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Abstract

Histotripsy thrombolysis is a noninvasive, drug-free and image-guided therapy that fractionates 

blood clots using well-controlled acoustic cavitation alone. Real-time quantitative feedback 

is highly desired during histotripsy thrombolysis treatment to monitor the progress of clot 

fractionation. Bubble-induced color Doppler (BCD) monitors the motion following cavitation 

generated by each histotripsy pulse, which has been shown in gel and ex vivo liver tissue to 

be correlated with histotripsy fractionation. In this paper we investigate the potential of BCD 

to quantitatively monitor histotripsy thrombolysis in real-time. To visualize clot fractionation, 

transparent three-layered fibrin clots were developed. Results show a coherent motion follows 

the cavitation generated by each histotripsy pulse with a push and rebound pattern. The 

temporal profile of this motion expanded and saturated as the treatment progressed. A strong 

correlation existed between the degree of histotripsy clot fractionation and two metrics extracted 

from BCD: time of peak rebound velocity (tPRV) and focal mean velocity at a fixed delay 

(Vf,delay). The saturation of clot fractionation (i.e., treatment completion) matched well with 

the saturations detected using tPRV and Vf,delay. The mean Pearson correlation coefficients 

between the progressions of clot fractionation and the two BCD metrics were 93.1% and 92.6% 

respectively. To validate the BCD feedback in in vitro clots, debris volume from histotripsy 

thrombolysis were obtained at different therapy doses and compared with Vf,delay. The increasing 

and saturation trends of debris volume and Vf,delay also had good agreement. Finally, a real-time 

BCD feedback algorithm to predict complete clot fractionation during histotripsy thrombolysis 

was developed and tested. This work demonstrated the potential of BCD to monitor histotripsy 

thrombolysis treatment in real-time.
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Introduction

Pathological thrombosis is implicated in many cardiovascular diseases. Venous thrombi such 

as deep vein thrombosis (DVT) can lead to pulmonary embolism (PE) and arterial thrombi 

can manifest as myocardial infarction (MI) or ischemic stroke. Current clinical thrombolytic 

methods include the use of thrombolytic drugs (Adams et al. 1996; Bates and Ginsberg 

2004; Kyrle and Eichinger 2005), catheter-based endovascular procedures (Kasirajan et al. 

2001; Kim et al. 2006), or a combination of the two (Verhaeghe et al. 1997; Mewissen et 

al. 1999). Administering thrombolytic drugs systemically requires long treatment times and 

has a high risk of major bleeding. Catheter-based methods are site-specific but invasive and 

associated with frequent complications, such as bleeding, vessel damage, and infection.

Low intensity ultrasound has been shown to enhance the efficacy of thrombolytic agents in 

vitro (Pfaffenberger et al. 2003; Holland et al. 2008; Hitchcock et al. 2011), in vivo (Larsson 

et al. 1998), and in clinical trials (Alexandrov et al. 2004; Tsivgoulis et al. 2008; Tsivgoulis 

et al. 2010). There are also a number of studies that have successfully demonstrated the use 

of ultrasound and microbubbles to degrade clot in the presence or absence of thrombolytic 

agents (Datta et al. 2008; Brown et al. 2011; Culp et al. 2011). Studies using microbubbles 

have suggested that cavitation is correlated with significant enhancement of thrombolysis 

(Datta et al. 2006). High-Intensity Focused Ultrasound (HIFU) has been investigated as a 

stand-alone thrombolytic approach (Burgess et al. 2012; Wright et al. 2012), but the safety 

and efficiency of this technology still needs further investigation before clinical translation.

Histotripsy fractionates soft tissue by well-controlled acoustic cavitation using microsecond-

long, high-intensity and focused ultrasound pulses (Xu et al. 2004; Xu et al. 2005; Xu et al. 

2006; Xu et al. 2007; Xu et al. 2008). The feasibility of using histotripsy as a noninvasive, 

drug-free, and image-guided thrombolysis technique has been demonstrated previously. In 
vitro studies show that histotripsy can completely break down large clots (140-300 mg) 

within 5 min into particles no larger than 100 μm (Maxwell et al. 2009) and in vivo studies 

in a porcine deep vein thrombosis model, showed histotripsy therapy can re-establish blood 

flow and decrease thrombus burden (Maxwell et al. 2011).

Real-time quantitative feedback to monitor the progress of histotripsy clot fractionation 

would improve treatment efficacy and potentially minimize therapy dose, thereby improving 

safety. Specifically, as cavitation is known to cause hemolysis and platelet aggregation 

(Everbach et al. 1997; Poliachik et al. 1999; Poliachik et al. 2001; Poliachik et al. 2004), 

minimizing the therapy dose can mitigate these potential complications of histotripsy 

thrombolysis treatment. While a number of methods have been investigated to evaluate 

tissue damage by ultrasound thermal therapies using magnetic resonance imaging (MRI) 

(Vanne and Hynynen 2003; Arora et al. 2006; Jolesz 2009; Hynynen 2010) or ultrasound-

based measurement of changes in tissue elasticity, sound speed or acoustic attenuation 

(Bush et al. 1993; Damianou et al. 1997; Souchon et al. 2003; Bercoff et al. 2004; Miller 
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et al. 2004; Amini et al. 2005), none have been incorporated for real-time monitoring of 

ultrasound thrombolytic therapy.

Cavitation detection has been used to correlate stable and inertial cavitation with the 

effect of thrombolysis in ultrasound-enhanced thrombolysis (Datta et al. 2006). B-mode 

ultrasound imaging during histotripsy therapy can easily visualize cavitation due to the 

hyperechogenicity of the bubble cloud and provide precise targeting guidance, but its ability 

to serve as a quantitative therapy feedback is limited. Thus, we are investigating a modified 

color Doppler imaging method to monitor motion induced by histotripsy pulses as a real-

time quantitative feedback for histotripsy thrombolysis. This motion is only detectable when 

a cavitation bubble cloud is formed, and therefore this monitoring method was termed 

bubble-induced color Doppler (BCD) feedback. The motion itself likely results from a net 

force exerted by rapid bubble expansion or collapse in the focal region and can last over 

10 ms after each pulse. This force generates a variable motion response depending on 

mechanical properties of the tissue in the focal region. We hypothesize that as the clot 

is increasingly fractionated and becomes softer and eventually liquefied the change in the 

bubble-induced motion can be monitored and quantified using BCD feedback as a real-time 

measure of the degree of clot fractionation.

