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Abstract

Histotripsy is a well-controlled ultrasonic tissue ablation technology that mechanically and
progressively fractionates tissue structures using cavitation. The fractionated tissue volume can be
monitored with ultrasound imaging because a significant ultrasound backscatter reduction occurs.
This paper correlates the ultrasound backscatter reduction with the degree of tissue fractionation
characterized by the percentage of remaining normal-appearing cell nuclei on histology. Different
degrees of tissue fractionation were generated in vitro in freshly excised porcine kidneys by
varying the number of therapeutic ultrasound pulses from 100 to 2000 pulses per treatment
location. All ultrasound pulses were 15 cycles at 1 MHz delivered at 100 Hz pulse repetition
frequency and 19 MPa peak negative pressure. The results showed that the normalized backscatter
intensity decreased exponentially with increasing number of pulses. Correspondingly, the
percentage of normal appearing nuclei in the treated area decreased exponentially as well. A linear
correlation existed between the normalized backscatter intensity and the percentage of normal
appearing cell nuclei in the treated region. This suggests that the normalized backscatter intensity
may be a potential quantitative real-time feedback parameter for histotripsy-induced tissue
fractionation. This quantitative feedback may allow the prediction of local clinical outcomes, i.e.,
when a tissue volume has been sufficiently treated.

[. Introduction

Focused ultrasound has been shown to induce tissue ablation through thermal or mechanical
mechanisms [1]-[6]. Ultrasonic thermal therapy has been widely studied for the treatments
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including uterine fibroids and solid tumors [7]-[9]. In comparison, mechanical effects,
mainly cavitational effects, have been avoided for tissue ablation because of the difficulty in
controlling and predicting cavitational tissue damage. Our recent studies have demonstrated
that cavitation can be controlled to achieve consistent soft tissue ablation using extremely
short (<20 us) and intense (>8 MPa) ultrasound pulses delivered at low duty cycles (<1%)
[10]-[16]. With a sufficient number of successive pulses, the cavitation activities can
completely fractionate tissue to a subcellular level, resulting in a highly disintegrated
volume with sharply demarcated boundaries [13], [15]. The liquefied tissue volume can be
reabsorbed by the body over time, leading to effective tissue removal [17]. This technology
can be thought of as lithotripsy for soft tissue, thus giving rise to the name “histotripsy.”
Histotripsy has potential for many clinical applications where noninvasive tissue removal is
desired, such as treatment for an enlarged prostate clinically termed benign prostatic
hyperplasia [18].

Imaging feedback of the tissue treatment effects is critical for noninvasive tissue ablation
techniques. It allows the operating clinician to monitor the treatment progress and determine
the endpoint of the treatment. To estimate tissue damage, several methods have been
investigated for ultrasound thermal therapies. Magnetic resonance (MR) imaging has been
shown to provide accurate estimation of the temperature change in the treated tissue [19]—
[22]. The drawback of the magnetic resonance imaging is the relatively high cost and the
requirement for an MR-compatible ultrasound system. Several ultrasound imaging methods
have also been investigated to monitor the thermal tissue damage by measuring the changes
in tissue elasticity, sound velocity, and acoustic attenuation [23]-[28]. These techniques are
still in being researched for feasibility and efficacy.

In comparison, the fractionated tissue volume produced by histotripsy can be visualized
clearly as a hypoechoic region using standard ultrasound B-mode imaging. This hypoechoic
region implies significant reduction in ultrasound backscatter from the histotripsy-treated
volume. The backscatter reduction can be seen in real-time during and immediately after the
treatment. This phenomenon likely occurs because tissue is mechanically subdivided into
small fragments that cannot effectively scatter ultrasound at the imaging frequency used
[29]. Based on this finding, we hypothesize that ultrasound backscatter gradually decreases
as histotripsy progressively fractionates the sources of ultrasound scattering in tissue.
Therefore, the change in ultrasound backscatter may be used to quantitatively predict the
degree of tissue fractionation in real time, i.e., the treatment effect and progression of
histotripsy.

This paper studies the quantitative relationship between the ultrasound backscatter intensity
and the degree of tissue fractionation. Each histotripsy pulse is hypothesized to fractionate a
portion of tissue. An increasing number of successive histotripsy pulses can result in
cumulative tissue fractionation. With a sufficient number of pulses, a tissue volume can be
completely fractionated. Therefore, different degrees of tissue fractionation may be
produced by varying the number of histotripsy pulses.

