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Abstract

Cavitation memory effects occur when remnants of cavitation bubbles (nuclei) persist in the host

medium and act as seeds for subsequent events. In pulsed cavitational ultrasound therapy, or

histotripsy, this effect may cause cavitation to repeatedly occur at these seeded locations within a

target volume, producing inhomogeneous tissue fractionation or requiring an excess number of

pulses to completely homogenize the target volume. We hypothesized that by removing the

cavitation memory, i.e., the persistent nuclei, the cavitation bubbles could be induced at random

locations in response to each pulse; therefore, complete disruption of a tissue volume may be

achieved with fewer pulses. To test the hypothesis, the cavitation memory was passively removed

by increasing the intervals between successive pulses, Δt, from 2, 10, 20, 50 and 100, to 200 ms.

Histotripsy treatments were performed in red blood cell tissue phantoms and ex vivo livers using

1-MHz ultrasound pulses of 10 cycles at P−/P+ pressure of 21/59 MPa. The phantom study

allowed for direct visualization of the cavitation patterns and the lesion development process in

real time using high-speed photography; the ex vivo tissue study provided validation of the

memory effect in real tissues. Results of the phantom study showed an exponential decrease in the

correlation coefficient between cavitation patterns in successive pulses from 0.5 ± 0.1 to 0.1 ± 0.1

as Δt increased from 2–200 ms; correspondingly, the lesion was completely fractionated with

significantly fewer pulses for longer Δts. In the tissue study, given the same number of therapy

pulses, complete and homogeneous tissue fractionation with well-defined lesion boundaries was

achieved only for Δt ≥ 100 ms. These results indicated that the removal of the cavitation memory

resulted in more efficient treatments and homogeneous lesions.
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INTRODUCTION

Acoustic cavitation induced by high-intensity (peak negative pressure >10 MPa), extremely

short (<50 μs) ultrasound pulses at low duty cycles (<1%) has been shown to mechanically

fractionate soft tissue in a well-controlled manner (Xu et al. 2004; Parsons et al. 2006a;

Roberts et al. 2006; Kieran et al. 2007). This process results in soft tissue (“histo-”)

disruption (“-tripsy”), which has given rise to the term histotripsy. Histotripsy has been

actively investigated as a tool for noninvasive tissue ablation. Recent studies demonstrated

promising results that histotripsy can noninvasively and precisely produce lesions in the
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target regions in many in vivo models (Kim et al. 2011; Maxwell et al. 2010a; Owens et al.

2010; Styn et al. 2010; Xu et al. 2010).

For cavitation-based therapy like histotripsy, the initiation and maintenance of the cavitation

process is highly affected by the small gas bubbles in a host medium that serve as nuclei for

cavitation (Leighton 1997). These nuclei may preexist in the host medium as gas pockets

adhering to crevices on particles or stabilized with organic skin (“stabilized” nuclei), or they

may form as fragments of bubbles that persist from collapse of transient cavities

(“unstabilized” nuclei) (Harvey et al. 1944a, 1944b; Fox and Herzfeld 1954; Flynn and

Church 1984). The unstabilized nuclei may become new cavitation sites that sustain

subsequent cavitation events. This phenomenon, which has been discussed in the literature

(Flynn and Church 1984; Henglein and Gutierrez 1986; Fowlkes and Crum 1988; Yavas et

al. 1994), is referred as the cavitation memory effect.

The cavitation memory effect may be advantageous for cavitation-based therapies when the

acoustic pressure is insufficient to consistently produce cavitation with each single pulse. In

this case, the existence of the cavitation memory, or the persistent nuclei, may help sustain

or enhance the cavitation process (Delius and Brendel 1988; Huber et al. 1999; Arora et al.

2005). This concept has been applied to improve the stone fragmentation efficiency in

lithotripsy (Xi and Zhong 2000; Loske et al. 2002), or to enhance the tissue fractionation in

histotripsy (Xu et al. 2005, 2006; Parsons et al. 2006a).

Despite the advantage of sustaining the cavitation process, the cavitation memory could be

disadvantageous in some cases. One example is the energy shielding effect. In lithotripsy,

the presence of the cavitation memory at a high pulsing rate (>2 Hz) can induce denser and

longer persisting bubble clouds (Huber et al. 1998; Sapozhnikov et al. 2002). The growth of

the persistent bubbles can detract energy from the shock waves and shield the energy

delivery to the stone surface (Pishchalnikov et al. 2006), resulting in inefficient stone

fragmentation (Weir et al. 2000; Paterson et al. 2002; Madbouly et al. 2005; Yilmaz et al.

