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Abstract

High intensity pulsed ultrasound can produce significant mechanical tissue fractionation with sharp
boundaries (“histotripsy”). At a tissue-fluid interface, histotripsy produces clearly demarcated tissue
erosion and the erosion efficiency depends on pulse parameters. Acoustic cavitation is believed to
be the primary mechanism for the histotripsy process. To investigate the physical basis of the
dependence of tissue erosion on pulse parameters, an optical method was used to monitor the effects
of pulse parameters on the cavitating bubble cloud generated by histotripsy pulses at a tissue-water
interface. The pulse parameters studied include pulse duration, peak rarefactional pressure, and pulse
repetition frequency (PRF). Results show that the duration of growth and collapse (collapse cycle)
of the bubble cloud increased with increasing pulse duration, peak rarefactional pressure, and PRF
when the next pulse arrived after the collapse of the previous bubble cloud. When the PRF was too
high such that the next pulse arrived before the collapse of the previous bubble cloud, only a portion
of histotripsy pulses could effectively create and collapse the bubble cloud. The collapse cycle of the
bubble cloud also increased with increasing gas concentration. These results may explain previous
in vitro results on effects of pulse parameters on tissue erosion.

I. INTRODUCTION

Tissue disintegration using ultrasound induced cavitation! = and shockwave generated tissue
destruction 911 have been observed by many researchers. Our recent studies have shown that
short, high-intensity pulses delivered at certain Fulse repetition frequencies (PRF) can achieve
complete mechanical tissue fragmentation. 12-15 This technique can be considered a form of
soft tissue lithotripsy, which we call “histotripsy.” At a tissue-fluid interface, histotripsy results
in tissue erosion with sharply demarcated boundaries. 12 Histotripsy induced tissue erosion
may be applied to many clinical applications where tissue removal is needed. For example, we
are currently developing the technique as a noninvasive procedure to perforate the atrial septum
(the tissue separating the two atria of the heart) in the treatment of a congenital heart disease
called hypoplastic left heart syndrome. 12,1
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Acoustic cavitation is believed to be the primary mechanism for the histotripsy process. Our
previous studies have shown that histotripsy pulses can generate a dynamically changing
bubble cluster, which has been observed by high speed imaging 16 The bubbles appear to
behave as one dynamic unit, growing and shrinking togethelr,1 and therefore this bubble
cluster can be called a “bubble cloud” as previously defined by cavitation researchers. 18-21
The bubble cloud formation corresponds to the initiation of a temporally changing acoustic
backscatter,16 which is an excellent indicator of tissue erosion.2 These concordant results
suggest that the cavitating bubble cloud is essential for the erosion process.

The acoustic pressures effective for histotripsy are similar to those found in lithotripter
shockwave pulses. In comparison to the one cycle pulses commonly used in lithotripsy, the
histotripsy pulses are several acoustic cycles in duration. Shockwave lithotripsy studies have
shown that positive pressure can compress existing bubbles, while following negative pressure
can cause bubble growth and collapse. The durations of growth and collapse are long (hundreds
of microseconds) compared to the lithotripsy pulse length (several microseconds). The bubble
radius-time curve has been modeled for lithotripsy<- and confirmed experimentally in
vitro24=20 and in vivo.27-29 In this paper, we used transmitted light signals to trace the growth
and collapse of the bubble cloud generated by histotripsy pulses. As this optical method detects
bubbles by monitoring the attenuation of the transmitted light intensity, we refer to it as an
optical attenuation method. Our previous studies have shown that the optical attenuation was
only detected when a bubble cloud was observed using high speed imaging.1

The selection of pulse parameters including pressure amplitude or intensity levels, pulse
duration, and PRF affects the extent and efficiency of the mechanical tissue disruption induced
by histotripsy.lz’l?’ﬁos3 1 For example, the axial erosion rate is almost an order of magnitude
greater using shorter pulses (three cycles) as opposed to longer pulses (twenty-four cycles)
with the same energy. 12 Brogion also appears more energy efficient at certain PRFs than others.
12 The axial erosion rate is slower and the erosion area is significantly larger at high intensity
(Isppa > 5000 W/cmz).30 Furthermore, the erosion rate depends on the gas content of the fluid
in which the tissue is submerged. Erosion is harder to initiate at lower dissolved gas
concentrations, but the erosion rate is faster. 12 The dependence of other cavitational effects
gg pulse parameters and gas content has also been observed by many other researchers.8-32-