This study evaluates the potential of BCD feedback for histotripsy thrombolysis monitoring 

in four incremental steps. First, the bubble-induced motion is characterized in transparent 

fibrin clots using particle image velocimetry (PIV) that serves as the gold standard to 

compare with BCD. Second, using fibrin clots with a thin layer of embedded red blood 

cells, the visualized progress of histotripsy thrombolysis is quantitatively compared with 

its corresponding BCD feedback. Third, the correlation of BCD feedback with clot 

fractionation is validated in in vitro clots by comparing the BCD signal to the change of 

fractionated debris volume as a function of therapy dose. Finally, a real-time BCD feedback 

algorithm to predict complete clot fractionation during histotripsy thrombolysis is developed 

and tested.

Materials and Methods

Investigation of Bubble-induced Motion

A transparent fibrin clot was developed to study the bubble-induced motion inside the clot 

(Figure 1). Reconstituted plasma was used to form the transparent fibrin clot, following 

the procedure as previously described (Janis et al. 2002). Fresh bovine blood was collected 

from a local abattoir. A citrate-phosphate-dextrose (CPD) solution (C7165; Sigma-Aldrich 

Co., St. Louis, MO, USA) was immediately added and gently mixed in the bovine blood 

as an anti-coagulant at a ratio of 1 mL CPD per 9 mL blood. The resulting blood sample 

was stored at 4°C and used within 72 hours. The blood sample was first centrifuged at 

a relative centrifugal force (RCF) of 1400g for 30 minutes. Then the plasma supernatant 

was separated from the buffy coat and red blood cell (RBC) pack, and incubated in 55°C 

water bath for 5 minutes to precipitate the native fibrinogen (Luo et al. 1996). The plasma 

solution was further centrifuged at a RCF of 1400g for 3 minutes to completely separate 

the precipitated fibrinogen. Bovine fibrinogen (F8630; Sigma-Aldrich Co., St. Louis, MO, 

USA) was then added to the processed plasma with a concentration of 400 mg/dL. To 
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stimulate the clotting cascade, bovine thrombin (T4648; Sigma-Aldrich Co., St. Louis, 

MO, USA) and calcium chloride (21107; Sigma-Aldrich Co., St. Louis, MO, USA) were 

mixed with the reconstituted plasma to a final concentration of 1 IU/mL and 20mM/L 

respectively (Ryan et al. 1999; Bateman et al. 2005). The mixture was then poured into a 

rectangular mold and incubated in 37°C water bath for 2 hours. The m ature clot became a 

rectangular plate of approximately 30 mm (width) × 50 mm (length) × 5 mm (thickness) and 

embedded in transparent agarose hydrogel, which helped maintain the shape and position of 

the clot in water. The transparent fibrin clot allows for direct visualization of the cavitation 

microbubbles and bubble-induced motion inside the clot.

In order to capture the bubble-induced motion following each histotripsy pulse inside the 

fibrin clot, optical imaging for particle image velocimetry (PIV) and ultrasound imaging 

for bubble-induced color Doppler (BCD) were applied simultaneously during histotripsy 

treatment. The experimental setup is illustrated in Figure 2. The optically and acoustically 

transparent clot was treated by a 1.5-MHz focused ultrasound transducer with an aperture 

size of 7.1 cm (lateral) × 8 cm (elevational) and a focal length of 5.5 cm. In the center of the 

transducer housing is a 6 cm × 2.4 cm rectangular hole for the insertion of imaging probes. 

The transducer was calibrated using a fiber-optic probe hydrophone (FOPH) adapted from 

a previously published design (Parsons et al. 2006). The focal beam volume (−6 dB) of the 

transducer was measured to be 4.2 mm (axial) × 1.5 mm (lateral) × 1.9 mm (elevational) 

at a peak negative pressure of 15 MPa. The histotripsy treatment consisted of 1.5-cycle 

ultrasound pulses with a pulse repetition frequency (PRF) of 30 Hz, at an estimated peak 

negative pressure of 36 MPa and a peak positive pressure of 58 MPa at the focus. The 

focal pressure waveform was measured directly with FOPH up to the peak negative pressure 

of 25 MPa (Figure 3). At the peak negative pressure beyond 25 MPa, the pressure cannot 

be directly measured due to instantaneous cavitation and is estimated by summing the 

measurable pressure outputs from two sub-groups of the elements. The total exposure at 

each sample spot was 1000 pulses.

For PIV analysis, optical images of the treatment focal zone were captured by a high-speed 

camera (Phantom V210; Vision Research, Wayne, NJ) using a 135 mm macro lens. The 

transparent clot phantom was illuminated by a continuous wave (CW) light source from the 

opposite side of the phantom from the camera. Each image (800 × 256 pixels) covered an 

approximately 7.3 mm × 2.3 mm field of view, allowing the observation of the full treatment 

zone (4.2 mm × 1.5 mm). The high-speed camera was synchronized to capture images at a 

frame rate (FR) of 10 kHz immediately after the delivery of a histotripsy pulse. Limited by 

the memory size of the high-speed camera, 100 optical images were captured after every 4th 

histotripsy pulse, covering the first 10 ms after the pulse. A period of 10 ms was sufficiently 

long to capture the most significant motion.