2005). The excess bubbles can also cause more renal damage (Delius and Brendel 1988;

Delius et al. 1988; Ryan et al. 1991). In histotripsy, similar pressure levels are used to

generate cavitation for tissue fractionation. Concerns about the shielding effect may thus be

raised. It is worth noting that although the pressure levels are similar, the waveforms are

significantly different. Lithotripsy uses one acoustic cycle pulse with a long rarefactional

phase, which provides ample time for bubble expansion and often generates large bubbles

~1 mm in diameter with a pulsing rate of 0.5–5 Hz (Huber et al. 1998; Sapozhnikov et al.

2002). Histotripsy uses pulse duration of a few acoustic cycles with much shorter

rarefactional phase. The maximal bubble diameter is much smaller (~100 μm) in the regime

that histotripsy commonly operates (PRF = 5 Hz to 1 kHz) (Xu et al. 2008; Maxwell et al.

2011). The energetic expansion and collapse of these smaller bubbles cause controlled

fractionation of soft tissue. The shielding effect has been observed in histotripsy only when

applied at a tissue-fluid interface with an extremely high pulsing rate (>10 kHz) (Xu et al.

2004, 2007a). This effect is insignificant in treatments applied within a volume of soft tissue

with a common pulsing rate (5 Hz to 1 kHz).

For histotripsy treatments applied within a volume of soft tissue, the cavitation memory may

cause a different undesired phenomenon. With the residual cavitation seeds present, the

bubbles may be generated at the same seeded locations by the subsequent pulses. If the

spatial distribution of the bubbles is not sufficiently dense, the areas where the cavitation

bubbles repeatedly occur are overtreated, whereas the rest remain undertreated. This can

result in inhomogeneous tissue disruption even within a single focal volume, producing

islands of structurally intact tissues in the treatment volume when a small number of pulses

is applied (Roberts et al. 2006; Wang et al. 2009). These islands of intact tissues could be
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detrimental for applications where complete tissue removal is desired (e.g., tumor therapy).

In addition, when quantitative tissue characterization methods (e.g., ultrasound spectrum

analysis (Lizzi et al. 1997)) are used to assess the treatment outcomes, a misleading metric

may be produced as an average of fully homogenized and nonhomogenized zones.

To completely and homogeneously fractionate the target volume, strategies to break the

memory-induced repeated cavitation pattern are needed. One strategy is to deliver an excess

number of pulses to the target volume until the cavitation bubbles migrate (sometimes

slowly) to different locations in the target volume. However, this may cause inefficient use

of energy and prolonged treatment time. Here we propose a strategy to achieve complete and

homogeneous tissue fractionation with a significantly reduced number of pulses by

removing the cavitation memory. The removal of the memory should cause cavitation

bubbles to occur at random locations in response to each pulse. As long as the pressure

amplitude is high enough so that the cavitation can be consistently induced in each pulse,

this random pattern would allow the target volume to be homogeneously fractionated with

fewer pulses.

This study investigates the cavitation pattern, i.e., spatial distribution of the cavitation

bubbles, in response to each histotripsy pulse and the corresponding lesion development

process for different levels of cavitation memory. It is hypothesized that the cavitation

memory would decrease with time as the persistent bubbles diffuse, dissolve and redistribute

to new random locations. As such, the level of the persistent memory can be manipulated

(passively) by increasing the time interval between successive pulses. Experiments were

performed both in the red blood cell (RBC) tissue phantoms (Maxwell et al. 2010b) and in

ex vivo liver tissues. The former allowed for direct visualization of the locations of the

cavitation bubbles and the corresponding lesion development process in real time using

high-speed photography; the latter provided validation of the memory effect in real tissues

with histologic examinations. This study illustrates a significant effect of cavitation memory

on the treatment progression, providing the basis for future design of efficient treatments.

