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Abstract

Inertial cavitation induced by pulsed high intensity focused ultrasound (pHIFU) has previously
been shown to successfully permeabilize tumor tissue and enhance chemotherapeutic drug uptake.
In addition to HIFU frequency, peak rarefactional pressure (47), and pulse duration, the threshold
for cavitation-induced bioeffects has recently been correlated with asymmetric distortion caused
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by nonlinear propagation, diffraction and formation of shocks in the focal waveform, and therefore
with the transducer ~number. To connect previously observed bioeffects with bubble dynamics
and their attendant physical mechanisms, the dependence of inertial cavitation behavior on shock
formation was investigated in transparent agarose gel phantoms using high-speed photography
and passive cavitation detection (PCD). Agarose phantoms with concentrations ranging from
1.5-5% were exposed to 1-ms pulses using three transducers of the same aperture but different
focal distances (~numbers of 0.77, 1.02, and 1.52). Pulses had central frequencies of 1 MHz,

1.5 MHz, or 1.9 MHz and a range of g~ at the focus varying within 1-18 MPa. Three distinct
categories of bubble behavior were observed as the acoustic power increased: stationary near-
spherical oscillation of individual bubbles, proliferation of multiple bubbles along the pHIFU
beam axis, and fanned-out proliferation towards the transducer. Proliferating bubbles were only
observed under strongly nonlinear or shock-forming conditions regardless of frequency, and only
where the bubbles reached a certain threshold size range. In stiffer gels with higher agarose
concentrations, the same pattern of cavitation behavior was observed, but the dimensions of
proliferating clouds were smaller. These observations suggest mechanisms that may be involved

in bubble proliferation: enhanced growth of bubbles under shock-forming conditions, subsequent
shock scattering from the gel-bubble interface, causing an increase in the repetitive tension created
by the acoustic wave and the appearance of a new growing bubble in the proximal direction.
Different behaviors corresponded to specific spectral characteristics in the PCD signals: broadband
noise in all cases, narrow peaks of backscattered harmonics in the case of stationary bubbles,

and broadened, shifted harmonic peaks in the case of proliferating bubbles. The shift in harmonic
peaks can be interpreted as a Doppler shift from targets moving at speeds of up to 2 m/s, which
correspond to the observed bubble proliferation speeds.
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INTRODUCTION

MECHANICAL effects produced in tissue by ultrasound-induced cavitation have been
proposed for use in a number of clinical procedures involving drug or gene delivery to
tumors or diseased tissue [1], [2]. In particular, pulsed high intensity focused ultrasound
(pHIFU) has been shown to induce inertial cavitation throughout target tissue, thereby
disrupting the stromal and cellular structures and permeabilizing the tissue to systemically
administered drugs [3-5]. pHIFU uses short (microseconds to milliseconds) pulses delivered
at low duty cycle (<2%), within a 1-2 MHz frequency range, at moderate peak intensity,
chosen such that the peak negative focal pressure, p~, exceeds the cavitation threshold. The
cavitation threshold has been reported to range within 3-30 MPa depending on tissue type,
pulsing parameters (primarily pulse duration), and the way it was defined in a study [6]-[9].
In addition to the aforementioned exposure parameters, it has recently been demonstrated
for relatively long, 1 ms duration pulses, that the threshold for consistent inertial cavitation
activity and the associated tissue effects is also correlated with the formation of shocks at
the focus of a pHIFU transducer due to nonlinear propagation effects [8], [10]. The output
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acoustic power and p~ at which shock formation occurs are determined almost solely by the
transducer ~number, with less focused transducers (i.e., higher ~number) achieving shock
forming conditions at lower g~ and acoustic power compared to more focused transducers
[11]. The ~number is defined as the ratio of the focal length of the source and its aperture
diameter. It is therefore also related to the focusing angle of the source.

The dependence of inertial cavitation dynamics on shock formation has previously only been
observed using passive cavitation detection (PCD), which does not permit determination

of the underlying physical mechanisms [10]. The objective of this study was to observe
inertial cavitation activity simultaneously using both high-speed photography and PCD

in transparent tissue mimicking agarose gel phantoms. pHIFU conditions were varied to
elucidate the mechanism by which shock formation affects cavitation dynamics in pHIFU.
The parameters varied include the transducer ~number, ultrasound frequency, g~ at the
focus, and the phantom’s stiffness and viscosity.

II. MATERIALS AND METHODS

A. HIFU Transducers and Drive Electronics

The overall experimental arrangement is shown in Fig. 1. The HIFU sources used in this
study were spherically focused, 12-element sector array transducers with ~numbers of 0.77,
1.02, and 1.52, and with center frequency of 1.5 MHz. The transducers were made in-house
using a process described in detail elsewhere [12], [13]. They had nearly identical apertures
(73 mm, 75 mm, and 78 mm, respectively), and a central opening of 20 mm in diameter

to allow for in-line passive cavitation detection. The transducers were also operable at 1
MHz and 1.9 MHz with the use of different electrical matching network boards [14]. They
were powered by a custom-built class D amplifier with the input waveform generated by a
computer-controlled field-programmable gate array (FPGA) board [13]. The total acoustic
output power for all three transducers, operating at each of these three frequencies, was
measured using an acoustic radiation force balance while varying the source voltage over the
relevant power range [15].

