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Many studies have shown that microbubble cavitation is one mechanism for vascular injury under ultrasonic
excitation. Previous work has attributed vascular damage to vessel expansions and invaginations due to the
expansion and contraction of microbubbles. However, the mechanisms of vascular damage are not fully un-
derstood. In this paper, we investigate, theoretically and experimentally, the vessel injury due to stress induced
by ultrasound-induced cavitation (UIC). A bubble-fluid-vessel coupling model is constructed to investigate the
interactions of the coupling system. The dynamics process of vessel damage due to UIC is theoretically simulated
with a finite element method, and a focused ultrasound (FU) setup is carried out and used to assess the vessel
damage. The results show that shear stress contributes to vessel injury by cell detachment while normal stress
mainly causes distention injury. Similar changes in cell detachment in a vessel over time can be observed with
the experimental setup. The severity of vascular injury is correlated to acoustic parameters, bubble-wall distance,
and microbubble sizes, and the duration of insonation..

1. Introduction

Cavitation and bubble dynamics near solid boundaries have been
investigated both theoretically and experimentally in many fields. On
one hand, cavitation damage is the progressive loss of material in
equipment in hydraulic environments [1,2], such as pumps, water tur-
bines, and propellers, significantly shortening the life of these systems.
On the other hand, cavitation effects are being exploited for numerous
applications in chemistry [3], in medicine [4,5], and in environmental
protection [6]. Of course the bubble will do this regardless of whether it
is near a boundary or not. More importantly, the bubble loses its
spherical symmetry when it is near a boundary [7]. The shock wave and
micro-jet during bubble collapse are viewed as the two main mecha-
nisms for ultrasonic cavitation damage, and even crack on the material
surface [7,8].

A microbubble collapsing near a tissue boundary generates intense
shear stress, which affects the membrane integrity [9] and eventually
causes cell detachment when subjected to sufficiently high shear stress
by liquid jets [10]. A shear stress of 100-160 Pa may be required for the
detachment of the cultured cells [11] while a shear stress around 800 Pa
cause the lysis of endothelial cells [12]. Being inspired by UIC
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destruction to soft compliant wall, Curtiss et al. suggested that UIC may
provide an efficient method for removing unwanted material layers off
an attached surface, such as removing cholesterol from the aortic artery
[13] destroying normal collagen and an elastic fibrous skeleton from
thrombi and atherosclerotic plaques [14,15]. Bubble cavitation by
regulating acoustic parameters have potential applications in the de-
livery of intravascular drugs and genes to regions of pathology [16-18],
opening the blood-brain barrier (BBB) locally [19] and so on. However,
acoustic cavitation dynamics in non-invasive, focused ultrasound ther-
apies, such as shock wave lithotripsy [20] and histotripsy [21], throm-
bolysis [22], is usually accompanied with vascular rupture by shear
stress [20-22].

Microbubbles confined in blood vessel have complicated dynamic
behaviour when excited by an ultrasound and create multiple effects,
including a cavitation effect, acoustic radiation force, acoustic streaming
and sonoporation effect [23]. These mechanisms may result in structural
modification of vessel, such as occlusion [1] and destruction [2], pro-
moting drug penetration through the vessel wall or cell membrane. In
both simulations and experiments, characterization of the bubble-vessel
dynamics has been difficult. Experimentally, the challenge lies in per-
forming measurements and observations in tissues and blood vessels due
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to fast temporal scales and small spatial. As a result, experiment tal
investigation has primarily been performed in vitro, typically making
use of gels and vessel phantoms to model tissues and blood vessels,
respectively [7,24-26]. The first direct in vivo observation of micro-
bubble dynamics inducing microvessel ruptures were reported by Cas-
key et al. [27]. In that study, microbubble expansion constrained inside
small vessels was significantly reduced, and the cavitation bubbles
collapse asymmetrically in the vicinity of vessel wall. Inspired by this
Chen et al. [28,29] performed analogous experiments in ex vivo rat
mesentery. They found three mechanisms may potentially lead to the
mechanical damage of blood vessels due to cavitation bubble. These
include vessel invagination due to bubble collapse, vessel distention due
to bubble growth, and puncturing of the vessel wall due to bubble
jetting. These biomechanical effects create unintended and unwanted
permanent damage to the blood vessel. However, UIC force can be
exploited for drug delivery if the ultrasound parameters are well opti-
mized [23]. Interestingly, UIC is utilized for a promising method for
atherosclerotic inducement in animal models [30,31]. In this case, Shi
et al. employed an ultrasonic standing wave with the participation of
cavitation nuclei and by modulating the positions of the antinodes to
obtain the positions of vessel-wall cavitation injury and the degree of
vessel endothelial injury [31]. Silvani et al. [32] found that the use of
pre-existing bubbles can lowers the intensity of ultrasound irradiation
thereby mitigating potential adverse bioeffects, e.g., apoptosis, necrosis,
and bleeding, and provide an integrated platform for precise and
repeatable in vitro measurements of cavitation-enhanced endothelium
permeability. By combining ultrasound with microbubbles, Yemane
et al. [33] investigate the influence of vascular parameters on extrava-
sation and the penetration of microbubble into the extracellular matrix
by intravital multiphoton microscopy. They also found microbubbles
could infiltrate the blood vessel, and there was a correlation between
blood vessel size where extravasation occurred and mechanical index
during ultrasonic excitation.