METHODS

Sample preparation

The protocols described in this study were approved by the University of Michigan’s

Committee on Use and Care of Animals. An agarose-based RBC tissue phantom that allows

for direct visualization of cavitation and the resulting damage was used to study the impact

of the cavitation patterns on the lesion development process. The phantom was prepared

with 1% agarose powder (Type-VII, Sigma-Aldrich, St. Louis, MO) and 5% v/v RBCs

(from healthy adult research canines in an unrelated study) mixed in normal saline following

the protocol described in our previous paper (Maxwell et al. 2010b). The phantom was

constructed such that a thin (~0.5 mm) RBC-gel layer was suspended between two thick

(~2.5 cm) transparent gel layers. The RBC-gel layer becomes transparent in the locations

where the RBCs are damaged by cavitation, likely because the cell content (hemoglobin) is

released. The transparent damaged regions are visible within a few milliseconds and become

fully developed within 1 s. This period is likely the time required for sufficient hemoglobin

to be released to the medium so that the light can penetrate through the damaged locations.

The cavitation bubbles induced in the RBC phantom can be easily detected because they

block the light transmission and appear as dark shadows on backlit optical images. During

the treatment, both the cavitation bubbles and the lesion can be imaged with high-speed

photography. Information regarding the size, shape and location of the bubbles and the

lesion can be extracted with image processing algorithms described later in this section

(Cavitation pattern analysis and lesion analysis).
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To validate the cavitation memory effect on treatments in real tissues, experiments were also

performed in freshly excised canine livers. The livers were obtained from healthy adult

research subjects in an unrelated study post-euthanization. The excised tissues were placed

in degassed (20 to 30% gas saturation) saline at room temperature and used within 3 hours

of harvest. The tissues were sectioned into approximately 9 × 9 × 6-cm blocks and sealed in

plastic bags filled with saline before experimentation.

Ultrasound generation and calibration

A custom-built 1-MHz F#-0.6 transducer was used to generate therapeutic ultrasound pulses.

The transducer has eight identical two-inch diameter PZT disks mounted in an elliptical

concave plastic housing with 18-cm diameter in the long axis, 16-cm diameter in the short

axis and a radius of curvature of 106 mm (Fig. 1a). In the center of the housing is a 7 × 4-cm

rectangular hole for the insertion of imaging probes. The transducer was driven by electronic

input signals generated by a programmed field-programmable gate array (FPGA) (Altera

Cyclone II, San Jose, CA) and amplified by a custom-built class D amplifier.

The pressure waveform and beam profiles of the therapeutic ultrasound were obtained in

degassed water under free-field conditions using a custom-built fiber optic hydrophone with

an active element of 100 μm diameter (Parsons et al. 2006b). Ultrasound pulses of 10-cycle

duration at 1-MHz center frequency were used in all treatments. The peak negative (P−) and

peak positive (P+) pressures were 21 and 59 MPa, respectively (Fig. 1b). The −6-dB

beamwidths were estimated on both P− and P+ pressure profiles at P−/P+ pressure of 18/48

MPa. The −6-dB beamwidths measured 1.2 mm along the long lateral axis, 1.3 mm along

the short lateral axis and 6.9 mm along the axial direction on the P− pressure profile. For the

P+ profile, the −6-dB beamwidths measured 1.0 mm along the long lateral axis, 1.2 mm

along the short lateral axis and 4.8 mm along the axial direction. The beam profiles at the

experimental pressure level could not be measured because of the interference from the

bubble cloud at the fiber tip. In the experimental setting, the acoustic intensity could be

attenuated during the propagation path in the tissues. Given the 0.5 dB/cm/MHz attenuation

in the liver (Parker et al. 1988) and a 1-cm mean propagation path, the P− pressure was

likely 20 MPa. The P+ pressure was likely decayed more significantly to <56 MPa as a

result of nonlinear attenuation.

Ultrasound treatment parameters

The treatments were performed using various time intervals (Δt) between successive pulses,

with fixed numbers of pulses at 500 pulses for the RBC phantoms and 1000 pulses for the ex

vivo tissues. The intervals, Δt, varied from 2, 10, 20, 50 and 100, to 200 ms in different

treatments, because our previous study showed that the cavitation nuclei can persist up to

several tens of ms after a histotripsy pulse (Xu et al. 2007b). These intervals were equal to or

longer than those commonly used in the histotripsy treatments such that minimal thermal

effects would occur in this study. Sixty-five treatments were performed on the RBC

phantoms, resulting in a sample size of 10–12 for each Δt. Twenty-six ex vivo treatments

were performed on the livers, resulting in a sample size of 4–5 for each.

