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An ultrasonically actuated fine-needle creates cavitation
in bovine liver

Emanuele Perra,’ (& Nick Hayward, (3 Kenneth P. H. Pritzker,>® () and Heikki J. Nieminen')
"Medical Ultrasonics Laboratory (MEDUSA), Department of Neuroscience and Biomedical Engineering, Aalto University, Espoo,
02150, Finland

’Department of Laboratory Medicine and Pathobiology, University of Toronto, Toronto, M5S 1A8, Canada

ABSTRACT:

Ultrasonic cavitation is being used in medical applications as a way to influence matter, such as tissue or drug
vehicles, on a micro-scale. Oscillating or collapsing cavitation bubbles provide transient mechanical force fields,
which can, e.g., fractionate soft tissue or even disintegrate solid objects, such as calculi. Our recent study demon-
strates that an ultrasonically actuated medical needle can create cavitation phenomena inside water. However, the
presence and behavior of cavitation and related bioeffects in diagnostic and therapeutic applications with ultrasoni-
cally actuated needles are not known. Using simulations, we demonstrate numerically and experimentally the cavita-
tion phenomena near ultrasonically actuated needles. We define the cavitation onset within a liver tissue model with
different total acoustic power levels. We directly visualize and quantitatively characterize cavitation events gener-
ated by the ultrasonic needle in thin fresh bovine liver sections enabled by high-speed imaging. On a qualitative
basis, the numerical and experimental results show a close resemblance in threshold and spatial distribution of cavi-
tation. These findings are crucial for developing new methods and technologies employing ultrasonically actuated
fine needles, such as ultrasound-enhanced fine-needle biopsy, drug delivery, and histotripsy.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0010534

(Received 24 March 2022; accepted 26 April 2022; published online 2 June 2022)
[Editor: Keith A. Wear] Pages: 3690-3702

. INTRODUCTION actuated medical needle.® Moreover, it has been shown that
at ~30kHz, ultrasound-enhanced fine-needle aspiration
biopsy (USeFNAB) enhances the yield of a biopsy by 3-5x
in liver compared to when a fine-needle aspiration biopsy
(FNAB) procedure is conducted using a similar needle.
These results suggested that the nonlinear acoustic phenom-
ena generated at the needle tip, including cavitation, might
play an important role in the tissue cutting mechanism in the
context of biopsy applications and beyond. However, the
potential presence of cavitation and related bioeffects in
diagnostic and therapeutic applications with ultrasonically
actuated needles require a more thorough understanding.
Actuation of medical needles by ultrasound is not a new
concept, and a number of studies related to the topic can be
found in the literature.””'> However, the applications have
been limited to improve the needle visibility in ultrasound-
guided regional anaesthesia and tissue biopsy’™'' or to

In recent years, ultrasonic cavitation has emerged in vari-
ous medical applications as a way to influence matter non-
invasively. Cavitation is a phenomenon that can be described
as the interaction between small spherical gas bubbles and
pressure perturbations taking place in a medium. When the
peak rarefactional pressure amplitude (PRPA) of an ultra-
sound field is low enough, gas bubbles can undergo stable
oscillations about their equilibrium radius, which is usually
referred to as stable cavitation.! However, at elevated PRPAs,
if certain threshold conditions are met,? gas bubbles can col-
lapse, giving rise to transient cavitation.® The collapse of a
cavitation bubble may generate different nonlinear acoustic
phenomena in the surrounding medium, such as generation of
rapid liquid microjets, acoustic emission in the form of shock
waves and formation of high stress fields. These physical

etfects ha}ve been ‘.Nld?ly Hmves tigated E.md employed in differ- reduce the penetration force of a standard needle.'*'? So
ent medical applications with the intent to, e.g., ablate

4 . 5 . 6 far, no research seems to have been conducted on studying
tumors,” fractionate calculi’ or tissue,” and enhance the per- . ) ) .
.. . .7 the potential generation of nonlinear acoustic phenomena
meability of cells for drug delivery applications.

. and their interaction with soft tissue.
In our recent study, we have demonstrated that cavita-

. . . In this study, we aim at studying the influence of cavita-
tion events can be generated in water by an ultrasonically . . . .
tion on soft tissue under the action of an ultrasonically actu-

ated needle. Numerical modeling is first used to simulate the

Y Also at: Department of Pathology and Laboratory Medicine, Mount Sinai tlme—dependent. aC.()uStlc field genera,ted, by ﬂ.IC ult.rasomc nee-
Hospital, Toronto, M5G 1X5, Canada. dle and the cavitation bubble dynamics in a liver tissue model.
PElectronic email: heikki.j.nieminen@aalto.fi The numerical results provided fundamental understanding of
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the cavitation nucleation threshold, spatial distribution, maxi-
mum size of the cavitation bubbles, and their influence on the
tissue, according to a cavitation—tissue interaction model pro-
posed by Mancia er al."* Experimentally, we developed a
method to visualize cavitation bubbles in thin portions of fresh
liver tissue, involving high-speed (HS) imaging using light
transmission. Such understanding is crucial for optimising the
safety and efficacy of clinical interventional procedures,
including many for diagnostics and cancer treatments. "

Il. METHODS
A. Numerical simulation

The computational software COMSOL Multiphysics
v5.5'® was used to solve the different equations governing
the cavitation bubble dynamics taking place in soft tissue.
We assumed a scenario where a 21 G x 80 mm hypodermic
needle is used, since it represents a common medical needle
normally employed in FNAB applications. The needle was
partially placed into a 10 mm X 12 mm cylinder representing
a liver tissue sample and actuated at the ultrasonic frequency
of 33kHz and total acoustic power (TAP) of 0.2, 0.5, and
0.8 W. Ultrasonic flexural standing waves were enabled in
the needle shaft via an ultrasonic device with similar geome-
try and material properties to the one employed in the actual
experiments (Fig. 1).

