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Abstract—Bubble-induced color Doppler (BCD) is a histotripsy-therapy monitoring technique that uses Doppler
ultrasound to track the motion of residual cavitation nuclei that persist after the collapse of the histotripsy bubble
cloud. In this study, BCD is used to monitor tissue fractionation during histotripsy tissue therapy, and the BCD
signal is correlated with the destruction of structural and non-structural components identified histologically to
further understand how BCD monitors the extent of treatment. A 500-kHz, 112-element phased histotripsy array
is used to generate approximately 6- × 6- × 7-mm lesions within ex vivo bovine liver tissue by scanning more than
219 locations with 30–1000 pulses per location. A 128-element L7-4 imaging probe is used to acquire BCD signals
during all treatments. The BCD signal is then quantitatively analyzed using the time-to-peak rebound velocity
(tprv) metric. Using the Pearson correlation coefficient, the tprv is compared with histologic analytics of lesions generated by various numbers of pulses using a significance level of 0.001. Histologic analytics in this study include
viable cell count, reticulin-stained type III collagen area and trichrome-stained type I collagen area. It is found
that the tprv metric has a statistically significant correlation with the change in reticulin-stained type III collagen
area with a Pearson correlation coefficient of −0.94 (p < 0.001), indicating that changes in BCD are more likely
because of destruction of the structural components of tissue. (E-mail: macoskey@umich.edu) © 2018 World
Federation for Ultrasound in Medicine & Biology. All rights reserved.
Key Words: Histotripsy, Therapy feedback, Color doppler.

Quantitative imaging feedback for indicating tissue
fractionation is important for monitoring and guiding noninvasive ablation techniques such as histotripsy to ensure
treatment accuracy and efficacy. Magnetic resonance–
guided focused ultrasound (MRgFUS) is used to provide
a 3-D temperature map as real-time feedback during highintensity focused ultrasound (HIFU) thermal treatments
(Allen et al. 2012; Hynynen et al. 1993; McDannold et al.
1998) and has been approved by the US Food and Drug
Administration to treat several conditions including essential tremor (Lipsman et al. 2013), uterine fibroids
(Roberts 2005) and prostate cancer (Gyöngy and Coussios
2010). However, magnetic resonance imaging (MRI)guidance for histotripsy would require MRI-compatible
histotripsy arrays, as well as procedural MRI scanners.
Ultrasound imaging has previously been used to guide
HIFU therapy and for monitoring treatment and the