Besides experimental reports, computational models, which cannot
be easily with experiments and can provide more details and insights
about cavitation physics, have been utilized to depict the dynamics of
bubbles confined inside blood vessels. Sassaroli and Hynynen [34]
illustrated the frequency responses generated by an oscillating micro-
bubble inside a small blood vessel, and revealed how the resonance
frequency of microbubbles is influenced by the vessel radius, bubble
radius and bubble position in blood vessels. Qin and Ferrara [35] gave
similar predictions using a finite element method and also predicted the
radius of the bubble as a function of time. A numerical model from Miao
and Gracewski [36], using a coupled finite element and boundary
element method to model the bubble shape with time, predicted the
maximum tube dilation and maximum hoop stress occurred before the
bubble reached its maximum radius as a bubble centered within a
deformable tube. The model also indicated that when the tube radius,
tube thickness and acoustic frequency were reduced, the maximum hoop
stress increased, suggesting a higher potential for tube hemorrhage and
rupture. A theoretical model coupled to the Navier-Stokes equations
was given by Martynov et al. [37] and was used to demonstrate the wall
deformations induced by an oscillating bubble within an elastic blood
vessel. To find out what the cause of blood-brain barrier (BBB) disrup-
tion, Wiedemair et al. [38] developed a coupled multi-domain model
through incorporation of the vessel structural dynamics, bubble dy-
namics and their interactions with the luminal liquid. They concluded
that transmural pressure and wall shear stress at the luminal endothelial
interface were two prominent factors for improving the efficiency of
drug delivery. Based on the model presented by Wiedemair, Hosseink-
hah et al. [24] created a finite element model combined with bubble-
fluid-vessel system, and confirmed that vascular damage could occur
during vascular invaginations due to the microbubbles’ shrinkage. A
similar model has also been treated by Chen et al. [39] and was used to
demonstrate the influences of both acoustic parameters and material
properties, including vessel size, microbubble shell visco-elastic
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parameters and fluid viscosity, on the dynamic interactions in the
bubble-blood-vessel system. A numerical model from Singh et al. [40],
using combined laser and ultrasound to generate enhanced cavitation
activity inside blood vessels, was carried out with finite element method.
The results from this model indicated the laser play a significant role for
small bubbles with radius less than 100 nm. Based on their previous
work, Singh and Yang [41] created a 3D finite element method model
for investigating the tangential or circumferential stress of the vessel
wall. The simulation results showed shear stress generated by oscillating
bubble was related to the bubble-vessel wall distance, and the bubble
moved closer to the vessel wall over time. Interestingly, based on UIC
force, Rigatelli et al. [42] created a computational model for assessing
the potential of UIC damage to coronary artery endothelium and to
promote atherosclerotic plaque progression.

As reported above, wall stress in vessels is critical in the cell distor-
tion, and can mediate cellular functions or even damage the cytoskeletal
structure if excessively large [43]. However, the majority of previous
studies tend to report the vascular damage induced by the vessel
expansion and invagination during bubble expansion and collapse, or
evaluate the effect of vessel wall stresses on non-invasive BBB opening
and UIC sonoporation to realize spatiotemporal-controllable drug de-
livery in selected regions using focused ultrasound. Many aspects of the
mechanical mechanisms involved in the cavitation injury by stresses in
action in cell detachment from vessel walls have remained obscure. In
this paper, we focus on the mechanism of vascular injury, especially the
dynamic behavior of cell detachment by UIC shear stress. A two-
dimensional (2D) finite element method model is presented to simu-
late microbubble-cell interaction. The efficiency of cell detachment is
presented for evaluating the vessel damage. To further assess the shear
stress injury to the vessel wall, an ex vivo vascular model is tested with
the designed FU setup, and discussions are made by comparing the
current experimental observations with the theoretical simulation
results.