In this paper, we used the optical attenuation method to study the effects of pulse parameters
and dissolved gas concentration on the dynamics of a bubble cloud generated by histotripsy
pulses at a tissue-water interface. Pulse parameters studied include pulse duration, peak
rarefactional pressure, and PRF. Furthermore, we compared bubble cloud dynamics at a tissue-
water interface to that in free water to evaluate the influence of a soft tissue boundary on the
bubble cloud. We report the duration of growth and collapse (collapse cycle) of the bubble
cloud, as measured by the duration of the light attenuation. The results may explain the effects
of pulse parameters on tissue erosion and serve as a guide for future parameter optimization.

Il. METHODS

A. Ultrasound generation and calibration

Ultrasound pulses were generated by an 18-element piezocomposite spherical-shell therapeutic
array (Imasonic, S.A., Besangon, France) with a center frequency of 750 kHz and a geometric
focal length of 100 mm. The therapy array had an annular configuration with outer and inner
diameters of 145 and 68 mm, respectively. All the array elements were excited together in
phase. The array driving system, maintained under PC control, consists of channel driving
circuitry, associated power supplies (Model 6030A, HP, Palo Alto, CA), and a software
platform to synthesize driving patterns. A PC console also provided control of a motorized
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three-dimensional positioning system (Parker Hannifin, Rohnert Park, CA) to position the array
at each exposure site.

The pressure wave form at the focus of the 18-element array in the acoustic field was measured
in degassed water (12%—-25% of normal saturation) (i.e., free-field conditions) using a fiber-
optic probe hydrophone developed in-house.38 The lateral and axial pressure profiles of the
focused beam were measured to be 2.2 mm x 12.6 mm in width (full width at half maximum)
at peak rarefactional pressure of 14 MPa and 1.8 x 11.9 mm at 19 MPa. The beam width
decreased with increasing pressure. The peak rarefactional and compressional pressures and
spatial-peak pulse-average intensity (/spp A)39 used in experiments were measured for free-
field conditions and reported in Table I. In Fig. 1, multiple pulses were used to generate a
bubble cloud. While in other figures (Figs. 2 and 3; Tables II and III), a single pulse was used
to create a bubble cloud. The pressure levels in the single pulse experiments could not be
calibrated successfully due to the instantaneous cavitation. A peak rarefactional pressure of 21
MPa and a peak compressional pressure of 76 MPa were measured at a lower power level

without generation of bubbles during measurement. This pressure wave form is shown in Fig.
4.

B. Tissue sample preparation

Fresh porcine atrial wall tissue (1 to 2 mm thick) was obtained from a local abattoir and used
within 24 h of harvesting. All tissue specimens were preserved in a 0.9% sodium chloride
solution at 4 °C. Tissue was wrapped over ring-shaped tube fitting (2 cm in diameter), so that
no tissue interfered with the laser beam. The tissue was submerged in water of desired gas
concentration in room temperature (~22 °C) for an hour prior to experimentation. The partial
pressure of oxygen (PO,) in the water was used as our metric for gas concentration and was
measured with an YSI dissolved oxygen meter (Model 5000, YSI, Yellow Springs, OH).

C. Optical attenuation detection

The optical attenuation method monitors the light transmission and detects the light beam
reduction caused by bubbles. The schematic diagram of the experimental setup is shown in
Fig. 5. Bubble clouds were produced in a 30-cm-wide x 60-cm-long x 30-cm-high water tank
designed to enable optical observations. A 1-mW helium-neon gas laser (Model. 79245, Oriel,
Stratford, CT) was placed on one side of the tank to emit a laser beam which traveled through
the ultrasound focus (and in front of the tissue at a tissue-water interface). The light intensity
was monitored continuously by a photodiode (Model DET100, ThorLabs, Newton, NJ) aligned
with the laser beam at the other side of the tank.