The degree of tissue fractionation is evaluated histologically by the percentage of intact cells
remaining in the treatment volume. The intactness of a cell is determined by the appearance
of its cell nucleus on histology. The cell nucleus is selected because it is a common
indication of cell damage or death. More importantly, it has been observed to be more
resistant to mechanical damage generated by histotripsy than other cellular components or
organelles [30]. The quantitative correlation between the percentage of remaining normal
appearing cell nuclei and backscatter intensity may provide the basis for a real-time image-
based feedback metric for a histotripsy treatment, predicting a local clinical outcome.
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[l. Materials and Methods

A. Tissue Preparation

In vitro experiments were conducted in fresh porcine kidneys obtained from a local abattoir.
The kidneys were preserved in degassed saline at room temperature and used within 6 h of
harvest. The renal capsule was removed, and the collecting system of each kidney was
flushed with degassed saline through the ureter to remove trapped air. More details of the
kidney preparation process were described in our previous publication [31]. The flushed
kidneys were then sealed in Ziploc bags filled with saline, mounted to a motorized 3-axis
positioning system (Parker Hannifin, Rohnert Park, CA), and submerged in a tank of
degassed, deionized water during experimentation.

B. Histotripsy Therapeutic Ultrasound

A 1-MHz annular array transducer (Imasonic, Besancon, France) was used to generate
therapeutic ultrasound pulses. The transducer has a 100 mm outer diameter, a 40 mm inner
diameter, and a 90 mm geometric focal length. The 16 annular elements were driven
synchronously to work as a single element transducer focused at the geometric focus. The
input electronic signals to the therapeutic ultrasound were delivered by a function generator
(Model 3314A; Agilent Technology, Palo Alto, CA) and amplified by a custom-built driving
circuit. The driving circuit shares similar design with our other transducer driving systems
[32], [33].

The acoustic field was calibrated in degassed water with a custom-built fiber optic
hydrophone system with a 100 um diameter sensitive element [34]. Ultrasound pulses of 15
acoustic cycles in duration delivered at a pulse repetition frequency (PRF) of 100 Hz were
used in all treatments. The peak negative and positive pressures were measured to be 19
MPa and 125 MPa, respectively (Fig. 1). The —6 dB beamwidths were measured 1.9 mm
laterally and 15 mm axially at 5 MPa peak negative pressure. The beamwidths decreased
with increasing pressures. The beamwidths at the pressure used for tissue treatment could
not be successfully measured because the high pressure would induce cavitation at the fiber
tip within a few pulses. The fiber tip would be damaged after several cavitation events
during the pressure profile scan. The spatial peak pulse average intensity (Isppa) and the
spatial average temporal average intensity (Isata) Were calculated from the free-field
measurements using the definitions described by the American Institute of Ultrasound in
Medicine [35]. The Isppa Was calculated to be 39 kW/cm?. The IsaTa calculated based on
the —6 dB cross-sectional beam area at 5 MPa was 27 W/cmZ2. The above measurements
reported here were obtained under free-field conditions. Given the 1 dB/cm/MHz sound
attenuation in the porcine kidney [36], a 1 cm mean path length in tissue and a 1 MHz center
frequency, the peak negative pressure in tissue is likely 17 MPa. However, this calculation
only accounts for the absorption of the fundamental harmonic but not that of the higher
harmonics generated at high pressures due to the nonlinearity of the medium. These higher
harmonics should attenuate faster than lower frequencies, resulting in a substantial decay of
the positive pressures.

C. Ultrasound Image Guidance for Histotripsy Treatment

The histotripsy treatment consisted of 3 general steps, all of which were guided by
ultrasound imaging. First, the therapy focus was localized to the targeted tissue region
before the treatment. Histotripsy pulses were used to create a bubble cloud in water, which
appeared as a hyper-echoic zone on the ultrasound image and was marked as the therapy
focus; see Fig. 2(a). Targeting was achieved by aligning the focus marker to the tissue to be
treated on ultrasound image; see Fig. 2(b). A small number of histotripsy pulses (<100
pulses) at the treatment pressure level were applied again to generate a bubble cloud in the
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tissue to verify the targeting accuracy; see Fig. 2(c). The number of targeting pulses is small
compared with the lowest dose (2700 pulses/lesion) for tissue treatment. No significant
tissue damage was generated by this targeting procedure alone on histology. Second,
histotripsy treatment was applied. The treatment was monitored by observing the actively
cavitating bubble clouds, which appeared as a dynamically changing hyperechoic region on
ultrasound images. Third, the treatment was completed when the designated number of
pulses was achieved in the target volume.