The displacement of the needle was calculated in the fre-
quency domain by solving the equation of motion within the
ultrasonic device (“Solid Mechanics” module) when a positive
potential difference is applied between the faces of the piezo-
electric rings. The structural velocity of the portion of the nee-
dle immersed into the sample domain was used as a boundary
condition for the calculation of the pressure field within the
sample (“Pressure Acoustics, Frequency Domain” module),
whose outer boundaries were assumed to be perfectly absorb-
ing. The sets of equations describing the needle motion and
the radiated pressure field were solved in the frequency
domain (f = 33 kHz) in a fully coupled approach by using the
multifrontal massively parallel sparse direct solver (MUMPS).

The threshold for enabling cavitation events was first
investigated. In the simulation, a single cavitation nucleus of
initial size varying from 1 to 1000nm (1, 50, 100, 200, 300,
400, 500, 600, 700, 800, 900, 1000 nm), surrounded by liver
tissue, was subjected to acoustic forcing pressure amplitudes
varying from 1 to 10 MPa (step size = 100kPa), while the
cavitation bubble dynamics was modeled by adopting the
Keller—Miksis equation'” [Eq. (3)]. An inertial cavitation
event is assumed to take place when the radius R of a cavita-
tion nucleus becomes as large as 2R,."® In a separate simula-
tion study, the Keller-Miksis equation was then solved in the
liver domain as a system of point ordinary differential equa-
tions (ODEs), by having the surroundings of the needle
seeded with cavitation nuclei periodically spaced by 50 um.
For simplicity, initial radii of 200, 500, and 800nm were
selected to exemplify the dependence of the cavitation phe-
nomena and the initial bubble radius, when the needle was
made to vibrate at the frequency of (f = 33 kHz) inside the
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FIG. 1. (a) and (b) Schematics representing the experimental setup. (c) A
custom-made glass sample holder was used as housing for a thin liver tissue
slice. (d) and (e) The ultrasonic needle was made to oscillate sideways
along the xz-plane inside the sample in the direction of the positive x-axis,
while the generated cavitation events are recorded with an HS camera using
a collimated beam of light to produce back-lit shadowgraph footage.
liver model. The acoustic forcing pressure pyis given by the
pressure field calculated in a separate study step; hence, the
bubble motion was assumed not to contribute to the total
pressure field. For simplicity, inter-bubble interactions and
shock wave formation were neglected. The equation describ-
ing the bubble dynamics was solved in the time domain in a
fully coupled approach by using the parallel direct solver
(PARDISO). The chosen time stepping algorithm was the
generalized alpha method, in which the used time step resolu-
tion was set to be automatic.

The three-dimensional (3D) model was meshed with
free tetrahedral elements, considering at least 20 nodes per

Perraetal. 3691
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TABLE I. A table of the general parameters of the numerical model at the
ambient temperature of 25 °C.

Properties Values References
Ultrasound frequency, f 33 kHz —
Speed of sound, ¢, 1575 m/s Ref. 53
Density, p., 1060 kg/m® Ref. 54
Attenuation coefficient, o 1.39 dB/m Ref. 53
Ambient pressure, p 101.325 kPa Ref. 14
Polytropic index, k 1 Ref. 24
Surface tension, S 56 mN Ref. 55
Viscosity, u 30 mPa s Ref. 55
Shear modulus, G 1.8 kPa Ref. 56
Initial bubble radius, R, 1-1000 nm Ref. 57

wavelength, which was considered an appropriate number
for minimizing the local approximation errors.'> A detailed
list of the model parameters is given in Table I.

1. Acoustic wave propagation in tissue

The acoustic wave propagation in soft tissue was mod-
eled by adopting the linear acoustic wave equation for vis-
cous fluids:*

1 9% o 0

> L Op 92, _
v c 8t2+pocc281Vp o M

where p is the pressure, and ¢, and p., are the speed of
sound and the density of the medium, respectively. The term
J is the sound diffusivity, which accounts for viscous losses

in a viscous fluid, and it is defined as?1??
203 o
0= ﬁ7 (2

where o is the angular frequency, and o (1/m) is the acoustic
absorption coefficient.

2. Cavitation model

The Keller-Miksis equation was used to describe the
bubble dynamics in soft tissue:

R .3 R\ .»
11— |RR+—-|1——]R
< COC) +2< 3COO>

1 R R d 28
00<1+C‘Oo+c‘oodl‘> [pg(px+pf(t))R+J .
3)

In Eq. 3), R, R and R, denote the radial displacement,
velocity, and acceleration of the cavitation bubble wall,
respectively, and the constants c,, and p., denote the speed
of sound and the density of the medium. The driving
pressure is expressed by ps(r), while the pressure at the
air-liquid interface of the bubble is defined as'®
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R 3K
o (;) , @)

where R is the bubble radius at rest and « is the polytropic
exponent. The term p, represents the internal pressure of the
bubble when the bubble is at equilibrium, expressed as

S

where p., indicates the ambient pressure and S the surface
tension of the bubble. Equation (3) is combined with the
Kelvin—Voigt model,*® which leads the integral of the devia-
toric stress J, accounting for the viscoelastic behaviour of
soft tissue with isotropic properties, to be expressed as
follows:**

00 _ _ 5 4
J:ZJ T =00, 4R G 5—4(&)—<@> :
x 7 R 2 R R

(6)

where y is the tissue viscosity and G is the tissue shear mod-
ulus. The terms 7,, and tgg represent the radial and tangen-
tial stresses, respectively, due to the bubble deformation.

They are related as follows:
4 -\ 2
(ro) - <’> ‘| N 72‘[:907
r )

where r is the radial coordinate and ro = {/r’ —R3 — R}
relates the coordinate r to its initial position in the unde-
formed configuration of the surrounding tissue. The strain
field in the surrounding tissue is defined as'*

R’R
Ty = —4u—5-+2G
r

@)

E, = —21n (’—) — “2Ey, ®)

r'o

E,, and Epp being the radial and tangential strain, respectively.