INTRODUCTION
Histotripsy is a therapeutic ultrasound technique that
employs inertial cavitation to destroy mechanically and fractionate unwanted target tissue within the body noninvasively without damaging surrounding tissue (Lin et al.
2014; Xu et al. 2007). Histotripsy has been investigated
for the treatment of deep vein thrombosis (Zhang et al.
2016, 2017), liver tumors (Vlaisavljevich et al. 2013),
benign prostatic hyperplasia (Roberts 2005; Schade et al.
2012), congenital heart diseases (Xu et al. 2004), and
transcranial brain applications (Kim et al. 2014).
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development of HIFU-induced cavitation (Farny et al. 2006;
Owens et al. 2011). For histotripsy, B-mode ultrasound
imaging has also been used in real-time during treatment
to monitor changes in the bubble cloud, which appears as
a dynamically changing hyperechoic zone (Owens et al.
2011, 2012). When substantial tissue liquefaction has occurred, the tissue appears to be hypoechoic on B-mode
imaging (Hall et al. 2007; Xu et al. 2009). However,
B-mode ultrasound is sub-optimal for monitoring the treatment effect because of its low sensitivity, as the hypoechoic
zone only occurs when substantial tissue fractionation is
achieved (Wang et al. 2009). Additionally, as the intensity of the tissue speckle varies across various tissues both
temporally and from patient to patient, it is unlikely that
a universal-intensity threshold could be set to indicate complete tissue fractionation for various tissues and patients.
Ultrasound elastography, such as acoustic radiation
force impulse (ARFI) imaging, has also been investigated to detect histotripsy lesion formation. As the
histotripsy treatment progresses, the target tissue is fractionated until it turns into a liquid-appearing homogenate,
indicating that the elasticity of the tissue decreases throughout treatment (Cain and Wang 2012; Miller et al. 2012;
Wang et al. 2012a, 2012b, 2014). A reliable elasticity
method would be especially useful for histotripsy in viscoelastic tissues such as the liver where the collagenous
elements of the extracellular matrix are the primary structural component. These elastography methods have been
experimentally successful in the detection of tissue fractionation with higher sensitivity than B-mode speckle
intensity. However, as the tissue becomes more liquefied, the shear-wave propagation used for elastographyimaging techniques become increasingly restricted, resulting
in decreased accuracy of elastography measurements later
in histotripsy treatment (Wang et al. 2012a, 2012b). Additionally, reflections from the histotripsy-induced cavitation
nuclei are known to contribute to and interfere with the
radiation force used for ARFI imaging, which may introduce artifacts in the elastography methods (Wang et al.
2014).
Recently, a new modality called bubble-induced color
Doppler (BCD) has been developed to monitor histotripsyinduced tissue fractionation in real-time (Macoskey et al.
2017; Miller et al. 2016; Zhang et al. 2015). This method
uses Doppler ultrasound on a conventional clinical ultrasound machine to obtain velocity estimations of the residual
cavitation nuclei that persist after cavitation during
histotripsy therapy. Our previous work has shown that this
motion is because of the disturbance caused by the rapid
expansion and collapse of the bubble cloud, which has also
been observed previously elsewhere (Khokhlova et al.
2011). This motion is only observed when the histotripsy
bubble cloud is formed, and we have found that this residual motion can last for at least 20 ms after each
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histotripsy pulse, thus indicating that it is likely not because
of acoustic radiation force. Furthermore, we have found
that as the tissue becomes increasingly fractionated, the
motion of residual nuclei lasts longer, and that the change
of the BCD signal correlates somewhat with increased tissue
destruction (Miller et al. 2016). However, in this previous study, only cellular destruction was quantified over a
small sample of pulse numbers. Thus, a more-detailed physiologic investigation of the correlation of the BCD signal
with tissue destruction is required. Interestingly, in
Vlaisavljevich et al. (2014), it was shown that tissues with
higher Young’s moduli result in cavitation bubbles with
shorter lifespans and smaller maximum radii (Vlaisavljevich
et al. 2014). This suggests that as the tissue becomes more
fractionated and the elasticity of the tissue decreases, the
cavitation bubble cloud should last longer with a higher
maximum radius. Therefore, because the BCD signal is
highly dependent on cavitation dynamics, which are dependent on tissue mechanics and we know that the residual
nuclei motion responsible for the BCD signal lasts increasingly longer throughout treatment, we hypothesize
that the BCD signal is more closely correlated with the
destruction of structural components of tissue that contribute to the overall mechanical properties of tissue rather
than the cellular components.
In this study, we investigated how changes in the BCD
signal throughout histotripsy treatment are quantitatively
correlated to the levels of fractionation of specific structures within liver tissue induced by histotripsy. Histotripsy
therapy was applied to ex vivo bovine liver tissue by a 112element histotripsy array at varying levels of tissue
fractionation (i.e., number of histotripsy pulses), and BCD
signals were acquired for all samples. Each tissue sample
was histologically stained to quantify cellular destruction, type III collagen destruction and type I collagen
destruction.
METHODS
Ex vivo bovine liver preparation
Freshly excised bovine liver acquired from a local abattoir was preserved in room-temperature PBS-buffered
saline and was used within 24 h of harvest. Before treatment, the liver was sectioned into approximately 4-cm cube
sections and was then placed in degassed PBS-buffered
saline under vacuum in a desiccator for 5 h. Liver samples
were then removed from the desiccator and were embedded in blocks of 1.5% agarose to maintain structural
stability. The blocks were suspended in place via two carbon
skewers. This was done so that no structural support material other than agar was present between the histotripsy
array and the tissue, thus minimizing aberration and the
chance for cavitation on the surface of the sample. Once
the agarose was solidified after roughly 1 h, the tissue
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phantoms were positioned in the water above the histotripsy
array, using a three-axis positioner.
Histotripsy treatment parameters
The treatments were applied in a 6- × 6- × 7-mm
volume consisting of 219 treatment locations excited by
electronically steering the phased array. The treatment locations were organized in five alternating 7- × 7- and 6- × 6location layers with 1-mm spacing between locations within
each plane (x- and y-dimensions) and 1.5-mm spacing
between planes (z-dimension) to ensure uniform fractionation throughout the volume. The layers were placed
parallel to the histotripsy wave front, and the layer farthest from the array was treated first. Locations within each
layer were treated randomly. A rendering of the packing
grid is shown in Figure 1. The array focus was steered to
locations at 100 Hz pulse repetition frequency, except for
the central location where the BCD signal was acquired.
The BCD signal was only acquired at the central location of the lesion. Before the pulse at the central location,
the array paused for 0.5 s. This was done to allow residual cavitation nuclei from the previous pulse to dissolve
(Fowlkes and Crum 1988; Wang et al. 2012b). Liver
samples were treated with 0, 30, 60, 100, 200, 300, 500
or 1000 pulses per location to produce a wide range of
tissue fractionation. These pulse numbers were chosen to
cover the full range of tissue fractionation to complete cell
disruption in the treatment volume and to align with regions