Ultrasound imaging of the treatment plane was achieved using 2 imaging probes, a 5-MHz
phased array and a 10-MHz linear array, both used with a clinical diagnostic ultrasound
system (GE System Five, Milwaukee, WI). The 5-MHz probe has 96 elements and an
aperture size of 14 mm, focused 8 cm at the targeted tissue region. The 5-MHz imaging
probe was used for target localization and monitoring of the treatment. It ensured that the
bubble cloud activity occurred within the targeted volume and that the lesions were
successfully generated. It was inserted in the center hole of the therapy transducer and
imaged the therapy plane during the treatment using unsynchronized real-time B-mode
imaging. The cloud activity and lesion formation could be clearly visualized using
unsynchronized B-mode imaging because the therapy pulses were so short that only a few
scan lines were corrupted with the interference from the therapy pulse; e.g., the radial lines
in Fig. 2(c). The 10-MHz imaging probe was used to collect higher-resolution backscatter
signals before and immediately after the treatment. The 10-MHz probe has 64 elements, a
full array size of 44 mm, and an aperture size of 9.3 mm. It was positioned close to the tissue
(3 cm from the tissue surface) and focused at 4 cm in the targeted treatment volume. The
positions of the 2 imaging probes and the therapy transducer with respect to the tissue are
illustrated in Fig. 3. The tissue was moved to be scanned by the 10-MHz imaging probe
before and immediately after treatments according to a predetermined displacement. To
measure the displacement between the imaging planes of the 2 probes, 2 crossed wires, one
along the lateral axis and the other along the elevational axis of the imaging probes, were
mounted to the positioning system and placed where the kidney would be in Fig. 3. The
relative displacement of the positions at which the wire intersection appeared in the centers
of the 2 imaging planes was determined as the displacement of the 2 imaging probes.
Standard ultrasound B-scan 1Q image frames were collected from the 10 MHz imaging
probe and stored in the built-in EchoPac (GE Healthcare, Chalfont St. Giles, UK) image
archive system for later processing. The transmit power and receive gain of the imaging
system were adjusted for clear visualization of the kidney cortex and remained unchanged
during the experiments. This setup permitted comparisons between pre- and post-treatment
ultrasound backscatter intensity.

D. Histotripsy Treatment Plan

Lesions of approximately 6 x 6 x 15 mm each were generated by mechanically scanning the
therapy focus ina 3 x 3 x 3 grid spaced 2 mm laterally and 3 mm axially (Fig. 3). To
produce different degrees of tissue fractionation, lesions were created with different
numbers of ultrasound pulses. The number of pulses applied, the delivered energy, the
treatment time, and the sample size are listed in Table I.

E. Ultrasound Backscatter Intensity Analysis

The ultrasound backscatter was collected from a 4 x 6 mm region-of-interest (ROI) from an
imaging plane centered in the planned treatment volume before and immediately after the
treatment. The size of the ROI was chosen to be the same as the treatment grid so that the
ROI covered the majority of the lesion. This selection of ROI ensured that the signals
collected for backscatter analysis were from the treated tissue and not interfered with those
from the untreated tissue. To quantitatively compare backscatter change across treatments,
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normalized backscatter intensity was calculated as follows. The backscatter intensity of a
lesion was defined as the median backscatter intensity in a ROl within the lesion. The
median backscatter intensities before and after treatment were calculated for each lesion.
Normalized backscatter intensity of the lesion was estimated as the ratio of the posttreatment
to the pretreatment backscatter intensity.

In 22 of 58 lesions, some small hyperechoic regions appear within the treatment volume on
the posttreatment ultrasound images. These hyperechoic regions are assumed to be air
bubbles generated during treatment, and they persisted for minutes after treatment. In most
lesions, the area occupied by the bubbles was small and easily identified, because its
echogenicity was 15 dB higher than that of the untreated tissue. The pixels in the bubble
regions were excluded by manual segmentation for backscatter intensity analysis. In 3
lesions, however, the hyperechoic area occupied by the bubbles was too large. Excluding the
pixels in the hyperechoic regions would affect the statistical significance for backscatter
intensity analysis. These 3 lesions were therefore excluded for data analysis.

