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ARTICLE INFO ABSTRACT

Keywords: Therapeutic focused ultrasound in combination with encapsulated microbubbles is being widely investigated for
Antivascular ultrasound its ability to elicit bioeffects in the microvasculature, such as transient permeabilization for drug delivery or at
Cavitation

higher pressures to achieve ‘antivascular’ effects. While it is well established that the behaviors of microbubbles
are altered when they are situated within sufficiently small vessels, there is a paucity of data examining how the
bubble population dynamics and emissions change as a function of channel (vessel) diameter over a size range
relevant to therapeutic ultrasound, particularly at pressures relevant to antivascular ultrasound. Here we use
acoustic emissions detection and high-speed microscopy (10 kframes/s) to examine the behavior of a poly-
disperse clinically employed agent (Definity®) in wall-less channels as their diameters are scaled from 1200 to
15 um. Pressures are varied from 0.1 to 3 MPa using either a 5 ms pulse or a sequence of 0.1 ms pulses spaced at
1 ms, both of which have been previously employed in an in vivo context. With increasing pressure, the 1200 ym
channel — on the order of small arteries and veins — exhibited inertial cavitation, 1/2 subharmonics and 3/2
ultraharmonics, consistent with numerous previous reports. The 200 and 100 pm channels — in the size range of
larger microvessels less affected by therapeutic focused ultrasound - exhibited a distinctly different behavior,
having muted development of 1/2 subharmonics and 3/2 ultraharmonics and reduced persistence. These were
associated with radiation forces displacing bubbles to the distal wall and inducing clusters that then rapidly
dissipated along with emissions. As the diameter transitioned to 50 and then 15 um - a size regime that is most
relevant to therapeutic focused ultrasound - there was a higher threshold for the onset of inertial cavitation as
well as subharmonics and ultraharmonics, which importantly had more complex orders that are not normally
reported. Clusters also occurred in these channels (e.g. at 3 MPa, the mean lateral and axial sizes were 23 and 72
um in the 15 pm channel; 50 and 90 pm in the 50 um channel), however in this case they occupied the entire
lumens and displaced the wall boundaries. Damage to the 15 um channel was observed for both pulse types, but
at a lower pressure for the long pulse. Experiments conducted with a ‘nanobubble’ (<0.45 um) subpopulation of
Definity followed broadly similar features to ‘native’ Definity, albeit at a higher pressure threshold for inertial
cavitation. These results provide new insights into the behavior of microbubbles in small vessels at higher
pressures and have implications for therapeutic focused ultrasound cavitation monitoring and control.
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1. Introduction

Therapeutic focused ultrasound (FUS) in combination with micro-
bubbles is being investigated to promote the local delivery of thera-
peutic agents as well as to mechanically ablate tissue and enhance
thermal therapy. While a diverse range of techniques have been
employed, in most circumstances it is the ultrasound-induced dynamic
behavior of microbubbles situated within the smallest microvessels that
is relevant to achieving the desired therapeutic effects [1-5]. At lower

pressure regimes that are typically employed for drug delivery (~<500
kPa), microbubbles generally undergo stable oscillations that produce
fluid flow and deformations of the microvascular wall, leading to in-
creases in permeabilization and facilitating the transport of therapeutic
agents into the extravascular compartment [6,7]. This is the most widely
investigated FUS-mediated microbubble method to date and is the
subject of an increasing number of clinical trials [8-10].

As pressure levels are increased, microbubble oscillations become
more pronounced and violent inertial cavitation (IC) can occur. Such
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exposures can result in microvascular damage, leading to blood flow
shutdown and subsequent tissue necrosis, which has been referred to as
nonthermal ablation, antivascular ultrasound, or vascular disruption
therapy [11-20]. This emerging approach and the conditions required to
initiate it are less understood than drug delivery, but recent evidence
supports that vascular disruption is most readily induced in smaller
microvessels (<20 pm), with the impact on larger vessels increasing as
pressure is elevated [21,22]. This method can potentially be used for a
range of applications, with the most investigated to date being in brain
tissue [14,15,23] and tumors [20,24-26], where in the latter case it has
been shown to enhance the effects of conventional approaches of
radiotherapy [27-30], chemotherapy [31-33] and immunotherapy
[34,35].

The clinical translation of FUS-mediated microbubble treatments
hinges upon the use of cavitation control to ensure efficacy and safety.
The underlying premise of cavitation control is that microbubbles
exhibit distinct oscillation characteristics leading to certain acoustic
emissions that can be detected and used as a basis for modulating ul-
trasound exposures. This area has been the subject of considerable
research in the context of drug delivery [7,36-38]. A prominent control
approach is to increase pressure to a level where order 1/2 subharmonic
(SH) or 3/2 ultraharmonic (UH) emissions are observed, at which point
the transmit amplitude is reduced for successive pulses [39-41]. The
rationale for this is the association between the emergence of SHs and
UHs with more pronounced oscillations that can induce microvascular
damage (e.g. erythrocyte extravasation). Other approaches involve
monitoring harmonic signal levels [42], with the assumption that this
will correspond to sufficiently pronounced microbubble oscillations to
induce permeabilization. This has also been coupled with monitoring for
the presence of IC [43,44].

For antivascular therapy, control methods have yet to be established.
In a limited number of studies that have monitored emissions in bulk
tissue, IC has been shown to be present along with SHs and UHs
[23,32,35,45,46]. Several studies have indicated a correlation between
IC and either vascular damage or the ensuing tissue necrosis
[23,37,47-49]. Interestingly, in recent work using simultaneous multi-
photon microscopy and cavitation emission detection, microvascular
disruption was also observed to occur in the presence of order 1/3 and
2/3 SHs and 4/3 and 5/3 UHs [50].

To date, the implementation and validation of cavitation control
methods have been based on linking emissions and control approaches
to bioeffects. It is noteworthy that when this is done the emission signals
are derived from the overlapping region of sensitivity of the transmit
and receive beams, which is many cubic millimeters in size and can
encompass smaller arteries and veins in addition to microvessels.
Further, microvessels are typically considered to be vessels of diameters
of 100-300 pm and below and include varying calibers of arterioles and
venules as well as capillaries. As there is considerable evidence that
therapeutic effects are preferentially achieved in the smallest micro-
vessels (<50 um) [4,21,50,51], it can be argued that the ideal control
mechanism should mainly consider the emissions from these micro-
vessels. However, only a portion of the received emissions are from
microbubbles in these smaller vessels since they only comprise a fraction
of the total blood volume within the region of sensitivity [52,53]. It is
therefore of interest to understand the manner in which cavitation varies
as a function of vessel diameter under conditions relevant to FUS
microbubble-mediated therapies.

It is widely recognized that when microbubbles are situated in
microvessels their dynamic behavior in response to ultrasound will
differ from when they are in an unconfined state, due to the viscoelastic
response of the vessel wall, modifications of fluid microstreaming and
inertial coupling to fluid constrained to be within the vessel. This has
been examined from a theoretical and modeling perspective in the
setting of individual microbubbles at relatively low pressures [54-59].
Ultrahigh-speed (Mframes/s) optical imaging techniques have been an
important tool for investigating microbubble behavior in numerous
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studies, mainly under conditions relevant to imaging or therapy in larger
channels (>200 ym) or chambers [60-66]. There has also been a wealth
of ultrahigh-speed optical studies examining microbubble behavior
within small vessel phantoms [67-69] and ex vivo capillaries [1,70-73]
using short pulse exposures (several cycles). Cavitation emissions from
bubble populations have been measured in smaller phantom channels
(90-800 um) in the absence of optical imaging, and it has been shown
that IC emission thresholds increase for smaller tubes [74,75]. There are
only limited studies with concurrent high-speed optical imaging and
cavitation detection of microbubbles in vessel channels [66,76,77], with
one directly relevant example being Chen et al [76] which investigated
the effect of millisecond scale pulses on populations of microbubbles in
200 um channels. There is however a lack of direct information (optical,
emissions) on cavitation in smaller microvessels <=50 um (the size of
vessels most directly affected by therapy) with longer pulses and pres-
sure levels typically used in FUS.