Ultrasound treatment and monitoring

Before the treatment, the focus of the transducer was aligned with the RBC layer in the

phantom using the following approach. A bubble cloud was first generated in the water

using brief excitation of the transducer. The location of the bubble cloud was indicated using

two 1-mm-wide 5-mW laser beams (Calpac Lasers, Steamboat Springs, CO), one along and

the other perpendicular to the ultrasound beam, crossed at the middle of the bubble cloud.

The phantom was then placed in the tank such that the RBC layer was aligned with the laser

beams and thus to the ultrasound beam and along the long axis of the transducer (Fig. 2). For
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the ex vivo treatments, the tissue samples were placed where the block of tissue phantom

was.

During the treatment, the cavitation bubble clouds and the lesions were imaged with a 12-

bit, 1280 × 960-pixel, high-speed camera (Phantom 210, Vision Research, Wayne, NJ).

Backlighting was provided using a 300-W continuous white light lamp. This lighting

allowed for a short exposure of 2 μs for each frame. The frame size was adjusted to be 16 ×

12 mm using a Tominon macrobellows lens (Kyocera Optics, Nagano, Japan) attached to the

camera. This image size ensured imaging of the overall bubble cloud and the entire lesion.

The imaging was performed after each pulse throughout the entire treatment. The bubbles

were imaged 10 μs after the pulse because the spatial extent of the bubble cloud at this time

corresponds well with that of the lesion (Maxwell et al. 2010b). The lesion image was taken

at midperiod after the pulse when the cavitation bubbles disappeared on the optical images.

This timing allowed for imaging of the lesions without interference from the bubbles for all

Δts used in this study. Because the lesions may take several milliseconds and up to 1 s to

become fully developed, another lesion image was taken approximately 5 s after the entire

treatment to ensure that the maximum extent of the damage was imaged.

Cavitation pattern analysis

The cavitation bubbles appeared as dark shadows on the backlit images (e.g., Fig. 3a), which

can be easily distinguished from the background by the brightness. To detect the cavitation

bubbles on the images, a pixel brightness threshold was set at 5 standard deviations below

the average pixel brightness in a 2 × 2-mm region in the intact background area (light gray

area on the images). The pixels with intensities lower than this threshold were considered in

the areas of the cavitation bubbles. Using this threshold, the grayscale image was converted

to a binary bubble image where 1 (white) represented the presence of bubbles and 0 (black)

represented the absence of bubbles (Fig. 3b).

The effects of varying intervals between successive pulses on the cavitation patterns were

studied by measuring: (1) the similarity, i.e., cross correlation coefficient, between

cavitation patterns in successive pulses; and (2) the integrated bubble area as the pulse

number accumulated. The former assessed the level of the persistent cavitation memory. The

latter indicated how fast the target volume can be completely “exposed” to or treated with

the bubbles. The cross-correlation coefficient between cavitation patterns was calculated

using the following equation:

(1)

where Xk(i) and Xk+1(i) are the binary bubble images in the k-th and (k+1)-th pulses and i is

the pixel index on the images. This coefficient was computed for each pair of successive

pulses through the entire treatment, i.e., 1 ≤ k < 500. To measure the integrated bubble area,

an overlay of the bubble images was first formed for the k-th pulse by overlaying the binary

bubble images from the first to the k-th pulse. The overlay image was also expressed in a

binary format, where 1 indicated the presence of bubbles and 0 indicated the absence of

bubbles in any pulse between the first and the k-th pulses. The integrated bubble area was

computed by summing the areas with the presence of the bubbles on the overlay of the

bubble images. The overlay outlined a region that could potentially be damaged in the

treatments. The increasing trend of the integrated bubble area as the pulse number

accumulated may predict the lesion-developing trend.
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Lesion analysis

The damaged areas were significantly brighter than the intact areas (e.g., Fig. 3c), and could

be detected using a similar threshold approach. A pixel brightness threshold was set at 5

standard deviations above the average pixel brightness in a 2 × 2-mm region in the intact

background area. Pixels with brightness higher than this threshold were considered

“damaged.” Using this threshold, the grayscale images were converted to binary lesion

images where 1 (white) represented “damaged area” and 0 (black) represented “intact area”

(Fig. 3d).

To study the lesion development process, the following analysis procedures were performed.