Fig. 1. Treatment location packing grid. Spacing between points
in the x- and y- directions is 1 mm and spacing between layers in
the z-direction is 1.5 mm. In this orientation, ultrasound is being
delivered from the bottom of the grid (i.e., from negative z toward
positive z).

Fig. 2. Experimental setup. A 500-kHz 112-element array is used
to generate histotripsy lesions at 219 locations throughout a treatment volume in bovine liver tissue. A Verasonics system using
standard Doppler ultrasound imaging with an L7-5 linear array
(driven at 5 MHz) was used to acquire BCD data and was triggered by the FPGA-controlled driving system. BCD was acquired
for the pulse at the central location within the lesion. An automatic three-axis positioning system was used to position the linear array
and second manual three-axis positioner was used to position the
liver samples. BCD = bubble-induced color Doppler; FPGA = fieldprogrammable gate array.

of change in BCD profiles collected during preliminary
experiments. For each dose level, 6 replicate samples were
treated. A schematic overview of the experimental setup
is shown in Figure 2. The 112-element 500-kHz therapy
array was placed facing upward in a tank filled with degassed water. The primary control computer sent commands
to the transducer-driving system, which stored treatment
locations and controlled the timing of treatment. The threeaxis positioner holding the tissue sample was a manual
positioner that allowed for gross positioning of the liver
samples in the focus of the therapy array. Before treatment, the liver samples were imaged with B-mode
ultrasound using, a 5-MHz, 128-element linear imaging
probe (ATL HDI L7-4, Philips, Andover, MA, USA) with
a Verasonics Imaging System (SS number: 1634;
Verasonics, Inc., Redmond, WA, USA) to ensure that
therapy was occurring in relatively homogenous portions of liver that were void of large vessels or large portions
of connective tissue. A motorized three-axis positioner was
used to position the L7-4 imaging probe.
The histotripsy transducer used for this study was a
112-element, 500-kHz histotripsy phased-array transducer constructed in house (Duryea et al. 2015). An image
of the array is shown in Figure 3. The array consisted of
a 15-cm radius of curvature and a 27-cm aperture. Each
element was driven by 1 channel on a 112-channel highvoltage pulser that emitted an approximately 1.5-cycle, 3-µs
sinusoidal acoustic pulse. The array and driving system
was controlled by a set of field-programmable gate arrays
(FPGAs), such that each element was individually
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Fig. 3. Image of the 112-element 500-kHz histotripsy-phased array.
From this orientation, the positive z-axis is pointed directly at the
point of view.