To this end the objective of this paper is to perform an optical and
acoustic investigation, using concurrent cavitation detection and high-
speed (10 kframes/s) optical imaging, on the behavior of populations
of microbubbles situated in small compliant channels (15, 50, 100, 200
and 1200 um in diameter) under a range of ultrasound exposure con-
ditions that are relevant to antivascular therapy and drug delivery. An
emphasis was placed on employing conditions relevant to antivascular
ultrasound, as microbubble behavior at higher pressure regimes is
poorly understood. Collectively this information is relevant to the
interpretation of signals arising from volumes of tissue that contain a
range of microvessel calibers - signals that are currently used for
cavitation-based control methods.

2. Methods
2.1. Exposure scheme overview

An important aspect of experimental design was the selection of
pulsing schemes and pressure ranges. In general, the pulse lengths
employed for drug delivery are on the order of 1-10 ms with pressures
ranging from 100 to 200 kPa to 400-500 kPa for transmit frequencies in
the 0.3-1.5 MHz range [78,79]. However, shorter, more closely spaced
pulses have also been employed [80,81]. Antivascular ultrasound
pressures and pulsing schemes have varied widely [50] and have
included either millisecond scale pulses as well as a series of closely
spaced (kHz) shorter pulses (16-100 cycles). In this study, we operate at
1.4 MHz and employ pressures ranging from 0.1 to 3 MPa to cover a
range that is relevant to both drug delivery and antivascular therapy.
Two pulsing schemes were tested. The first was a single sequential ‘short
burst” method (100 pulses of 0.102 ms in length spaced at 1 ms) similar
to that previously reported in [31,32] for tumor antivascular therapy.
The second was a 5 ms pulse, similar to the conditions employed in [50].

2.2. Optical and acoustical setup

An overview of the experimental configuration is shown in Fig. 1(a).
High-speed microscopy (Photron Fastcam APX-RS, Olympus
LUMPFLN60XW objective, 2 mm working distance) was used to
examine the evolving patterns of microbubble behavior under different
ultrasound and channel conditions over milliseconds timescales. A
framerate of 10 kframes/s was used with a shutter speed of 1 ps to limit
the temporal averaging of the high-speed microbubble interactions for
clearer images. Brightfield illumination was achieved using a light guide
coupled to a xenon flash lamp (Godox QS1200IL, 1200 W). The vessel
phantom was mounted horizontally on a 3-axis stage within a water tank
containing degassed, deionized water. In order to maximize bubble
visualization, different optical field of view dimensions were employed
depending on channel size: 816x256 um for the 15 and 50 pm channels,
640x384 pm for the 100 um channels, and 448x640 um for the 200 um
channels, with the latter configuration capturing the distal channel wall.
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Fig. 1. Schematic diagram of the experimental apparatus showing (a) a side view of the overall experimental setup and (b) a detailed top view of the vessel phantom.

Broadband transmit and receive transducers were configured such that
their focal regions overlapped within the optical field of view. The
transmit transducer (Olympus C305-SU, 0.75-inch diameter, 1-inch
focal length, 2.25 MHz nominal center frequency) was driven by an
arbitrary waveform generator (Tektronix AFG3102) and amplified by a
55 dB RF power amplifier (Electronics & Innovation A150, 0.3-35 MHz,
150 W). Peak negative pressures of 0.1, 0.25, 0.5, 1, 1.5, 2, and 3 MPa
were calibrated using a PVDF needle hydrophone (Precision Acoustics
NHO0075). In Supplementary Fig. 1, the relative values of the funda-
mental, second and third harmonic content as a function of pressure in
the focal region are shown. The transducer had a —6 dB beamwidth of
2.5 mm at focus and a depth of field of 13.75 mm as measured with the
hydrophone at 1.4 MHz. The —6 dB bandwidth at focus was measured to
be 1.25-3.5 MHz.

The acoustic emissions from the bubbles were detected with a
broadband receive transducer (Olympus C305-SU; 0.75-inch diameter,
1.5-inch focal length; 2.25 MHz nominal center frequency; —6 dB
beamwidth of 3.5 mm at 1.4 MHz). For the 15 and 50 um channels with
transmit pressures up to 1000 kPa, and for 100 and 200 um channels
with transmit pressures up to 500 kPa, received signals were amplified
using an 18 dB preamplifier (MITEQ, AU-1433, 0.3-200 MHz) prior to
digitization. These acoustic signals were captured using a Picoscope
5000D with a sampling rate of 125 MHz. Signals were recorded for the

entirety of the ultrasound pulses, with at least an additional 100 ps from
before the arrival of each ultrasound burst to enable an assessment of
noise levels. Baseline (control) signals with only saline in the channel
were also captured for each experimental condition prior to micro-
bubble injection. The synchronization of illumination, fast-frame im-
aging, ultrasound transmission, and acoustic emissions recording was
accomplished using a second arbitrary waveform generator (Tektronix
AFG3022B) and a pulse delay generator (Berkeley Nucleonics Corp.
Model 575).

The relationship between the synchronization of the ultrasound and
the high-speed camera is shown in Fig. 2 for the two pulsing schemes.
For both schemes, the camera frame rate was 10 kframes/s (100 ps/
frame), and the shutter time was set to a 1 us exposure at the end of each
frame. Timing of the ultrasound transmission was configured such that 1
frame pre-ultrasound was recorded. For the short pulse scheme, the
ultrasound pulse was 102 ps, such that FUS-stimulated bubble behavior
was captured during frames 2 and 3 (corresponding to ~0.66-1.66 and
~100.66-101.66 ps of the ultrasound pulse). A 4th frame was captured
to visualize the channel post-ultrasound (~99 ps after the end of the
pulse). This process was repeated at a 1 kHz interval for a total of 100
bursts. Cavitation signals were recorded for a single sequence of 100
bursts, however, due to limitations of the flash lamp duration, no more
than the first 10 bursts were recorded optically for the short pulse
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(a) 0.102 ms pulses sent every 1 ms case:

Ultrasonics Sonochemistry 93 (2023) 106291

l:l Camera Frame

102 ps x100 I Frame Exposure
[ 0 20 30 4 y o [T 1w I
0 01 02 03 04 '/ 08 09 1 Ultrasound Pulse
Time (ms)
(b) 5 ms pulses case:
——— 5000 s —mmmm > x1
[ 1 2030 4 |52|53|:,/ B

0 0.1 0.2 0.3 04 7/ 5

Time (ms)

5.1 5.2 537

999.9 1000

Fig. 2. The timing relationship between high-speed camera frames and arrival of the ultrasound pulse for (a) the 0.102 ms, 1 kHz PRF and (b) 5 ms pulsing schemes.
The shorter pulsing scheme shows that the ultrasound sonication is captured in the optical exposure (shaded gray regions) of frames 2 and 3, while the longer pulsing

scheme is captured in frames 2 to 51.

scheme. Following the 100th burst, an optical image was captured to
enable an assessment of the channel status. For the 5 ms pulsing scheme,
bubble behavior was captured optically in frames 2-51 (corresponding
to timepoints ~0.66-1.66 to 4900.66-4901.66 ps of the ultrasound
pulse). Frames 1 and 52 captured the channel immediately prior to and
after the ultrasound pulse respectively. One burst of 5 ms pulses was
recorded both optically and acoustically.