First, the treatment zone was selected on the posttreatment lesion image by outlining a

region that encompassed the maximal extent of the lesion, and then shaped like the overlay

bubble image obtained in the previous section (cavitation pattern analysis). Next, the

damaged area was calculated for each lesion image captured during the treatment by

integrating the areas identified as “damaged” in the treatment zone. The damaged area was

further normalized to the area of the treatment zone, resulting in the normalized damaged

area. This normalized damaged area was compared for treatments using different time

intervals between pulses.

Histologic examination

Histologic examination was conducted for the lesions produced in ex vivo tissues. After the

treatments, the tissues were fixed in formalin and prepared for hematoxylin and eosin

(H&E) staining. The lesions were sectioned longitudinally along the ultrasound beam.

Multiple 4-μm thick H&E sections were made through the lesions with a 1-mm step size.

The sections with the maximum spatial extent of damage both laterally and axially were

examined through visual inspection with bright field microscopy. The homogeneity/

heterogeneity, size, shape and boundary of the lesions were studied.

RESULTS

Cavitation patterns

Representative cavitation patterns induced during the treatments with decreasing time

intervals between successive pulses are shown in Figure 4. The locations of the cavitation

bubbles in response to each pulse were highly dependent on the time interval. When Δt was

≥100 ms, the cavitation bubbles were induced at distinctly different locations in response to

each pulse. As Δt was decreased to <100 ms, many bubbles appeared at the same locations

in each pulse. This repeated pattern was most prominent at the beginning of the treatment

and became less significant as the pulse number increased.

The spatial extent of the bubble cloud was also affected by Δt. The bubble cloud appeared in

a more confined area when Δt was ≥100 ms, and expanded as Δt decreased from 100 to 10

ms. As Δt further decreased to 2 ms, the bubble cloud was as large as that produced with Δt

ranging between 100 and 10 ms at the beginning of the treatment, but appeared in a much

smaller area around the center of the focus as the pulse number increased.

The cross-correlation coefficients between the cavitation patterns produced in successive

pulses with varying Δts are plotted in Figure 5. The cross-correlation coefficient decreased

exponentially with increasing Δts. This exponential decrease was particularly significant at

the beginning of the treatment (i.e., within 100 pulses). For example, the correlation

coefficient at the 10th pulses during the treatments with varying Δts decreased from 0.5 ±

0.1 to 0.1 ± 0.1 as Δt increased from 2 to 200 ms. These data were well fitted by an

exponential curve (r2 = 0.96, Fig. 5a). The exponential decay in the correlation coefficient
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became less significant as the treatment continued because the correlation coefficient might

change with increasing numbers of pulses (Fig. 5b–f). At the longest Δt (i.e., 200 ms), the

cross-correlation coefficient remained low at 0.1 ± 0.1 throughout the entire treatment.

When Δt decreased to ≤20 ms, the correlation coefficient decreased from ~0.5 to ~0.1 as the

pulse number increased from 0 to 500.

The overlay of the bubble images during the treatments with decreasing Δts are shown in

Figure 6. When Δt was long, the bubbles occurred at random locations in each pulse.

Therefore, the focal volume was fully exposed to the cavitation bubbles within a small

number of pulses. When Δt was decreased, the focal volume was not fully exposed to the

cavitation bubbles until a larger number of pulses was delivered. For instance, the focal

volume was fully exposed to the bubbles within 100 pulses at Δt = 200 ms (Fig. 6a);

however, it was not fully exposed until 500 pulses were delivered when Δt was decreased to

50 ms (Fig. 6c). When Δt was further decreased, some regions in the focal volume were

never exposed to the cavitation bubbles during the entire treatment (Fig. 6e, f).

The integrated bubble areas during the treatments with varying Δts are shown in Figure 7.

When Δt was ≥100 ms, the integrated bubble area rapidly increased with each additional

pulse at the beginning of the treatment and reached a plateau at 100 pulses (Fig. 7a, b). This

trend indicated that the target volume was fully exposed to the cavitation bubbles within a

small number of pulses. As Δt was decreased from 100 to 10 ms, the increase in the

integrated bubble areas slowed down, and a plateau was never observed within 500 pulses

(Fig. 7c, e). When Δt was decreased to 2 ms, a plateau in the integrated bubble area was

observed again (Fig. 7f). This plateau occurred for a different reason: the spatial extent of

the bubble cloud decreased as the pulse number increased, thus limiting the growth of the

overall bubble coverage area. This behavior is evidenced in Figure 4f as well where the

spatial extent of the bubble cloud is limited in later pulses.