Hydrophones were used to acoustically characterize these three HIFU sources at 1.5 MHz,
in both linear and nonlinear regimes, as described in detail elsewhere [10], and the procedure
will be briefly summarized here. The least focused transducer with ~number = 1.52 was
also characterized in the same way at the two other operating frequencies, 1 MHz and

1.9 MHz. Specifically, measurements of acoustic pressure amplitude at low power (linear
propagation regime) were performed along the beam axis and in the focal plane using a
calibrated capsule hydrophone(HGL-0200 hydrophone with an AH-2020 preamplifier set at
0 dB gain, Onda Corp., Sunnyvale, CA). The dimensions of the focal areas at —6 dB level
were determined for each case and are provided in Table I.

In a second set of measurements, pHIFU focal pressure waveforms were recorded at
increasing source outputs starting from the low power level used in the linear beam scans
using a fiber-optic probe hydrophone (FOPH2000, 100 4m fiber tip diameter, 100 MHz
bandwidth, RP Acoustics, Leutenbach, Germany). The measured peak focal pressures, o*
and g, are presented in Fig. 2 for the three transducers operating at 1.5 MHz, along with
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the waveforms containing the developed shock, i.e., with shock amplitude equal to the
peak positive pressure [11]. The same measurements are also shown for the transducer
with ~number of 1.52 at the three frequencies — 1MHz, 1.5 MHz, and 1.9 MHz. The

peak pressures, g and g, and acoustic output power corresponding to the waveforms with
developed shocks shown in Figs. 2b,d are also listed in Table I for convenience.

B. Experimental Arrangement and Procedures

The schematic of the experimental setup is presented in Fig. 1. A single-element, spherically
focused 5 MHz transducer with 13 mm aperture and 63 mm radius of curvature (Olympus
NDT) was inserted in the central opening of the HIFU transducer and served as a PCD. The
HIFU transducer and the PCD were mounted in a tank filled with degassed and deionized
water. The signals received by the PCD were amplified by 20 dB using a pulser receiver
(Panametrics PR5072, Waltham, MA, USA) and recorded by a digital oscilloscope at a
sampling frequency of 50 MHz, and 10-bit resolution. Note that the PCD and the HIFU
transducers were aligned coaxially, but not confocally, due to the difference in the focal
distances of the three HIFU transducers. The geometric focus of the PCD was closest

to that of the most focused HIFU transducer with ~number = 0.77. To evaluate cavitation-
associated broadband noise level, the recorded PCD signals were filtered in the frequency
domain by a combination of a 2.3-7.6 MHz band-pass filter and a notch-shaped comb filter
suppressing the backscattered harmonics of the HIFU frequency as described previously [8].
Inertial cavitation was considered present during the HIFU pulse if the peak filtered PCD
signal value exceeded the peak value of background noise by v5 — the Rose criterion, as used
in our prior work [3],[8].

Agarose gel was used as the tissue-mimicking material due to its optical transparency and
ease of fabrication. Agarose powder (UltraPure Agarose; Invitrogen) was added to deionized
water at a concentration of 1.5%, 3%, or 5% w/v agarose/water. The majority of experiments
were performed with 1.5% agarose, and the two higher concentrations were only used in one
separate exposure set. The agarose solution was degassed by boiling it for 5 minutes in a
microwave oven. The solution was then immediately poured into a rectangular acrylic mold
(2 cm x5 cm x8 cm) and rapidly cooled down by placing the mold into a large reservoir
filled with chilled water. The small-strain Young’s modulus of the samples was measured
with micro-indentometry [16] to be, in average, 109+3 kPa, 429+23 kPa, and 515423

kPa for 1.5%, 3%, and 5% agarose concentrations, respectively. After polymerization, the
phantom was transferred into a sample holder with acoustic windows on four sides and
positioned using a computer-controlled 3D positioning stage in the glass water tank. The
HIFU transducer focus was placed 12 mm deep in the phantom, and the acoustic window
edges were well outside of the beam path to avoid reflections. A large ultrasound absorber
made of neoprene rubber was positioned behind the sample to prevent the reverberations
within the water tank.

A Photron Fastrax APS-RX high-speed camera (monochrome, Photron, San Diego, CA)
with a Nikon 105 mm lens and bellows extension was positioned on the side of the tank,
perpendicular to the HIFU transducer axis. A 12-W white LED with a collimating lens
was used for continuous backlighting in all exposures. Immediately prior to exposures the
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objective was focused on and field of view was centered relative to the fiber tip of FOPH
positioned at the HIFU focus. The majority of exposures were filmed with 4-4s shutter speed
and 20 kfps at spatial resolution ranging within 7-18 microns/pixel, with the field of view
768 x 192 pixels, i.e., 5.3 mmx1.3 mm to 13.8 mmx3.5 mm. Selected exposures were also
filmed at the maximum frame rate practically feasible with this camera: 250 kfps or 150
kfps, with the same shutter speed, 9 microns/pixel resolution and field of view 87x16 pixels
or 128x16 pixels, respectively.