2. Theoretical model and methods
2.1. Bubble-fluid-vessel model

A 2D geometry of the bubble-blood-vessel system is shown sche-
matically in Fig. 1, where the microbubble is located close to one side of
the vessel walls, L is the length of the vessel, d is the thickness of the
vessel wall, R, is the initial radius of the vessel,R; is the distance be-
tween the initial bubble center and the vessel wall. The origin of the
rectangular coordinate system (i.e. xy-coordinate plane) is at the lower-
vessel center, the y coordinate is orthogonal to the vessel wall and the x
coordinate is parallel to the vessel wall.

Assuming that gas inside the bubble is assumed spatially uniform and
satisfies the ideal gas equation, the gas pressure inside the bubble
changes with the bubble radius,

Ry

Pg = I’go(;)zy (€]

l |
| L |
Vessel Wall
Microbubble
Ry
Vess‘el Wall d

Fig. 1. A schematic diagram of a bubble-blood-vessel system.
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Where p, is the gas pressure inside the bubble, y is the polytropic
exponent of the gas, Ry is the initial radius of the bubble and R is its
radius at timet.py is the initial pressure and meets the static balance
condition [44],

’

20
Pgo = Po+ R, (3]

Where ¢ is the surface tension. When the length of the vessel is much
greater than the bubble size, the fluid at both ends of the vessel will
satisfy the boundary condition of p,, = po —p(t) , where p, is the hy-
drostatic pressure in the fluid and p(t) is the driving ultrasonic pressure
pulse. For a gas bubbles oscillating in a incompressible fluid, the gas—
fluid interface must obey a velocity continuity condition and a pressure
continuity condition, which is given respectively as follows [39].

u(R) =R 3

p(R) :pr%%ug @
Here o, is the interfacial tension of the free gas bubble.

Blood in the vessel is assumed as a homogeneous, incompressible and
single-phase Newtonian fluid. If a bubble is excited by ultrasound, the
fluid around the bubble must obey the mass and momentum conserva-
tion laws [24]:

op .
S Vpw) =0 (5)
/)(%+(7~V)7) +v.(fp7’+u,.(v7+v77)) ) 6)

where W and T are the velocity vector and identity tensor,p is the
pressure in the fluid, p and y; are the density and dynamic viscosity of
the blood, respectively.

The vessel wall is assumed to be a homogeneous isotropic linear
elastic material, which satisfy the displacement equations:

Fds
Pson — Ve =0 (@]
Where pj is the vessel density, o is the stress tensor, which satisfies
isotropic linear elastic constitutive equation [45]:

T =2Tr(€) 1+2u4€ (8)

Where 1 and y are scalar constants known as Lamé coefficients, which
are related to the elastic modulus E and the Poisson ratiov, that is, 1 =
VE/(1+v)(1 —2v) andy = E/2(1 + v). The strain tensor ¢ satisfies the
following equation [45]:

_ — 1/ —>
§=V di=3(d © V+V @d) ©
2
On the fluid-vessel interface, the stresses of the vessel wall are given
as.
ou= (=pT +u, (VT + (VW))W 10)
and
o= (—pl +u,(V&+(VI)" )7 an

Where T and 7 are the unit vectors in the normal and tangential di-
rections at the fluid—vessel interface. In addition, the fluid-vessel inter-
face must also satisfy the conditions of velocity continuity and pressure
continuity:
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., ods
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Where E} is the fluid velocity vector, e is the wall displacement vector,
'S

G and 0’ are the stress tensors of the fluid and vessel, respectively.

The degree of cavitation damage within the vessel is determined by
the stresses exerted on the cell. When the forces exerted are sufficient,
cell-cell breakage may occurs and leads to wall rupture.

2.2. A dynamic model of cell detachment efficiency

The dynamics of cell detachment from vessel wall under shear stress
is a complicated process. We assume that i)cells are uniformly distrib-
uted within the vessel wall, ii) bubble-bubble interactions are ignored
because of low bubble concentration, and iii) blood vessel injury is
positively relate to cell detachment efficiency.

The kinetics may be expressed by a linear relationship. In this way,
the number of detached cells as a function of time t and shear stress
0.N(o,,t) verifies [46].

M) k(o) Niow a4
dt

Equation (14) suggests that cells detach independently, and the
detachment probability per unit time is independent of time when tak-
ing no possible physical causes of fatigue during the cell-detachment
process. Solving Eq. (2) leads to [46].