Lesion development process

Representative lesion images during the treatment illustrate the lesion development process

with decreasing Δts (Fig. 8). In all treatments, damaged areas were detected after each pulse.

The damaged area increased with increasing pulse numbers. The lesion developed more

rapidly with each pulse for longer Δts. Furthermore, the lesion appeared to be

homogeneously treated and possessed a smooth and well-defined boundary with no or very

few residual intact areas in the treatment zone. As Δt was decreased, the lesions presented a

ragged boundary with many residual intact areas.

The normalized damaged areas during the treatments with different Δts are shown in Figure

9a. The normalized damaged area increased more rapidly with each pulse when Δt was

≥100 ms. This increase slowed down as Δt decreased from 100 to 10 ms. The slowest

increase was found at the shortest Δt, i.e., 2 ms. After the treatments, complete fractionation

of the treatment zone (i.e., 100% damage) was achieved only when Δt was ≥50 ms. The

normalized damaged area decreased when Δt was decreased. At Δt = 2 ms, only 50% of the

treatment zone was damaged after the treatment. To compare the treatment efficiency for

different Δts, the number of pulses required to achieve 25% damage was calculated (Fig.

9b). As Δt increased from 2 to 200 ms, the number of pulses required for 25% damage

decreased from 199 ± 50 to 17 ± 9 pulses, approximately a 12-fold difference. This

indicated that the treatment efficiency (defined as damage per pulse) was significantly

higher for long Δts.
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Ex vivo study

The ex vivo treatment results confirmed that the lesion morphology was highly dependent

on the time intervals between pulses. With 1000 pulses applied, when Δt was ≥100 ms (Fig.

10a, b), the lesions appeared to be homogeneously and completely disrupted, with no or very

few recognizable tissue structures in the treatment zone. The lesions also presented well-

defined boundaries with sharp transition between the disrupted region and the surrounding

structurally intact tissues. As Δt decreased from 50 to 20 ms (Fig. 10c, d), the lesions

appeared to have a larger spatial extent; however, islands of incompletely disrupted tissue

were present in the midst of the mostly treated zone. The tissue and cells within these islands

appeared structurally intact when examined at higher magnification. Awider transition zone

of scattered damaged spots was observed at the lesion boundaries. As Δt further decreased

to below 20 ms (Fig. 10e, f), a significant amount of structurally intact tissue remained in the

treatment zone. These results demonstrated that when the exposure was held small, complete

tissue disruption was more likely achieved when Δt was increased.

DISCUSSION

We hypothesized that the cavitation memory may be removed by applying the subsequent

pulse after a sufficiently long time interval after the previous pulse and that the removal of

the memory may lead to complete and homogeneous tissue fractionation with fewer pulses.

These hypotheses were supported by the results. At short time intervals between pulses, the

highly correlated cavitation patterns indicated the presence of the cavitation memory. When

the time interval between pulses was increased, the memory disappeared. As a result, the

cavitation bubbles occurred in random locations in response to each pulse. The random

patterns allowed the target volume to be fully exposed to cavitation within a significantly

smaller number of pulses, leading to complete and homogeneous tissue fractionation with

dramatically fewer pulses.

Despite the benefits of treatments with increased time interval between pulses, the total

treatment time can be long if a large volume of tissue is treated by one single focal spot at a

time. Because histotripsy pulses are only a few microseconds long, we propose using a 2-D

phased array to steer the focus electronically to other locations within the treatment volume

during the time between pulses (~100 ms). As such, the entire volume can be completely

fractionated using the same time that is needed to fractionate a single focal spot. In this way,

the treatment time to ablate a large tissue volume may be significantly reduced by increasing

the duty cycle of the phased-array transducer.

To remove the cavitation memory, this study used a passive approach by increasing the time

interval between pulses. In addition to this passive approach, active approaches can be used.

For example, we have previously demonstrated that the persistent bubbles in the periphery

of the focus can be actively removed by a nuclei preconditioning pulse delivered before each

therapy pulse (Wang et al. 2010, 2011). A similar pulsing sequence may be developed to

remove the persistent nuclei in the treatment volume. This pulsing sequence, if successfully

developed, uses a special pulse to remove the cavitation memory immediately after each

pulse. As soon as the cavitation memory is removed, the next therapy pulse can be

delivered. Therefore, the time interval between successive pulses for the memory effect to

disappear may be substantially reduced.