To align the laser beam through the ultrasound focus, the therapy transducer was first pulsed
in free water to create a visible bubble cloud at its focus. Photos of the bubble cloud taken by
a high speed camera are shown in Fig. 2. The position of the transducer was adjusted to direct
the laser beam through the center of the bubble cloud by visual alignment. To form a tissue-
water interface, a piece of porcine atrial wall was placed parallel and immediately behind (<1
mm) the laser beam. The laser beam width (0.48 mm at 1/e2) was smaller than the bubble cloud,
so the photodiode measured the light transmitted through a portion of the bubble cloud and not
the whole cloud. However, since the bubbles within the cloud appeared to grow and shrink
together,17 the dynamics of a portion of the bubble cloud is considered here as indicative of
the dynamics of the overall bubble cloud.

The attenuated light signal was recorded as the voltage output of the photodiode. The
photodiode output was connected to a digital oscilloscope (Model 9384L, LeCroy Chestnut,
NY) using a 1-MQ dc coupling in parallel with a 250-Q resistor. An impedance of 250 Q2 was
chosen to achieve a good signal to noise ratio (30-35 dB) and a wide enough dynamic range
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(60 dB) for attenuation detection, while still maintaining good temporal resolution (—3-dB
width response time of 15 ns). The acquisition of the optical signals was synchronized with
the acoustic therapy pulse.

An example of a light attenuation signal is demonstrated in Fig. 3, in which the light intensity
began to decrease at the arrival of a single 4-us histotripsy pulse (produced by a three-cycle
pulse driving signal at 750 kHz) at a tissue-water interface. The light intensity continued to
decrease for 78 us after the end of the histotripsy pulse before it recovered to the baseline (164
us after the arrival of the histotripsy pulse). During the time window when the histotripsy pulse
propagated through the laser beam, the light attenuation signal seemed to track the ultrasound
pulse wave form (insert in Fig. 3). This acousto-optic effect is most likely due to changes in
the index of refraction of water during the histotripsy pulse. It provides a convenient timing
indicator for locating the histotripsy pulse with respect to the generated bubble cloud and was

(111650ussed in detail in our previous paper on optical monitoring of histotripsy generated bubbles.

Researchers have used optical scattering and reflection signals from bubbles to effectively trace
radius-time curves generated by a lithotripsy pulse.25’2 40 Based on these studies, duration
of the light attenuation (attenuation duration) is believed to indicate the duration of growth and
collapse of a bubble cloud. The attenuation duration is defined as the period of time when the
light intensity (photodiode output) falls below a threshold of baseline minus 3 times the noise
level. The baseline and noise level are mean and standard deviation (s.d.) values, respectively,
of the photodiode output receiving the laser light before the arrival of the histotripsy pulse (i.e.,
when no bubbles are present). The peak amplitude of the light attenuation signal is affected by
the size and number of the bubbles within the laser beam. The peak attenuation level is defined
as the difference between the baseline and the peak voltage divided by the baseline level,
ranging between 0 and 1. The peak voltage is calculated excluding the light attenuation signal
which tracks the ultrasound wave form during the histotripsy pulse.

Our previous optical monitoring and high speed imaging results have shown that initiation and
extinction of the light attenuation correspond well to formation and disappearance of the bubble
cloud.16 Therefore, the light attenuation duration and peak attenuation level were only
calculated when the light attenuation was initiated, i.e., when the bubbles were generated.
Initiation of light attenuation occurs when the light attenuation duration exceeds the pulse
duration for five consecutive pulses. Extinction of light attenuation occurs when, after
initiation, the light attenuation duration drops below the pulse duration for five consecutive
pulses. The purpose of using pulse duration as a threshold is to overcome the light attenuation
increase due to the ultrasound induced water index of refraction change.

D. Optical imaging

Images of bubble clouds were taken by a high speed digital imaging system (Model Phantom
V9, Vision Research, Wayne, NJ) at a frame rate of 7 kHz and a shutter speed of 10 us. The
imaging system was placed outside the water tank approximately 100 mm away from the
bubble cloud. The bubble cloud was illuminated by a strong light source (Carousel 4400
Projector light, Kodak, Rochester NY) at a ~30° angle with respect to the camera (Fig. 5). An
optical lens with a focal length of 50-100 mm (Zoom Nikkor, Nikon, Japan)was mounted in
front of the imaging system to increase the magnification. The imaging system was only used
to image the bubble cloud in free water. At a tissue-water interface, the light source was blocked
by the tissue and the imaging could not be used with the optical attenuation detection system
(Fig. 5).
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E. Specific studies

We investigated the dependence of the bubble cloud dynamics on pulse parameters and
dissolved gas concentration in the fluid where tissue erosion occurs. Pulse parameters studied
included pulse duration, peak rarefactional pressure, and PRF. We also compared the dynamics
of the bubble cloud created at a tissue-water interface and in free water to determine the
influence of the soft tissue boundary on bubble activity.