For BCD imaging, a 5-MHz ultrasound imaging probe (ATL L7-4, Philips, Andover, MA) 

was placed in the central hole of the therapy transducer and aligned with the transducer 

focus. The color Doppler acquisitions were realized using a Verasonics® imaging system 

(V-1 Data Acquisition System, Verasonics, Kirkland, WA). The color Doppler field of 

view was chosen to cover the whole treatment zone. Immediately after the delivery of 

a histotripsy pulse, the Verasonics® system started to transmit color Doppler pulses and 
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acquire echo signals at a PRF of 10 kHz. A total of 100 Doppler acquisitions were collected 

per histotripsy pulse, covering the first 10 ms.

To estimate the bubble-induced motion in the treatment zone, the captured optical images 

were analyzed using PIV via a Matlab-based analysis tool (PIVlab, Version 1.32). Dark 

fragments of broken fibrin fibers resulting from histotripsy fractionation provided contrast to 

track the motion. Each velocity map at a certain delay after a histotripsy pulse was estimated 

using the image captured at that delay time and the subsequent image. The image pair 

was compared using a three-pass Fast Fourier Transformation (FFT) window deformation 

algorithm to estimate the motions. The interrogation window sizes were chosen to be 64, 32 

and 16 pixels respectively, all with 50% interrogation overlap. Since there were 100 images 

captured after each histotripsy pulse, 99 velocity maps were generated showing velocity 

information at delay times ranging from 0 to 9.9 ms after the pulse.

The bubble-induced motions were also estimated using color Doppler data. The acquired 

color Doppler data sets were processed offline using the functions provided by Verasonics 

software. Each velocity map at a certain delay after a histotripsy pulse was estimated using 

the color Doppler data acquired at that delay time and 9 subsequent acquisitions. The 

ensemble length of 10 was chosen as a compromise between the accuracy and the capability 

of depicting fast change. By processing every set of 10 consecutive acquisitions in a rolling 

fashion along 100 acquisitions after each histotripsy pulse, 91 velocity maps were generated 

showing velocity information at different delay times ranging from 0 to 9.1 ms following the 

pulse.

The mean axial velocity, which was defined as velocity components on the direction of 

ultrasound propagation, was calculated over the region of interest on each PIV and BCD 

velocity map. The averaging was applied only over non-zero values within the region of 

interest. For each histotripsy pulse, a curve of mean axial velocity as a function of time 

elapsed after the pulse was formed to characterize net axial motion. A full profile of mean 

axial velocity throughout each treatment was generated by PIV and BCD respectively, with 

each vertical line representing a mean velocity curve after each pulse. An averaging effect 

originally existed during color Doppler processing to generate each BCD velocity map 

because it was estimated using 10 acquisitions collected over a period of 0.9 ms. In order to 

fairly compare BCD with PIV, 9-point rolling averaging was applied on the mean velocity 

curves of PIV to simulate the averaging effect on BCD.

Correlation of BCD Feedback and Histotripsy Thrombolysis

The correlation between the degree of histotripsy thrombolysis and the BCD feedback 

was investigated using a three-layer fibrin clot, which allowed the direct visualization and 

quantification of histotripsy fractionation progression. The three-layer fibrin clot constituted 

of a thin (~500 um) layer of RBC fibrin clot in the center and two thick (~3 mm) layers 

of transparent fibrin clot on the two sides. As the middle layer embedded with RBC is 

fractionated, it transitions from opaque to transparent. The degree of fractionation can be 

quantified as the area of the transparent region within the opaque RBC layer, which is 

calculated based on the light intensity change in the captured optical images. To evaluate 

the correlation, the progression of the degree of clot fractionation (lesion progression) in 
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the three-layer clot was compared with two metrics extracted from the corresponding BCD 

feedback: time of peak rebound velocity (tPRV) and mean velocity of focal zone at a fixed 

delay (Vf,delay) after each pulse.

The three-layer fibrin clot (Figure 4) was developed to directly visualize the progression 

of histotripsy thrombolysis. To form a bottom layer (~3 mm thick) of transparent fibrin 

clot, the reconstituted plasma described above was poured into a rectangular mold right 

after stimulation and then coagulated at room temperature for 30 minutes. The solution 

for RBC fibrin clot was made by combining the previously separated RBC pack and the 

reconstituted plasma to a hematocrit of 30%. The solution was then stimulated and applied 

on the surface of the bottom layer using blood smearing technique (Ross et al. 1989) to 

make an approximate 500 μm thick RBC fibrin clot layer. At last, a top layer (3mm thick) 

of transparent fibrin clot was made on the coagulated RBC fibrin clot layer. The three-layer 

clot was then incubated in 37°C water bath for 2 hours. The mature clot was a rectangular 

plate of approximately 30 mm (wide) × 50 mm (long) × 6.5 mm (thick) and embedded in 

transparent agarose hydrogel. For all the stimulations, the same concentrations of thrombin 

(1 IU/mL) and calcium chloride (20 mM/L) were used. Three soft three-layer clot phantoms 

with a fibrinogen concentration of 400 mg/dL and two hard clot phantoms with doubled 

fibrinogen concentration were made. All clots were treated within one hour after incubation.

The same setup as in the previous section was used for this experiment. The plane of the thin 

RBC clot layer was positioned perpendicular to the optical axis of the high-speed camera 

and aligned to the camera’s focal plane by visually adjusting the sharpness of the thin RBC 

layer on the optical images. Since the camera’s focal plane was already aligned rigidly with 

the histotripsy focus and the ultrasound imaging plane, this procedure aligned the thin RBC 

clot layer onto the therapy focus. The histotripsy treatment was performed by the same 

transducer and using the same treating parameters (1.5-cycle, 30 Hz PRF and 36 MPa peak 

negative pressure). When treating a spot, the high-speed camera captured one image of the 

treatment zone before each histotripsy pulse arrived to record the lesion as a function of the 

number of applied therapy pulses. The same color Doppler data were acquired and processed 

using the same settings as that in the previous section. A total of 30 spots were treated in the 

soft clots (10 in each of the three soft clot phantoms) and 20 spots were treated in the hard 

clots (10 in each of the two hard clot phantoms) by histotripsy thrombolysis.