addressable. The generated waveform at the geometric focus
was evaluated using a fiberoptic probe hydrophone (FOPH)
with a 100-µm diameter sensing tip (Parsons et al. 2006).
The arrangement of the elements in the array produced a
focal zone with a −6 dB beamwidth of 2.0 mm laterally
and 6.3 mm axially when measured in the linear regime
at a pressure amplitude of 8 MPa, using the FOPH. During
treatment, the transducer was driven just above the intrinsic threshold for cavitation, so cavitation only occurred in
the area of highest pressure rather than throughout the full
−6 dB beamwidth. For peak-negative pressures above approximately 10 MPa, the waveform could not be directly
measured by the FOPH because of cavitation on the fiber
tip. For p ≥ 10 MPa, the transducer’s waveform was approximated by dividing the array into several subapertures,
which were driven and measured separately and then
summed to estimate the pressure at each calibrated driving
voltage. The array was divided into 4-quadrant subapertures,
which was enough to maintain a p-value of <10 MPa. At
the driving voltage used for this study, the extrapolated p
pressure was found to be approximately 40.8 MPa. It should
be noted that non-linear propagation was not considered
in the extrapolation.
BCD acquisition and processing
BCD was acquired using standard Doppler ultrasound imaging on a Verasonics imaging system (Verasonics,
Inc.) using the same 5-MHz center frequency, 128element linear imaging transducer (ATL HDI L7-4, Philips)
used for treatment planning. The imaging probe was placed
on the opposite side of the sample from the therapy array.
Before placing the tissue sample in the tank, the imaging
probe was aligned with the geometric focus of the therapy
system in the free field by imaging the cavitation bubble
cloud on B-mode. An acquisition transaxial region of interest (ROI) of 39–51 mm from the imaging probe was
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used to acquire the Doppler data. The Verasonics Doppler
protocol was set to acquire 210 Doppler acquisitions at
10-kHz pulse repetition frequency to observe a temporal
window of 21 ms after the central therapy pulse. This
window covered the same region in which motion was recorded in an earlier study using particle image velocimetry
to observe the movement of residual cavitation nuclei after
a histotripsy pulse (Miller et al. 2016). The Doppler acquisitions were processed offline, using the Doppler
processing algorithms included with the Verasonics ultrasound imaging system. The mean frame-by-frame
Doppler velocity throughout the 21 ms after the centraltherapy pulse in the Doppler ROI was processed in rolling
10 acquisition segments, resulting in 200 separate 10frame acquisitions to cover a 20-ms temporal range. A
thresholding algorithm employing a multilevel Otsu’s
method (Matlab, The Mathworks, Natick MA, USA) was
applied to the Doppler frames to observe only the areas
with the greatest movement of residual nuclei. The timeto-peak negative rebound velocity (tprv) was used to quantify
the BCD data. This metric calculates the time at which
the highest magnitude negative velocity after each
histotripsy pulse occurs.

Tissue fractionation analysis via histology
Upon treatment completion, samples were removed
from their sample holders, and all agarose was cleaned off
the tissue. Samples were then submerged in 10% buffered formalin (Fischer Scientific International, LLC,
Hampton, NH, USA) for 1 wk for fixation. Once fixed,
samples were cut into thin slices and were placed in cassettes that were then submerged in new 10% buffered
formalin and sent out for histology sectioning and staining (Scientific Solutions, LLC, Fridley, MN, USA). All
formalin-fixed and paraffin-embedded liver tissue sections were stained with Masson’s trichrome stain and
Gordon and Sweet’s reticulin stain (Gordon and Sweets
1936). The trichrome stain is a three-color staining protocol that stains collagen blue, muscle fibers red and cell
nuclei dark brown to black. Trichrome staining allows for
visualization of both cells and type I collagen, which is
the most abundant collagen in mammals. Type I collagen usually organizes into thick bundles and is found in
connective tissues in the liver. Gordon and Sweet’s reticulin stain was used to highlight the thin reticular fibers
and basement membrane material in the liver tissue. The
reticular fibers are usually type III collagen and are found
interlaced with hepatocytes in the extracellular matrix and
outline the architecture of liver parenchyma. We hypothesize that cells are more susceptible to histotripsy damage
while collagen is more resistant. Example images of the
trichrome and reticulin stains of the liver are shown in
Figure 4.
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collagen fibers in trichrome-stained slides and the dark
purple or black reticular fibers in the reticulin-stained slides.
To determine the number of cells remaining in the lesions,
10 randomly selected 1024- × 1024-pixel tiles within the
lesion were manually counted. The number of tiles counted
was based on estimated sample variance and desired detectable difference between groups using power analysis
to obtain a statistical power of 0.95 with α = 0.01 for extrapolation of cellular density to the rest of the lesion
compared with a normal distribution. A non-linear leastsquares best-fitting algorithm using an exponential decay
model was used to calculate best fit trend lines for the histology metrics between each dosage that was analyzed,
thus allowing for a continuous trend line to estimate the
histology metrics at all doses between 0 and 1000 pulses
per location. Statistical p-values for the histology data were
calculated using a χ2 goodness-of-fit test, and time constants (with time being pulse number) were calculated for
each best-fit line to directly compare the histology metrics.

Fig. 4. Sample histology of the liver tissue using Masson’s trichrome (right column) and Gordon and Sweet’s reticulin stains (left
column) for histotripsy dosages of 0 (top row), 30 (second row),
100 (third row), 300 (fourth row) and 1,000 (bottom row) pulses
per location. Type I collagen is blue in trichrome stain and reticulin fiber is black in reticulin stain. For 30 and 100 pulses per location,
areas of destruction are identified by a D. For 300 pulses per location, example remnant nuclei are identified by an N. Complete
tissue homogenization is observed at 1000 pulses per location.