To investigate the dependence of the bubble cloud on pulse duration, peak rarefactional
pressure, and PRF, multiple (100-910) pulses were used. We recorded optical light attenuation
signals and calculated the attenuation duration and peak attenuation levels of initiated optical
attenuation signals. Table I lists the pulse parameters and gas concentration ranges used in each
specific study and corresponding light attenuation duration and peak attenuation level results
(mean#s.d.). Pulse duration in the following refers to the number of cycles in the pulse driving
signal applied to the transducer at 750 kHz.

To study the dependence of the bubble cloud on gas concentration and tissue boundary, a single
pulse was used to generate the bubble cloud. The bubble cloud was created in free water and
at a tissue-water interface. The purpose of using a single pulse was to monitor the bubble cloud
without the influence from adjacent pulses. Gas concentration ranges of 24%—-26% and 98%—
100% were tested. The same peak rarefactional pressure was used, but the focal pressure field
could not be successfully measured due to the rapid onset of cavitation. Between three and
eight data points made up the sample for each combination of parameters.

lll. RESULTS

A. Effects of pulse duration

The duration of light attenuation results show that the collapse cycle of bubble clouds generated
by histotripsy pulses was much longer than the pulse duration itself. The attenuation duration
increased with increasing pulse duration at a tissue-water interface (Table I and the first row
of Fig. 1) such that the attenuation durations (meanzs.d.) were 23.8+13.1,32.2+11.9, and 37.3
+9.4 us for pulse duration of three cycles, six cycles, and twelve cycles, respectively (T-test
p value<0.001 for each pair). A peak rarefactional pressure of 13.9 MPa, a PRF of 2 kHz, a
total of 910 pulses, and a gas concentration of 33%—40% were used for all pulse durations. Out
of the 910 pulses, the number of pulses which initiated the optical attenuation signal also
increased with increasing pulse duration (Table I).

The increasing trend of attenuation duration with pulse duration was even more evident in
bubble clouds produced at a higher peak rarefactional pressure (>21 MPa) and higher gas
concentration (98%—100%) (Table II). The attenuation durations (meanzs.d.) were 149+48
and 10662400 us for pulse durations of three cycles and twelve cycles, respectively (T-test p
value<0.001). This indicates a seven-fold increase in the attenuation duration for a four-fold
increase in pulse duration.

The peak attenuation level is affected by the size and number of the bubbles within the laser
beam and this attenuation measure increased with increasing pulse durations (Table I, the first
row of Fig. 1). The meanzs.d. of the peak attenuation level was 0.18+0.12 for three-cycle
pulses, 0.30+0.13 for six-cycle pulses, and 0.48+0.18 for twelve-cycle pulses (T-test p
value<0.001 for each pair).

Figure 2 depicts the high-speed camera images of bubble clouds created by a single histotripsy
pulse at different pulse durations in gas saturated water. Images of bubble clouds showed that
the bubble cloud dimensions were larger with longer pulse duration. The bubble cloud

diameters along the lateral/axial acoustic beam direction were approximately 1.1/5.5, 2.7/6.9,
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4.5/7.9, and 4.6/8.2 mm for pulse durations of three cycles, ten cycles, thirty cycles, and one-
hundred cycles, respectively. This finding is consistent with the optical attenuation result
showing that the peak attenuation level increased with increasing pulse duration (Table III).

B. Effects of peak rarefactional pressure

The attenuation duration lengthened as the peak rarefactional pressure increased (Table I and
the second row of Fig. 1). The resulting increase in the attenuation duration was greater than
the increase in peak rarefactional pressure. The attenuation durations (meants.d.) were 23.8
+13.1, 42.5£13.5, and 64.4+11.5 us for peak rarefactional pressures of 13.9, 15.5, and 17.1
MPa, respectively (T-test p value<0.001 for each pair). A nearly three-fold increase in
attenuation duration resulted from a 23% increase in peak rarefactional pressure (e.g., at peak
rarefactional pressures of 13.9 and 17.1 MPa). A pulse duration of three cycles, a PRF of 2
kHz and a total of 910 pulses, and a gas concentration of 33%—-40% were used for all variations
of peak rarefactional pressures. The number of initiated pulses also increased with increasing
peak rarefactional pressure (Table I).