The model for cavitation—tissue interaction proposed by
Mancia et al.** was adopted to estimate the amount of tissue
volume influenced by the cavitation activity. Specifically,
this is evaluated by identifying the regions where the von
Mises strain [Eq. (9)] exceeds the ultimate fractional strain
measured for liver (0.38 um/um),*

3

Emises -

2
1
E2+2+ <_§E""> ] = |E,|. )

B. Experiments with ex vivo tissue
1. Experimental arrangement

A custom-built ultrasonic device® was used to excite a
flexural vibration mode (f = 33kHz) in a 21 G hypodermic
needle (length =80 mm) (model: 4 66 54 65 100 Sterican, B

Perra et al.
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Braun, Melsungen, Germany) [Fig. 1(a)]. The needle was cou-
pled to an S-shaped 3D-printed aluminum waveguide (3D
Step Oy, Ylojarvi, Finland) that acts as a mode converter,
translating the longitudinal motion provided by the Langevin
transducer into a flexural motion of the needle [Fig. 1(b)]. The
flexural mode was selected as operating resonant mode since
it is able to provide large lateral displacements at the needle
tip [Fig. 2(a)], which we have found in a previous experimen-
tal study to be optimal for generating cavitation in water or to
enhance the yield of a biopsy sample.® The operating fre-
quency was chosen based on the electrical impedance mea-
surement of the needle, which showed a main resonance
frequency of 33kHz Fig. [2(b)]. The ultrasonic device was
driven by an RF amplifier (model: AG 1012LF, Amplifier/
Generator, T&C Power Conversion, Inc., Rochester, NY) con-
trolled by a function generator (model: Analog Discovery 2,
Digilent, Inc., Henley Court Pullman, WA). The spatial coor-
dinates of the needle were controlled by using a motorized
three-axis translation stage (model: 8MT50-100BS1-XYZ,
Motorized Translation Stage, Standa, Vilnius, Lithuania). The
cavitation events induced by the needle action were filmed in
liver tissue using a HS camera (model: Phantom V1612,
Vision Research, Wayne, NJ) in combination with a macro
lens (model: Canon MP-E 65 mm f/2.8 1-5x Macro Photo,
Canon Inc., Ota, Tokyo, Japan). A collimated beam of light
(model: OSL2COL, Collimation Package for OSL2IR,
Thorlabs, Inc., Newton, NJ), generated by a halogen fiber
optic illuminator (model: OSL2IR, High-Intensity Fiber-
Coupled Illuminator, Thorlabs, Inc., Newton, NJ), was used to
produce back-lit shadowgraph footages of the needle actuation
inside tissue.

Device characterization
a. Needle flexural mode (33 kHz, numerical)

max

N\ N\ \
transducer \
) needle
<~ waveguide

Xx-axis (mm)
S

Displacement (a.u.)

-150 -100 -50 0
z-axis (mm)

b. Needle impedance graph (unloaded, experimental)
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3 : : : .
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FIG. 2. (a) Cross section of the 3D COMSOL model showing the simulated
displacement field (deformation scale factor=1000) of the ultrasonic
device at the frequency of 33 kHz. The color code represents the magnitude
of the displacement normalized by the global maximum. At this frequency,
a flexural eigenmode is induced in the needle structure, resulting in the nee-
dle tip being displaced the most. (b) The impedance curve of the needle,
which was measured when the needle was embedded in air, exhibits a reso-
nance peak at 33 kHz, which was adopted in the simulations.
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2. Sample preparation

The liver specimen (from a 26-month-old female cow)
was retrieved from the slaughterhouse (Vainion Teurastamo
Oy, Orimattila, Finland) within 2 h post mortem and experi-
ments were performed within 6 h post mortem at room tem-
perature (22°C-24°C). The specimen was first rinsed with
1 x phosphate-buffered saline (PBS) (BP399—4, Phosphate
Buffered Saline, 10x Solution, Fisher BioReagents, Fisher
Scientific, Hampton, NH) to wash away any excess of blood
from its surface. Thin slices, approximately 1mm thick,
were carefully extracted from the specimen by using a pair
of microtome blades (12101840 Epredia Ultra Disposable
Microtome Blades, Epredia, Portsmouth, NH) fixed to a
spacing of 1 mm from each other. The liver slices were fur-
ther washed in 1 x PBS, cut into 2cm X 1 cm portions and
inserted into a custom-made glass sample holder [Fig. 1(c)].
The sample holder was created by cutting a 2cm X 1 cm por-
tion of glass from the upper part of a 51 mm x 75 mm micro-
scope slide (JISOOBMNZ, Epredia SuperFrost Plus Adhesion
slides, Special Size, Epredia, Portsmouth, NH), which was
placed between two intact microscope slides, in order to
form a pocket for the tissue sample [Figs. 1(c) and 1(d)].

3. High-speed recordings of cavitation

Since the penetration depth o of light into bovine liver is
estimated to be, for example, 1.44 mm for a wavelength of
635nm,%° the thickness of the sample and the light source
spectrum were considered appropriate to ensure a good visi-
bility of the needle inside tissue during the HS recordings.
During the experiments, the needle was first carefully
inserted into the specimen at a depth of 5 mm and penetration
speed of 50 um/s. Ultrasound waves [33 kHz, pulse repetition
frequency (PRF)=55Hz, duty cycle (DC)=50%) at three
different TAP levels [0.2W (n=15),0.5W (n=5) and 0.8 W
(n=15)] were then applied to the device, while the needle
movement inside tissue was recorded with the following set-
tings: sample rate = 130000 fps, exposure="7.1 us, reso-
lution =256 pixels x 256 pixels, lens aperture = 2.8, spatial
resolution = 5.5 um/pixel. The sample number n=35 repre-
sents the technical replicates per each group and was chosen
to both demonstrate the repeatability of the studied phenome-
non and to minimize the experimental time window to 1h,
which mitigated the potential bias from the post mortem
degeneration of the sample.

