viscous transition distance location, xEV, could provide a

means of identifying regions dominated by elastic versus

viscous effects (or strain magnitude vs. rate) in therapeutic

ultrasound lesions. The dependence of xEV on viscosity

and shear modulus, as well as on waveform peak negative

pressure and frequency, is illustrated in Figures 23 and 24,

respectively, where xEV is determined by calculating the

Fig. 15. Maximum compressive (left) and tensile (right) stresses as a function of initial distance from the bubble nucleus
for different peak negative pressures (pA5 20, 30, 40, 50 and 60 MPa). Elastic-to-viscous transitions are circled on

compressive stress traces.

Fig. 16. Maximum compressive Hencky strain as a function of
distance from the bubble nucleus for different peak negative

pressures (pA5 20, 30, 40, 50 and 60 MPa).
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distance at which the second spatial derivative of

compressive stress becomes discontinuous. All parameters

are varied about the baseline. The elastic-to-viscous transi-

tion distance strongly depends on m and G, as it decreases

with increasing viscosity, but increases with increasing

shear modulus; xEV decreases with increasing frequency,

but increases (linearly) with increasing amplitude as ex-

pectedbased on the dependence ofRmaxon those properties.

DISCUSSION

Experimental studies suggest that tissue properties

play a key role in determining tissue susceptibility to

cavitation generation and histotripsy-induced tissue dam-

age (Vlaisavljevich et al. 2013). Our results highlight the

importance of elasticity, viscosity, peak negative pressure

and waveform frequency to hypothesized mechanical tis-

sue damage mechanisms. An improved understanding of

cavitation damage mechanisms will help predict damage

susceptibility of different tissues, as well as differential

damage responses within a focal region under different

acoustic parameters. This knowledge can ultimately be

used to guide safety considerations and enable treatment

planning.

Figure 25 and Table 2 illustrate the relationships be-

tween the maxima in total stress, strain and strain rate by

highlighting three key points during a single cycle of bub-

ble growth and collapse that correspond to relative or ab-

solute maxima in these field quantities. First, a tensile

histotripsy pulse drives the onset of explosive bubble

growth when R 5 R0. At this time, viscous effects pre-

dominate and both the strain rate and compressive stress

achieve relative maxima. At distances greater than xEV
(the elastic-to-viscous transition point), this maximum

in compressive viscous stress at the onset of bubble

growth will also contribute the absolute maximum total

Fig. 17. Time history of the bubble radius for different frequencies (u 5 0.5, 0.7, 1.0, 3.0 and 5.0 MHz).

Fig. 18. Maximum compressive (left) and tensile (right) stresses as a function of distance from the bubble nucleus for
different frequencies (u5 0.5, 0.7, 1.0, 3.0 and 5.0 MHz). Elastic-to-viscous transitions are circled on compressive stress

traces.
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compressive stress during the life span of the bubble.

Next, bubble growth proceeds rapidly until viscous resis-

tance and tissue stiffness limit growth to a maximum

radius, R5 Rmax. Here, tissue elasticity has the dominant

influence on bubble dynamics. Both the compressive

stress and compressive strain are maximized, whereas

the strain rate and viscous stress are negligible. At dis-

tances less than xEV, this maximum in compressive elastic

stress contributes the absolute maximum total compres-

sive stress over the life span of the bubble. Finally, the

bubble undergoes a violent collapse to a minimum radius

Rmin , R0. At minimum radius, viscous effects again

dominate, and tensile stress, tensile strain, and strain

rate are all maximized. Tensile stress is purely viscous

in origin and contributes the absolute maximum total

stress when viscosity is sufficiently large.

These maxima in field quantities are also affected by

waveform parameters that change the underlying bubble

dynamics. Specifically, any change in waveform fre-

quency or pressure amplitude that changes R0, Rmax or

Rmin can also change the stresses and strains. First, in-

creases in pressure amplitude permit greater bubble

growth, increasing Rmax. This will produce proportional

increases in maximum compressive stress and strain, as

well as relatively smaller increases in tensile stress. In

contrast, increases in frequency limit bubble growth

and, thus, decrease the maximum compressive stress

and strain. Waveform parameters can also affect xEV. In-

creases in pressure amplitude and decreases in frequency

result in smaller xEV values, indicating that the elastic

compressive stress at Rmax is exceeded by viscous

compressive stress at the onset of bubble growth closer

to the bubble wall in these reduced growth cases. Addi-

tionally, tensile strains at bubble collapse far exceeded

the ultimate fractional strains measured for soft tissue,

but were nearly instantaneous and more localized to the

bubble wall than compressive strains. Further study is

needed to clarify their relevance to strain-related tissue

damage. More readily understood is the observation

that maximum compressive strain occurs at maximum

radius when the tissue is under greatest deformation

and coincides with a maximum in compressive (purely

elastic) stress, thus supporting the hypothesis that

maximum radius is a relevant parameter for mechanical

tissue damage.