2.3. Small vessel phantom

The vessel phantom (Fig. 1(b)) employed was a wall-less channel cast
within 2.5 % agarose gel. The gel was bounded and held in place with an
optically and acoustically transparent polyester film (Mylar, 0.5 mm
thickness), which was mounted within an acrylic frame that enabled
positioning and attachment of the inflow and outflow ports. The chan-
nels were cast with a tungsten wire (with a diameter of the described
channel) situated within and between two hollow telescoping tubes
made of extracted 23-32 gauge hypodermic needles, depending on
desired channel size. After the gel had set, the wire was extracted leaving
inflow and outflow ports through the smaller channel over a distance of
4-8 mm. A bypass port was added at the proximal side of the vessel inlet
to redirect the flow to a large diameter outlet port. This allowed the inlet
tubing to be flushed with the fresh agent before each experiment and
saline after each experiment, without having to pass the entirety of the
flushing liquid volume through the micron-scale vessel.

2.4. Microbubble preparation and handling

Experiments were performed using the widely employed commercial
contrast agent Definity® (Lantheus Medical Imaging), a polydisperse
suspension of phospholipid-encapsulated octafluoropropane micro-
bubbles. The vials were activated through mechanical agitation for 45 s
using a VialMix® (Lantheus Medical Imaging) activation device. For
experiments using the native Definity sample, the vial was inverted for
30 s and a 100 pL volume was extracted each time and diluted by a factor
of 5000 in saline according to previously described methods [82].

In addition, the short pulse scheme experiments were repeated with a
‘nanobubble’ subpopulation of native Definity, which was isolated using
an Acrodisc® syringe filter (Pall Laboratory, supor membrane, 0.45 pm
pore size). In this case, the vial was inverted for 2 min before extracting a
200 uL volume which was then diluted 10 times prior to passing through
the filter, similar to a procedure reported in [83]. The dilution ratio was
chosen to approximately volume-match the nanobubbles to the diluted
native Definity microbubble solution.

Coulter Counter size measurement data for native and filtered Defi-
nity populations are shown in Supplementary Table 1 and

Supplementary Fig. 2. In both cases, diluted agent was gently introduced
into the channel via a syringe through the inflow port with an open
outflow port. The outflow port was then closed while measurements
were performed. Between measurements, the outflow port was opened,
agent was replenished within the channel, and the outflow port was
closed again.

2.5. Data processing

2.5.1. High-speed microscopy

The temporally uneven illumination intensity of the flash lamp was
corrected by adjusting the contrast and brightness of each frame using a
MATLAB (The MathWorks Inc., MA, USA) script.

2.5.2. Cavitation signals

The received cavitation signals were processed in MATLAB. All sig-
nals were first filtered with a 5th-order 0.3-10 MHz Butterworth
bandpass filter. For the short burst scheme, the emission spectra were
derived from a Fast Fourier Transform (FFT) of a 102 ys Hanning win-
dow segment that was zero-padded to the next power of 2 from its
original length, resulting in a frequency resolution of 7630 Hz. For the
long burst scheme, a 5 ms segment corresponding to the cavitation
signals underwent an FFT resulting in a frequency resolution of 200 Hz.
This process was done both for baseline (saline only) and for bubbles.
Noise and baseline signals were subtracted from the bubble cavitation
data for presentation and quantification purposes.

To analyze the temporal evolution of the bubble cavitation within
pulses, sliding Hanning windows of 20 ps for the short burst scheme and
100 ps for the 5 ms pulses were applied every 10 ps and 50 ps, respec-
tively (corresponding to 50 % overlap). Each window was zero-padded
to the next power of 2 from its original length before undergoing an FFT,
resulting in frequency resolutions of 30518 Hz and 7629 Hz,
respectively.

Cavitation within selected frequency bands was quantified by
computing the mean power over 50 kHz windows centered at the order
1/2 SH (0.7 MHz), fundamental (1.4 MHz), order 3/2 UH (2.1 MHz),
and second harmonic (2.8 MHz) frequencies, as well as a frequency
range away from these peaks at 1.925 to 1.95 MHz and 3.01 to 3.035
MHz as an indicator of IC. The ratio of the SH mean to the mean of its
surrounding IC (0.575 to 0.6 MHz and 0.8 to 0.825 MHz) was used as an
indicator of ‘relative’ SHs, and the ratio of the UH mean to the mean of
its surrounding IC (1.975 to 2 MHz and 2.2 to 2.225 MHz) was used as an
indicator of ‘relative’ UHs. Each mean was normalized to its corre-
sponding lowest pressure mean. To quantify the cavitation levels for
each channel diameter as a function of time within pulses or as a func-
tion of burst number, the cavitation was normalized with respect to the
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baseline value.

Spectrograms were used to illustrate the evolution of bubble activity
over time. For the short pulsing scheme, the entirety of each pulse was
used as the window. For the 5 ms pulses scheme, 100 ps windows every
50 ps were applied across the 5 ms pulse. The frequency domain noise
and baseline signals were subtracted from the bubble spectra which
were then normalized at each pressure to the maximum signal across all
channel sizes.

3. Results

A summary of the experiments conducted is shown in Supplementary
Tables 2-4. An emphasis was placed on acquiring data for the short pulse
sequence for both agent types and all channel sizes. These data were
supplemented with 5 ms experiments for a subset of conditions.

3.1. Short pulse sequence (native Definity)

The results in this section look at the response of native Definity to
the short pulsing scheme with changing pressures and channel sizes. We
begin by examining spectral and optical features of the data for earlier
pulses in the sequence before describing the evolution over the
sequence.

3.1.1. Spectral and optical data

Fig. 3 shows the averaged cavitation spectra of the first five bursts for
different acoustic pressures and channel diameters. In these spectra,
there are clear peaks at the fundamental, second and third harmonics,
which increase in magnitude with pressure. The harmonics will be due
to a combination of emissions from the bubbles, along with scattering
from propagation harmonics (Supplementary Fig. 1) that are incident on
the bubbles. Generally, for each channel diameter there is a pressure
threshold at which there is a distinct jump in the magnitude of broad-
band noise signals (IC). This pressure threshold tends to increase with
decreasing channel diameter. For example, for a 15 ym channel diam-
eter a minimum pressure of 1.5 MPa is required before a significant rise

15 pm
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(>20 dB) in broadband signal relative to baseline is observed, whereas
for a 1200 pm channel, a rise in IC is seen at only 250 kPa. For 50 and
100 um channels, the IC rises at 1 MPa, and for 200 pm a rise is seen at
500 kPa.

There are also trends in the development of SHs and UHs as a
function of pressure and channel diameter. Similar to IC, the emergence
of SH and UH signals tend to increase with pressure with a similar
pressure threshold of IC for smaller diameter channels. For example, in
15 um channels, distinct 1/2 order SHs and 3/2 UHs are seen only at 1.5
MPa and above; in addition to 1/2 order SHs and 3/2 UHs, their third
order 2/3 SHs and 4/3 and 5/3 UHs are visible at 3 MPa; 11/9, 9/7, 12/
7, and 16/9 UHs are visible at 2 MPa; 6/5, 9/7, 12/7, and 9/5 UHs are
seen at 1.5 MPa. A number of SHs and UHs are also faintly visible in 50
um channels at 2 and 3 MPa, and even more faintly in 100 and 200 pm
channels (features are summarized in Supplementary Table 2). The
1200 pm channels show a distinctly different pattern, with 3/2 UHs
arising at 100 kPa and 1/2 SHs becoming visible beginning at 250 kPa.
The SHs and UHs are however no longer visible at higher pressures of 1
and 1.5 MPa in the 1200 um channel.