Although the presence of the cavitation memory caused highly correlated cavitation patterns

at the beginning of the treatment, this correlation gradually decreased as the treatment

continued. This decreasing correlation likely occurred because the progressive fractionation

of the treatment volume, which eventually turned the treatment tissue volume to liquefied

homogenate, provided increased mobility for the persistent cavitation nuclei. The similarity
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between cavitation patterns was therefore decreased. Because this change only occurred in

the later stage of the treatment, the overall treatment efficiency remained low compared with

that of the treatments with uncorrelated cavitation patterns during the entire treatment.

The decreasing trend in the correlation coefficient of the cavitation patterns with increasing

Δts indicated that the memory effects decayed exponentially with time and disappeared in

several tens to hundreds of ms. The decay trend and period corresponded well with those of

the residual bubbles that persisted in the treatment volume after a histotripsy pulse (Xu et al.

2007b). The decay period also corresponded well with the dissolution time of micron-sized

gas bubbles (Epstein and Plesset 1950; Chen et al. 2002; Ferrara et al. 2007). These

suggested that the persistent gas bubbles are an important source causing the memory effect.

It is not excluded that the fragments of fractionated tissues or tissue phantoms may also

serve as potential cavitation nuclei that contribute to the memory effect.

The normalized damaged area measured during the treatments (Fig. 9a) may be slightly

underestimated because of the limitation in the temporal response of the RBC phantoms.

The damage was imaged 1–100 ms after each pulse; however, it may take several

milliseconds for the lesions to become fully developed. This latency could have caused

different amounts of underestimation for various Δts. To evaluate the amount of

underestimation, the damaged areas measured at the last pulse of the treatments and 5 s after

the treatments (two rightmost columns in Fig. 8) were compared. The differences between

the two measurements were found to be 0.1–1.2 mm2, with the maximum occurring for Δt =

2 ms. In the worst case, this difference would cause an underestimation of the normalized

damaged area by 7%. This amount is small compared with the difference caused by different

experimental conditions, and thus should have minimal influence on the trends observed in

Figure 9a.

In the present work, histotripsy is applied inside the tissue phantoms or tissues where the

nuclei movement is restricted and bubble expansion is constrained. The same experiments

have been performed at a fluid-stone interface set up as described in our previous paper

(Duryea et al. 2011). Preliminary results showed that the shape of the overall bubble cloud

was similar from pulse to pulse; however, the individual bubbles did not repeatedly occur in

the same locations as observed in the tissue phantoms. Although the pulse parameters used

in this test are histotripsy rather than lithotripsy parameters, this observation suggests that

the repeated cavitation pattern may be less significant in a fluid environment (e.g., in

lithotripsy) and more of a concern in a tissue environment (e.g., in histotripsy).

An interesting evolutionary trend of the bubble cloud induced at the shortest time interval

between pulses (i.e., 2 ms), or the highest pulsing rate, was observed. The spatial extent of

the bubble cloud decreased to a smaller area around the focal center as the pulse number

increased. This phenomenon may have resulted from significant decrease in the available

cavitation nuclei in the treatment volume. The available cavitation nuclei in the target

volume could have been quickly depleted after repetitive pulsing at a high pulsing rate

(Borkent et al. 2007). In addition, the short interval between pulses could have impeded the

replenishment of new cavitation nuclei from the surrounding area. The depletion of the

available nuclei may have raised the cavitation threshold in the treatment volume, therefore

restricting bubbles to a smaller area where the pressure amplitude remained above the new

threshold. Further investigation is needed to elucidate the mechanisms behind this

phenomenon.
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CONCLUSIONS

This study demonstrated that cavitation memory may have distinct influence on the lesion

development process in histotripsy. The cavitation memory effect resulted in highly

correlated cavitation patterns, leading to slow development of lesions with each pulse. The

removal of the memory effect caused cavitation bubbles to occur in new random locations in

response to each pulse, resulting in complete and homogeneous tissue disruption with

significantly fewer pulses, i.e., more efficient treatments. Moreover, in real-time monitoring

of lesion development, homogeneously disrupted lesions should result in tissue

characterization metrics representative of the whole lesion instead of a misleading average

of fully homogenized and nonhomogenized zones. This may be potentially important in