The peak attenuation level was greater with higher peak rarefactional pressure (Table I and the
second row of Fig. 1). The peak attenuation levels (mean+s.d.) were 0.18+0.12, 0.40+0.20,
and 0.74+0.17 for peak rarefactional pressures of 13.9, 15.5, and 17.1 MPa, respectively (T-
test p value <0.001 for each pair). Again this is approximately three-fold increase in peak
attenuation level when changing peak rarefactional pressure by only 23%.

C. Effects of PRF

PRF values ranging from 500 Hz to 20 kHz were tested. A pulse duration of three cycles, a
peak rarefactional pressure of 15.5 MPa, and gas concentration of 22%-24% were used for all
PRFs. When the PRF was too low, the light attenuation could not be initiated and the light
attenuation was never initiated at the 500-Hz PRF (Table I and Fig. 1).

When the PRF was above the threshold to initiate the light attenuation signal, the attenuation
duration increased with increasing PRF. The attenuation durations (meanzs.d.) were 42.9+6.0
us for PRF of 2 kHz and 80.4+24.3 us for PRF of 5 kHz (Table I and the third row of Fig. 1;
T-test p value <0.001). This remained true when the pulse repetition period was longer than
the attenuation duration, i.e., when the next pulse arrived after the collapse of the bubble cloud
created by the previous pulse. After the primary light attenuation, rebounds of the bubble cloud
were detected as additional light attenuation for some pulses. The number of pulses that
produced rebounds was greater with higher PRF.

When the PRF was too high and the next pulse arrived before the collapse of the previous
bubble cloud or the rebound of the previous cloud, the collapse of the previous cloud was
disrupted, and the generation of the new cloud was also inhibited. As a result, only a portion
of the pulses effectively generated and collapsed the bubble cloud. At a PRF of 10 kHz,
approximately one-quarter of the pulses arrived before the collapse of the previous bubble
cloud or the previous cloud rebound. In these cases, the light attenuation signals never fully
recovered to the baseline (i.e., the collapse of previous bubble cloud did not occur completely
or did not occur at all) (the fourth row of Fig. 1). The light attenuation did increase again after
the arrival of the next pulse. At a PRF of 20 kHz, the next pulse always arrived before the
collapse of the previous bubble cloud. There was a relatively consistent pattern within pairs of
pulses with one pulse producing a bubble cloud and the subsequent pulse prolonging and
collapsing it (the fifth row of Fig. 1).
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There was no discernible trend of the peak attenuation level with PRF when the bubble cloud
was initiated. No significant statistical difference was observed in the initiated attenuation level
at PRFs of 2, 5, 10, and 20 kHz (T-test p value>0.05 for each peak attenuation level pair).

D. Effects of gas concentration

The light attenuation duration increased with increasing gas concentration. This trend was
observed in free water and at a tissue-water interface (Table II). At a tissue-water interface,
the attenuation durations (meants.d.) generated by the same single twenty-four-cycle pulse
were 226+14 us and 2017+276 at gas concentration ranges of 24%—-26% and 98%—-100%,
respectively (Table IT). This shows almost a full order of magnitude difference (T-test p
value=0.003).

The peak attenuation level was also greater with higher gas concentration. This observation
was consistent in free water and at a tissue-water interface (Table III). At a tissue-water
interface, peak attenuation levels (meants.d.) generated by a single three-cycle pulse were 0.40
+0.29 and 0.84+0.22 for gas concentration ranges of 24%—26% and 98%—-100%, respectively
(T-test p value=0.005).

E. Effects of tissue boundary tissue-water interface versus free water

The attenuation duration increased with increasing pulse duration and gas concentration both
at a tissue-water interface and in free water using a single pulse (Table II). However, the
collapse cycle of the bubble cloud was longer at a tissue-water interface than in free water, as
indicated by the longer attenuation duration (Table II). For example, the attenuation durations
(meanzs.d.) produced by a single six-cycle pulse with a gas concentration of 98%—100% was
173453 ps in free water and 409+172 us at a tissue-water interface (T-test p value=0.009).