Fig. 4 shows a quantification of the magnitudes of relative 1/2 SHs,
relative 3/2 UHs, and IC power bins evolving as a function of pressure
and channel diameter. The pressure threshold for the elevation in IC
decreases as the channel diameter increases. The IC level continues to
increase with pressure before leveling off at ~ 1.5 MPa. The relative SHs
and UHs show similar behavior to the IC power trend in 15 um channels,
but appear to reach a peak at 2 MPa. The relative SH and UH levels are
present for the 50 um channel at higher pressures (>1 MPa) but sub-
stantially reduced compared to the 15 um case. For the 100 and 200 pm
channel sizes, pronounced SHs are not present, though modest levels of
UHs do appear at higher pressures. For the 1200 um channel, the power
levels of relative SHs and UHs increase to a maximum at 250 kPa before
decreasing as the pressure level increases further. We note that, due to
the presence of incident propagation harmonics complicating the
interpretation of harmonic bubble emissions in these bandwidths, the
harmonic regions have not been quantified.

Fig. 5 shows representative successive microscopy frames for
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different channel diameters and pressures for the first pulse. As bubbles
prior to sonication are smaller and distributed at different depths within
the channel, they are typically not visible within the optical focal plane.
For each channel diameter, visible bubble expansion during sonication
only occurs past a certain pressure threshold, which increases as the
diameter decreases. For example, with the 15 um channel, no bubble
expansion is visible during sonication until 1 MPa, with larger expansion
visible at 1.5 and 2 MPa and yet more activity at 3 MPa. In the 200 pm
channel, expansion is seen at 500 kPa, with bubble activity increasing
significantly with pressure. The intermediate channel diameters show
clear bubble activity starting at 1 MPa and similarly increased activity
with pressure beyond this threshold. At pressures where bubble activity
is optically evident, it manifests as discrete centers of expanded bubbles
in the first image frame (consistent with spatially separated individual
bubbles), followed by the emergence of what can be described as clus-
ters or clouds of bubbles at later frames (subsequently referred to as
clusters).

In the case of the larger channels (100 and 200 um) there was a
translation of bubbles and the corresponding accumulation of bubbles
and clusters at the distal wall. In the smaller channels (15 and 50 ym),
the clusters occupy the entire channel diameter, appearing to induce
deformation on the channel walls (both sides in Supplementary videos
1-2, right side in Supplementary videos 3-4). A quantification of the

(=)}

cluster dimensions for the 15-100 um channels at 2 and 3 MPa is shown
in Supplementary Table 5. Post-sonication, what appear to be residual
bubbles are present in the previous location of the clusters (visible in
Supplementary videos 1-3 post sonication). It should also be noted that
non-spherical bubble expansion could be observed (Supplementary
videos 2-3).

The pressure thresholds for the optically observable bubble expan-
sion are slightly lower than the thresholds for the onset of broadband
emissions seen in the spectral data of Fig. 3. The behavior of the bubbles
in Fig. 5 also appears different throughout sonication. To better under-
stand these findings, Fig. 6 shows the temporal evolution of cavitation
spectra for the average of the first five bursts. A notable feature is that for
the pressures at which a rise in the IC is first seen (1 MPa for 15 ym and
500 kPa for 200 um), the magnitude of the broadband signal decreases
after the first 20 ps. In 15 um channels at 3 MPa, 2/3 SHs and 4/3 and 5/
3 UHs increase in magnitude at later sonication times. In the 200 ym
channel, at 250 kPa, distinct 3/2 UHs appear in the 0-20 ps spectra but
not at later sonication times. The pressure threshold at which a rise in IC
is seen in the 0-20 ps spectra matches with the optically observed
pressure threshold for bubble expansion.

3.1.2. Evolution of data over the full pulse sequence
Fig. 7 shows spectrograms as a function of burst number for different
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Fig. 5. Representative optical images from high-speed microscopy showing native Definity bubble activity during the first burst of the 0.102 ms pulsing scheme for
different sonication pressures and channel diameters. Frames are separated by vertical black lines and red shaded frames indicate ultrasound exposure. Dashed blue
lines in the first row indicate the boundary of the channel diameter. Scale bars on the bottom row represent 50 um. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. The temporal evolution of the native Definity cavitation spectra within pulses for the 0.102 ms pulsing scheme for different sonication pressures and channel
diameters. Gray-shaded lines in the 15 um channel pane indicate different frequency peaks with fundamental frequency f,. Derived from the average of the first

five bursts.
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Fig. 7. Spectrograms of the native Definity cavitation signals for the 0.102 ms pulsing scheme over sequential bursts for different sonication pressures and channel
diameters. White arrows point out fundamental f, and second harmonics 2f;,. Yellow arrows point out second-order SHs and UHs, green arrows point out third-order
SHs and UHs, and red arrows highlight areas with inertial cavitation. Results are averaged over all acquisitions for each condition. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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pressures and channel diameters (<200 um). This data is supplemented
by an analysis of the persistence of specific frequency bands in Supple-
mentary Fig. 3. The results for the earlier pulses (<5) exhibit increased
spectral content (IC, SHs, UHs) at higher pressure levels, consistent with
Fig. 3. For the 100 and 200 um channels the broadband spectral features
that are present for pressures > 500 kPa in early pulses decrease to noise

Ultrasonics Sonochemistry 93 (2023) 106291

levels within 20 pulses (depending on pressure). A similar pattern is also
observed for the 1200 um channel as can be seen in Supplementary
Fig. 4. These results contrast with the 15 and 50 pm channel data which
show that once IC, SHs, and UHs have developed (1-1.5 MPa) there is an
increased persistence with pressure. At 3 MPa the IC, SHs, and UHs
persist over the entire 100-burst sequence.

15 pm

Pressure (MPa)

Burst Number

Fig. 8. Representative optical images from high-speed microscopy showing the evolution of native Definity bubble activity over sequential bursts of the 0.102 ms
pulsing scheme for different sonication pressures and channel diameters. The 4 frames within each burst are separated by thin vertical black lines, while thicker
vertical black lines separate bursts. Frames shaded red denotes the presence of ultrasound sonication. Scale bars on the bottom rows represent 50 um. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8 shows concatenated optical images for successive bursts. These
images show the pressure and channel size dependence on bubble
behavior, and the complex bubble patterns produced over multiple
bursts. Similar to Fig. 5, the bubbles are not visible until the first frame of
sonication of each burst where the bubbles undergo expansion, and in
the next frame the expanded bubbles translate and cluster in elongated
patterns oriented along the channel axis. In the frame immediately post
sonication residual bubbles are visible. This pattern repeats over sub-
sequent bursts with new clusters forming in the location of the previous
residue, and depending on pressure and channel diameter, the bubbles
eventually dissipate at later bursts. The repetition of this cycle of for-
mation and dissipation of clusters persists across all 10 bursts acquired
in the 15 and 50 um channels for the 2 and 3 MPa exposures, but does
not at lower pressures and for larger channels. This pattern is consistent
with the persistence of IC, SH, and UH emissions shown in Fig. 7 and
Supplementary Fig. 3. Representative sonication videos for each channel
size at 3 MPa can be seen in Supplementary videos 1-4. A notable
observation was that the boundaries of the channels would deform over
the course of insonation (Supplementary video 1). Permanent expan-
sions of the 15 um channel were also observed at 3 MPa (Supplementary
Fig. 5), which is consistent with a form of damage induced by the
bubbles. No damage was evident at lower pressures for the 15 pym
channel or at any pressures for the larger channels.