All HIFU exposures in this study consisted of a single 1 ms long pulse, consistent with

our prior studies [3],[8],[10]. High-speed camera frames and the PCD signal were acquired
during, and for a few milliseconds after, each HIFU pulse, as illustrated in Fig. 1. After a
HIFU exposure was delivered to a location within the gel, the sample was moved vertically
by 3 mm, and the next exposure was delivered to the new location. For each combination of
acoustic parameters considered here (g~, ~number, frequency) the exposures were repeated
5-10 times.

C. High speed video processing

The automated procedure for high-speed video recording segmentation used to determine
the distribution of bubble sizes and shapes is illustrated in Fig. 3. The gray levels in the first
frame, taken before the HIFU was turned on, were subtracted from all subsequent frames

to minimize noise. Within each frame, the bubbles were identified using binary gray level
thresholding segmentation, as groups of dark pixels. The exterior boundary of each bubble
was traced using the Moore-Neighbor algorithm [17]. The perimeter L and cross-sectional
area S of each bubble were determined using these boundaries, and bubble shape was
classified as nearly spherical, elongated, or complex according to the relation between £ and
S. Specifically, the following shape parameter od'was introduced:

d:m (1)

For a perfectly spherical shape, d= 1. Bubbles for which 1< ¢<1.9 were considered to

be spherical; if 1.9< d<2.5 the bubbles were considered elongated; if o>2.5 the bubbles
were considered to be of complex shape (Fig 3). For bubbles that were classified as nearly
spherical, the effective diameter, D, was calculated from their cross-sectional area:

besfS .
T

[ll. RESULTS
A. Qualitative dependence of cavitation dynamics on HIFU transducer F-number and
frequency

Across all the pHIFU exposures, three qualitatively distinct types of cavitation behavior
were observed. Figure 4 shows representative examples of each at different time points
within a 1 ms pulse. At the lower acoustic powers, stationary, nearly spherical bubbles
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distributed within the focal region appeared immediately after the HIFU wave reached the
focus (Supplemental Video 1). The bubbles, as captured on high-speed photography frames,
maintained their sizes, spherical shape, and position. Note that the shutter speed was 4 /s,
and therefore included several HIFU periods, and probably, therefore, multiple associated
bubble collapses. This behavior will be referred to as “stationary bubbles”. At increased
acoustic power, stationary bubbles continued to be observed, primarily at the periphery

of the focal area. In addition, a second behavior type occurred only along the acoustic
axis, and close to the focus (Supplemental Video 2). Initially spherical bubbles became
elongated along the acoustic axis and appeared to move along the beam axis towards the
transducer over the duration of the HIFU pulse. This behavior will be referred to as “axial
proliferation”. The third behavior type was observed at the highest acoustic powers, also
primarily along the acoustic axis and within focal area: the originally spherical bubbles
appeared to split over 1-2 frames (i.e. 50-100 /&) into several bubbles or bubble clusters
located proximally and sideways, in a fanned-like pattern relative to the original bubble
(Supplemental Video 3). The newly formed bubbles, in turn, split into several new bubbles
in the same way, and the process continues until the end of the HIFU pulse. This behavior
will be referred to as “fanned-out proliferation”.

The axial and fanned-out proliferation behaviors of a single bubble have been documented
at finer temporal resolution with ultra-high-speed photography, and are shown in Fig.

5 and in Supplemental Videos 4 and 5. During axial proliferation, a spherical bubble

was nucleated within 4 microseconds of the HIFU wave reaching the focus, and grew,

while maintaining spherical shape for about 150 microseconds. Afterwards, the transition
into elongated shape occurred gradually over about 400 microseconds, followed by the
production of new spherical bubbles proximal to the original bubble towards the end of the
HIFU pulse. During fanned-out proliferation, the initial spherical bubble grew more rapidly
(within 20 microseconds) before transitioning into a complex shape: two distinct bubbles
were produced at the proximal side of the original bubble and split off within the next 100
microseconds. Each of the split-off bubbles rapidly split into two more bubbles, also located
proximally. This process was repeated at the proximal side of the bubble group until the end
of the HIFU pulse, while at the distal end of the group bubbles were alternately merging and
splitting near the location of the original bubble.

All the recorded high-speed videos were automatically processed to extract the numbers of
spherical stationary bubbles, elongated bubbles (corresponding to axial proliferation), and
bubbles of complex shape (corresponding to fanned-out proliferation). At 1.5 MHz, the p~
levels at which each of the three behaviors were observed at least once were different for the
transducers with different ~numbers (Fig. 6). Specifically, less focused transducers (higher
Fnumber) produced proliferating behavior (axial or fanned-out) at noticeably lower g~ and
acoustic power levels than the most focused transducer (lowest ~number). The output levels
at which proliferative behaviors were first observed corresponded to the formation of a
shock in the HIFU focal waveform. Interestingly, for the most focused transducer (~number
= 0.77) the only proliferative behavior observed was fanned-out, but not axial.