N(o:,1) = n(6,)(1 — e7*oa)n) (15)

Where the values of both the detachment efficiency n(s,) at infinite time
and the detachment rate k(o,) are determined by the applied shear
stress, which is given as [47].

k(o)) = koexp(\/a,/éta,g 16)

(6./40)"*

Where k¢ and 6,9 are two constants, which were determined experi-
mentally by Décave [48]. In the simulations, we applied these constants
for bonding strength of vessel cells and used the parametersky = 2 x
10%/s ands,o = 8 x 1072 Pa [48].

Another hypothesis considers that detachment will not occur below a
threshold stress o, for a given cell on a given surface. If f(o;) is the
distribution function of threshold stress in the cell population, n(s;) is
given by Zakerzadeh and Zunino [46].

”(0'1) = /:rf(o'r)daf a7)

An approximate expression of f(o,) is obtained assuming a log-
normal distribution o, [46].

18

1 [In(6,) — In(3)]?
flor) == mexp( 57 )

Where parameter ¢ is the nondimensional variance, and is 0.60 ~ 0.62
in our calculations.

2.3. A dynamic model of vessel damage

Blood vessel damage is defined as the irreversible rupture of the
cell-cell network and process of the cell detachment. It consists of a
cumulative damage due to low strength for long-duration loads and one
time-loss injury subjected to relatively high strength or fast loading. A
theoretical description of the vessel damage is fairly complicated, which
is not only correlated with the characteristics of the biological tissue
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itself, such as stress relaxation, and hysteresis, both of which are
dependent on the timescales of deformation, but also to related to the
external stress, for instance, the stress/strain histories caused by
different loading sequences.

It is assumed that vessel injury will takes place if the external pullout
force exceeds the breaking strength of cell-cell detachment as given in
Egs. (14)-(17). To account for the breaking of cell-cell bonds perhaps
some modification could be made to the vessel damage when subjected
to a time-varying stress. The general form of the rate of damage function,
which expresses the damage accumulation due to stress, may be written
as follows:

D(1) = w(Ep,o(1)) a9
In Eq. (19),D(t) dot denotes differentiation with respect to timet,E}, is
an damage energy for irreversible damage reaction and is a constant.
We assume that the vessel wall is homogeneous and isotropic, the
strain energy density function,w, may be written as:

2 2
w(o) = %(Z—G + ﬂ) (20)

Kg

Here parameters kg and kg are shear modulus and Young’s modulus of
tissue, respectively.

Based on an Arrhenius integral model for thermal cumulative dam-
age of soft tissues [49], a combined energy-stress prediction model
combined with Egs. (19) and (20) is assumed to depend upon the
instantaneous stress level and the previous stress history, and is esti-
mated by the tissue damage rate D(t) expressed in the form:

D(1) = /OZF exp( - izi?)dt (21)

Here, symbol ty denotes sonication time, parameter A is the material
parameter, associated with vessel elasticity containing material prop-
erties of Young’s modulus and shear modulus. Parameters A and Ej, are
assumed to be 1.0 x 10°N and 1.0 x 10° J per unit volume [49],
respectively. We also assume that D has a value of zero initially, when
the cell vibrates in the overload state, and increases monotonically,
reflecting the cell’s exposure to time-varying stress. The rupture or
detachment of a particular cell from vessel wall is indicated when the
cell reaches a critical value of the damage-energy indexEp.

2.4. Numerical simulation

Based on the model as illustrated in the schematic diagram of Fig. 1,
the vessel damage is studied due to interactions of cavitation micro-
bubble and vessel wall in a FU field, where the FU focus is set to be
located in the middle of vessel lumen. The vessel length in the whole
study is L = 200 pm. According to the distribution characteristics of the
stress force, the relative microbubble scale can be viewed as infinite. The
simulation parameters are listed in Table 1. Equations of bubble-fluid-
wall interaction with initial and boundary conditions are solved by a
method based on finite element method via COMSOL Multiphysics 5.0

Table 1
Values of parameters in this study [50].