F. Degree of Tissue Fractionation Assessment

[1l. Results

The hematoxylin and eosin (H&E) staining was used here for histological assessment of
tissue fractionation based on its separable staining of nucleic and cytoplasmic components.
Treated Kidneys were fixed in 10% neutral buffered formalin and processed for H&E
staining. Histological sections of 5 um thickness were made at 500 um intervals through the
tissue with slices oriented in parallel with the ultrasound imaging plane. The H&E slides
were examined under a bright-field optical microscope (Galen I11, Leica Microsysems,
Bannockburn, IL). Slide images were captured with a digital microscope camera (ProgRes
C10plus, JENOPTIK Laser, Optik Systeme GmbH, Jena, Germany) connected to the
microscope. Five 320 x 240 um regions were imaged at a 400x magnification in a treated
area. Locations of these 5 regions were selected to form a grid pattern with a 1 mm spacing
as shown in Fig. 4. As a control, 5 regions with the same size, magnification, and spacing
were imaged in an untreated area.

The degree of tissue fractionation was quantified by the percentage of normal-appearing cell
nuclei remaining in the treated area in comparison to the untreated area. The number of
normal-appearing nuclei was counted in the 5 regions in the treated area indicated in Fig. 4
as well as in the untreated area. The 5 counts were then averaged to obtain a representative
nuclei count. The percentage of the remaining normal-appearing nuclei was calculated by
dividing the average nuclei count in the treated area by that in the untreated area:

normal appearing nuclei countyeyeq

x100%.

Remaining normal appearing nuclei%= - -
normal appearing nuclei countyngreated

The percentage of remaining normal-appearing nuclei was therefore used as an indication of
the degree of tissue fractionation.

A total of 58 lesions were produced in 9 porcine kidneys using 7 different numbers of
therapeutic ultrasound pulses per treatment location as given in Table I. Results collected
from 55 of 58 lesions were included for our data analysis, resulting in a sample size of 6 to 9
for each number of pulses. Data from 3 out of the 58 treatments were excluded because of a
relatively large number of bubbles persisting in the lesions after treatment, interfering
significantly with the backscatter analysis.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2011 July 6.
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A. Ultrasound Backscatter Intensity Analysis

Within the treated area, a localized hypoechoic zone was discernable for all the different
numbers of pulses used (Fig. 5). Furthermore, for all of the different pulse numbers tested,
Student’s t-tests performed on the treated vs. untreated areas indicated a significant (P <
0.001) decrease in the normalized backscatter intensity in the treated area. The normalized
backscatter intensity decreased with increasing number of pulses (Fig. 6). For example, the
normalized backscatter intensity decreased to 0.7 when 100 pulses per treatment location
were delivered, and 0.1 when 2000 pulses per treatment location were delivered. Regression
analysis showed that the normalized backscatter intensity decreased exponentially as the
number of pulses increased (R% = 0.94).

B. Degree of Tissue Fractionation Assessment

Fig. 7 illustrates representative H&E slide images of targeted volumes of porcine kidney
tissue treated with various numbers of pulses. In an untreated area, all cell nuclei appear
normal. In treated areas, cell morphology varied significantly: cells with normal-appearing,
pyknotic, and/or complete absence of cell nuclei were present. With the lowest number of
pulses (e.g., 100 to 300 pulses per treatment location), subvolumes of acellular debris and
disrupted cellular structures were observed in the midst of largely unfractionated tissue
within a treated area. As the numbers of pulses increased (e.g., 300 to 1000 pulses per
treatment location), the subvolume of homogenate was enlarged, resulting in the
homogenate surrounding small islands of unfractionated tissue. At the highest pulse
numbers (e.g., 1500 to 2000 pulses per treatment location), the treated area was completely
fractionated, with no or very few recognizable cellular structures. Immediately surrounding
the lesions was a 10 to 100 um transition zone of cells with pyknotic or absent cell nuclei.
The tissue outside the transition zone appeared histologically intact.