The output threshold for observing stationary bubbles in high-speed photography was the
same for the two less focused transducers, but higher for the most focused transducer.
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However, the recorded PCD signals (not shown) indicated that cavitation activity also
occurred at lower levels for that transducer (in one of ten exposures at p™= 3 MPa, and

three out of ten at p~ = 5 MPa). This discrepancy between PCD and high-speed photography
observations most probably was due to the bubble size being below the spatial resolution
provided by the high-speed photography in this set of exposures. In addition, the spatial
alignment between PCD and HIFU foci is best for this most focused transducer [8], which
may have contributed to enhanced PCD sensitivity for this case vs the two others.

When the operating frequency of the transducer with Fnumber = 1.5 was varied, there

was a small difference in the p~ thresholds for the proliferating behavior types only at 1.9
MHz frequency. Additionally, there were differences in the number of initially nucleated
spherical bubbles and their size: the bubbles were smaller and fewer in number at the higher
frequencies, for the same focal pressure levels. Note that the range of g~ corresponding to
shock formation conditions at the focus is the same for the three frequencies, while the
threshold acoustic power is smaller for higher frequencies (Table I), as expected [11].

B. Dependence of spherical bubble size on acoustic output levels for the three cavitation

behaviors

A high-speed video processing algorithm was used to quantify the diameters of the spherical
bubbles that either remained stationary, or proliferated in an axial or fanned-out manner. In
the case of stationary bubble behavior throughout the exposure, the cross-sectional area of
each bubble in each frame was recorded and sorted into a “stationary” group. Note that if
the same spherical bubble was observed within several frames during the exposure, its area
was recorded multiple times. For proliferating behavior, the areas of spherical bubbles in
the video frame immediately preceding their transition to proliferating behavior (i.e., being
classified as elongated or complex shape) were recorded, removed from the “stationary”
group and sorted into the appropriate “axial” or “fanned-out proliferation” group. The

size measurements were then pooled together for all exposures performed with the same
acoustic parameters, and the median bubble area was determined for each behavior group.
A representative example of the bubble area distribution for the set of exposures by the
transducer with ~number = 1.52, at the frequency of 1 MHz and g~ of 7 MP4a, is shown

in Fig. 7a. The distribution of the bubble areas that remained stationary throughout the
exposure is noticeably shifted down relative to the ones that subsequently proliferated. The
size distribution of axially proliferating bubbles is in turn shifted down relative to that of the
fanned-out proliferating ones. The median bubble areas shown in Fig. 7a reflect these shifts
in bubble size distribution.

Median bubble diameters were determined from the median bubble areas for each set

of exposures with the same acoustic parameters. Figure 7b shows the dependence of

the median bubble diameter on p~ for the three behavior groups. As seen, the median
size differences between the three behavior groups were maintained at all output power
levels: stationary bubbles were smallest, followed by axially proliferating and fanned-out
proliferating ones. Within each behavior group the median initial spherical bubble size
increased and then saturated with increasing p~. These observations held for all sets

of acoustic parameters tested and indicate that proliferating behavior is associated with
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larger initial bubble diameters. Taken together with the requirement of shock formation

for proliferating behavior described above, as well as the positions of the proliferating
bubbles only on the acoustic axis and within the focal area, i.e. where the shocks exist,
these observations suggest the involvement of a shock-scattering mechanism in initiating
the proliferating behavior of bubbles. This mechanism has previously been reported for the
formation of dense bubble clouds during histotripsy — a technique producing mechanical
tissue fractionation down to the subcellular level [18].

C. Dependence of spherical bubble size on F-number and frequency

Figure 8a shows the dependence of the median spherical bubble diameter on g~ for
exposures performed using the transducer with ~number = 1.52 at the different frequencies.
For all three behavior types and output levels, the median bubble size is smaller for higher
frequencies, which corroborates the qualitative observations presented earlier. In contrast, no
appreciable differences were observed between median bubble sizes within behavior groups
for transducers with different ~numbers operating at the same frequency (Figure 8b). This
is consistent with the lack of bubble size dependence on transducer ~number reported for
individual bubbles within microtripsy clouds [19]. Note that proliferating bubble behaviors
occur at very different focal pressures and output levels for the three transducers. This
indicates that initiation of proliferating behavior is not dependent on specific peak acoustic
pressure levels, as long as g~ exceeds the threshold for nucleation of the initial spherical
bubble, and the waveform contains a shock to facilitate shock-scattering.

D. Dependence of cavitation dynamics on agarose stiffness

Exposures of gel phantoms with higher concentrations of agarose (3% and 5% ) were
performed using the ~number = 1.52 transducer operating at 1 MHz at escalating output
power levels. The g~ threshold levels for proliferating behaviors were found to be the same
for all gel phantoms; also, there was no difference between spherical bubble sizes in either
behavior group for the different agarose concentrations (data not shown). However, with
increasing agarose concentration, the spatial distribution of bubble clouds originating from a
single proliferating bubble became more confined, in both transverse and axial directions, as
illustrated in Fig. 9. The reduction in maximum axial length of the cloud suggests that the
process of proliferation occurs more slowly over the course of the 1 ms pulse in the higher
concentration agarose gels.