Name parameter Value(unit)
Gas polytropic 4 1.17
Saturated vapor pressure P, 2330 Pa

The initial radius of the microbubble Ro 2 pm
Gas-liquid surface tension og 0.056 N-m™*
The density of blood p 1059 kg'm 3
Sound pressure Pq 0.1-0.2 MPa
Hemodynamic viscosity u 0.0035 Pa-s
Blood vessel density Ps 1000 kg:m 3
Young’s modulus of blood vessel E 1.0 MPa
Vascular Poisson’s ratio v 0.49
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(Comsol, Inc.; Burlington, MA). In the model as depicted in Fig. 1, unit
size free triangle mesh is applied to partition the model. A maximum
mesh size of A/6 () is the acoustic wavelength) in the focal region and a
maximum mesh size of A/4 in the rest of the domain is utilized to
generate grid. The vessel walls contain 5086 vertices of mesh and 9570
triangular elements. In addition, the blood is consisted of 9570 trian-
gular units and 4937 vertices.

3. Results and discussion
3.1. Simulation results

To investigate the detachment kinetics of cells a set of detachment
curves is obtained by using Eq. (15). Fig. 2 shows time variation of the
percentage of detached cells (PDC) rises over time and reaches a plateau
at three different shear stressess, = 100, 150, and 300 Pa. The charac-
teristic time to reach the plateau is shorter at higher stresses. It is seen
that at any o, the shear stress increases with time and eventually attains
a steady state. The level of the plateau is higher for higher stresses. The
kinetics obeys a first-order relationship. The number of detached cells
verifies that cells detach independently.

Fig. 3 depicts the PDC distributions as a function of position along the
vessel wall during FU exposures with a 4-cycle, 1.18 MHz continuous
sine wave, and a negative pressure of around 4.3 MPa at the FU focus. As
is expected, the cell disruption is instantaneous according to Eq. (15).
Fig. 3 clearly shows a very rapid and large initial loss of the cell
detachment generated by an oscillating bubble with an initial radius of
Rp = 2.5pm in a very short period of time. After the 4-cycle shear stress
exposure, PDC increases from 0.43 in one cycle to 0.82 in four-cycle
times. Such results are qualitatively consistent with some reports on
cell damage [51,52]. The kinetics of cell detachment is strongly affected
by the applied shear stress and the substrate properties. Equation (17)
indicated a log-normal distribution function of threshold shear. There
are no reports about the shear stress thresholds to the endothelial cells
on vessel walls. Therefore, an estimated threshold of 100 Pa is used in
our simulations for computation according to the detachment of
cultured HeLa cells by Ohl et al.[11]. The results indicate that endo-
thelial cells would eventually detach when the shear stress exceeds a
threshold [12], but the cell detachment gradually tends to a stable value.

To evaluate the vessel injury, we give a 2D wall morphology, based
on equation (21), that demonstrates the damage evolution with time as
shown in Fig. 4. Two characteristic phenomena have been observed

100 . . . T .

-+ =300 Pa
-=0=150 Pa| 1
—+—0=100 Pa

Percentage of Cells Detachment

6 8 10
Time (s)

Fig. 2. Cell detachment efficiency at the indicated shear stress as a function
of time.
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from the figure: on the one hand, the cavitation bubble oscillates with a
non-spherical shape and shows a migration towards the vessel bound-
ary. On the other hand, vessel injury occurs at surface in the first period
and becomes more severe with insonation time. Note that the temper-
ature elevation in vessel tissue can be neglected for a short duration of
ultrasonic radiation. In addition, the stress profile induced by microjet
on the vessel wall is not depicted in this figure, which has been inves-
tigated in our previous work [53]. Making careful observations of vessel
shape and damage color changes in the bubble-blood-vessel in-
teractions, one found in Fig. 4(a)—(c) that cell detachment by shear stress
is the main injury and accumulates over time when the vessel radius is
far greater than the maximum size of a vibrating microbubble. While in
some cases bubbles expanded to much larger sizes compared to bubble
sizes, vessel distention may play a more important role than shear stress
in causing vessel injury, especially at the outer vessel wall as illustrated
in Fig. 4(c) and (d). Some experiments have suggested that vascular
injury from acoustically activated bubbles has been attributed to either
high shear stress by liquid jet [54] or vessel distention due to “pushing’’
forces [28,29,55].

Fig. 5 demonstrates the correlation between percentage of cell
detachment at various distances Ry for a bubble with an initial radius of
2.5 pm, an acoustic driving pressure of 0.2 MPa, and a driving frequency
of 1.18 MHz. It can be seen that the damage gradually decreases with
cavitation bubble staying away from vessel wall. The maximum
detachment decreased from 48 % forR; = 6.0 pm down to 39 % forR; =
9 pm.