3.2. Short pulse sequence (filtered Definity)

3.2.1. Spectral and optical data

Fig. 9 shows the cavitation spectra for filtered Definity as a function
of channel sizes and pressures, which is quantified for the IC, relative 1/
2 SHs and 3/2 UHs in Supplementary Fig. 6. Similar to native Definity,
there is a channel diameter-dependent pressure threshold for IC, how-
ever this threshold is higher than that of native Definity under the same
conditions. This pressure threshold is 2 MPa for 15 um, 1.5 MPa for 50
um, 1 MPa for 100 and 200 pm, and 500 kPa for 1200 um. Similar to
native Definity, SH and UH emissions are not evident in the 100 and 200

15 pm
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um channels but are present in the smaller channels, although they have
higher onset pressures (2 MPa). In the 15 pm channel at 3 MPa there are
clear peaks at the 1/2, 2/3 SHs and 3/2, 4/3, 5/3 UHs, while at 2 MPa
these peaks shift away and appear to be at the 1/2, 3/4 SHs and 3/2, 5/
4, 7/4 UHs. A number of distinct SHs and UHs also appear in the 50 ym
channels starting at 2 and 3 MPa respectively (Supplementary Table 3).
Less prominent SHs and UHs are seen in the 100 um channel above 1.5
MPa, while no clear SHs or UHs are visible at any pressures in the 200
um channel. The 1200 pm channel shows 1/2 SHs and 3/2 UHs only at
250 kPa.

Fig. 10 shows successive frames from high-speed microscopy of the
sonication at different channel diameters and pressures. As for native
Definity, filtered bubbles are not observed until a pressure threshold is
reached, which decreases with increasing channel diameter. These op-
tical pressure thresholds are consistent with the spectral IC thresholds
seen in Fig. 9. There is a similar pattern of expanded bubbles being
present at discrete locations but with a greater density than native
Definity. This is followed in the second frame by clustering and - in the
cases of 100 and 200 um channels - an accrual at the distal portion of the
channels.

3.2.2. Evolution of data over the full pulse sequence

Fig. 11 shows the spectrograms as a function of burst number at
different pressures and channel diameters (< 200 pm). Similar to native
Definity, spectral activity increases with pressure, and IC tends to persist
for a greater number of bursts in smaller diameter channels. In the
filtered Definity case, SHs and UHs appear only when IC is also present.
2/3 SHs, 4/3 and 5/3 UHs also appear at 3 MPa in 50 pm channels in the
middle of sonication time, but are less prominent compared to native
Definity. As a comparison, Supplementary Fig. 7 shows a spectrogram of
the 1200 um channel, where 1/2 SHs and 3/2 UHs only persist around
10 bursts at 250 kPa, IC starts to appear at 500 kPa and persists <10
bursts for pressures 500-2000 kPa. Supplementary Fig. 8 shows the
evolution of power for specific frequency bands as a function of burst
number which broadly parallels the patterns observed for native

50 pm 100 pm

(12)f; If, ~(GI2)f; 21,

100 100

(213)fo)(4/3)f, (5/3)fy

50

100

50 b

Power (dB)

Pressure:

100 100

50 50 |

—— 100kPa
——250kPa

500kPa
—— 1000kPa
—— 1500kPa
——2000kPa
——3000kPa
ﬂ —-— noise

3 4

Frequency (MHz)

Fig. 9. Cavitation spectra of filtered Definity for the average of the first five bursts of the 0.102 ms pulsing scheme at different sonication pressures and channel
diameters. Gray-shaded lines in the 15 ym channel panel indicate different frequency peaks with fundamental frequency fj.
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Fig. 10. Representative optical images from high-speed microscopy showing filtered Definity bubble activity during the first burst of the 0.102 ms pulsing scheme for
different sonication pressures and channel diameters. Individual frames are delineated by vertical black lines and red shaded frames indicate frames acquired during
ultrasound exposure. Dashed blue lines in the first row indicate the boundary of the channel diameter. Scale bars on the bottom row represent 50 um. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Definity. Supplementary Fig. 9 shows concatenated optical images from
successive bursts, which has a similar pattern as native Definity. Sup-
plementary videos 5 and 6 show representative sonications of filtered
Definity in 15 and 200 um channels at 3 MPa. Unlike the case for native
Definity, the 3 MPa pressure level did not result in obvious wall damage.

3.3. 5 millisecond pulse results (native Definity)

Fig. 12 shows spectrograms for the 5 ms pulsing scheme at different
pressures for the 15 and 200 um channels. In the 15 pm channel, IC does
not appear until 1.5 MPa, and at that pressure it persists for the entire
duration of the pulse. For the 200 um channel, IC is initiated at 500 kPa
and becomes more prominent at 1 MPa and 1.5 MPa. Notably, it persists
for <2 ms at these pressures. Order 3/2 UHs are observed and persist for
the full pulse length at 500 kPa and 1 MPa, even after the IC has sub-
sided. 1/2 SHs, 3/2, 5/4, and 7/4 UHs are visible in the 15 um channel at
1.5 MPa (see summary in Supplementary Table 4). Supplementary
Fig. 10 shows the cavitation spectra for the first burst at sonication
pressures below 2 MPa. For the 200 um channel, distinct 3/2 UHs
appeared at 500 kPa, which were not evident for the short pulse
sequence (Fig. 3). However, an examination of the cavitation spectra for
the first 100 ps window of the 5 ms pulse (Supplementary Fig. 11) shows
the spectra characteristics are very similar to those in Fig. 3 except for
the amplitude difference in IC power. Supplementary Fig. 12 shows how
the magnitudes of IC power, relative 1/2 SHs, and 3/2 UHs evolve as a
function of pressure. Supplementary Fig. 13 shows these relative power
bins evolving as a function of time over the first burst of the 5 ms pulsing
scheme with different sonication pressures, indicating that the 3/2 UH
appears after 0.1 ms and persists for the rest of the 5 ms pulse at 500 kPa.

Fig. 13 shows frames from high-speed microscopy of the longer pulse
sonication for 15 and 200 um channels at 0.5, 1, and 1.5 MPa. In the 15
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um channel, bubble expansion was not observed until 1.5 MPa, where
bubbles are seen in the first frame of ultrasound exposure followed by
the formation of larger clusters in the next frame which then persist for
the duration of the pulse. This persistence of IC throughout the pulse is
consistent with the spectrogram data in Fig. 12. The clusters formed in
the 15 pym channel are centered within the channel and are of a size
greater than the initial channel diameter, resulting in wall displace-
ments during the pulse (Supplementary video 7). In the 200 ym channel,
bigger bubbles (1-5 pm) were visible in their quiescent state pre-
sonication, then at pressures below the bubble expansion threshold
these visible bubbles were observed to continually translate in the di-
rection of ultrasound propagation during sonication (Supplementary
video 8). Further, continually oscillating bubbles were observed during
the whole 5 ms sonication at 0.5 MPa (Supplementary video 9), corre-
sponding to the persistence of SHs and UHs along the whole pulse.
Expanded bubbles are observed in the first frame of ultrasound exposure
for 1 and 1.5 MPa, and by the second frame they have translated and
clustered at the distal wall (Supplementary video 10). Clusters were no
longer observed within the field of view after a few frames, shorter than
the duration of measured IC emissions.

At 1.5 MPa, channel damage occurred in the 15 pm channel in the
form of sustained circumferentially symmetric localized channel di-
lations (20-25 pm diameter) at the locations where cluster activity was
present (Supplementary Fig. 14). Data above 1.5 MPa (e.g. at 2 and 3
MPa) were not systematically acquired as this would have required
channels to be fabricated for each data point due to the presence of
damage. Wall damage was not observed in the 200 um channel.