The peak attenuation level also increased with increasing pulse duration and gas concentration
both at a tissue-water interface and in free water (Table III). The peak attenuation level was
greater at a tissue-water interface than in free water (Table III). The peak attenuation levels
(mean#s.d.) produced by a single three-cycle pulse with a gas concentration of 98%—100%
were 0.162+0.09 and 0.84+0.22 in free water and at a tissue-water interface, respectively (T-
test p value=0.0001).

IV. DISCUSSION

The optical monitoring results show that the dynamics of the bubble cloud generated by
histotripsy pulses depend on the pulse parameters. The light attenuation duration results suggest
that the collapse cycle of the bubble cloud increased with increasing pulse duration and peak
rarefactional pressure. The collapse cycle of the bubble cloud was greater with higher PRF
when the next pulse arrived after the collapse of the previous bubble cloud. When the PRF was
too high and the next pulse arrived before the collapse of the previous cloud, only a portion of
the pulses effectively generated and collapsed the bubble cloud. Further, the peak attenuation
level results suggest that the size and number of the bubbles in the cloud increased with
increasing pulse duration and peak rarefactional pressure.

These results shed light on the dependence of histotripsy induced tissue erosion on pulse
parameters observed in our in vitro tissue experiments.lz’zz’?’o One important observation is
that erosion is more energy efficient at a certain PRF!? than others. Based on the optical
monitoring results, when the pulse repetition period is longer than the bubble cloud collapse
cycle, the collapse cycle of the bubble cloud increased with increasing PRF. Consequently, at
higher PRF, more cavitational nuclei from the previous collapse are available to provide seeds
for the next pulse, resulting in greater erosion efficiency. When the PRF is too high and the
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next pulse arrives before the collapse of the previous bubble cloud, the collapse of the cloud
is adversely affected, leading to reduced erosion efficiency. Therefore, the most energy
efficient erosion only occurs when the timing of the next pulse (i.e., PRF) is “just right.” Based
on results from this paper, the most efficient PRF should be between 5 and 10 kHz at a pulse
duration of three cycles and a peak rarefactional pressure of 15.5 MPa. However, the most
energy efficient PRF from our previous in vitro experiment12 at a pulse duration of three cycles
is ~14 kHz. This difference could be attributed to the lower peak rarefactional pressure (11.6
MPa) used in the in vitro experiment. As the collapse cycle of the bubble cloud decreases with
decreasing peak rarefactional pressure, the most efficient PRF is expected to be higher at a
lower pressure. We used a greater peak rarefactional pressure for optical monitoring as the
pressure level used in the in vitro study could not generate a large enough bubble cloud to be
detected by the optical system with a good signal-to-noise ratio.

Another in vitro result shows that the axial erosion rate is slower and the erosion area is
significantly larger at high pulse intensity (/gppa>5000 W/(:Inz).30 This may be explained by
the effects of pulse pressure/intensity on the optical attenuation signals. The peak attenuation
level increases with increasing peak rarefactional pressure, which suggests a greater number
and/or size of bubbles in the cloud. The cloud may induce a “shadowing” effect where
ultrasound energy is scattered by bubbles, slowing down the erosion in the center. But more
and/or larger bubbles may increase local scattering, thereby increasing the peripheral erosion.

Our optical monitoring results of the dynamics of bubble clouds generated by histotripsy pulses
are generally consistent with published studies on bubble clouds generated by lithotripsy
pulses. Researchers have shown an increasing dependence of the bubble cloud collagse cycle
on peak rarefactional pressure in water™" and in tissue.2” Previous PRF studies*2:43 have
demonstrated that the number of cavitation bubbles increases with increasing PRF (below 1
kHz), as more residual bubbles from the previous pulse can serve as cavitation nuclei for the
subsequent pulse.

In addition to pulse parameters, the dissolved gas content in the fluid also affects the bubble
cloud dynamics. At higher gas concentration, the collapse cycle of the bubble cloud is longer
and the number and/or size of bubbles are greater, which is likely due to the greater availability
of gas to form bubbles. This result is consistent with our in vitro observation of a shorter time
to initiate the bubble cloud at higher gas concentration.22 When the gas concentration is high
with pulse duration =6 cycles, the peak attenuation levels were close to 1 and the standard
deviations were low (close to zero). The peak attenuation level is the fractional value of the
maximum light attenuation. A peak attenuation level of 1 indicated the complete blockage of
light beam transmission by bubbles. When high gas concentration and long pulses were used,
the size and number of bubbles within the generated bubble cloud could be high enough to
block most of the light beam or the entire light beam.