4. Hydrophone measurements

The acoustic emission arising from cavitation activity
generated in bulk tissue was recorded with an Aquarian
hydrophone (AS-1 Hydrophone, Aquarian Audio &
Scientific, Anacortes, WA). Experiments were conducted by
having the needle inserted Smm into a 1cm x Icm X 1cm
portion of fresh bovine liver tissue (from an 18-month-old
female cow), and finalized within 6h post mortem. The
specimen was kept inside an acrylic chamber (external
dimensions =L x W x H=250mm x 250 mm x 250 mm,
wall thickness =4 mm) filled with 1 x PBS (BP399-4, PBS,
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https://doi.org/10.1121/10.0010534

10 x Solution, Fisher BioReagents, Fisher Scientific,
Hampton, NH). The hydrophone was immersed into the
solution and placed on the outer surface of the sample 5 mm
away from the needle tip, with the probe pointing towards
the needle tip location and direction parallel to the needle
vibration (x-axis). The walls of the chamber were covered
with sound absorbing material. This helped to minimize the
reflections from the surrounding walls, which could poten-
tially contribute to standing wave or shock wave formation.
Ultrasound waves [33kHz, pulse repetition frequency
(PRF) =55 Hz, duty cycle (DC) =50%] were applied to the
needle at three different TAP levels [0.2W (n=5), 0.5 W
(n=5) and 0.8W (n=5)]. The pressure signals were
acquired and stored with a digital oscilloscope (DSO-X
3014 T, Keysight Technologies, Santa Rosa, CA), which
was set to display 18 ms of the signal, corresponding to 1
pulse duration. The fast Fourier transform (FFT) was then
calculated for the recorded signal with the built-in function
of the oscilloscope (number of averages = 100 pulses).

5. Data analysis

The HS frames were analysed in MATLAB (R2020b)27 to
quantify the projected area of cavitation and the needle
displacement using a similar method presented in our recent
publication® (Fig. 3). A cross correlation-based image regis-
tration was performed along the x-axis between the reference
frame /; and the i-th frame /;, in order to estimate the needle
displacement Ax; from its reference position. The image I,
was then rigidly translated by Ax; and thresholded with the
Otsu method,” while an Otsu thresholding followed by a
morphological closing operation (circular structuring element,
diameter =7 pixels) was applied to the image /;. The seg-
mented image /.,,; showing only the cavitation activity is
obtained by subtracting the binarized reference image I,
from the closed image /j,,;. Since the needle shape in I,
does not perfectly match the one in I, ;, a final morphological

(a) Reference frame (c) Translated image
[ = I 4 F

(d) Input BW
Otsu
— thresholding

% Image Otsu Image
5 registration thresholding subtraction
—o— [ —O0— —0—
— —

Morphological
closing

opening operation (circular structuring element, diameter =3
pixels) was applied to the output /.,,; in order remove any
pixels that may have remained after the subtraction operation
and that are not representative of the cavitation activity.

Probability maps [Eq. (10)], showing the probability of
cavitation manifesting around the needle tip, and projected
areas of cavitation activity over time [Eq. (11)] were finally
calculated as follows:

100 &
Peay = — Leavis 10
N ; , (10)
Acans = ”1(,-au,l-dxdy, (11)

where N =25 000 is the total number of frames.

Velocity maps, shear, and strain rate maps were gener-
ated using the PIVlab toolbox.?

An index describing the intensity of cavitation activity
inside liver was estimated by analysing the hydrophone sig-
nals in MATLAB (R2020b). The method is similar to that
reported previously,’*>! and consists of calculating the root
mean square (RMS) of the signal amplitude spectrum across
a frequency window of 26 kHz between the third and the
fourth harmonics. The RMS amplitude of the baseline,
which was determined as the FFT of the signal when no
ultrasound was employed, was then subtracted from the cal-
culated RMS amplitudes. This method gives an estimation
of broadband noise level, which is an indicator of the pres-
ence of inertial cavitation.’'*

lll. RESULTS
A. Simulation of cavitation in liver

Since the actual size distribution of cavitation nuclei in
bovine liver in our experimental arrangement is not known,