In addition, we also found that the cell detachment was related to the
initial radius Ry for a frequency. As shown in Fig. 6, the percentage of
cell detachment decreased with increasing Ry for three frequencies (i.e.
1 MHz, 2 MHz and 3 MHz), and decreases more quickly in higher fre-
quency with increasing initial radius Ry, which was consistent with the
trend in the results reported by Qin and Ferrara [35]. Noted is that, for
the frequency of 1 MHz and the vessel radius of 5 pm, the cell detach-
ment in one minute reached a peak value when bubble with initial
radius is 1.5 pm and then drops with increasing Ry. The results suggest
that the cavitation damage in blood vessels must be combined with the
vessel size, initial bubble radius and driving frequency.

3.2. Experimental method and results

3.2.1. Experimental setup
Ex vivo vascular model is tested with the designed focused
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Fig. 5. Percentage of cell detachment at the first period for four
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ultrasound (FU) system (PRO2008, Shenzhen PRO-HIFU Medical Tech.
Co., Itd, China) to evaluate the degree of cell detachment by UIC during
FU exposure. Fig. 7(a) illustrates the experimental setup for the ex vivo
FU radiation. The main parameters of the setup are as follows: 1.18
MHz, focal lengths 13 cm. The sound intensity is 2 ~ 10 kW/cm?, a
general power of 120-280 W. Ultrasound radiation with peak negative
pressures (PNP) of 3.5-6.5 MPa is used in this setup.

An ultrasound imaging device (EnVisor, Philips, Holland) is used for
monitoring of the cavitation activity by hyperechoic area induced by
cavitation bubbles within the artery model. This imaging probe (4-6
MHz) is incorporated into the center of the FU transducer head. The
vascular geometric model is acquired from broiler chicken intestinal,
and is packaged for six groups. The initial inner radius, outer radius, and
length of each specimen are respectively 5.1 mm, 6.5 mm, and 70 mm,
which is relatively close to the size of the arteries.

3.2.2. Experimental method

The vascular models are stored in the refrigerator at temperature of
0 °C prior to testing, and then are placed at a constant external tem-
perature of 37 °C for about an hour. To reduce injuries caused by shock
wave as much as possible, vascular model is firmly fixed in a small slot of
absorbing tile, which is positioned at the beam focus. To achieve a high
probability of cavitation bubbles within the vascular sample, the fluid
inside and outside the sample is respectively filled with normal distilled
water and degassed water, which is slowly flowing down the inner wall
of the glass tank with a plastic pipe according to the principle of
siphoning until the bottom of the FU probe is submerged above 10 cm. In
addition, the absorbing tiles are sticked to the bottom of the water tank
to get rid of the reflected ultrasound wave as shown in Fig. 7(b).

Function waveform generators produces continuous wave signal to
drive FU transducer. Two out power are chosen: 120 W and 180 W.
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Ultrasound imaging system record the cavitation phenomena at each
power level simultaneously. The artery model samples are sonicated for
2-3 min. The results and damage of the samples after continuous wave
exposures are examined by light microscope (L135A, 10*100X) for all
output power levels.

3.2.3. Experimental results

After FU radiation, each sample is cut in the longitudinal direction.
Fig. 8 shows the evolution of cell detachment profiles at three times t =
1s,30s, and 60 s. Tube wall become damaged and wider in the vicinity
of the focal area with FU exposures. A non-homogeneous distribution of
cell detachment in the wall at different time can be observed. In addi-
tion, unlike real-time response in the simulations as seen in Fig. 2,
experimental results show there is a time-lagged effect between the cell
detachment and shear stress as shown in Fig. 8(a). One possible expla-
nation for this difference between numerical and experimental results is
that fatigue effects may play a role in continually stress force before the
cell detachment from endothelium. Another possible mechanism is that
the cell-cell interaction may induce the resistance force against
detachment force due to the spatial inhomogeneity distribution of the
cytoskeletal structure [56].

It is noted that, in an experimental run, cell detachment generates
not just a single bubble but a large cluster of bubbles. Furthermore, as
can be observed in Fig. 8, it take one minute to cause all of the severe
damage to the wall, while no damage, even for a comparatively high
shear stress of about 800 — 1000 Pa in FU focus can be found for the
same FU radiation at the first one second as depicted in Fig. 8(a). The
presence of the damage accumulation may be explained by a conse-
quence of fatigue effects on continually stressed cells. Thus, cell damage
by shear stress should be a function of time of exposure as well as shear
stress [56].