4. Discussion

Collectively the data have shown that bubble emissions and optically
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Fig. 11. Spectrograms of the cavitation signals from filtered Definity with the 0.102 ms pulsing scheme for different sonication pressures and channel diameters.
White arrows point out fundamental f, and second harmonics 2f,. Yellow arrows indicate second-order SHs and UHs, and green arrows indicate third order SHs and
UHs and red arrows highlight areas with IC. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

observed behaviors are strongly dependent on channel size, with the
first transition evident between the dimensions of small arteries (1200
um) and larger microvessels (200 and 100 um) and another when di-
ameters were decreased to 50 and 15 pm - on the order of vessel sizes
that are impacted by therapy. These data are relevant to improving an
understanding of microbubble behavior in the context of FUS treatments
that impact the microvasculature. This is particularly the case for the
poorly understood antivascular higher pressure regimes (>1 MPa),
where both the emission signal strength and improved bubble visuali-
zation enable more robust insights than for the lowest pressures. As the
channel sizes span the vessel ranges that can be present within the re-
gions used to derive cavitation signals for FUS, they also provide in-
formation relevant to the interpretation of emissions that are used for
monitoring and control of therapy.

It is useful to first consider the influence of channel size on spectral
emissions from native Definity, in particular SHs, UHs, and IC. The 1200
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um channel is the size of a small artery or vein and is also in a range that
is commonly used to assess agent behavior or to provide information
relevant to implementing cavitation controllers [38]. With this channel
for the short pulse sequence (0.1 ms), there was an onset of detected 1/2
SH, 3/2 UH, and IC features at 250 kPa, consistent with previous ob-
servations for Definity and other phospholipid encapsulated agents
under unconfined conditions [84,85]. IC increased with pressure while
the SHs and UHs became less prominent, and bubble disruption was
evident from the decay of IC signals within successive pulses.

The spectral features were substantially different for the 100 and
200 pm channels, which are in the realm of the larger vessels of the
microcirculation but outside the range that is typically associated with
bioeffects for drug delivery and antivascular therapy [50,51]. There was
a lack of clear and pronounced SH and UH peaks for the 0.1 ms pulses,
although IC was evident starting at 500 kPa. The optical results indicate
the prominent role of radiation forces: microbubbles are translated via
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Fig. 12. Spectrograms of the cavitation signals from native Definity for the 5 ms pulsing scheme for different sonication pressures and channel diameters. White
arrows point out fundamental f, and second harmonics 2f,. Yellow arrows indicate SHs and UHs and red arrows highlight areas with IC. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

primary radiation forces to the distal wall with the vessel curvature
facilitating the increased bubble density at mid-vessel depth where the
optical focal plane is situated. The corresponding reduction in inter-
bubble spacing can be expected to increase the role of secondary radi-
ation forces, consistent with the formation of clusters observed along the
distal wall at 2 and 3 MPa. The optical data support the disappearance of
detected bubbles over time, concordant with the limited persistence of
IC emissions. The 5 ms pulses in the 200 pm channels resulted in modest
UHs at the 0.5-1 MPa range but were not evident at higher pressures.
These latter results are broadly consistent with those previously re-
ported by Chen et al [76] using high-speed imaging and emission
detection in 200 um diameter tubes for 5 ms pulses up to 1.5 MPa. They
demonstrated the appearance of clustering against the distal wall and

13

highlighted its potential role in influencing the evolution of cavitation
spectra. There are differences in terms of the absence of SHs and UHs at
250 kPa for the 5 ms pulse which may be due to their use of cellulose
hollow fiber and an in-house microbubble formulation rather than
Definity. Optical evidence of radiation forces in small channels has also
been reported in previous studies albeit in the absence of emissions
detection and using shorter pulses [67-69,86].

The 50 um diameter channel is within the upper size range of vessels
that have shown to be impacted by antivascular therapy [22,50,87] and
the results indicate that there is a transition in the spectral features [50].
In addition to a higher onset pressure for IC, there was the emergence of
not only ‘conventional’ 1/2 SHs and 3/2 UHs, but more complex order
SHs (2/3) and UHs (4/3, 5/3) at 2 and 3 MPa. Also notable in this vessel
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Fig. 13. Representative optical images from high-speed microscopy showing native Definity bubble activity during first burst of 5 ms pulsing scheme for different
sonication pressures and channel diameters. Individual frames are delineated by vertical black lines and red shaded frames indicate frames acquired during ul-
trasound exposure. Channel boundaries are not indicated here due to scale, but can be seen in Fig. 10. Scale bars on the bottom rows represent 50 ym. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

size was the increased persistence in emissions extended to the full 100
bursts. Optical results confirm the presence of bubble persistence and
also indicate the presence of clusters at 2 and 3 MPa. Wall deformations
adjacent to the clusters were also present on either side of the cluster,
indicating the exertion of substantial forces by the clusters on the vessel
walls. This is different from the 200 and 100 um channels where the size
of the clusters was smaller than the vessel dimension and they were
situated along the distal wall, only held in place by radiation forces.

The 15 pm channel is directly within the size range of microvessels
that are impacted in drug delivery [1-4] and antivascular therapy
[21,22,50,87]. The spectral features continue to exhibit higher order
SHs and UHs with IC at the higher pressures, along with a further in-
crease in IC pressure threshold relative to the 50 um channel case. The
optical data indicate that, for 2 and 3 MPa, within each pulse there is a
pattern of an initial expansion of individual bubbles, followed by clus-
tering in the latter portion of the pulse. The timescale and resolution of
the optical data do not permit further insight into this process, which
may include the effect of secondary radiation forces, coalescence and
fragmentation. At 2 MPa, the result is the formation of discrete clusters
bounded by the (deformed) wall, whereas by 3 MPa the nature of the
clustering can be described as elongated — essentially a dense bubble/
cluster chain occupying a substantial fraction of the length of the
channel. The transition between these two cases may relate to an
increased number of smaller diameter bubbles undergoing substantial
oscillation activity at the higher pressures (see below). At 3 MPa, scat-
tering activity and visualized bubbles persisted over the full sequence of
0.1 ms pulses. The extended longevity of the bubbles in the smaller
channel may relate to the influence of the channel wall resisting the
collapse, fragmentation, and dissipation of bubbles. A trend of increased
persistence in ex vivo vessels < 30 um relative to within a 200 ym tube
was observed previously for 2 cycle pulses at 2 MPa in [73]. For our 5 ms
pulses, clustering was apparent by 1.5 MPa and persisted throughout the
entire pulse. At the end of the pulse, damage was evident at the site of
the clusters.