E. Spectral features of PCD signals specific to proliferating cavitation behaviors

Representative examples of filtered PCD signals representing broadband noise emissions
from cavitation bubbles, corresponding to the different cavitation behaviors, are shown in
Fig. 10a. These signals were recorded at different output levels of the ~number = 0.77
transducer operating at 1.5 MHz. In the absence of cavitation, the recorded signal shows
background electrical noise, that did not change throughout the length of the recording.
When stationary cavitation behavior was observed using high-speed photography, the
amplitude of the filtered PCD signal exceeded that of the background noise for the duration
of the HIFU pulse, after the time of flight to the HIFU focus. When fanned-out proliferation
was observed, the PCD-recorded broadband noise emissions were higher in amplitude. The
frequency spectra of the three PCD signals before filtering out HIFU harmonics are shown
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in Fig. 10b. The level of broadband noise is elevated when cavitation occurs, and is higher in
the case of proliferating behavior than for stationary behavior, mostly at the high-frequency
end of the spectrum. As expected, the backscattered HIFU harmonics are present in all
signals, whether cavitation occurs or not. Importantly, if the harmonic peaks are examined

in more detail (second harmonic peaks are shown in Fig. 10c), it can be appreciated that the
peaks are wider (19 kHz vs 2 kHz at —10 dB level) and shifted in frequency by up to 10

kHz in the case of proliferating behavior compared to stationary behavior. The shift, Af is
greater for higher harmonics. This is consistent with a Doppler shift caused by the motion of
bubbles towards the transducer:

Af =2fvlc 3)

where fis the frequency of the harmonic peak, cis the sound speed and vis the velocity of
the scatterers, in this case — cavitation bubbles. The shift of 10 kHz at the second harmonic
frequency of 3 MHz would thus correspond to the speed of 2.5 m/s. This estimation is
confirmed by the corresponding high-speed video recording of the two bubble clouds shown
in Fig. 10d. The distances from the original nucleated bubbles to the outermost edges of the
bubble clouds are 2.1 mm and 1.8 mm. These distances were covered by the cloud fronts
over the duration of 1 ms HIFU pulse, resulting in average cloud front speeds of 2.1 m/s
and 1.8 m/s, respectively. Note that these speeds are averaged over the entire pulse and

over multiple bubbles, that are moving with different speeds within the cloud. This is the
probable origin of the overall harmonic peak broadening.

The spectral shift and spectral broadening of the second harmonic peak were extracted from
PCD signals for all exposure levels and transducer parameters in the 1.5% agarose gels

and correlated to the bubble behaviors automatically classified from the high-speed video
recordings. For exposures resulting in axial proliferation, the second harmonic peak was
only slightly shifted (by 1-6 kHz) due to the relatively small bubble front displacement
over the 1 ms pulse. The peak remained fairly narrow (spectral width at 0.1 level ranged
within 2-10 kHz), consistent with axially directional motion of the bubbles. For exposures
resulting in fanned-out proliferation, both the spectral shift and width were substantially
larger, 6-10 kHz and 10 — 30 kHz, respectively. These ranges can be considered as metrics
for determining cavitation behavior from PCD signals in other media, e.g. tissue.

IV. DISCUSSION AND CONCLUSIONS

As demonstrated in our prior work, the metrics of pHIFU-induced inertial cavitation activity
in agarose gels obtained from coaxial PCD signals - cavitation probability, persistence, and
broadband noise level - were dependent on not only g, but also on the transducer ~number
and on the degree of nonlinear distortion of the focal waveform [8],[10]. /n vivo, formation
of a shock in the focal HIFU waveform correlated with the intended bioeffect — tissue
permeabilization [3]. In this work, we have sought to elucidate the physical mechanisms
that may be responsible for the prior findings by observing bubble activity directly in

the transparent agarose phantoms with high-speed photography under a range of pHIFU
exposure conditions. The difference in pHIFU exposures in the current study was that only
a single HIFU pulse was used at a given location in the gel, as opposed to sixty pulses, as
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used previously. This choice of exposure was dictated by prior observations that, especially
at lower output levels, the strongest cavitation activity in a gel, liquid, or ex vivotissue was
induced by the first (or the first few) HIFU pulses, and then decreased or disappeared due to
“liquid strengthening” or “nuclei conditioning” [20]. This is generally not observed in vivo,
where cavitation sporadically initiates and disappears throughout the exposure, potentially
due to the renewal of nuclei with circulation and other physiological processes. Thus, the
intent in this work was to examine the response of “unconditioned” nuclei to a HIFU pulse.

The first key observation was that cavitation behavior was qualitatively distinct for quasi-
linear and shock-containing waveforms: isolated, stationary, nearly spherical bubbles that
grow to up to 90 microns in size, versus, proliferating bubbles that either translate up to
hundred microns towards the transducer (axial proliferation), or form sparse bubble clouds
up to 2 mm in size (fanned-out proliferation). This difference in behavior is very relevant
to the ability for inducing mechanical tissue damage, the proliferating bubbles clearly being
more destructive than the stationary ones due to the larger area that they cover. According
to prior work on histotripsy-induced damage in agarose phantoms embedded with a thin
layer of red blood cells (RBCs), the area of lysed RBCs corresponded well with the
cross-sectional area of bubbles observed on high-speed photography, and was comparable
to the damage produced subsequently in ex vivo kidney samples using the same exposure
parameters [21]. In addition, due to the fact that the cumulative volume of proliferating
bubbles is substantially larger than that of the isolated stationary ones, the bubbles are less
likely to dissolve completely between HIFU pulses. This would provide cavitation nuclei for
the subsequent pulses, thus enhancing cavitation persistence. It therefore appears important
to ensure proliferating behavior in exposures used for pHIFU-based drug delivery, and to
understand the underlying physical mechanism.