All slides were then scanned with a resolution of
0.253 µm/pixel—an equivalent of 400 × magnification—
for image processing. A square area of 15 mm2 was selected
from the center of the approximately 42-mm2 crosssectional lesion for image analysis. We use 2 colorchannel thresholding algorithms to segment the blue

BCD and tissue fractionation metric statistical analysis
The BCD tprv was plotted against each histology
metric, and linear regression was used to fit a trend line
to each relationship for a relative comparison between the
metrics. Coefficients of determination, i.e., R-squared
values, were calculated for each linear regression fit to
compare how well the model fit the BCD-histology comparisons. However, a high coefficient of determination does
not necessarily mean that a statistical model is the right
model for a given data set. Therefore, the Pearson correlation coefficient (PCC), which measures an unbiased linear
correlation between two variables and reports a p-value
based on Student’s t test, was used to obtain a single quantitative metric for the extent of correlation between the BCD
tprv and histology metrics. The PCC was chosen because
it obtains an easily comparable correlation metric between
two signals regardless of the scale of the signals. The PCC
returns a value ranging between −1 and 1, where 1 indicates a perfectly direct linear correlation, −1 indicates a
perfectly inverse linear correlation and 0 indicates no correlation. The PCC is mathematically defined as
ρ ( a, b ) = E ( ab ) σ aσ b , where σa and σb are the standard
deviations of signals a and b, respectively, and E(ab) is
the cross-correlation between a and b (Benesty et al. 2009).
Because we knew a priori that there would be monodirectional change of both the BCD tprv and all histology
metrics, we chose a very conservative p-value of 0.001 to
indicate a statistically significant correlation.
RESULTS
BCD metrics
A total of 42 lesions were treated, and their respective BCD signals for each pulse were collected and
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Fig. 5. Example BCD slow-time or fast-time profile from a 1000pulse treatment. The tprv is indicated by a black point for each pulse
number, and a non-linear least squares best-fit trend line is shown
in red. The largest peak negative velocities were on the order of
−1 m/s and were observed to have large negative velocities earlier
in treatment. BCD = bubble-induced color Doppler; tprv = time-to-peak
rebound velocity.

analyzed. A representative BCD slow-time/fast-time profile
from a 1000 pulse-per-location treatment is shown in
Figure 5. In all treatments, the BCD data exhibited a net
large positive velocity (away from the therapy transducer) followed by a large net negative velocity (toward the
therapy transducer). Early in treatment between 1 and approximately 200 pulses, a second positive velocity rebound
was observed within the recorded 20-ms window. The time
corresponding to tprv for each Doppler velocity trace is also
shown in Figure 5, and a non-linear least-squares trend
line was fitted to the tprv metric. In all samples, the change
in the BCD tprv metric exhibited mono-directional change
throughout treatment and grew such that the peak negative velocity occurred later after each therapy pulse until
it plateaued at around 400 pulses with a tprv of approximately 16 ms.
An average of the tprv metric from six 1000 pulse
treatments is shown in Figure 6. Also shown in Figure 6
are the average tprvs found for the doses at which the
histology metrics were recorded. A similar trend of
increasing and plateauing tprv over the treatment, as
shown in Figure 5, is observed. It is also shown that the
variance of the tprv metric tends to increase throughout
treatment. This was because the tprv for each treatment
reached slightly different steady states, plateauing at tprv
values between 10 and 20 ms, depending on the treatment. Previous studies in tissue-mimicking agarose
phantoms also observed this phenomenon (Miller et al.
2016), suggesting that increasing liquefaction of the
surrounding medium results in less consistent motion of
residual cavitation nuclei.
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Fig. 6. Average BCD tprv from six 1000-pulse treatments. Gray line
indicates a 5-sample moving average. Black points indicate tprv at
pulse numbers corresponding to the same pulse numbers used for
histologic analysis (i.e., 0-, 30-, 60-, 100-, 200-, 300-, 500- and 1,000pulse per location. BCD = bubble-induced color Doppler;
tprv = time-to-peak rebound velocity.