(e) Translated image BW (g) Cavitation

v

Morphological
O opening

(f) Input BW closed (h) Output

FIG. 3. General description of the segmentation process of the HS video frames. A cross correlation—based image registration is applied along the x-axis
between (a) the reference frame and the (b) i-th frame, in order to estimate the displacement Ax; of the needle tip from its reference position. (c) The refer-
ence frame is then translated horizontally by Ax;, while (d) the input frame is thresholded with the Otsu method. (¢) The binary image showing the translated
reference frame is subtracted to (f) the thresholded input frame, which was previously closed with a morphological closing operation. (g) The result of the
subtraction is finally filtered with a morphological opening operation, in order to produce (h) the binary mask for the cavitation activity.
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the pressure threshold of cavitation of a single bubble At TAP=0.5W bubbles with initial radius of 500 and
embedded in liver tissue and its maximum radius expansion 800 nm experienced a transient expansion, while at the high-
were first investigated numerically for a range of initial bub-  est power employed, all cavitation nuclei (200, 500, and
ble radii between 1 and 1000nm [Fig. 4(a).1]. Nuclei as 800 nm) went through an inertial cavitation event.
small as 1 nm require a peak negative pressure (PNP) greater The cavitation activity generated in the proximity of the
than 5 MPa in order to expand beyond their critical radius, needle tip can mechanically influence the surrounding tis-
defined as 2Ry,'® where R, is the initial size of a cavitation  sue, due to high deformation induced on the tissue at the
nucleus. The pressure threshold drastically drops to 800kPa  air-tissue interface. The volume of tissue influenced by cav-
for bubbles with initial radius of 100 nm and being 200kPa itation activity can be calculated by identifying the regions
for bubbles greater than 400 nm. Bubbles undergoing iner-  where the von Mises strain exceeds the ultimate fractional
tial cavitation can reach dimensions as large as 80, 155, and  strain measured for liver (E,,;; > 0.38). The volume of influ-
165 um, when the PNP is 900 kPa for Ry =200, 500, and  enced tissue was negligible at low TAP (0.2 W), suggesting
800 nm, respectively [Fig. 4(a).2]. that no important deformations were induced in the sur-
In order to investigate the spatial occurrence and the  rounding tissue for any of the initial sizes of the cavitation
extent of cavitation activity, the space around the needle tip  nuclei considered in the simulation [Fig. 4(b)]. However,
was seeded with cavitation nuclei (Ryp=200, 500, or higher strains can be generated in tissue at higher TAP lev-
800 nm), which were subjected to the pressure field gener- els due to the elevated cavitation bubble activity, leading to
ated by the ultrasonically actuated needle [Fig. 4(a).3]. an increase in the influenced volume of tissue by cavitation
Based on the simulations, the ultrasonic action of the up to 1.8, 3.2, and 3.5 mm° after two acoustic cycles at
needle-induced expansion of bubbles in the proximity of the =~ TAP=0.8 W for Ry, =200, 500, and 800 nm, respectively.
needle tip, when the needle was driven by ultrasonic waves In an effort to better understand the simulation results,
at the frequency of 33kHz and TAP levels of 0.2, 0.5, and  Fig. 5(a) represents the pressure field generated around the
0.8 W. At TAP=0.2 W, no inertial cavitation was detected.  flexurally oscillating needle tip, evaluated on a cross section
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FIG. 4. (al) Amplitude of the driving pressure required to expand a bubble with an initial size of R, beyond its critical radius 2R, assuming the bubble is
embedded in liver tissue. The solid line corresponds to the numerical estimation of the cavitation threshold, while the dashed line corresponds to the analyti-
cal prediction given by the Blake’s pressure. (a2) Maximum bubble deformation as a function of the initial bubble size R, and the driving pressure. (a3)
Simulation of cavitation around the tip of an ultrasonic hypodermic needle embedded in liver tissue, where the selected time points represent fractions of an
acoustic cycle of duration 7 = 1/f. The surrounding medium is seeded with three exemplary cavitation nuclei sizes (Ro =200, 500, and 800 nm) and the
needle is actuated at TAP levels of 0.2, 0.3, and 0.8 W at the frequency of 33 kHz. These numerical results suggest that cavitation takes place around the nee-
dle tip. Moreover, the cavitation threshold is inversely proportional to the size of the cavitation nuclei, while the maximum bubble expansion is directly pro-
portional to the amplitude of the driving pressure and to the initial bubble radius. (b) The amount of tissue volume influenced by cavitation activity is
estimated by identifying the regions where the von Mises strain exceeds the ultimate fractional strain measured for liver (0.38 um/um). The numerical results
suggest that cavitation events are triggered at TAP > 0.2 W, with bubbles having a more likely influence on tissue at higher TAP levels than at lower TAP
levels.
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parallel to the xz-plane and coincident with the needle center
axis, and on a cross section parallel to the xy-plane evaluated
at z=-1.5mm. The magnitude of the acoustic field induced
by the oscillating needle can be as high as 900 kPa close to
the needle boundary, when the power level of 0.8 W is
employed. The pressure field emanates outwards from the
needle walls in a dipole-like fashion, being the strongest
along the direction of the needle motion [Fig. 5(a)].

The spatial likelihood of generating cavitation around
the needle tip is presented through probability maps, where
each pixel indicated the probability of belonging to a cavita-
tion bubble [Fig. 5(b)]. A cavitation event is assumed to
occur when the radius R of a cavitation nucleus becomes as
large as 2R,."® According to this criterion, no cavitation
activity was detected at TAP =0.2 W for any of the consid-
ered initial bubble sizes. At TAP=0.5W, slight cavitation
activity can be observed for nuclei with Rp=200nm, while
greater cavitation activity can be seen for nuclei with initial
radii of 500 and 800 nm. At TAP = 0.8 W, the probability of
cavitation occurrence became greatest, being up to 40%
when the initial bubble radius was 800 nm.

B. Observation of cavitation events in ex vivo liver

Thin slices of liver tissue were sonicated at different
TAP levels [0.2W (n=35), 0.5W (n=35) and 0.8 W (n=15)]
with the ultrasonically actuated needle. Figure 6(a) shows
some exemplary frames acquired with the HS camera, when
a halogen fiber optic light source was used to produce shad-
owgraph images of the needle movement inside tissue.
When the delivered TAP was 0.2 W, no cavitation activity
was detected. At the TAP level of 0.5 W, the needle motion
induced the formation of cavitation bubbles, which mostly
took place at the distal end of the needle. However, when
the delivered TAP was increased to 0.8 W, multiple cavita-
tion bubbles can be noticed along the needle tip, extending
to a few hundreds of um from the needle boundaries along
the directions parallel to the needle motion. Figure 6(b)
shows the cavitation probability maps calculated across the
entire duration of the HS footages, which suggest that no
cavitation events were observed at the lowest TAP 0.2 W
employed. By increasing the TAP, the probability of seeing
cavitation bubbles was up to 10% in the region within
100 um from the needle tip along the positive x-axis and
300 um along the negative z-axis, while this region became
considerably greater in area and uniformly distributed
around the needle tip, when the highest TAP of 0.8 W was
employed.