The candidate mechanism previously hypothesized as playing a role in the cavitation
dynamics induced by shock-containing waveforms is the inversion of shock wave polarity
during its reflection from bubbles acting as a pressure-release interface [18]. This effect has
previously been demonstrated for histotripsy exposures that use very high peak negative
pressures (20-25 MPa) and much shorter, microsecond long HIFU pulses [16]. The
initiation of a histotripsy bubble cloud was shown to be contingent on the diameter of

the initial bubble reaching ~50 xm - 100 xm and the presence of a high amplitude (over

80 MPa) shock front. Recently, this effect was also demonstrated to be responsible for
prefocal cavitation cloud formation in another histotripsy approach — boiling histotripsy,
which uses longer bursts of HIFU shock waves lasting a few milliseconds and of somewhat
lower pressure amplitudes [22, 23]. Enhanced absorption at the shocks leads to local heating
of tissue and creating a vapor bubble at the focus, which then acts as the pressure release
interface. Similarly, the bubble cloud tends to form only if the vapor bubble size exceeds a
certain threshold.

In the present work, both HIFU exposure parameters and the resulting bubble clouds
were different from both shock-scattering and boiling histotripsy: the bubble clouds were
sparse, i.e. individual bubbles did not merge into the dense, millimeter-sized cloud typical
for histotripsy. Further, the clouds grew slowly in the present study, over the duration
of the millisecond-long HIFU pulse, as opposed to transient cloud formation within a
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microseconds-long histotripsy pulse. However, the requirements for proliferating behavior
that could be gleaned from high-speed photography observations, specifically Figs. 6, 7b,
and 8, were remarkably similar to those of histotripsy cloud formation: growth of the
originally nucleated bubble to a sufficiently large size (~60 xm — 120 um depending on the
frequency) and presence of a shock front in an asymmetrically distorted waveform (albeit
of lower amplitude) at the focus. The two requirements, and associated implications for the
mechanism, are discussed in more detail below, and the overall hypothesized mechanism is
illustrated in Fig. 11.

The sizes of the originally nucleated, nearly spherical bubbles just before axial or fanned-out
proliferation occurred were, on average, larger than those for the bubbles that remained
stationary, according to Figs. 7-9. Importantly, from the measurements presented here it is
not possible to define an exact bubble diameter threshold, beyond which proliferation will
occur for a certain set of pHIFU parameters. Rather, the median bubble sizes presented

here are statistical measures derived from overlapping size distributions of stationary and
proliferating bubbles. However, they do appear to capture a trend that is consistent across all
transducer parameters tested. Note that the observed range of bubble sizes (40-140 microns)
significantly exceeds the resonant bubble sizes for the HIFU frequencies considered here
(3-6 microns). The bubbles reach this size not within a single rarefactional phase of the
HIFU wave (as is the case in shock-scattering histotripsy and microtripsy [18],[7]), but
within tens to hundreds of HIFU cycles, with the growth being faster at higher acoustic
output levels. One contributing mechanism to such gradual bubble growth could be the
rectifying effect of a distorted HIFU waveform on bubble oscillations, wherein the bubble

is more responsive to the longer-duration rarefactional phase than the shorter-duration
compressional phase, and grows over each acoustic cycle as a result [24]. Bubble growth
may also be caused by rectified diffusion of non-condensable gases, which can be enhanced
by aspherical bubble motions that involve streaming of the surrounding fluid [25]. Moreover,
aspherical collapses and jetting in response to an incident shock front typically involve

less dissipation from acoustic radiation [26], which lead to larger bubble rebounds that
would also enhance rectified diffusion. Notably, we observed that stiffer agarose gels were
associated with prolonged growth phases but no changes in threshold pressure or bubble
size just before proliferation. Because stiffer gels reduce bubble oscillation amplitudes, the
prolonged growth phases suggest that some form of rectified growth may play a role in this
stage of bubble proliferation with the rate of rectified growth positively correlated to the
amplitude of bubble motion.