image-guided cancer therapy.
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Fig. 1.
(a) A picture of the therapeutic transducer and (b) pressure waveform of the therapy pulse

measured under free-field conditions in water.
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Fig. 2.
Experimental setup. The transducer and the RBC phantom are submerged in a tank filled

with degassed water (30% of normal saturation determined by pO2). The high-speed camera

was mounted perpendicular to the ultrasound beam such that a projection of the bubble

cloud and the lesions on the axial-lateral plane of the transducer were recorded.
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Fig. 3.
Examples of converting the grayscale images to binary images for the cavitation bubble

clouds (panel (a)–(b)) and the lesions (panel (c)–(d)). Longitudinal sections of the bubble

clouds and the lesions are shown. The ultrasound propagation direction is from top to

bottom of the image.
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Fig. 4.
Cavitation patterns generated by successive pulses (pulses #9 and #10, #49 and #50, #99 and

#100, #499 and #500) during the treatments when the time interval between pulses, Δt,

decreased from (a) 200 to (f) 2 ms. The ultrasound propagation direction is from top to

bottom of the image. The cavitation patterns in successive pulses appeared distinctly

different in response to each pulse when Δt was long (e.g., panel (a)), but they were

relatively similar when Δt was decreased (e.g., panel (f)).
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Fig. 5.
Cross-correlation coefficients of cavitation patterns induced in successive pulses for

decreasing time intervals between pulses. The correlation coefficient decreased

exponentially with increasing Δts at the beginning of the treatment (<100 pulses). As an

example, the correlation coefficients at the 10th pulse is shown in panel (a) (dashed line: y =

0.55e−7.06t, r2 = 0.96). The exponential decay in the correlation coefficient became less

significant later as the pulse number increased because the correlation coefficient might

change (panels (b)–(f)). Data are presented in mean ± standard deviation (n = 10–12 each).
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Fig. 6.
Overlay of the bubble images during the treatments when the time intervals between pulses

decreased from (a) 200 to (f) 2 ms. The ultrasound propagation direction is from top to

bottom of the image. When Δt was long, the focal volume was fully exposed to the

cavitation bubbles within a small number of pulses (panel (a)). The number of pulses needed

for the focal volume to be fully exposed to cavitation increased when Δt was decreased.

When Δt was too short, full exposure could not be achieve within 500 pulses, and islands of

untreated areas were present after the treatments (panels (e) and (f)).
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Fig. 7.
Integrated bubble areas with increasing pulse numbers when the time intervals between

pulses decreased from (a) 200 to (f) 2 ms. The integrated bubble area increased rapidly and

reached a plateau when Δt was long. When Δt was decreased, the increasing trend slowed

down, and the plateau was not observed. When Δt was decreased to 2 ms, a plateau occurred

again because the decreased spatial extent of the bubble cloud limited the growth of the

integrated bubble area. Data are presented as mean ± standard deviation (n = 10 to 12).
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Fig. 8.
The lesion patterns observed during and after the treatments when the time intervals between

pulses decreased from (a) 200 to (f) 2 ms. The ultrasound propagation direction is from top

to bottom of the image. At long Δts, the damaged area rapidly expanded with each pulse;

completely fractionated lesions were observed after the treatments. At short Δts, the

damaged area developed slowly with each pulse; incompletely treated lesions with islands of

untreated areas were observed after the treatments.
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Fig. 9.
(a) Normalized damaged areas during the treatments with different time intervals between

pulses, Δts. Lesions produced with longer Δts developed significantly faster with each pulse

than those produced with shorter Δts. Complete disruption of the treatment zone was

achieved only when Δt was ≥50 ms. (b) Number of pulses to achieve 25% damage for

different Δts. The required number of pulses was reduced by approximately 12-fold as Δt

increased from 2 to 200 ms. Data are presented as mean ± standard deviation (n = 10 to 12).
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Fig. 10.
Lesions produced in ex vivo livers using 1000 pulses when the time intervals between pulses

decreased from (a) 200 to (f) 2 ms. The ultrasound propagation direction is from top to

bottom of the image. When Δt was ≥100 ms, completely homogenized lesions were

observed (outlined by the dashed lines in panels (a) and (b)). As Δt decreased, isolated

islands of structurally intact areas were observed in the treatment volume (e.g., the areas

indicated by the arrows in panels (c)–(f)). More islands of structurally intact areas appeared

as Δt further decreased.
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