Figure 7(b) represents the time evolution of the needle
tip peak displacement, obtained by computing the moving
maximum of the raw data and using a window with a size of
approximately two acoustic cycles (60 us). In all experi-
ments, the peak displacement reached its maximum value
within the first pulse, being ~9, 45, and 100 um at the TAP
levels of 0.2, 0.5, and 0.8 W, respectively. Figure 7(c) shows
the projected area of the cavitation activity (filtered with a
moving average, window size ~10 acoustic cycles) as a
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FIG. 5. (a) Simulation of the absolute pressure field radiated from the nee-
dle boundary, visualized on a cross section of the needle geometry coinci-
dent with its plane of symmetry (xz-plane), and on a cross section parallel
to the xy-plane evaluated at z = —1.5mm (red dashed line). The pressure
field emanates outwards from the needle walls in a dipole-like fashion,
whose magnitude can be as high as 900kPa close to the needle boundary,
when the highest power level (0.8 W) is employed. (b) The probability
maps show the probability of a pixel representing a cavitation bubble, when
TAP levels of 0.2, 0.3, and 0.8 W are delivered to the needle and when con-
sidering cavitation nuclei of sizes Ry =200, 500, and 800 nm. These results
would indicate that cavitation takes place in the proximity of the needle tip,
and it is strongly dependent on the initial bubble size and on the magnitude
of the radiated pressure field.

function of time. It can be noted that no cavitation activity
was present at 0.2 W, while some activity was detected at
0.5W, and, at 0.8 W, the measured cavitation activity was
relatively elevated.

Measurements of needle displacement and cavitation activ-
ity exhibited high repeatability within the same power groups,
as shown in Fig. 7(d). In the first pulse, the needle tip peak dis-
placements were 9.5 = 6.4 um (average * standard deviation,
n=35), 343 £ 1.0 um, and 61.6 = 1.9 um, when the employed
TAP levels were 0.2, 0.5, and 0.8 W, respectively. The needle
tip peak displacement stabilised within 3 pulses, reaching the
values of 10.8 £85um (0.2W), 41.5* 1.4 um (0.5W), and
919 £23 um (0.8 W) after 10 pulses. Figure 7(e) shows the
time integral of cavitation activity calculated for each individual
pulse. In all experiments, no cavitation activity was recorded
for TAP=02W, while it slowly built up over time at
TAP=0.5W, being 0.014 + 0.002 mm? ms after the first pulse
and reaching the value of 0.055 = 0.002 mm”ms during the
10th pulse. At the highest TAP employed, the cavitation level
observed during the first pulse was 0.177 * 0.060 mm” ms
and reached its maximum intensity in the last pulse
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FIG. 6. (a) Exemplary HS video frames showing cavitation events taking
place at the needle tip at three different TAP levels. (b) The probability
maps, which show the probability of each pixel belonging to a cavitation
bubble, demonstrate that no cavitation activity is recorded at 0.2 W, while it
is more frequent at higher TAP levels. These results show how cavitation
can be generated on-demand and in a localized manner near the needle tip.

(0.386 = 0.016 mm>ms). Overall, the temporally local peak
displacement of the needle tip measured for each TAP level
were 11.3 = 6.8 um, 44.4 = 1.5 ym, and 97.2 = 1.8 um, which
led to total cavitation activity values of ~0* 0mm’ms,
0459+ 0.032mm°ms, and 3.44=0.078mm°ms for
TAP=0.2, 0.5, and 0.8 W, respectively.

Velocity maps were generated out of two consecutive
frames of the HS videos in order to estimate the velocity
field of the tissue at the moment of a cavitation bubble col-
lapse. Figure 8(a) shows the velocity vector field distribu-
tion overlapped to a HS frame showing a cavitation event,
when the highest TAP is employed. The velocities are the
highest at the very tip of the needle, being approximately
3m/s in this region [Fig. 8(b)]. Importantly, according to
the simulation, the velocity of the tissue—air interface can
be remarkably greater, i.e., up to 100m/s. However, the
limited frame rate adopted during the recordings (130000
fps) did not permit capture of the very moment of the cavi-
tation collapse, which resulted in underestimation of its
maximum velocity. Figure 8(c) shows the shear rate
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distribution around the needle, being the highest in magni-
tude (20ms™') at the proximity of the cavitation bubble
boundary. This is reasonable since the cavitation bubble
deformation is known to exert considerably high shears
and stresses in the surrounding medium.?** In Fig. 8(d),
the strain rates assume negative values, which denote a
compression state, on the left hand side of the needle and
positive values in the proximity of the cavitation bubble.
The needle movement is in the direction of the negative x-
axis, which causes the adjacent portion of tissue to be com-
pressed on the left-hand side of the needle, and to be
stretched on the right-hand side.

C. Passive detection of cavitation activity in ex vivo
liver

In order to quantify the cavitation activity inside bulk
tissue, hydrophone measurements were performed, when the
needle was inserted into small portions of liver tissue
(dimensions: Icmx lcmx 1cm) and sonicated at
TAP=02W (n=5), 0.5W (n=5), and 0.8 W (n=)5).
Figure 9(a) shows the amplitude spectrum of the pressure
signals, recorded by having the hydrophone placed 5mm
away from the needle tip. At low power (0.2 W), the ampli-
tude spectrum of the pressure signal exhibits 4 peaks located
at the fundamental frequency of the needle vibration
(~33kHz), and at its 2nd, 3rd, and 4th harmonics. At 0.5 W
sub- and ultra-harmonics can be observed, suggesting the
presence of stable cavitation. Slight broadband noise can be
noticed, hinting the presence of inertial cavitation.*> At the
highest power employed (0.8 W), pronounced broadband
noise can be observed, and the harmonic components of the
pressure field become less noticeable, indicating that moder-
ate inertial cavitation activity is predominant at this power
level.®' The measured peak—peak pressure amplitudes
recorded with the hydrophone, evaluated across a 200 ms
time window, were 15.0 = 1.6kPa, 71.8 =5.3kPa, and
144.9 = 5.4kPa, and at TAP=0.2, 0.5, and 0.8 W, respec-
tively [Figs. 9(b) and 9(c)]. Figure 9(d) shows the cavitation
activity index, normalized by the maximum value identified
across all 3 power groups, being 0.02 = 0.08, 0.22 % (.06,
and 0.97 = 0.02 for TAP=0.2, 0.5, and 0.8 W, respectively.