The size of the produced lesions was quantified using the acquired optical images. As 

the targeted volume was increasingly fractionated by the increasing number of applied 

histotripsy pulses, the treated region within the RBC layer changed gradually from opaque 

to translucent on the optical images. Since the clot phantom was back lit with CW light, 

the captured optical images would appear as shadow graphs in which the untreated region 

appeared dark and the fractionated region appeared bright (Figure 5). These optical images 

were analyzed by Matlab (R2012b, The MathWorks Inc., Natick, MA) using a method 

similar to those described in previous papers (Maxwell et al. 2010; Wang et al. 2012b; 

Lin et al. 2014). The lesion on each image was detected using a threshold approach. For 

each spot, a pixel brightness threshold was first chosen and set at 10% above the average 

pixel brightness of the first image where no damage was done. The grayscale images were 

converted into binary images using this threshold. The regions with brightness that was 

Zhang et al. Page 6

Ultrasound Med Biol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



higher than the threshold would become 1 (white) in the binary image and be considered 

fractionated. In contrast, the regions with brightness less than the threshold would become 

0 (black) and be considered intact. The lesion area was then plotted as a function of the 

number of applied therapy pulses to form the lesion progression.

To find the saturation of lesion progression, i.e. the treatment completion, the change rate 

of the lesion area during each treatment was analyzed by a slope detection algorithm. The 

slope detection algorithm used a segment-wise approach similar to what was described in 

a previous study by Turner et al (Turner 2008). The mean change rate (slope) of lesion 

area over a certain time window (segment) was estimated by fitting a least-square linear 

model into all lesion area data within this window. The change rate as a function of 

applied histotripsy pulses during the whole treatment was generated by rolling the time 

window through the entire treatment period. The algorithm is illustrated in Figure 6. The 

saturation dose was determined when the change rate was, for the first time, smaller than 

10% of the maximal change rate detected at this treating location. To investigate whether 

the saturation doses of the metrics extracted from BCD feedback indicate the saturation dose 

of its corresponding lesion progression, the same algorithm was also applied to analyze the 

progressions of the BCD metrics using the same parameters.

Validation of BCD Feedback in In Vitro Clots

The BCD feedback was validated through histotripsy treatment of in vitro clots. The 

treatment focus was scanned through the length of the clot to create a channel. The 

volume of clot debris particles generated from histotripsy with different treatment doses 

was measured to evaluate the degree of clot fractionation. This metric on degree of clot 

fractionation was then compared with the BCD feedback.

To make in vitro clots (Figure 7), the separated RBC pack and the reconstituted 

plasma (fibrinogen concentration: 400 mg/dL) described previously were recombined to 

a hematocrit of 30% (Janis et al. 2002). After stimulating with thrombin (1 IU/mL) and 

calcium chloride (20 mM/L), the mixture was poured into a tube and incubated in 37°C 

water bath for 2 hours. Each mature clot had a cylinder shape with a diameter of 6.5 mm and 

a length of 11 mm.

The experimental setup is illustrated in Figure 8. The histotripsy recanalization was 

performed using an 18-element 1.25-MHz focused transducer with an aperture size of 8 

cm (lateral) × 8.3 cm (elevational) aperture size and a focal length of 6 cm. This 1.25-MHz 

transducer was used instead of the 1.5-MHz transducer because its longer working distance 

makes it easier to operate with this experimental setup and its larger focal volume fits better 

with the actual vessel. The same calibration method was used here as for the 1.5-MHz 

transducer in the previous sections. The focal volume (−6 dB beamwidth) was measured as 

6.5 mm (axial) × 2 mm (lateral) × 1.5 mm (elevational) at a peak negative pressure of 15 

MPa. The histotripsy treatment consists of 1.5-cycle ultrasound pulses with the same PRF 

(30Hz) and peak negative pressure (36MPa) as using the 1.5MHz transducer. A pressure 

waveform directly measured by the fiber optical hydrophone is shown in Figure 9. The 

same L7-4 ultrasound imaging probe as in the previous sections was placed opposite to 

the histotripsy transducer and aligned rigidly with the treatment focus. A vessel phantom 
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(6.5 mm inner diameter and 0.5 mm wall thickness) was made of urethane polymer (TAP 

Urethane RTV, Tap Plastics Inc., San Leandro, CA) to mimic in vivo vessel (Browne et 

al. 2003) and placed between the transducer and imaging probe, with the treatment focus 

targeting at the center of the vessel lumen and the ultrasound imaging plane perpendicular to 

the longitudinal direction of the vessel.

RBC fibrin clot (6.5 mm in diameter and 11 mm in length) was carefully inserted into 

the vessel phantom. After being filled with 0.9% saline, the vessel phantom was sealed by 

rubber plugs. To generate a channel within the clot, the treatment focus was aligned to one 

end of the clot, and a certain dose of histotripsy pulses were applied at the location. The 

treatment focus was then moved to the adjacent location with a 0.7 mm separation along the 

clot length, and the same dose of treatment was conducted. This procedure continued until 

the focus reached the other end of the clot. Six different histotripsy doses (0, 250, 500, 1000, 

1500 and 3000 pulses) were used to canalize in vitro clots. Nine clots were treated for each 

of these histotripsy doses. During the treatment, BCD feedback data were also acquired. An 

ensemble of 10 color Doppler acquisitions was collected with a PRF of 10 kHz at 0.5 ms 

delay after each pulse. A delay of 0.5 ms was chosen to capture the first major rebound 

period of the bubble-induced motion. The mean velocity of focal zone (Vf,0.5ms) was then 

estimated as a function of the number of applied histotripsy at each treatment location.

After a clot was treated, the fractionated clot debris was measured accordingly. The saline in 

the vessel phantom together with the treated clot were carefully moved to a medicine cup. 