Quantitative tissue damage was assessed by evaluating the percentage of remaining normal-
appearing cell nuclei. This percentage decreased with increasing number of pulses,
indicating the increasing degree of tissue fractionation (Fig. 8). The remaining normal-
appearing nuclei decreased substantially to approximately 40% at the lowest number of
pulses tested (100 pulses per treatment location) when compared with the untreated areas
and further reduced to nearly zero at 1000 pulses per treatment location and above.
Regression analysis showed that this decrease in the percentage of remaining nuclei
followed an exponential trend (R2 = 0.97).

C. Correlation Between Backscatter Intensity and Degree of Tissue Fractionation

Qualitatively, more severe histological tissue damage corresponded to lower normalized
ultrasound backscatter intensity. The size and shape of the lesion on H&E slides matched
those of the hypoechoic area on ultrasound images. Quantitatively, the normalized
backscatter intensity was correlated to the degree of tissue fractionation, indicated by the
percentage of the remaining normal appearing nuclei (Fig. 9). The normalized backscatter
intensity decreased significantly (from 1.0 to 0.7) at the beginning of the treatment
progression when the percentage of remaining normal-appearing nuclei dropped from 100%
to 40%. As the percentage of normal-appearing nuclei approached zero, the normalized
backscatter intensity decreased to nearly 0.1. The percentage of the remaining normal-
appearing nuclei decayed linearly as the normalized backscatter intensity decreased. A
strong correlation between the percentage of the normal-appearing nuclei and the
normalized backscatter intensity was found by regression analysis (R2 = 0.95).

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2011 July 6.
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V. Discussion

We have shown a strong correlation between the normalized backscatter intensity and the
percentage of the remaining normal-appearing nuclei, i.e., the degree of tissue fractionation.
This correlation established an important link between an easily obtained image parameter
and physical tissue damage. Based on the correlation, we may predict the degree of tissue
fractionation in the treated area using ultrasound imaging. The ultrasound backscatter data
can be collected, not only immediately after treatment, but also during the treatment. At the
very least, the therapy pulses may be temporarily stopped for real-time imaging of the
treated tissue. The tissue fractionation process can be resumed when the therapy pulses are
applied again. More advanced signal processing may allow tissue assessment while the
therapy continues. Because the ultrasound backscatter can be collected immediately after the
treatment, the backscatter reduction may be an image-based feedback parameter that would
allow a clinician to determine when sufficient treatment has occurred.

A threshold value of the normalized backscatter intensity indicative of sufficient treatment
may be inferred from the correlation between the percentage of remaining intact nuclei and
the normalized backscatter intensity. For any treatment that requires complete tissue
removal, such as tumor ablation, a zero survival rate is desired. According to the present
study, a normalized backscatter intensity of 0.1 corresponds to zero normal-appearing cell
nuclei remaining in the target volume. Therefore, a normalized backscatter intensity below
0.1 may inform sufficient treatment. However, this value may be a threshold beyond that
required for cell death because the cell death is strictly determined by the morphological
change of the cell nucleus. In fact, the cells may be irreversibly damaged to the point of
eventual cell death while the cell nuclei temporarily remain morphologically intact. A
comprehensive evaluation on the cell or tissue damage and in vivo chronic studies are
necessary to establish a proper threshold for sufficient treatment. Although cell nuclei were
used here as an indication of tissue fractionation and a source of acoustic backscatter, we
plan to investigate other cellular components (e.g., cell membrane) in the future.

Bubbles generated by histotripsy may persist for minutes after the treatment. These bubbles
result in hyperechoic regions in the treated volume and are the main interference with the
evaluation of backscatter intensity. However, this complication occurred in only 3 of 58
lesions produced, and signal-processing methods may be able to discriminate bubble signals
from that of the underlying tissue structure. Further investigation into acoustic techniques
for resolving this issue is currently being pursued.

The calculation of the normalized backscatter intensity relies on accurate alignment of the
B-mode images before and after treatment. In the ex vivo setup, tissue is mounted to the
positioning system, and the alignment of images before and after treatment can be achieved
easily. In a clinical setting, patients may move during the treatment, which may affect the
backscatter analysis. To address this issue, we can identify several reference points on the
ultrasound image before the treatment. After the treatment, the imaging plane can be
reproduced by moving the imaging probe to the plane defined by these reference points.
Alternatively and in case of any deformation, the pretreatment and posttreatment images
could be registered by aligning the reference points on the 2 images using image registration
algorithms [37], [38]. The backscatter intensity analysis can then be performed in the
treatment area on the 2 registered images.