TISSUE FRACTIONATION ANALYSIS VIA
HISTOLOGY
In Figure 4, representative liver histology of normal
liver and four stages after treatment are qualitatively shown:
pretreatment control (row 1), early sparse cell fractionation (row 2) generated by 30 pulses per location,
widespread cell fractionation and partial destruction of liver
architecture (row 3) generated by 100 pulses per location, complete cell fractionation and destruction of liver
architecture and early connective tissue fractionation (row
4) generated by 300 pulses per location, and complete liquefaction of all cells and connective tissues (row 5)
generated by 1000 pulses per location. To analyze and better
visualize several varieties of tissue structures, reticulin staining (left column) and trichrome staining (right column) were
used to analyze the various levels of tissue fractionation
generated by histotripsy. For the first stage of treatment,
at 30 pulses per location, only disparate regions of tissue
damage have occurred. At this point, roughly 50% of the
hepatocytes still appear to be intact, with largely preserved liver architecture highlighted by reticulin stain and
intact portal tracts with bile ducts, portal veins, portal arteries and thick blue portal collagen fibers shown by the
trichrome stain. For the second stage, at 100 pulses per
location, significant hepatocyte and architecture destruction with loss of reticulin had occurred and, in some
samples, only minimal small clusters of isolated hepatocytes with a few fractionated reticulin fibers remained in
a sea of necrotic debris. The trichrome stain showed that
only mild-to-moderate portal tract and thick type I collagen fiber damage was present at 100 pulses. Interestingly,
most of the remaining hepatocytes were found adjacent
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Fig. 7. Histologic analysis of 42 histotripsy treated samples at varying dosages. (a) Viable cell count remaining in imaged
medium. The cell count experienced the greatest amount of destruction early in treatment. (b) Percent area with intact reticulinstained collagen and (c) percent area with intact trichrome-stained collagen. Both collagen metrics experienced slower amounts
of destruction than remaining cell count. Nonlinear least-square best-fit lines are shown in black. All best-fit lines exhibited
statistical significance compared with a normal distribution as indicated by the p-values on each plot.

to the thick type I collagen fibers and portal tracts, suggesting that these collagen fibers and portal tracts acted
to protect the hepatocytes from the cavitation damage. For
the third stage, at 300 pulses per location, virtually all hepatocytes in all treated liver samples had been destroyed,
including those that were adjacent to portal tracts and type
I collagen fibers. Both reticulin and trichrome stains showed
almost complete destruction of both type III and I collagen fibers. We see only a few scattered remnant naked
nuclei in the liquefied necrotic debris, which are not viable
intact cells. For the fourth stage of treatment, as shown
in the final row of images in Figure 4, at 1000 pulses per
location, the liver tissue is completely liquefied with loss
of hepatocytes and both types of collagen fibers.
The quantitative histologic analyses of cell count,
intact reticulin-stained collagen area and intact trichromestained collagen area and their respective non-linear least
squares fits are shown in Figure 7. The least-squares bestfit lines of all three cellular metrics exhibited exponential
decay to varying degrees with an increasing number of

histotripsy pulses applied. In these analyses, the population of viable cells in the treatment region decreases
exponentially and reaches 0 around 300 pulses at the latest.
Both the reticulin and trichrome-stained collagen metrics
take longer to reach a point at which virtually no reticulin or trichrome-stained collagen is detected. The
exponential decay-time constants were found to be 38, 120
and 257 pulses for cell count, reticulin-stained collagen
and trichrome-stained collagen areas, respectively, thus supporting our hypothesis that cells are destroyed much earlier
in the treatment than stronger structural connective components of the tissue.
BCD and tissue fractionation metric statistical analysis
The mean values of the BCD tprv were plotted against
the mean values of viable cell count, reticulin-stained collagen area and trichrome-stained collagen area in Figure 8
(a–c), respectively. Linear regression was used to qualitatively indicate the fit of a linear model to the relationship
of these metrics. It was found that the relationship of tprv
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Table 1. Summary of Pearson correlation
coefficients* between BCD and histology metrics

BCD

Cells remaining

Reticulin-stained
collagen

Trichrome-stained
collagen

−0.84 (0.010)

−0.94 (<0.001)

−0.87 (0.005)

BCD = bubble-induced color Doppler.
* Values in parentheses indicate the p-value.