The treated clot was then cut into 4 cylinder segments and the cup was gently shaken so 

that clot debris pieces resulting from the histotripsy fractionation could be released to the 

saline solution. After the large intact clot segments were carefully removed, the solution was 

diluted with 0.9% saline up to 20 mL. The debris size and volume of a 0.5 mL sample was 

then measured using a Coulter Counter (Multisizer 3, Beckman Coulter, CA, USA). For the 

Coulter Counter measurement, a 30-μm aperture tube was used, which allowed measurement 

of debris sizes between 0.6-18 μm in diameter. Any debris particles larger than 30 μm will 

block the tube and would be noted and recorded. For each treatment, three measurements 

were conducted.

Real-time monitoring of histotripsy thrombolysis using BCD feedback

The feasibility of using the BCD feedback for real-time monitoring and detection of 

treatment completion of histotripsy thrombolysis was investigated. The same setup as for 

the three-layer fibrin clots was used. A three-layer fibrin clot was made with a fibrinogen 

concentration of 400 mg/dL. The fibrin clot was treated by the same 1.5-MHz transducer 

using the same parameters (1.5-cycle, 30 Hz PRF and 36 MPa estimated peak negative 

pressure). The mean velocity of bubble-induced motion within the focal zone at 2 ms 

delay (Vf,2ms) was collected in real time, and the slope saturation of the mean velocity 

was detected using the real-time version of the slope detection algorithm. A delay of 2 ms 

was chosen to capture the first major rebound period of the bubble-induced motion. The 

Verasonics® imaging system was synchronized with histotripsy pulses. Starting at 2 ms after 

each histotripsy pulse, an ensemble of 10 color Doppler acquisitions was captured with a 

PRF of 10 kHz. Vf, 2ms was estimated from the ensemble real-time and stored as a data 
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point. Every time a new data point was collected, the latest 100 data points were fed into the 

slope detection function to estimate the current change rate (slope) of Vf,2ms. The saturation 

was detected when the current change rate was smaller than 10% of the maximal change rate 

that appeared previously in this spot. The system would process and determine the saturation 

dose in real-time but the treatment will continue until 1000 pulses in total were applied. 

To verify that the saturation of Vf,2ms from BCD feedback indicates treatment completion, 

high-speed images of the middle RBC clot layer were captured during the treatment, and 

the lesion progression was quantified using the method described in the previous section. 

The treatment completion was defined by the detected saturation of the lesion progression 

(in optical images) and compared with the saturation dose detected in real-time by BCD 

feedback. Ten locations were treated in total with the real-time BCD monitoring. The 

difference between real-time detected saturation dose by BCD and the treatment completion 

dose was calculated.

Results

Investigation of Bubble-induced Motion

The PIV velocity estimations based on the optical images provided detailed information 

of bubble-induced motion within the histotripsy focal zone in the transparent fibrin clot. 

The behaviors of bubble-induced motions observed in all three treated locations were 

consistent and shared the same trend. Right after the histotripsy pulse, a bubble cloud was 

created, generating a short period of chaotic motion up to 300 μs. Two streams of coherent 

motions were formed following the chaos. In three-fourths of the focal zone proximal to 

the histotripsy transducer, the coherent motion was first pushing away from the therapy 

transducer and then rebounding back. In the rest one-fourth of the focal area distal to 

the therapy transducer, the coherent motion was observed to be the opposite, first moving 

toward the transducer and then rebounding away. The rebound oscillations continued in both 

the proximal and distal areas with decreasing velocity until energy was completely absorbed. 

The chaotic motion was very short and irregular compared to the major coherent motion. A 

representative series of PIV estimations on the corresponding optical images are shown in 

Figure 10.

The behavior of the bubble-induced motion estimated by BCD matched that of the proximal-

side motion (in the proximal 3/4 of the focal zone) estimated by PIV in all the three treated 

samples. After the chaotic motion, the motion detected by BCD was coherently pushing 

away from the therapy transducer and then rebounding back. The same push/rebound 

cycle was also apparent. As the ultrasound imaging probe was positioned coaxially with 

the therapy transducer, ultrasound imaging of BCD and therapy beams propagate in the 

same direction. BCD only detected the motions at the proximal-side of the focal zone, 

probably because the distal-end of the focal zone was shielded by the bubbles generated in 

the proximal-side. When placing the ultrasound imaging probe opposite to the histotripsy 

transducer, the distal-side motions could be captured.

The full profiles of PIV and BCD mean velocity estimations over a representative 

1000-pulse treatment are shown in Figure 11. For both PIV and BCD, the mean axial 

velocities were calculated over only the proximal three-fourths of the focal zone. For 
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both estimations, the temporal profile of the bubble-induced motion expanded with the 

increasing number of histotripsy pulses as the clot was increasingly fractionated and 

saturated around 300 histotripsy pulses when the clot was likely liquefied. The raw 

data from the three treated samples were analyzed to assess the statistical significance 

of the posited increasing trend. To account for the correlated nature of the data within 

each of the experiments, we performed linear regression fit using generalized estimating 

equations, a well-established approach for repeated measures analysis (Zeger and Liang 

1986). We modelled the correlation between measurements within each experiment using 

an auto-regressive structure, which models higher correlation between points that are 

temporally closer together. The BCD data was best fit by a cubic polynomial of time 

(BCD=0.81236+1.3356*Time-0.0395*Time2+0.0003*Time3). The linear, quadratic, and 

cubic terms were statistically significant with respective term p-values of < 2.0*10−16, 

1.6*10−14, and 0.0028. Consistently, the PIV data was best fit by a quadratic polynomial 

of time (PIV=11.3329+0.275*Time-0.004*Time2). The linear and quadratic terms were 

statistically significant with respective p-values of 0.011 and 0.006. These analysis results 

(positive linear coefficients and p-values < 0.05) provide strong support that the increasing 

trend is statically significant. Although the velocity amplitudes estimated from PIV and 

BCD did not match exactly, the trend of the overall motion had a good agreement. The 

time period to reach the first peak rebound velocity after each histotripsy pulse increased 

until it plateaued at ~1.5 ms after approximately 300 pulses. The time period to the peak 

second rebound velocity also had the same trend. In Figure 12, the times of the peak rebound 

velocity (tPRV) and peak second rebound velocity (tPRV2) were extracted from the same 

treatment and compared between PIV and BCD estimations, the similarity of which was 

quantified using the Pearson linear correlation coefficient. The mean correlation coefficient 

was 92% over all the three treated locations.