Shock wave scattering by the grown spherical bubble is the second important step of the
proliferation process. After being reflected from the bubble, the shock wave’s polarity is
inverted, thus effectively increasing p~ immediately near the bubble and the possibility of
nucleating additional bubbles. However, the shock amplitudes considered here were mostly
(with the exception of the largest output exposures with the /~ number = 0.77 transducer)
insufficient to nucleate a histotripsy-like proximal layer of bubbles within a single acoustic
cycle [7],[18], [22]. Instead, we speculate that repetitive shock scattering is increasing the
local tension immediately adjacent to the bubble, which raises the probability of exceeding
the cavitation threshold. Thus, even if initially low, the probability increases over time, i.e.
over many acoustic cycles, and eventually an adjacent bubble is nucleated. Further, given
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that shock waves in this context represent sharp pressure changes over length scales very
short relative to the size of the initial bubble, shocks will tend to induce aspherical bubble
motions and behaviors such as jetting (with jets roughly aligned with the acoustic axis).
Consequently, shocks may be associated with stresses and strains at the bubble wall that
are directionally localized, thereby promoting damage to the gel proximal to the bubble
gradually over multiple acoustic cycles and the formation of a proximal void in the gel into
which the original bubble expands [27]. Thereafter, the deformed bubble splits into two or
more bubbles and the process repeats itself on the proximal sides of the new bubbles. The
activity of the original bubble (that remains distal) is influenced by the diffraction and/or
shielding of the incident HIFU waves by the proximal bubbles: in some cases they disappear,
in others they stay in place and may grow in size and merge with other proximal bubbles
[28].

Interestingly, at higher HIFU frequencies, smaller bubbles were observed to initiate
proliferative behavior (Fig. 8). Several confounding mechanisms could be responsible for
this effect. Firstly, within the output range corresponding to shock formation, the harmonics
contained in nonlinearly distorted waves are higher for the higher fundamental frequency,
and smaller bubbles could act as pressure release interfaces for these harmonic components.
Secondly, the pHIFU beam width is reduced at higher fundamental frequency, and the

beam could potentially be more effectively reflected by smaller bubbles. Further, because
the incident wave at higher frequency contains proportionately more shock fronts per unit
time compared, it would contribute more efficiently to increasing local tension in front of
the bubble after being reflected by it. In practical terms, one may think that higher HIFU
frequencies would therefore be preferable for exposures aimed at tissue permeabilization,
because shock formation would require lower output power (Table 1), and bubbles would not
need to grow as large to initiate proliferating behavior. However, at higher frequencies, the
number of nucleated bubbles in any exposure was lower, and the bubbles within proliferating
clouds were smaller and therefore less likely to induce tissue damage.

Proliferating bubble behavior could be identified optically in transparent tissue phantoms,
but in order to enable the detection of such behavior in tissues, corresponding metrics for
the PCD signal had to be identified. Because proliferating bubbles are shifting their position
along the beam axis during the HIFU pulse with velocities reaching as high as 2.5 m/s, it
was reasonable to assume that the HIFU harmonics backscattered from the bubbles would
undergo Doppler shift. This was confirmed by detecting an overall high frequency shift in
HIFU harmonic peaks, along with peak broadening due to a distribution in bubble velocities.
These two spectral signatures of the PCD signal may be useful in identifying proliferating
bubble behavior in in vivo tissue, as the shift far exceeds those associated with physiological
motion.

The main limitation of this study is that, due to the frame rate and shutter speed

achievable with the high-speed camera, the individual bubble collapses and their details (e.qg.
jetting, asymmetry) could not be temporally resolved. Thus the hypothesized mechanism
for proliferating cavitation behaviors, although indirectly supported by the observations
presented here, remains speculative. Further, how the observed cavitation behaviors will
translate to tissue and tissue damage is an important open question that will be addressed in
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future studies. The Doppler shift of the backscattered pHIFU harmonics appears to represent
a convenient metric for identifying bubble behavior types, but should be applied in tissue
with caution. The agarose gel has minimal absorption and scattering compared to tissue, and
tissue in the focal region is likely to undergo noticeable displacement due to radiation force,
which could obscure the shift of the bubbles towards the transducer.

In conclusion, pHIFU waves containing shock fronts, even of moderate amplitude, can
induce qualitatively distinct, more destructive cavitation behavior — gradual proliferation.
This behavior was observed at lower acoustic output powers and peak focal pressures

with less focused transducers (i.e., higher ~number) and attributed to the modified shock-
scattering mechanism combined with rectified bubble growth when driven by a nonlinear
HIFU wave and asymmetric bubble motions. The shift in backscattered HIFU harmonics
detected by PCD allows detection of proliferating behavior within each HIFU pulse and thus
provides a feedback parameter for treatment efficiency in applications such as drug delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Sc%ematic diagram of the experimental setup. A single 1 ms HIFU pulse was delivered

to each location in the agarose gel, and the ensuing cavitation bubble activity was

observed using coaxial passive cavitation detection (PCD) and high-speed photography with
backlighting. The relative timing of the HIFU pulse, high-speed camera recording, and PCD
recording are illustrated on the right.
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HIFU transducer focal pressure levels for the transducers with ~numbers of 0.77, 1.02,

and 1.52 operating at 1.5 MHz (a) and the transducer with ~number 1.52 operating at
1 MHz, 1.5 MHz, and 1.9 MHz (c). Dashed vertical lines indicate transducer output

levels corresponding to fully developed shock front in the focal waveform. (b),(d) Focal
pressure waveforms with fully developed shock front for the three transducers in (a) and the
transducer with ~number of 1.52 at three different frequencies in (c), respectively.
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Fig. 3.