The spatial extent of detachment in the tested sample tissue is ob-
tained with statistical analysis, and the wall damage is evaluated by
measuring the cell detachment area. The detached cells on vessel wall,
expressed as a percentage occurrence in a histogram based on a mass-
weighted method is shown in Fig. 9. At 1 s, 1.2 % of cells are
observed to detach from the wall, where cell detachment is scarcely
observed. At 10 s, 12 % of cells became detached, while 38 %, 90 % and
100 % are observed when the FU exposure times were 30, 60, and 72 s,
respectively. It should be noted the ratio of detached cells to total cells is
determined by penetrating the wall when the exposure time is 72 s. In
addition, the PCD response in Fig. 9 exhibits a great similarity to the
curve changes in Fig. 2 with time.

3.3. Discussion

In this study, a fully coupled bubble-fluid-vessel model is developed.
The vessel injury due to stress induced by ultrasound induced cavitation
are investigated theoretically and experimentally. In our computational
model, an off-center bubble can be located at any position with a dis-
tance d near an elastic wall. Based on theory and experiment, two
different damage models are used for evaluating the cumulative damage
of blood vessels.

Computer

- HIFU transducer

Degassed water

Tissue sample

Absorbing tiles

(b)

Fig. 7. Schematic of the experimental set-up: (a) physical drawing of FU system and (b) diagram of FU system.
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(b) t=30s

(c) t=60s

Fig. 8. Evolution of cell detachment profile generated by FU radiation out
power of 180 W at three times: (a) t=1s, (b) t=30s, and (c) t= 60 s.

The current numerical model is validated by simulation of vessel
damage degree for solving Eqgs. (15) and (21) combined with the
analytical method and the finite element method. As shown in Fig. 10,
the blue square-plotted curve (case I) represents the damage directly
due to shear stress by solving Eq. (15) while the black triangle—plotted
curve (case III) represent the damage due to strain energy disturbance by
solving Eq. (21), and the red rhombus-plotted curve (case II) comes
from the square root of case III. It can be seen clearly that the damage
degree for three cases increases with the FU exposure time. Compared to
case I and case II, the damage for case III, including the total work done
by the tangential and normal stresses, produces a more serious injury to
the vessel walls. Case I and case II have a similar trend and are becoming
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Fig. 9. Percentage of cell detachment at different times for out power of 180 W.
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Fig. 10. Comparison of vessel damage degree for out power of 180 W during
four successive cycles: - ll- represents the cumulative damage by cell detach-
ment rate, and four data is extracted from the peak values in Fig. 3, W
represents the cumulative damage rate D and four data is extracted from the
peak values in Fig. 4, an — - represents the square root of cumulative damage
rate D.

increasingly differentiated. It indicates case II has relatively great
impact on vessel damage than case I with time. In fact, one can find,
considering the relation between Egs. (20) and (21), case II is the sum
damage generated by tangential and normal stresses It may be inferred
from the results of Fig. 10, for comparing Fig. 3 and Fig. 4, the difference
between case I and case II may be the damage produced from normal
stress. To this view, one can reasonably conclude that the rapid expan-
sion and contraction of a oscillating microbubble, which has size com-
parable to that of the vessel radius, result in vascular injury or rupture
due to the large normal stress as shown in Fig. 4(c) and (d), exhibiting
excellent agreement with the experimental results reported by Chen
[28,29]. In addition, as depicted in Fig. 4(a) and (b), when the vibration
amplitude of bubbles is much smaller than vessel radius, vessel injury
mainly depended on shear stress due to cavitation-induced microjet
[24].

In the experiments section, we have primarily focused on cumulative
effects of blood vessel induced by shear stress because the testing con-
dition is based on the large blood vessels compared to microbubble. The
damage evolution of vessel samples through experimental test has the
similar tendency as displayed in Figs. 8 and 11. In regard to the size and
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(a) t=Is

(b) t=30s

(c) t=60s

Fig. 11. Evolution of cell detachment profile generated by FU radiation at three
times: (a)t=1s, (b) t=30s, and (c) t = 60 s.