Correlation of BCD Feedback and Histotripsy Thrombolysis

The BCD feedback was correlated with the lesion progression measured by the optical 

images in the three-layer fibrin clots. For each treated spot, a progression curve of lesion 

area as a function of the number of the applied histotripsy pulses was generated to indicate 

the degree of thrombolysis and compared with the progression curves (20 points running-

averaging) of the two metrics extracted from BCD feedback. For each spot treated in the soft 

clots, the lesion area increased almost linearly at the beginning and plateaued at around 300 

pulses. The progression of the corresponding two BCD feedback metrics (tPRV and Vf,delay) 

followed a similar trend. They increased rapidly at the beginning and saturated around the 

same dose. After the saturation, the two BCD metrics fluctuated around the saturation level. 

A comparison of the lesion progression and the progressions of two BCD metrics from a soft 

clot spot was illustrated in Figure 13. For the hard clots, the lesion progression had the same 

increase-and-saturate pattern as those in the soft clots but saturated later around 600 pulses 

(Figure 14). The progressions of the two BCD feedback metrics again followed the same 

trend.

To quantitatively verify the correlation between the lesion progression and the BCD 

feedback for every treatment spot, their saturation doses were determined using the same 

slope detection algorithm described in Methods (Figure 15, Table 1). The differences of 
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the saturation dose between the lesion progression and each of the two BCD metrics from 

each treatment were calculated and listed in Table 2. Using the tPRV and Vf,delay metrics, 

the saturation doses detected closely followed the complete clot fractionation analyzed from 

the lesion optical images, both in soft and hard clots. The tPRV metrics presented a slightly 

better accuracy than the Vf,delay. For example, in the soft clots, the mean difference between 

the saturation doses of tPRV and clot fractionation was 21 pulses and that of Vf,delay was 25 

pulses, while it took 319 pulses (mean) to completely fractionate the clot. In the hard clots, 

the mean saturation difference between tPRV and clot fractionation was 38 pulses and that of 

Vf,delay was 71 pulses, while it took 618 pulses (mean) to completely fractionate the clot. In 

17 of 50 treatments, the saturations of the BCD feedback were detected earlier (less than 40 

pulses) than that of clot fractionation. The Pearson correlation coefficients among the three 

progression curves were also calculated. For the Pearson correlation coefficient calculation, 

the segments covering data points up to 100 data points after the saturation of the clot 

fractionation curve were first selected from the BCD tPRV and Vf,delay. These data were then 

compared with the clot fractionation data. The mean Pearson correlation coefficient over all 

the treatments (N = 50) is 93.2% for tPRV and 92.6% for Vf,delay (Table 3).

Validation of BCD feedback in in vitro clots

The BCD feedback was validated in in vitro clots by comparing the progressions of Vf,delay 

with the change of clot debris volume generated by histotripsy treatment. The increasing and 

saturation trend of the average BCD feedback over all the 3000-pulse treatments matched 

well with that of the debris volumes measured at different therapy doses. The mean velocity 

of focal zone at 0.5ms delay (Vf,0.5ms) from the BCD feedback was used and the total 

debris volume was used to characterize the debris distribution. In Figure 16, the mean of 

total debris volume over all samples of each dose was plotted versus its corresponding 

histotripsy pulses used. The mean of total debris volume kept increasing for the first 1000 

pulses and remains around the same level afterwards. The mean progression of Vf,0.5ms over 

all the treated spots in the 3000-pulse treatments was also plotted versus the number of 

applied pulses in the same figure. The Vf,0.5ms saturated at 1183 pulses (calculated by the 

slope detection algorithm) after rapidly increasing, which matched well with the clot debris 

volume measurement.

The size of the debris pieces generated by the histotripsy thrombolysis treatment was 

no greater than 30 μm, as no blockage was observed during all the Coulter Counter 

measurements. The mean debris distribution over all the measurements of each dose is 

shown in Figure 17. The debris mainly ranged from 2μm to 6μm and 95% of them were 

smaller than 10μm.

Real-time monitoring of histotripsy thrombolysis using BCD feedback

The ability of real-time BCD monitoring was validated in this set of experiment. The 

saturation dose using BCD feedback Vf,delay was detected in real time and compared with 

the saturation dose of its corresponding lesion progression quantified using optical imaging 

in the three-layer clot. The mean saturation dose detected by the BCD Vf,2ms was only 

39 pulses (N = 10) more than the saturation dose detected by the lesion progression in 

the clot phantom, with a standard deviation of 55 pulses. On average it took 326 pulses 
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to completely fractionate the clot. The saturations detected by BCD were later than the 

saturations of the lesion progressions in 6 out of 10 treatments. In the worst case, the 

difference between the two saturation doses was 61 pulses. The real-time Vf,2ms and its 

real-time change rate (slope) data from a spot are shown in Figure 18.

Discussion

By the results of PIV and BCD estimations, the bubble-induced motions followed the same 

pattern after each histotripsy pulse: push away, rebound and then repeat, no matter how 

many pulses have been applied. High-speed images show that this motion is only observable 

when a bubble cloud is generated, hence called bubble-induced motion. The amplitude 

mismatch between PIV and BCD estimations may be caused by their resolution difference. 

PIV using optical images had better resolution and sensitivity which can detect smaller 

velocity than BCD. Since averaging only applied over non-zero values in the region of 

interest, PIV with more non-zero but small values led to a smaller mean velocity than BCD.

It is most likely the echoes for BCD primarily originated from the residual bubbles left from 

cavitation, as bubbles are much stronger reflectors compared to RBC and fibrin fragments. 