IV. DISCUSSION

The results indicate that cavitation events can be trig-
gered by actuating a standard medical needle with ultrasonic
flexural waves in liver tissue at the frequency of 33 kHz.
The numerical results suggested that the cavitation activity
mostly took place at the needle tip, which was optically con-
firmed with HS photography. This is explained by the flex-
ural vibration mode induced in the needle, which makes the
needle oscillate with its highest displacements at its tip, thus
enabling higher pressure amplitudes in this region. Since
cavitation is a strictly related threshold phenomenon, cavita-
tion events are most likely to appear at the needle tip loca-
tion, where most of the acoustic intensity is concentrated.
Moreover, due to the geometric spreading of the acoustic
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FIG. 7. Representation of relevant parameters calculated based on the analysis of HS images of the needle activity. (a) Ultrasonic sequence adopted during
the experiments [f=33kHz, pulse repetition frequency (PRF)=55Hz, duty cycle (DC)=50%]. (b) Time evolution of the needle-tip displacements,
obtained by computing the moving maximum of the raw HS images (window size ~ 2 acoustic cycles), and (c) projected area of the cavitation activity (fil-
tered with moving average, window size ~10 acoustic cycles). (d) and (e) represent the peak-tip displacement and time integral of cavitation activity calcu-
lated for each individual pulse of the ultrasonic sequence, while (f) represents the same information evaluated across a time window of 180 ms. In the bar
charts, the bar height represents the mean of the dataset and the error bar indicates the standard deviation.

wavefront, directed outwards from the needle shaft, the
acoustic intensity decays rapidly further away from the nee-
dle; hence, limiting the cavitation effects to the proximity of
the needle tip.

The experimental results showed that the probability of
triggering cavitation events in soft tissue is a function of TAP,
suggesting the existence of a threshold (0.2W < TAP
<0.5W) for enabling cavitation, when a standard medical
needle is actuated in soft tissue. Based on the simulation
results, this threshold is a function of the initial cavitation bub-
ble radius, e.g., being 500, 250, and 200 kPa for the initial radii
of 200, 500, and 800 nm, respectively. Assuming an initial size
of the cavitation nuclei in the range between 1nm and
1000 nm, the natural frequency f, of such bubbles would fall
within the MHz range.34 Since the excitation frequency
fo=33kHz used in this study is far below the resonant
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frequency f;, of the bubbles, the cavitation threshold criterion
is governed by the Blake’s pressure,** which determines the
critical negative pressure below which a cavitation event will
occur:

8a 30
Pp =Py +— 5
P \/ 2R} (P + (20/Rs))

12)

where Pp is the Blake pressure, ¢ is the surface tension, and
Rp is the Blake bubble radius. Under these assumptions, the
Blake thresholds for bubbles of, e.g., Ry = 200,500, and
800nm are 600, 250, and 150kPa, which show a close
resemblance with the numerical predictions.

According to the numerical estimations, the maximum
pressure amplitudes involved in the experiments are ~ 100,
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FIG. 8. (a) Velocity vector field distribution overlapped to an exemplary
HS frame showing a cavitation event and (b) the velocity magnitude map,
when the highest TAP (0.8 W) is employed. (c) and (d) show the shear and
strain rate distribution in the tissue surrounding the needle tip.
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600, and 900 kPa for TAP =0.2, 0.5, and 0.8 W. As a conse-
quence, only bubbles with an initial radius greater than
200 nm underwent inertial cavitation when the highest TAP
(0.8 W) was employed. However, as reported in previous
experimental and numerical studies,lz"m’35 the estimated
size of cavitation nuclei inside liver tissue is approximately
Snm. The Blake’s pressure for bubbles of such size
(~18 MPa) exceeds by far the pressures generated by the
ultrasonic needle used in this study. Hence, cavitation would
be very unlikely to take place with our current experimental
arrangement for such small bubbles. However, since cavita-
tion activity was directly observed under HS imaging when
the needle actuated inside tissue, we could estimate that the
size of the cavitation nuclei involved in the experiment
would fall in the range of hundreds of nm, according to our
numerical simulation. A possible explanation of the pres-
ence of such large nuclei might be found in the needle—
tissue interaction, which can cause the formation of crevices
at the needle—tissue boundary generated by the needle inser-
tion, constituting potential locations for nucleation sites to
grow into. This can represent an advantage for applications
aiming at, e.g., tissue disruption by collapsing bubbles, as it
provides a lower threshold to enable cavitation in the vicin-
ity of the ultrasonically actuated needle.

The interpretation of the results here presented is of fun-
damental importance in the context of different medical

(b) Hydrophone measurements (d = 5 mm)
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FIG. 9. (a) Frequency spectrum of the pressure signals acquired with a hydrophone, while the needle was actuated in a small portion of tissue at TAP=0.2,
0.5, and 0.8 W. At 0.2 W, only the peaks corresponding to the harmonics of the pressure field can be noticed, while at 0.5 W sub- and ultraharmonics can be
detected. At 0.8 W, an increase in the broadband noise can be also observed, which is an indicator of the presence of inertial cavitation. (b) Represents the
time dependent pressure signals recorded at different power levels when the hydrophone was placed 5 mm away from the needle tip, while (c) shows the
peak—peak pressure amplitude of the signals evaluated across a time window of 180 ms, and (d) shows a metric describing the cavitation activity as a func-
tion of TAP (values are normalized by the maximum value identified across all three power groups). In the bar charts, the bar height represents the mean of