Significant ultrasound backscatter reduction is observed in a highly localized area treated by
histotripsy. Ultrasound backscatter is the acoustic waves reflecting off inhomogeneities in
the propagation medium [39]. In biological tissue, the inhomogeneities result from the
discontinuities in the acoustic impedance among various tissue microstructures. The
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literature has identified several possible sources of ultrasonic scattering, including the cell
nuclei, collagen, extracellular matrix, or functional tissue elements such as the glomerulus or
renal tubules [40]-[46]. Our histological observations of a completely fractionated tissue
showed that very few, if any, of the above scattering structures persisted in the local area
completely fractionated by histotripsy. Therefore, the backscatter reduction may occur
because the histotripsy pulses mechanically break down the arrangement of tissue structure,
resulting in a more homogeneous volume with reduced scatter cross section.

The linear relationship found in the present work between the normalized backscatter
intensity and the percentage of normal-appearing cell nuclei is consistent with the trend
predicted from the model of incoherent scattering. One possible explanation is that the cell
nuclei might be an important source of sound scattering in tissue. This explanation is
suggested because 1) the average size (8 um) of the cell nucleus is much smaller than the
acoustic wavelength of the imaging probe used to collect backscatter signals (150 um), and
2) the mechanical properties of the cell nuclei are similar to those of the surrounding
medium [47]. Thus, weak scattering waves are emitted from individual cell nuclei. Under
such conditions, the scattered waves from the cell nuclei can be assumed to cause mostly
incoherent scattering. The theoretical model predicts backscatter intensity from incoherent
scattering to be linearly proportional to the concentration of scatterers [48], which may
explain the linear correlation found in this study. It is worth noting that this model assumes a
sparse population of scatterers. Modification is needed for a dense medium, such as an
untreated tissue that contains multiple types of sound scattering structures, because of a
more complicated scattering environment and correspondingly different backscattered fields
[49]-[52]. A different trend of backscatter intensity change may be found for untreated or
less fractionated tissues. This is probably why the control data point in Fig. 9 deviated from
the linear fit between the percentage of the cell nuclei and the normalized backscatter
intensity. Despite the fact that the incoherent scattering from the cell nuclei could well
explain the results, it is also likely that the cell nuclei are just a good indicator of the intact
structures responsible for sound scattering.

The median backscatter intensity is used as the first metric for the evaluation of the degree
of tissue fractionation. However, higher order statistics can be applied to predict more
details on the structural change in tissue. For example, the ultrasound backscatter power
spectrum parameters have been shown theoretically and experimentally indicative of the
size, shape, and concentration of the acoustic scatterers in biological tissues [50]-[54]. The
feasibility of using these higher order statistics to predict the degree of tissue fractionation in
histotripsy will be investigated in the future.

V. Conclusions

Histotripsy progressively and mechanically fractionates tissue using cavitation. With a
sufficient number of pulses, it can completely fractionate tissue to acellular debris.
Significant reduction in ultrasound backscatter intensity occurs in the treated tissue volume
immediately after the treatment. Normalized ultrasound backscatter intensity is
quantitatively correlated with the percentage of normal-appearing cell nuclei, i.e., the degree
of tissue fractionation. Because tissue fractionation should be related to the cell death or
some other clinical outcomes, we believe that the normalized ultrasound backscatter
intensity has the potential to be a real-time feedback parameter for histotripsy that allows the
prediction of local clinical outcomes, i.e., when a tissue volume has been sufficiently
treated. Such a feedback metric is highly desirable, if not essential, for any noninvasive
surgical procedure.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2011 July 6.
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Fig. 1.
15-cycle pulse at 1 MHz measured in water with a fiber optic hydrophone system.
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Fig. 2.

Ultrasound imaging of targeting and monitoring of histotripsy treatment using the 5 MHz
imaging probe. Therapeutic ultrasound propagated from top to bottom of the images. (a)
Prior to the treatment, a bubble cloud was generated in water and seen on ultrasound image
as a hyperechoic region, which was marked as the treatment focus (“X”). (b) The focus
marker was aligned with the targeted volume in the kidney on a pretreatment ultrasound
image. (c) A bubble cloud was generated in the target volume to verify the target accuracy.
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Fig. 3.