In all of our experiments, a 5MHz linear ultrasound probe was used for BCD. With this 

imaging frequency, whole blood (bovine, swine and canine) and fibrin clot (w/o RBCs) 

showed very weak speckles on B-mode images. But when monitoring histotripsy treatment 

on B-mode using the same probe, a region much brighter than blood and clot was observed 

even long after the arrival of the therapy pulse, which we used for BCD analysis. This 

hyperechoic region is thought to be dominated by residual cavitation nuclei.

The exact mechanism behind the bubble-induced motion is still under investigation. It 

could be caused by asymmetric bubble expansion during the formation of the bubble cloud, 

violent collapse of the bubble cloud and/or acoustic radiation force. The observed motion 

may be the result of these factors working on the targeted medium (i.e. tissue and blood 

clot). And as histotripsy pulses change the mechanical property of the medium, the motion 

behavior (velocity amplitude, push/rebound timing and duration) is changed accordingly. 

An important property of the bubble-induced motion captured by both PIV and BCD 

is the two-stages of behavior of the coherent motions during each treatment. The first 

stage is characterized by a rapid changing of the motion behavior and the second stage is 

characterized by saturated, stable motion behavior. The BCD feedback tracks this change of 

the motion behavior, which is correlated to the tissue fractionation.

This two-stage phenomenon during histotripsy fractionation occurs for the motions both at 

the proximal side and the distal side of the focal zone. Although the motion behaviors at 

the two sides are different, they share the same changing trend and turn from the rapid 

changing stage into the stable stage at the same time (Figure 19). The results from the 

validation of BCD feedback in in vitro clots show that the distal-side motions can be also 

used to monitor the thrombolysis treatment. The distal-side motion is different from the 

proximal-side probably due to a counterforce formed by untreated tissue outside the distal 

end of the focal zone. If a larger volume (multiple treatment zones) of tissue is being 

fractionated simultaneously and BCD is collected only from the center of the focal zone in 
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the absence of surrounding intact tissue, the motions at the proximal and distal sides of the 

focal zone will be similar in form (Miller et al. 2013).

Histotripsy thrombolysis treatment can be monitored by BCD feedback via increase and 

saturation of the tPRV or Vf,delay. The treatment completion is indicated by the saturation 

rather than a specific threshold value of a parameter. Validated using in vitro clots, the 

saturation of Vf,delay was detected in real-time to indicate treatment completion, and 

the saturation detection was within 50 pulses of complete clot fractionation. Regardless 

of different clot stiffnesses, the saturation doses of two BCD metrics are both highly 

consistent with the completion of clot fractionation. This capability of the BCD feedback to 

adaptively detect the treatment completion accurately even in clots with different properties 

is important in clinical situations when clots with different ages exhibit large, varied stiffness 

and a clot can itself be heterogeneous. The high Pearson correlation coefficient between 

the clot fractionation progression curve and the corresponding two BCD curves up to the 

saturation point also supports the feasibility of BCD feedback as a monitor for histotripsy 

thrombolysis.

The potential explanation for the increased temporal profile and saturation trend of BCD 

metrics as the clot is increasingly fractionated and eventually liquefied is that the change 

of bubble-induced motion depends on the change of mechanical properties of the targeted 

tissue. As the tissue is fractionated by histotripsy, the tissue elasticity is reduced until the 

tissue is completely liquefied (Maxwell et al. 2009; Wang et al. 2012a; Wang et al. 2014). 

As a result of the reduced tissue elasticity, the motion induced in the tissue by a given 

force is expected to exhibit a lower frequency oscillation (i.e. longer tPRV), as shown in 

a simulation study using finite element method (FEM) (Palmeri et al. 2006). When the 

clot is completely fractionated, the bubble-induced motion reaches the maximum temporal 

expansion. Based on this principal, the BCD feedback captures the temporal characteristics 

of the bubble-induced motions in the two metrics (tPRV and Vf,delay) to quantitatively 

characterize the degree of histotripsy thrombolysis.

It shows that BCD feedback (Vf,delay) was achieved real-time using a frame rate of 30 

Hz, which is sufficient for real-time monitoring of histotripsy thrombolysis. To monitor 

Vf,delay, standard ultrasound color Doppler imaging is sufficient. The color Doppler pulses 

need to be synchronized with the histotripsy pulses, along with the appropriate pre-set 

Doppler parameters. No additional hardware is needed and the computation is simple and 

straightforward. To have the best signal-to-noise ratio and the closest trend representing 

the expanding temporal profile of the bubble-induced motion, the delay of Vf,delay with 

respect to each histotripsy pulse need to be carefully chosen so that the acquisition period 

can cover the major rebound period of the bubble-induced motion. A delay of 0.5 ms 

was chosen to capture the major rebound when the imaging probe was placed opposite 

to the therapy transducer detecting the distal-side motion, whereas a delay of 2 ms was 

chosen when the imaging probe was detecting the proximal-side motion. In reality, the main 

rebound period is unknown before treatment and it is a challenge to choose the right delay 

in the clinical application. Two potential solutions can be used to solve this issue. One is 

to enlarge the ensemble length of the acquisition from 10 to 20 or 30 frames so that the 

acquisition period will be wide enough to cover the main rebound period and the rebounding 
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motion features can be reflected through an averaging effect. The other solution is to treat a 

testing spot in the clot before a full treatment and get the full velocity profile to decide the 

main rebound period and the appropriate delay. Real-time tracking of tPRV is also possible 

and has the advantages of lower noise level and better match with the overall trend of 

the motions compared to Vf,delay. In the future, with a programmable ultrasound imaging 

system, real-time tracking of tPRV may be also achieved.

Conclusion

The results of this study show that the potential of using BCD feedback to quantitatively 

monitor clot fractionation during histotripsy thrombolysis and accurately predict the 

completion of clot fractionation in real-time. The metrics of BCD, tPRV and Vf,delay, are both 

strongly correlated with the degree of clot fractionation. Particularly, the saturation of the 

increase in tPRV and Vf,delay coincide with the completion of clot fractionation in both soft 

and hard clots. This correlation will enable real-time monitoring of histotripsy thrombolysis 

and detection of treatment completion, which will help improve efficacy and reduce the risks 

of overtreatment.
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Figure 1. 
Transparent fibrin clot embedded in agarose hydrogel. The clot was molded to be 

rectangular in shape. A ruler segment was placed under the clot to show the transparency.