Predicting the elastic-to-viscous transition

Stress is hypothesized to play an important role in

tissue damage produced by high-amplitude ultrasound

therapies. In a study of tissue mechanical properties and

susceptibility to perforation, undamaged tissues were

observed to have higher ultimate tensile strength, thus

suggesting that higher ultimate tensile stress was more

predictive of tissue resistance to damage than high ulti-

mate strain (Vlaisavljevich et al. 2013). These observa-

tions motivate further study of the relationship between

stress and tissue damage; however, stress fields are diffi-

cult to measure under highly transient loading. A means

Fig. 19. Maximum compressive Hencky strain as a function of
distance from the bubble nucleus for different frequencies (u5

0.5, 0.7, 1.0, 3.0 and 5.0 MHz).

Fig. 20. Time history of the bubble radius for different initial bubble radii (R0 5 2.5, 5.0, 10, 100, 1000 and 10,000 nm).
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of relating salient features of the stress field to more

measurable parameters could improve understanding of

stress-related damage mechanisms.

One potential means of characterizing stress fields is

by the predominance of viscous versus elastic stress char-

acteristics. Fundamentally, elastic stress depends on the

tissue deformation (strain), and viscous stress is directly

proportional to strain rate. Thus, the elastic-to-viscous

stress transition distance, xEV, introduces a spatial depen-

dence on the relevance of strain versus strain rate in

observed tissue damage. Recent experimental studies sug-

gest that strain and strain rate have different effects on cell

injury (Bar-Kochba et al. 2016): Strain rate was found to

affect injury morphology and the extent of cell death

across a population, whereas compressive strain deter-

mined the time to cell death. It is thus reasonable to expect

that tissue regions dominated by either strain or strain rate

effects will give rise to distinct patterns of injury. Predic-

tion of xEV could thus be used to predict the spatial extent

of these distinct histopathologies, as long as the material

models are sufficiently accurate. The monotonic results

in Figures 23 and 24 suggest that an analytical

expression for xEV may be achievable. One might expect

that xEV, properly scaled, should depend on the relative

magnitude of elastic forces (�Gd2) to viscous forces

(�mvd), where d and v are characteristic lengths and

velocities corresponding to the deformation magnitude

and rate. The relevant length describing deformations is

Rmax, the point at which the tissue is under maximum

deformation. The relevant velocity characterizing the

growth is expected to depend on the pressure amplitude,

for example,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pA=rN
p

. Thus, defining the dimensionless

elastic-to-viscous forces ratio

x5
GRmax

m
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pA=rN
p (10)

it is expected that the properly scaled transition location

obeys the relation

Fig. 21. Maximum compressive (left) and tensile (right) stresses as a function of initial distance from the bubble nucleus
for different initial bubble radii (R05 2.5, 5.0, 10, 100, 1000 and 10,000 nm). Elastic-to-viscous transitions are circled on

compressive stress traces.

Fig. 22. Maximum compressive Hencky strain as a function of
distance from the bubble nucleus for different initial bubble

radii (R0 5 2.5, 5.0, 10, 100, 1000 and 10,000 nm).
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xEV

Rmax

5 f ðxÞ (11)

where f is some function of x. To investigate this scaling,

xEV/Rmax is plotted versus x in Figure 26 by including all

of the data from Figures 23 and 24.

The results are unambiguous: For the parameter

range under consideration, all of the data collapse onto

a single curve, thus verifying the validity of the scaling

of eqn (10). Moreover, for x˛[0,0.27], the relationship

is linear, such that

xEV

Rmax

5 cx (12)

where c z 0.4 by data fit. Because x represents the ratio

of elastic to viscous forces, the increase in xEV/Rmax with

x is understandable: As the relative importance of elastic

stresses increases compared with the viscous contribution

(increasing x), for example, because of increased shear

modulus relative to viscosity, the region in which elastic

effects dominate extends farther from the bubble wall.

The linear dependence on x, and thus on Rmax, in

Fig. 23. Elastic-to-viscous compressive stress transition distance xEVas a function of viscosity forG5 0.5, 2.5 and 5 kPa
(left) and of shear modulus for m 5 15, 20 and 25 mPa$s (right).