shape of vessel injury both figures have some difference by comparing
profile of Fig. 4. However, cavitation pits formed through experiments
displays very similar types of the simulating results as shown in Fig. 4.
Perhaps the fact that theoretical results are predictions based on single-
bubble cavitation model while experimental testing of vessel injury for
the collective effects of multiple microbubbles. If FU out power is
reduced from 180 W to 120 W, as seen in Fig. 11, the vessel injury due to
cavitation bubble in ultrasound field seem mild compared to that of in
Fig. 8 for out power of 180 W. But both of them demonstrate the similar
injury profiles in three different periods. Interestingly, when the blood
sample is located at 14 cm (FU focus length 13 cm), it could be found
that the distribution of cavitation damage is obviously difference. The
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vessel damage of off- focus test was significantly reduced in comparison
to the case of a FU focal point at the vessel center for the same time and
out power, but the vessel injury area in Fig. 12 is actually significantly
larger than those of Figs. 8 and 11. Besides, Fig. 12 has no obvious
cavitation pits. These differences may be partly explained by the
occurrence conditions of acoustic cavitation. The formation, growth and
collapse of gas bubbles or vapor are closely related to the space-
dependent acoustic field [57]. It is well known that cavitation bubbles
usually start in the focal region where the acoustic pressure is the
highest in the whole ultrasound field [58], but the acoustic pressure as
well as the cavitation intensity decreases with off-focus distance. How-
ever, there is still a relatively large area for the blood vessel in the off-

(c) t=60s

Fig. 12. Evolution of cell detachment profile generated in off-focus region at
three times: (a) t =15, (b) t =30 s, and (c) t = 60 s.
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focus regions, where the pressure peak exceeds the cavitation threshold.

The results in Figs. 8, 11, and 12 suggest that acoustic output power
relates to damage severity. The detachment efficiency as shown in
Fig. 13 exhibits the PCD curve of vessel samples with changing output
power, using the preceding experimental setup. The detachment effi-
ciency increases rapidly with increasing out power, and, above 210 W,
more than 90 % of the cells have been detached from vessel surface.

In conclusion, comparison between experimental and simulational
results clearly shows that the injury area of vessel surface increases and
the degree of vessel injury gradually intensified with FU irradiation. This
can be confirmed by the morphology of two-dimensional vessel damage
in Figs. 4, 8, 11and 12, which demonstrates the similar changing trend.
The cumulative process of vessel damage is an irreversible under
continuous stress applications or energy disturbance. The calculated
results are in agreement with the experimental results.

It should be pointed that uncertainties and errors may exist in our
work by the approximations and assumptions. First, a 2-D simplified
model is simulated instead of a 3-D model to reduce the computing time,
as a results direct observation of vessel surface injury can fail because of
model simplification. Meanwhile, the assumptions of the model exclude
many complicated but physically realistic situations, e.g., multi-bubble
interactions, static Newtonian viscous fluid [59]. Moreover, the dam-
age expression of equation (21) is obtained by a simple analogy to the
thermal damage model proposed by Pérez-Maqueda [49]. In addition,
we have assumed the constitutive model in this study is a linear elastic
isotropic material. In fact, biological tissues and extracellular matrices
exhibit far more complex mechanical behaviours, that is, an anisotropic
nonlinear viscoelastic-viscoplastic property [60], which may bring dif-
ficulty in predicting the occurrence of tissue damage. Meanwhile, soft
tissues show an obvious time-lagging effect similar to thermal response
subjected to short pulse laser or FU irradiation [61], due to the fact that
the force response propagates almost with an infinite speed through
such medium [62], which may reduce vessel injury. Finally, fatigue
damage by repeated cyclic loading on soft fibrous tissues is also an
important factor in evaluating the damage progression, which has not so
far been addressed in fatigue model of soft tissues [63]. The limitations
mentioned above lead to some error between numerical simulation and
experimental observation. For example, vessel damage response using
simulation is faster than that of experimental test. Despite the limita-
tions of the present models, the simulated results and ex-vivo vessel
experiments are adequate in providing a quantitative prediction of the
vessel damage, and show significantly better consistency with relative
work reported before. It suggests that the presented model in this paper
may be applied to help explain different types of vascular damage by
UIC.

4. Conclusion

In this paper, a 2D finite-element method model is developed to
simulate the two-way coupling interactions in the bubble-blood-vessel
system. The detachment of cells from the tube wall by stresses is studied
theoretically and experimentally. The numerical results suggested that
vessel distention induced by normal stress and cell detachment gener-
ated by shear stress contributes to vascular injury. The efficiency of cell
detachment is associated with vessel and microbubble size, and acoustic
driving frequency. The cell detachment occurs when the shear stress
exceeds the threshold strength of the wall, and reaches a stable value
after a rapid increase for high shear stress. But, unlike real-time response
in the simulations, experimental results show there may be a time-
-lagged effect between the cell detachment and shear stress because of
the nonlinear elasticity of the tissue. Overall, both theoretical and
experimental results indicate that the vessel damage is a cumulative
process, and is related to many factors, such as acoustic parameters,
bubble-wall distance, etc.
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