the dataset and the error bar indicates the standard deviation.
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applications. In our recent study, the influence of the ultra-
sonic action of a medical needle was exemplified in liver
tissue by comparing the yield mass collected with the
USeFNAB technique to the one obtained with the conven-
tional FNAB approach. The major finding was that, by
increasing the TAP level, the yield of a liver biopsy was
increased up to 5x as compared to when a standard FNA
was performed, without inducing major alterations to the
sample quality up to a TAP of 0.8 W. More importantly, a
TAP of 0.2 W was enough to increase the biopsy yield by
almost 2x. Based on the findings of the present study, it
seems that this TAP level is unlikely to generate detectable
cavitation events in liver. This indicates that the tissue yield
increase observed at this TAP can be in part associated with
the tissue cutting mechanisms arising from shear and hydro-
dynamic effects promoted by the ultrasonic vibration of the
needle tip, rather than being induced by cavitation.
However, higher TAP levels allowed us to obtain even
larger tissue sample masses® as well as more frequent cavi-
tation activity. Although a clear correlation between the cav-
itation activity and the tissue yield is yet to be proven, these
observations do not exclude the possibility for cavitation to
be contributing to the enhancement of tissue collection. In
fact, the high strain rates generated in the proximity of the
gas—tissue interface”*** can potentially induce different vis-
coelastic mechanical responses (namely stiffening, soften-
ing, hardening, and tissue failure observed in porcine liver
under high strain rate compression testings®°) that might
facilitate the tissue cutting mechanisms that yield an
increase in sample extraction.

Regarding the safety aspects of the biopsy application
in relation to the potential cavitation-induced effects in tis-
sue, one should consider the mechanical index MI=P,/
\/f., where P, is the peak negative pressure (MPa), and f.. is
the excitation frequency (MHz). According to our simula-
tions, when the employed TAP is 0.2 W, the MI is approxi-
mately 0.4, which would ensure a cavitation-free biopsy
procedure, since cavitation is unlikely to take place at MI <
0.5.%7 At 0.5W, the MI is approximately 2.7, which will
most likely induce the formation of cavitation bubbles; this
might impact on the safety, as at MI values greater than 1.9,
potential bioeffects might be induced in the tissue.*® These
bioeffects may include cell lysis and extravasation of
blood.**! The highest TAP employed should be avoided
for biopsy applications, as the high MI value (4.9) suggests
that bioeffects and tissue damage due to the bubble collapses
are likely to appear.

If uncontrolled, cavitation events can lead to deleterious
effects in soft tissue. However, this could be turned into a
therapeutic advantage if one aims to treat unhealthy tissue,
such as tumors. At high levels (TAP > 0.8 W), the needle
vibration is anticipated to cause the formation of large
clouds of cavitation bubbles and elevated tissue heating,
which may arise from the viscous friction forces that can
appear at the bubble surface. These effects can be used in
medical applications, such as tumor ablation,** histotripsy,
or lithotripsy,”® where the medical intent is to achieve a
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complete or partial destruction of the target by mechanical
and thermal means. Since a fine hypodermic needle is
employed to bring the acoustic energy directly into the tar-
get, one may be able to easily access different locations
inside the body to provide minimally invasive treatment of
solid organ cancers of the prostate,** thyroid,*” and pan-
(:reas,46 and other lesions, t00.*” In addition, the cavitation
phenomena generated with this technology could potentially
find use in other applications as a way to ultrasonically acti-
vate sonosensitive carriers for the release of drugs,48_50
mediate drug or gene delivery into cells,”’ or to improve the
permeation of tissue allowing the entry of therapeutic agents
(e.g., as with ultrasonically mediated blood-brain barrier
opening).>

The limitations of this study include the inability to rep-
licate a numerical model representative of the real-world
scenario. The equations adopted in the simulations are
highly parameter-dependent, and since some of the visco-
elastic and acoustic properties of tissue are largely unknown,
some assumptions had to be made, for example, on the tis-
sue viscosity, surface tension, and initial radius of cavitation
nuclei. The interaction between individual bubbles and ther-
mal effects, likely to be more pronounced at TAP levels,
were neglected for simplicity, since the intention was to
understand the onset behavior of cavitation rather than the
behavior of the full cavitation cloud. Moreover, the use of
thin portions of liver tissue might not allow one to reveal all
the cavitation bubble dynamics that would normally take
place in bulk tissue during needle sonication, or to replicate
the same acoustic and mechanical conditions as in an
USeFNAB procedure. However, such an approach was nec-
essary to visualize the needle and cavitation activity inside
tissue.

Nevertheless, the presented results offer an understand-
ing of the cavitation phenomena in liver tissue near the
ultrasonically actuated medical needle. Such findings could
serve as a starting point for designing and developing an
ultrasonic biopsy device in compliance with the safety
standards for clinical applications, and for exploring its
potential in other medical applications involving pathologi-
cal destruction of tissue.

V. CONCLUSION

To conclude, we have studied numerically the dynamics
of cavitation bubbles generated in liver tissue near the tip of
an ultrasonically actuated needle. Experimentally, we have
developed a method to capture and quantify the cavitation
activity within thin slices of fresh bovine liver. The main
finding was that cavitation exhibited a TAP dependent
behavior, manifesting at TAP>0.2W and with intensity
proportional to the TAP level. Based on a qualitative com-
parison, the numerical and the experimental results pre-
sented similarities concerning the cavitation threshold and
the spatial probability of cavitation occurrence around the
needle tip. The results are important since they broaden the
understanding of the onset and spatiotemporal behavior of

Perra et al.


https://doi.org/10.1121/10.0010534

cavitation near ultrasonically actuated medical needles. This
is especially relevant for ensuring appropriate safety in clini-
cal scenarios, but also for employing the information in the
development of USeFNAB and other new applications of
ultrasonically actuated medical needles.
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