Fig. 24. Elastic-to-viscous compressive stress transition distance xEVas a function of peak negative pressure for u5 0.8,
1.0, and 3.0 MHz (left) and of waveform frequency for pA 5 20, 30 and 40 MPa (right).

Tissue susceptibility to mechanical cavitation damage d L. MANCIA et al. 1437



[0,0.27] indicates that the size of the region dominated by

elastic stresses increases in a geometrically similar

fashion.

For the larger shear modulus cases with low viscos-

ity (G 5 5 kPa and m , 20 mPa$s, red diamond in

Fig. 26), as well as the lowest frequency (u 5 0.8 MHz),

the scaled transition location increases more rapidly

with increasing x, such that xEV/Rmax no longer obeys a

linear relationship; the data collapse is not as clear. These

deviations reflect the predominance of elastic over

viscous effects. For low frequency with equivalent visco-

elastic parameters, the dominance of elasticity on overall

dynamics occurs because bubble growth in these large

deformation cases is limited more by tissue resistance

to further deformation than by viscous dissipation.

The authors recognize that for the scaling in eqn (10) to

be practically relevant, a corresponding scaling for Rmax

or perhaps Rmax/R0 is necessary, though it lies beyond

the scope of the present study and has been investigated

by others (Bader and Holland 2016).

CONCLUSIONS

We studied the effects of tissue properties (viscos-

ity, shear modulus, nucleus size) and waveform param-

eters (peak negative pressure, frequency) on the bubble

dynamics of a 5-nm nucleus subjected to a single nega-

tive histotripsy-relevant cycle. The resulting stress and

strain fields in the surrounding medium, modeled via a

Kelvin–Voigt viscoelastic constitutive relation with

non-linear elasticity, were examined in the light of po-

tential tissue injury. Overall, the largest radial stresses

were experienced at the bubble wall and are due to

different mechanisms: while the largest tensile stress

was of viscous origin and occurred at collapse, two

peaks in compressive stress occurred at initial growth

(viscous) and maximum radius (elastic). The maximum

stresses/strains depended on the tissue and waveform

properties: In addition to affecting the stresses/strains

via the bubble dynamics (as do the waveform proper-

ties and nucleus size), the viscosity and shear modulus

also dictated the dependence on strain magnitude and

rate. The stresses and strains decreased with depth

into the tissue, though the viscous and elastic contribu-

tions decreased at different rates. Elastic stresses pro-

duced maximum compressive stress for cells initially

near the bubble and viscous stresses dominated farther

away. There was thus a critical initial distance from the

nucleus beyond which the maximum compressive

stress experienced by those cells is of viscous origin.

Scaling analysis was used to illustrate that a funda-

mental relationship exists between the scaled transition

location and the dimensionless elastic-to-viscous

forces ratio, which was linear for most of the parameter

range. This result further indicated that the size of the

region dominated by elastic stresses increases in a

geometrically similar fashion. Thus, assuming that

stresses/strains are the dominant mechanisms of

cavitation-induced tissue damage, our results support

the potential value of using maximum bubble radius

as a metric for tissue damage, especially if this metric

includes dependence on tissue viscosity, elasticity and

waveform parameters.

Given the fundamental nature of the present prob-

lem, our results can be generalized. However, they are

limited to the material model under consideration. The

chosen model accounts for important features of soft tis-

sue mechanics (finite deformation, viscoelasticity), but

Fig. 25. Schematic illustrating three likely time points for mechanical tissue damage during a single cycle of bubble
growth and collapse. The dominant mechanisms acting at points R1, R2 and R3 are given in Table 2.

Table 2. Mechanical damage mechanisms during a single cycle of bubble growth and collapse for nucleus sizes ,10 nm

R1 5 R0 R2 5 Rmax R3 5 Rmin,R0

Viscous effects dominate
Maximum compressive stress
(absolute maximum for x . xEV)

Maximum strain rate

Elastic effects dominate
Maximum compressive stress
(absolute maximum for x , xEV)

Maximum compressive strain (absolute)

Viscous effects dominate
Maximum tensile stress
Maximum tensile strain
Maximum strain rate
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the complex microstructure may require more sophisti-

cated constitutive relations for accurate, quantitative

stress predictions. Bubble–bubble interactions could

also influence the damage mechanisms postulated in

this study. Thermodynamics and transport phenomena

in soft tissue are not well understood; mass transport in-

side (Barajas and Johnsen 2017) and outside the bubble

may affect bubble growth. Strategies to improve the fidel-

ity of the models are underway and require experimental

characterization of soft tissue.
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