The trend of increased pressure threshold for IC onset with
decreasing vessel diameter has been observed previously in work by
Sassoroli et al [74,75] which experimentally examined this using emis-
sion detections from Optison populations at 2.02 and 1.736 MHz
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transmit frequencies in both rigid (silica and polyester tubes) and
compliant (agar) channels ranging from 50 to 800 um in diameter. This
previous work was also supported by a theoretical analysis of gas-fluid
coupling in a tube [88]. The results presented here are broadly consis-
tent with this previous work and additionally extend the channel di-
ameters assessed into the range most affected by drug delivery and
antivascular ultrasound. It is also notable that these results are consis-
tent with previous optical studies conducted in small rigid tubes in the
12-195 um range that showed a reduced acoustic response of individual
microbubble oscillations with decreasing vessel diameter during short
ultrasound bursts [67]. These results are also supported by theoretical
modeling of individual microbubbles within tubes [56,68,86,89].
Order 1/2 SH and 3/2 UH emissions from encapsulated micro-
bubbles have received considerable attention in the biomedical ultra-
sound literature from experimental and theoretical perspectives due to
their importance for imaging and therapeutic applications
[39,84,90,91]. These are predicted with unencapsulated single bubble
models and have been shown to occur at lower pressures and more
readily in the case of phospholipid microbubble models due to the
nonlinear response of the encapsulating shell [84,85,92,93]. Although
the influence of how the vessel diameter will affect the SH and UH
emissions of bubbles has not been reported, the results shown here are
consistent with a decreasing channel diameter reducing the bubble
oscillation amplitude and leading to an increased pressure threshold
required for SH and UH emissions. The complex order SHs and UHs are
not well reported with encapsulated biomedical microbubbles, and
indeed appear only to have been observed anecdotally in vivo
[31,32,35,46] and in a large channel agarose study [94] (discussed
further below). For the case of volumetrically oscillating unencapsulated
bubbles, higher order SHs and UHs are predicted to arise through in-
stabilities and a progression through successive bifurcations [93,95]. In
a recent study with encapsulated microbubbles, it was reported that a
commonly used individual bubble model (Marmottant model [96])
predicted the occurrence of higher order SHs and UHs for a 25 MHz
insonation frequency at relatively low pressure ranges (~0.25 MPa) for
bubbles with resonant frequencies well below the driving frequency
[97]. However, the optical data demonstrate that under conditions
where complex order SHs and UHs occur, there are greatly expanded
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bubble sizes that are closely spaced in conventional or elongated cluster
configurations, which likely cannot be accounted for by individual
bubble models that assume non-interaction, spherical symmetry, and
relatively low oscillation amplitudes. In this regard, it is relevant to
consider work in [98-100] which observed that when laser-induced
bubble clouds (~500 pym in diameter) were insonated with pulsed ul-
trasound complex order SHs and UHs were initiated. The origin of these
signatures was found to be periodic shock wave emissions associated
with the cyclical growth and contraction of the clouds. In a subsequent
study, periodic shock waves were also observed to arise from individual
biomedical microbubbles that underwent fragmentation to create a
bubble ‘cloud’ under exposure conditions relevant to therapeutic ul-
trasound, although only order 1/2 SHs were reported [66]. While the
conditions reported in the present study are considerably more complex
in that there is a confining environment and the starting point is a
polydisperse population of pre-formed bubbles, it is possible that such
cloud (or cluster) based behavior may be responsible for the complex
order emissions. If this is the case, then in addition to the impact of
bubble and cluster oscillation on microstreaming and possible jets and
contact-based wall deformation, shock waves may also be a factor in
eliciting bioeffects. It is also notable that in [94] order 1/3 SHs and UHs
were observed to arise during exposures of microbubbles flowing
through a 1.6 mm channel within agarose that was embedded with cells.
Interestingly, this was reported at pressure levels (>0.76 MPa) that also
induced the formation of microchannels by microbubbles that had
penetrated the distal channel wall. While a mechanism for the complex
order SHs and UHs was not established, the results of the present study
raise the possibility that they may be associated with the subset of
microbubbles that were present within the microchannels.

Indeed, observations of wall damage in the 15 pym channel were
spatially associated with the presence of clusters that induced de-
formations on the channel wall. The limited temporal resolution of the
camera was insufficient to establish if the periodic oscillations clusters
observed in [98-100] in unconstrained conditions were also present in
the 15 pm channel. It is however notable that complex order SHs and
UHs were present that would be consistent with this occurring. These
observations and the potential role of cluster behavior in vessel damage
at higher pressures suggest that this warrants further investigation with
a higher temporal resolution and in terms of the potential for shock wave
generation. It is also notable that the 5 ms pulse achieved damage at a
lower pressure than the short pulse sequence (1.5 versus 3 MPa) and
with less than half the total insonation time (10.2 ms for the 100 bursts
short pulse sequence). In both the short and long pulse cases, SHs, UHs,
and IC were present for the duration of insonation. Based on the optical
observations, a contributing factor to the reduced damage of the shorter
pulse may be that for the initial portion of the on-time for each pulse the
expanded bubbles were spatially diffuse before clustering in the latter
portion of the pulse. This is in contrast to the 5 ms case where once
formed, sustained cluster activity was present for the pulse duration.
Interestingly, the 200 um channel was not damaged by either pulse type.
The inability to elicit damage in the larger channel may be due to the
differences in the nature of bubble and cluster oscillations when they are
present at a boundary. The reduced capacity to initiate damage in the
200 um channel may also be due to bubbles and clusters only being held
in contact at the wall with radiation forces. This is in contrast to the
small channel, where clusters are on the order of the channel sizes and
are constrained, which may facilitate the exertion of larger forces.
Microbubble mediated damage of agarose has been previously reported
in [101] and [94] where it was shown that with sustained pulsing,
microbubbles could penetrate into the walls of 230 and 1600 pm
channels leaving behind patent tunnels. The absence of detected damage
in the present study for the 200 pm case is attributed to one pulse being
sent whereas hundreds of 10 ms pulses were transmitted in [94] and
[101], which presumably accumulated damage and modification of the
channel wall that ultimately permitted tunnel development. Notably,
the threshold for tunnel formation at 1 MHz in [101] was found to be
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1.5 MPa for the 10 ms case, similar to that observed here at 1.4 MHz with
5 ms pulses for the 15 ym channel.

While native Definity is a widely employed agent in therapeutic ul-
trasound, the filtered Definity results are of interest from two main
perspectives. First, they provide insight into the role of a smaller sub-
population of bubbles in the results for native Definity. Second, they are
effectively an example of a nanobubble agent, which is a topic of
increasing interest in biomedical ultrasound. In terms of the former
point, it should be noted that while the bulk of the volume fraction of
Definity is comprised of bubbles with diameters > 1 pm, it is bubbles <1
um that account for the bulk of the number density [82,102,103]. While
phospholipid encapsulated bubbles in this size range will have a reso-
nance frequency far above the transmit frequency employed, it has been
shown that at sufficiently high pressures they will reach a threshold that
they will undergo expansion-dominated oscillations — effectively acting
as cavitation ‘seeds’ [83]. For example, in [83], by 1 MPa a population
of < 0.4 um nanobubbles had similar scattering strength and emissions
as microbubbles (number distribution mode 0.21 um, volume distribu-
tion mode 3.9 um) for the same number density. This is consistent with
the filtered Definity exhibiting broadly similar optical characteristics
and emission spectra as native Definity for the 2 and 3 MPa cases. This
supports that a population of smaller bubbles (not just restricted to <
0.45 pm) present within Definity may be playing a significant role in the
behavior of native Definity at higher pressures. With regard to the use of
nanobubble formulations for therapy, there have been recent reports for
drug delivery [104,105] and antivascular therapy [106]. One rationale
applicable to both cases is that nanobubbles afford a higher number
density to be present within the vasculature, possibly with a more ho-
mogenous response than polydisperse agents that include larger bub-
bles. An additional rationale [106] is that their higher threshold for IC
may be advantageous in confining the intended bioeffects to the focal
region of the transducer beam as a strategy to mitigate unintended pre-
focal bioeffects. With regard to their use in an antivascular exposure
regime, it is notable that channel damage was observed in the 15 pm
case for native but not filtered Definity. One contributing factor may be
the higher IC threshold relative to native Definity. A second may be the
higher number density (18x native Definity for the 0.5x volume fraction
employed) which in turn may result in cluster behavior that has a
reduced capacity to elicit a damaging effect. In [98], it was found, at
least for the case of a 230 um channel, that higher number concentra-
tions of a microbubble agent resulted in a reduced level of tunneling into
the channel wall. This suggests that the concentration of nanobubble
agents in this setting warrants investigation.