The tissue boundary also affects the bubble cloud dynamics. For a bubble cloud generated by
a single histotripsy pulse, the collapse cycle is longer at a tissue-water interface than in free
water. The soft tissue boundary restricted the movement, expansion, and other dynamic
changes of the bubbles, which may explain the collapse cycle difference. When multiple pulses
are used, some additional factors also need to be considered. The tissue could reduce the effects
of acoustic streaming and micro-streaming caused by the bubbles. The tissue surface may trap
microbubbles and provide additional cavitation nuclei for subsequent pulses. The influence of
a tissue boundary on bubble cloud dynamics using multiple pulses is more relevant to tissue
erosion and needs further investigation.

In our current optical attenuation system, the laser beam only covered a portion of the cloud.
However, since the bubbles within the cloud appeared to grow and shrink together,17 the

J Acoust Soc Am. Author manuscript; available in PMC 2009 May 4.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

Xu et al.

Page 9

dynamics of a portion of the bubble cloud may be generalizable to the whole bubble cloud.
Future use of high speed photography will be necessary to confirm the assumption. In addition,
the current optical system is not sensitive enough to detect small individual bubbles. The current
optical system may be improved by widening the laser beam width using optical lenses,
increasing laser power, using a photodetector array, and increasing the sensitivity of the
photodetector. High-speed imaging is the most direct means to resolve the absolute sizes and
spatial distribution of bubbles in the bubble cloud and will be used in a future study.

V. CONCLUSIONS

To investigate the mechanism of histotripsy induced tissue erosion, we used an optical method
to monitor the dynamics of a bubble cloud generated by histotripsy pulses at a tissue-water
interface. The optical results show that the bubble cloud dynamics depend on pulse parameters
and dissolved gas content in water where the erosion occurs. The collapse cycle of the bubble
cloud increased with increasing pulse duration, peak rarefactional pressure, and gas
concentration. The collapse cycle of the bubble cloud also increased with PRF when the next
pulse arrived after the collapse of the previous bubble cloud. When the PRF was too high such
that the next pulse arrived before the collapse of the previous bubble cloud, the previous cloud
could not collapse effectively. Furthermore, the collapse cycle of the bubble cloud was longer
at a tissue-water interface than in free water. These effects of pulse parameters on bubble cloud
dynamics may explain our previous in vitro results which demonstrated the dependence of
tissue erosion on pulse parameters. The cavitating bubble cloud is sensitive to pulse parameters,
allowing a huge parameter space for optimization.
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Examples of light attenuation signals caused by the bubble cloud generated by histotripsy
pulses using different pulse parameters. The axes for the wave form are the same for each row
and shown on the right. Arrows indicate the arrival of the pulse. The pulse parameters and

corresponding light attenuation results are listed in Table I.
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FIG. 2.
Images of the bubble cloud generated in free water created by a single histotripsy pulse at

different pulse durations. The histotripsy pulse was delivered from the left to the right of each
image. The overall size of the bubble cloud increased with increasing pulse duration. The ruler
on the top of each image has markings of 1 mm on the right side and 0.5 mm on the left.
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FIG. 3.

Example of the light attenuation signal caused by a bubble cloud, recorded as the photodiode
voltage output. The bubble cloud was generated by a three-cycle (4-us) pulse at a tissue-water
interface with 98%—-100% gas concentration. The left arrow below “Attenuation Duration”
indicates the arrival of the histotripsy pulse at the transducer focus where the laser beam was
projected. The insert is an expanded view (expanded in the horizontal direction and compressed
in the vertical) of the artifact in the light attenuation signal during the histotripsy pulse, which
tracks the pulse wave form.
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FIG. 4.

Acoustic pressure wave form of a ten-cycle (14-us) histotripsy pulse in water at the transducer
focus. For this pulse, the peak rarefactional pressure was 21 MPa and the peak compressional
pressure was 76 MPa.
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FIG. 5.

Diagram of the experimental arrangement for bubble cloud monitoring at a tissue-water
interface using an optical attenuation method. Light source and camera (in dashed circle) are
setup for high speed imaging in water. However, at a tissue-water interface, the light source
was blocked by the tissue, and the imaging could not be used with the optical attenuation

detection system.
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