and tprv-trichrome relationships. The PCC analysis of the
data sets returned PCCs of −0.84, −0.94 and −0.87 with
p-values of 0.01, <0.001 and 0.005 for tprv versus viable
cell count, reticulin-stained collagen area and trichromestained collagen area, respectively (Table 1). This indicates
that each histology metric is inversely correlated with tprv
to varying degrees. However, based on our chosen level
of significance, only tprv versus reticulin-stained collagen
resulted in a statistically significant linear correlation.
DISCUSSION
BCD

Fig. 8. BCD tprv versus (a) viable cell count, (b) reticulin-stained
area and (c) trichrome-stained collagen area throughout 1,000pulse histotripsy treatments in bovine liver. Dashed lines indicate
best-fit lines acquired using linear regression (n = 6). BCD = bubbleinduced color Doppler; tprv = time-to-peak rebound velocity.

and reticulin-stained collagen resulted in the highest coefficient of determination, with a value of 0.89, indicating
that linear regression is a good model for this relationship. Viable cell count and trichrome-stained collagen
versus BCD tprv resulted in lower coefficients of determination in comparison with reticulin-stained collagen with
values of 0.70 and 0.76, respectively. This indicates that,
relative to each other, the tprv-reticulin relationship is better
modeled by a linear relationship than the tprv-viable cells