It is useful to consider these results in the context of in vivo work that
has been done to date. For antivascular therapy, there has been a wide
range of exposure conditions and agent concentrations employed
[5,7,50,107]. There is however considerable evidence accumulated that
acute perfusion shutdown can begin to be achieved with pressure levels
that exceed 1 MPa and that by 3 MPa a substantial vascular shutdown
can occur when longer pulses are employed (>0.1 ms) [50,108,109]. In
our previous work in tumors with the 0.1 ms pulse sequence, profound
therapeutically relevant vascular shutdown occurred with a pulse that
has 1.6 MPa peak negative and 3.5 MPa peak positive pressure
[31,32,35,106]. The pulse asymmetry was due to nonlinear propagation
as a loosely focused transducer was employed to enable full tumor
spatial coverage. In [50] 5 ms pulses were examined at 1, 2, and 3 MPa
in tumour vessels. At 1 MPa, there was minimal vascular damage,
however this increased rapidly with pressure at 2 and then 3 MPa,
beginning with smaller (<20 pm) vessels preferentially and then
expanding to include larger ones (up to 71 um). The present results show
that this transition to 2 and 3 MPa increased bubble activity. It is also
notable that in [50] microvascular damage leading to blood flow
disruption was observed to be initiated at focal points using 5 ms pulses
at 2 and 3 MPa. Previous studies have also linked optical evidence of
short pulse (1-2 cycles) induced bubble behavior (expansions, jets) to
localized vascular wall damage of capillary sized vessels in ex vivo tissue
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preparations [70,73,110].

The results have implications for the interpretation and use of cavi-
tation spectra in microbubble-mediated FUS. In this setting, emissions
spectra that are reported and used for control purposes are invariably
derived from relatively large volumes defined by the overlap between
the therapy beam focal region and the passive cavitation detector -
either one or more elements, or increasingly the array-based beam-
formed region of interest [39]. Typically, this region is many cubic
millimeters in size and as such it will necessarily encompass a wide
range of microvessel diameters and also smaller arteries and veins. Even
if the arteries and veins are excluded, the majority of the blood volume
fraction contained within the microvasculature resides within its larger
vessels [52,53,111]. If as a first order approximation it is assumed that
the emissions from microbubbles within each vessel type are propor-
tional to its volume of blood, then only a fraction of the received signals
used for control will arise from the smaller microvessels, which are the
effective target of the therapy. While it has long been recognized that the
behavior of microbubbles in the smallest vessels will be different from
an unconfined state, the results here indicate that the emissions arising
from these vessels can be distinctly different from the larger micro-
vessels in terms of spectral characteristics and persistence.

The body of work for cavitation control has established, based on
bulk signals, a correlation of emissions with bioeffects. The present work
highlights that the signals from bulk emissions - containing a wide range
of vessel calibers - may not necessarily provide an indication of the
emissions within the target vessels of the therapy, as these may only be a
small contributor to the net signal. The present results do not in any way
invalidate this work but do suggest that caution should be used in
concluding that the bulk signal characteristics provide an indication of
what the emission characteristics are within the target vessels.

As an example, the emissions characteristics for antivascular therapy
have been poorly examined to date, but anecdotal bulk emissions from
tumors have been reported, where small peaks at the 1/3 and 2/3 SHs
and 4/3 and 5/3 UHs can be observed. However in [50] which assesses
cavitation in a microvascular bed that excludes larger vessels, these
signals are present more prominently, consistent with the phantom re-
sults for smaller vessels.

The phantom results therefore further support the value of the
considerable work that is ongoing to derive super-resolution microvas-
cular maps in the setting of therapeutic ultrasound [112-115]. In
particular, the data suggest that it would be valuable to map specific
signatures present in small vessels that are associated with bioeffects.
For example in the setting of antivascular therapy this may be complex
order SHs and UHs. In the setting of bulk emissions in the absence of
applying super resolution methods, the present data suggest investi-
gating the use of not only the distinct spectral signatures but also the
temporal characteristics of signatures within the transmit pulses to take
advantage of the apparently increased persistence of bubbles and their
emissions within the smallest vessels.

5. Limitations

This study has a number of notable limitations. One is that in general
microbubbles were not optically observable until they were undergoing
sufficiently substantial oscillations, which tended to happen only at the
larger pressure levels > 0.5 MPa. A primary factor influencing this is that
bubbles were necessarily situated throughout the channel and the large
majority were not in the optical focal plane prior to the initiation of
exposures. This is in contrast to many previous high-speed optical im-
aging studies where microbubbles were floated to the surface of a
chamber membrane or channel [116], or in a smaller number of studies
offset from a boundary with optical tweezers [117-119]. In the present
study, bubble visualization was facilitated by both the expansion of
bubbles upon exposure and their translation and concentration along the
distal mid-line of the channels which was within the optical focal plane.
In addition to optical observation challenges, lower pressures also
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presented challenges in terms of signal to noise ratio in the smallest
channels. Collectively this imposed limitations on the ability to provide
insight into behaviors at traditional drug delivery pressures (<1 MPa).

There were also significant limitations imposed by the temporal
resolution. One aspect of this was the exposure time for a given frame (1
us), which is on the order of a single insonation cycle and therefore
resulted in a blurring of bubbles and inhibited the ability to visualize
bubble boundaries or transient events (e.g. jets) at points in time. A
second impact was that while the camera enabled the observation of
longer time scale bubble events, its frame rate was insufficient to
temporally track cyclical oscillations or rapid transient events. Cameras
with Mframes/s capacity can capture such events, but suffer from lim-
itations in terms of the number of frames and therefore total duration
that can be recorded. Notably, the work of Chen et al [120] overcame
this by employing a dual camera system to observe in a 200 pm channel
both millisecond timescale and shorter duration 25 Mframes/s imaging.
The results obtained here for the smaller channels, in particular the
clustering events that appear to be associated with complex order SHs
and UHs, suggest that such an approach should be pursued in future
work.

It is also notable that the channels were bounded by agarose, which
although arguably more relevant to in vivo conditions in terms of me-
chanical properties than rigid channels that were previously employed
[65,67,69,76], it does not fully recapitulate the mechanical properties of
microvascular walls surrounded by an extravascular space. Further, the
longer pulses resulted in damage to the walls before the full pressure
range could be executed. Conducting experiments with other compliant
materials is therefore also warranted to gain insight into the effects of
mechanical properties on the observed results. Although the present
study appears to have employed the smallest compliant channels to date
(12 pm rigid tubes employed previously [67]), attempts to approach the
size of human capillaries (8-10 um) warrant further effort. In these ex-
periments, the use of dyes to better demarcate channel walls would
permit a more detailed identification of potential damage.

Considerable efforts were made to reduce the length of the smallest
portion of the channels and to employ low flow rates (along with
incorporating a proximal line flush outlet) as it has previously been
reported that flowing through small gauge syringes at higher speeds can
modify bubble populations [121]. The possible impact of the procedures
on bubble populations was assessed with Coulter Counter measurements
(Supplemental Fig. 2 and Table 1). Population changes were detected as
relatively small shifts in concentration and mean size for 100 um, which
were more pronounced by 50 um. A Coulter Counter was not possible to
employ for the 15 um channel due to collection volume limitations, but
an optical sizing experiment indicated that larger bubbles remained
present (Supplementary Fig. 15) [122]. As a relative amplitude com-
parison was not performed between the channels, this does not impact
the nature of the conclusions made in the study. Further, as similar
features of emissions and optical data were obtained for the native and
filtered Definity populations at higher pressures, this suggests that at
least at higher pressures, these effects do not impact the main findings of
the paper.

6. Conclusion

Microbubble based FUS approaches are undergoing rapid develop-
ment in terms of basic preclinical research, technical developments, and
an increasing number of clinical trials. The successful clinical translation
of these methods hinges in large part upon understanding the links be-
tween bioeffects and cavitation, in addition to developing and refining
methods to exploit this knowledge for control purposes. The dominant
approaches involve employing emissions derived from relatively large
sample volumes containing a wide range of vessel calibers, where only a
fraction of the emissions are derived from target therapy vessels. The
results of the present study suggest that the behaviors and emissions of
the bubbles situated in channels with diameters similar to microvessels
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impacted by therapy are distinctly different from larger channels. Ra-
diation forces and clustering appear to play a central role in bubble
behavior under these conditions. The results have implications for the
development of control and imaging methods that exploit these
signatures.
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