Experimental setup of histotripsy treatments in vitro. The tissue is mounted to a 3-D
positioning system and moved to be scanned with histotripsy pulses alonga 3 x 3 x 3
scanning grid. Each treatment location in this grid is exposed to 100, 300, 500, 700, 1000,
1500, or 2000 pulses to produce different degrees of tissue fractionation.
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Fig. 4.

The homogeneous area in the center of the histology image indicates a lesion generated by
histotripsy. Five regions (R1-R5) in the lesion were selected to examine the percentage of
normal-appearing cell nuclei in the treated volume. The numbers of normal-appearing cell
nuclei in each image were counted. The means and standard deviations of nuclei count from

these 5 regions were calculated.
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Fig. 5.

B-mode images of different lesions generated with increasing numbers of pulses: (a) control
(b) 100, (c) 300, (d) 500, (e) 700, (f) 1000, (g) 1500, and (h) 2000 pulses/treatment location.
A progressive decrease in backscatter intensity is observed.
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Fig. 6.

Normalized backscatter intensity as a function of number of pulses/treatment location. Data
points are expressed in mean + standard deviation (N = 6-9). The normalized backscatter
intensity decreases exponentially as the number of pulses increases (Dashed line: y =
0.69¢70:001x R2 = 0.94).
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Fig. 7.

H&E stained lesions show progressive tissue fractionation generated with increasing
numbers of pulses. In the control (untreated) slide, all cell nuclei appear normal. Following
application of histotripsy treatment, the number of normal-appearing cell nuclei (N)
decreases significantly, and pyknotic cell nuclei (P) are apparent. Subvolumes of
homogenized tissue debris (H) exist in all treated tissues. Larger subvolumes of homogenate
are observed as the number of pulses increases; (a) control; (b)-(h) increasing numbers of
pulses/treatment location: (b) 100, (c) 300, (d) 500, (e) 700, (f) 1000, (g) 1500, (h) 2000.
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Fig. 8.

Percentages of normal-appearing nuclei plotted as functions of the number of treatment
pulses. Data are expressed in mean + standard deviation (N = 6-9). The percentage of
normal-appearing cell nuclei decreases exponentially as the number of pulses increases
(Dashed line: y = 57.9¢70-004x R2 = ,97),
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Fig. 9.

Percentages of normal-appearing nuclei plotted as functions of the normalized backscatter
intensity. Data are expressed in mean * standard deviation (N = 6-9). A strong linear
correlation is found between the percentage of normal-appearing cell nuclei and the
normalized backscatter intensity (Dashed line: y = 68.2x —7.5, R? = 0.95). The data point
from the untreated tissue (control, normal-appearing nuclei = 100%, normalized backscatter
intensity = 1.0) is excluded for the regression analysis.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2011 July 6.



Page 25

Wang et al.

“(suo1eoo| sWIea. JO Jaquinu (8101 ) x (UOIIEIO| JusWIeal) Yoes 0) ABIaus palanl[aq) Se pare|ndfed s uoisa| yoes 10y ABIaUS paIaAl|ap [e10) 8y L
*

£

“Uo17RI0|

JuawWieal) Jad awiy uawieas] ayl SI | pue ‘pIals 944 Ul Painsesw eale [euo11das-sso1d weaq gp 9— ayl st SOy alaym | x SOy x VLS| se parenojes si uoiieao] Juswiealy jad ABiaus patanljap ayL
*

NIH-PA Author Manuscript

9 Ve ulw 6 €aT 0¢ 0002
L 00TE ulw g9 ST T 00ST
6 £'90¢ ulw gy L'L ) 000T
9 L'yvT ulwege ¥'q L 00L
9 €€0T ulw ge 8¢ S 00S
9 029 ul 't €¢ € 00€
9 L'0¢ s /c 80 T 00T
6 0 0 0 0 0
azis ajdwes *3 ABJaua paJanl|ap [B10] 8w} JuswWIeal) [e10] *5 ABusua pasanip  (s) swnjuswiead]  sasind Jo #

¥

(W G'0~ 8WINJOA) UOISa| yoeg

U011B00] JUSLWIRa] Yoe]

‘UoISa| ydeg 10 uoledoT] juswieal | yde3 l1oj Sisjsweled juswieal | punoselljn

1 379VvL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2011 July 6.