III?Jstration of the automated high speed video processing. Top left pane shows a section

of an originally recorded frame. Bubbles identified in each frame using binary gray level
segmentation, were classified for shape and correspondingly color-coded in the output frame
(top right pane). The three shape categories are: nearly spherical, elongated, or complex,
based on the parameter o= L2/4Swhere L is the perimeter of the bubble outline, and Sis
its surface area. For a spherical shape d= 1.
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Stationary bubbles

Axial prollferatlon of bubbles

Fig. 4.

Representative high-speed photography frames (top) and magnified regions thereof (bottom)
illustrating the three types of cavitation activity at the beginning, middle and end of a 1 ms
HIFU pulse. These images were obtained with a 1 MHz transducer with F# = 1.52, at the
following levels of peak negative focal pressure: g~ = 3 MPa, 5 MPa, and 7 MPa for left,
middle and right, respectively. The scale bar is 1 mm. HIFU is incident from the left side of
the images.

Fanned-out prollferatlon of bubbles
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axial proliferation fanned-out proliferation

Fig. 5.
Representative ultra-high speed photography (left 250 kfps, right 150 kfps) frames

documenting axial proliferation and fanned-out proliferation behaviors of a cavitation bubble
produced by a 1 MHz transducer with F~-number=1.52. The scale bar is 100 microns; HIFU
is incident from the left.
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Fig. 6.
Dependence of observed cavitation behavior on peak rarefactional pressure for transducers

with different ~numbers at 1.5 MHz (top) and for the transducer with ~number of 1.52

at different frequencies (bottom). Specific behaviors were assigned if they were observed at
least once for corresponding acoustic parameters. Dashed blue boxes indicate the range of
output levels from the start of shock front formation to formation of the developed shock at
the focus. Dotted green box indicates that cavitation activity was detected with PCD, but not
with high-speed photography.
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Fig. 7.
Distribution of sizes of spherical bubbles produced by a specific HIFU transducer (~number

=1.52, frequency 1 MHz) at different peak rarefactional focal pressures. For proliferating
behaviors, the bubble size immediately preceding the shape transition from spherical was
recorded. (a) Representative bubble size distribution observed during a single pHIFU
exposure at g~ = 7 MPa. Dashed black lines correspond to median bubble size. (b)
Dependence of median bubble size on peak rarefactional focal pressure for all bubble
behaviors. Bubbles that will proliferate within the pulse are, in average, larger than bubbles
that will remain stationary.
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Dependence of the median diameters of spherical bubbles that undergo the three cavitation
behaviors on the peak rarefactional focal pressures during pHIFU exposures using (a)
transducer with ~number = 1.52 at three different frequencies and (b) transducers with
different ~numbers operating at 1.52 MHz.. Error bars correspond to the size of a single
pixel and are provided as a reference.
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Fig. 9.
Representative high speed photography frames illustrating fanned-out proliferating

cavitation bubbles observed at the end of a single 1 ms HIFU pulse produced by a 1 MHz
transducer with ~number=1.52, p~ = 9 MPa at increasing concentrations of agarose gel:
1.5%, 3% and 5% (top to bottom). The spatial distribution of new bubbles originating from
each proliferating bubble, outlined with dotted yellow lines, became smaller with increasing
agarose concentration, and therefore increasing elastic modulus and viscosity. Scale bar is 1
mm.
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Fig. 10.
(a) Representative filtered PCD signals showing cavitation broadband noise obtained during

pHIFU exposures, which induced no cavitation, stationary cavitation, and fanned-out bubble
proliferation. Exposures performed with the transducer of ~number = 0.77 operating at 1.5
MHz are shown. (b) Frequency spectrum of the unfiltered PCD signals from (a) showing
both broadband noise and backscattered HIFU harmonics. (¢) Close up view of the dashed
box from (b) shows the backscattered HIFU second harmonic (3 MHz). Broadening of the
peak and Doppler shift of 10 kHz (corresponding to speed of 2.5 m/s) is observed for the
signal corresponding to proliferating bubbles compared to stationary bubbles. (d) First (top)
and last (bottom) high-speed camera frames corresponding to the PCD signal in (a) showing
proliferating cavitation bubbles. Over the 1 ms pHIFU duration, the two bubbles have shifted
axially by 2.1 mm and 1.8 mm.
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Fig. 11.

Conceptual diagram of the hypothesized mechanism for bubble proliferation behavior.
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Table |

PARAMETERS OF THE PHIFU FIELDS. F—OPERATING FREQUENCY; LXW/— FOCAL AREA DIMENSIONS AT =6 DB LEVEL; Eys

— ACOUSTIC POWER CORRESPONDING TO DEVELOPED SHOCK FORMATION WITH AMPLITUDE AS AT THE FOCUS, WITH ASSOCIATED
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ot anD p

Fnumber | AMHz) | LxWmm) | Eu(W) | P/(MPa) | P (MPa) | A{MPa)
0.77 15 7%x1.2 400 94 17 94
1.0 15 14.5x1.6 170 55 9 55
1.52 1.0 40%3.4 268 28 5 28
1.52 15 27x2.2 127 25 5 25
1.52 1.9 21x1.7 104 29 5 29
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