The results from this study support the results from
all other BCD-based studies in the literature in that the
BCD signal exhibited initial movement of residual cavitation nuclei away from the therapy transducer followed
by a rebound back toward the transducer and that the BCD
tprv metric exhibited mono-directional growth in time (Miller
et al. 2012, 2016; Zhang et al. 2015) Although the reason
for this reproducible directionality of residual nuclei movement has not yet been completely verified experimentally
for histotripsy, existing theoretical and experimental work
into the physics of the nonspherical cavitation-bubble collapse is able to provide some insight. Previously, it has
been shown that the collapse of the cavitation bubble results
in the formation of a liquid jet and an impulsive pressure
release. The jet subsequently penetrates the bubble, resulting in damage to the surrounding medium (Bourne and
Field 1992; Coleman et al. 1987; Crum 1988; Dear et al.
1988b; Field 1991; Johnsen and Colonius 2008, 2009;
Tomita and Shima 1986). It is believed that this
nonspherical collapse and liquid jet is caused by a nonuniform pressure distribution around the bubble, which can
be induced by the presence of a solid object or free surface,
buoyancy or interactions with shockwaves such as those
in histotripsy (Dear and Field 1988a; Lauterborn and Bolle
1975; Obreschkow et al. 2011; Ohl and Ikink 2003; Philipp
and Lauterborn 1998). During a nonspherical collapse, there
is a non-zero Kelvin impulse, i.e., non-zero bubble inertia
(Blake 1983, 1988; Blake et al. 2015), which has been
shown to correlate with bubble-cloud migration and flow
(Blake and Gibson 1987; Blake et al. 1986). Because the
BCD-measured movement is only observed when cavitation occurs, this suggests that acoustic-radiation force
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is not the primary mechanism of movement. Furthermore, our unpublished data suggest that the asymmetric
growth and collapse of the cavitation results in a fast net
motion of the cavitation bubbles. The inertia from this fast
motion can last for more than 20 ms, moving persistent
residual nuclei, which is detected as the BCD signal. Therefore, we hypothesize that the transfer of momentum from
the Kelvin impulse to the surrounding tissue caused by
nonspherical-cavitation collapse may be a primary mechanism for the BCD-detected oscillation of residual cavitation
nuclei. Future experimental studies will test this hypothesis.
Tissues with lower elasticities result in bubbles that
grow larger and last longer. As tissue elasticity decreases
throughout histotripsy treatment until the tissue is completely liquefied, we hypothesize that the movement of the
cavitation nuclei sustains longer as tissue is fractionated
by histotripsy. The increase in tprv observed throughout treatment indicates that the frequency of oscillation of the
movement of residual nuclei is decreasing throughout treatment, which corresponds to the decreased tissue elasticity.
The increased variability of the tprv metric as the treatment progresses has also been reported previously. This
is likely because bubble-cloud formation is less consistent from one pulse to the next when forming in a liquid
environment with increasing spatial variability of acoustic backscatter off the bubble cloud with increasing tissue
homogenization (Parsons et al. 2007). An increase in variable bubble cloud formation would also result in an increase
in the variability of movement of residual nuclei in the
treated volume from pulse to pulse.
Histologic analysis
The three histologic components extracted from histology in this study were chosen to analyze weak, moderate
and strong components of the liver tissue that have varying
resistance to histotripsy-induced tissue fractionation. Cells
highlighted by hematoxylin in the trichrome-stained tissue
samples were used as the weak component. Reticulinstained collagen is an extracellular structure stained by silver
particles in the reticulin stain, which is stronger than cells
but weaker and more homogenously distributed throughout the liver tissue than the thicker type I collagen fibers
highlighted by the trichrome stain. Reticulin-stained fibers
are small branching structures made primarily of type III
collagen that are ubiquitously found throughout the extracellular matrix in many tissues including liver (Little
and Kramer 1952). The results clearly show that histotripsy
destroys cells first, then weaker extracellular matrix materials, such as reticulin-stained collagen, and finally
stronger extracellular matrix materials, such as trichromestained collagen. These results also directly support the
results from (Miller et al. 2016) in which virtually no intact
viable cells were observed after 200–300 therapy pulses
for ex vivo bovine liver. To destroy something such as a
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tumor, only cellular destruction is required. However, here
we have found that hepatocytes that reside close to stronger structures, such as trichrome-stained collagen or portal
tracts, are able to sustain higher histotripsy dosages than
those that are not. Thus, the collagenous and connective
tissue characteristics may impact the treatment required
for appropriate cellular destruction. Because patients and
tissues have varying tissue-matrix characteristics, a realtime feedback mechanism for collagen-structure destruction
may provide a quantitative indication of treatment progression with patient and tissue specificity.
Correlation of BCD signal with histology metrics
Previous studies have indicated that the BCD tprv
metric is correlated with the number of intact cells remaining. However, because bubble dynamics are more
closely influenced by structural components of tissue and
cells are less of a contributing factor to the mechanical properties of tissue than collagen, we hypothesized that the BCD
signal would correlate more with the destruction of structural components of tissue. The observed BCD signals and
histology in this study support this hypothesis by showing
that the change in the BCD tprv metric has a statistically
significant inverse correlation with reticulin-stained collagen components identified histologically. The inverse
nature of this correlation is primarily a product of how the
data are presented and should not be seen as a disadvantage. The PCC of the tprv with both intact cells remaining
and trichrome-stained collagen area were both found to
be statistically insignificant, thus indicating that they are
not linearly correlated with the tprv metric. Although
trichrome-stained collagen certainly contributes to the
overall macrostructure of liver, trichrome-stained collagen bundles only occur in thick, sparse bundles and they
often do not contribute to the local, microstructure of the
tissue treated in these experiments. Therefore, we found
locations within the treated tissue where virtually no
trichrome-stained collagen existed. We hypothesize that
this sparse distribution of trichrome-stained collagen is what
may have led to its lower correlation with tprv than reticulinstained collagen. Additionally, the variance in the trichromestained collagen metrics was higher than the other two
histology metrics. We also attribute this high variance to
the sparseness of the trichrome-stained collagen, for some
histology tiles contained almost no trichrome-stained collagen while others were virtually filled with trichrome
stained collagen. Furthermore, we now hypothesize that
tissues with more densely packed collagen of both type I
and type III would result in a slower change of tprv because
of an increase in the amount of histotripsy required for
complete liquefaction. An indicator for collagen-embedded
tissue destruction is important because of the observed
shielding of hepatocytes near collagen structures. Thus,
using BCD as an indicator of complete collagen destruction
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would be a good indicator of tissue ablation, i.e., complete cell death thus eliminating the need to overtreat tissue
while ensuring that the target tissue has been completely
homogenized to the necessary degree. Because connective tissues are generally high in collagen, this indicates
that the tprv of the BCD signal may be able to track treatment progression in patients with varying collagen matrix
profiles.
CONCLUSIONS
In this study, we investigated the use of BCD received by a separate linear imaging probe to monitor the
levels of tissue fractionation induced by histotripsy therapy
in bovine ex vivo liver. Histology was acquired at various
dosages throughout treatment, and three metrics were used
to identify the extent of destruction of various types of
tissues with varying degrees of mechanical strength. It was
found that the tprv of the BCD signal had a statistically significant linear correlation with reticulin-stained collagen
destruction, indicating that changes in the BCD signal are
more closely related to the structural components of tissue
rather than cellular destruction. These results suggest that
BCD may be able to provide non-invasive and quantitative monitoring of tissue mechanical integrity during
histotripsy therapy.
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