Zhang et al. Page 18

Ultrasound Med Biol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
A schematic illustration of the experimental setup. A 6-element 1.5-MHz histotripsy 

transducer was placed facing down in a water tank filled with degassed water. The 

transducer was driven by a high-voltage amplifier that was connected to a field-

programmable gated-array (FPGA) development board specifically programmed for 

controlling the firing of the transducer. A 5-MHz ultrasound imaging probe was inserted 

in the central hole of the histotripsy transducer and connected to Verasonics® ultrasound 

imaging system to image at the transducer focus. A high-speed camera and a continuous-

wave light source were placed on the two sides outside the water tank. The FPGA controller 

sent triggers to the Verasonics® system and the high-speed camera to synchronize them with 

therapy pulses. The therapy focus was positioned within the transparent fibrin clot phantom. 

The central plane of the clot plate, the ultrasound imaging plane and the focal plane of the 

camera were aligned to overlap with each other.
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Figure 3. 
A representative pressure waveform of the 6-element 1.5-MHz histotripsy transducer taken 

at the highest pressure (peak negative) level that could be directly measured by the fiber 

optical hydrophone.
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Figure 4. 
Three-layer fibrin clot embedded in agarose hydrogel. (a) A picture of a three-layer fibrin 

clot phantom from top view. (b) A schematic of the phantom from side view.
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Figure 5. 
Representative lesion formation of a treated spot in a soft three-layer fibrin clot. The lesions 

at different stages (pulse 0, 50, 100, 200, 300 and 1000) are shown here. These images were 

taken in the axial-lateral plane of the transducer, and the histotripsy pulses propagated from 

the top to the bottom of the field.
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Figure 6. 
The illustration of the slope detection algorithm. The lesion progression data shown here is 

from one treated sample. The slopes over three representative time windows are indicated. 

The highest change rate appears at the beginning of the treatment around the first time 

window (slope 1) and the saturation starts to occur around the second time window (slope 

2).
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Figure 7. 
RBC fibrin clot. The separation between the two adjacent tick marks on the scale ruler is 1 

mm.
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Figure 8. 
(a) A schematic illustration of the in vitro experiment setup. An 18-element 1.25-MHz 

histotripsy transducer was placed facing up in a tank filled with the degassed water. The 

transducer was driven by a high-voltage amplifier which was connected by an FPGA 

controller. A 5-MHz ultrasound imaging probe was positioned opposite to the transducer, 

aligned rigidly to the treatment focus and connected to the Verasonics® ultrasound imaging 

system. The FPGA controller sent triggers to the Verasonics® system to synchronize 

them with therapy pulses. Vessel phantom was placed between the transducer and the 

ultrasound imaging probe. (b) A picture of the vessel phantom. (c) Strategy of recanalization 

treatment. Each ellipse represents a treatment focal spot and after the completion of each 

spot treatment, the focus will move to the adjacent location with a 0.7 mm separation.
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Figure 9. 
A representative pressure waveform of the 1.25-MHz histotripsy transducer taken at the 

highest pressure (peak negative) level which can be directly measured by the fiber optical 

hydrophone.
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Figure 10. 
Representative PIV estimations overlaid with the corresponding optical images taken after 

the 100th histotripsy pulse. These images were taken in the axial-lateral plane of the 

transducer, and the histotripsy pulses propagated from the top to the bottom of the field. 

At 0.2 ms after the pulse, the cavitation bubbles show and no coherent motion is detected. At 

0.5 ms, coherent motion is forming and pushing away from the transducer in the majority of 

the focal area proximal to the transducer and another stream of coherent motion at the distal 

side is moving towards the transducer. At 1.5 ms, the coherent motion at the proximal side is 

rebounding back and the coherent motion at the distal side is rebounding away. The motions 

repeat at 5 ms and 7.5 ms as in 0.5 and 1.5 ms.
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Figure 11. 
Representative full profiles of mean axial velocity at the focal zone. (a) PIV estimation (only 

the proximal side). (b) BCD estimation. Positive values indicate motion towards the therapy 

transducer and negative values indicate motion away from the transducer. The horizontal 

axis shows the number of applied pulses and the vertical axis shows the delay from each 

histotripsy pulse.
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Figure 12. 
The times of peak rebound velocity (tPRV) and peak second rebound velocity (tPRV2) 

estimeated by PIV and BCD as a function of the number of the applied hitotripsy pulses 

from one of the treated locations. The lower curves represent tPRV and the upper curves 

represent tPRV2.
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Figure 13. 
Comparison between BCD feedback and histotripsy thrombolysis from a representative 

treated spot in a soft fibrin clot. (a) The progression curve of lesion area is compared with 

the time of peak rebound velocity (tPRV) from its BCD feedback. (b) The progression curve 

of lesion area is compared with the mean velocity of the focal zone at 2ms delay (Vf,2ms) 

from its BCD feedback. (c) The Pearson linear correlation between the progressions of 

lesion area and tPRV. (d) The Pearson linear correlation between the progressions of lesion 

area and Vf,2ms. The detected saturation doses were also illustrated.

Zhang et al. Page 30

Ultrasound Med Biol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 14. 
Comparison between BCD feedback and histotripsy thrombolysis from a representative 

treated spot in a hard fibrin clot. (a) The progression curve of lesion area is compared with 

the time of peak rebound time (tPRV) from its BCD feedback. (b) The progression curve of 

lesion area is compared with the mean velocity of the focal zone at 1ms delay (Vf,1ms) from 

its BCD feedback. (c) The Pearson linear correlation between the progressions of lesion area 

and tPRV. (d) The Pearson linear correlation between the progressions of lesion area and 

Vf,1ms. The detected saturation doses were also illustrated.
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Figure 15. 
The saturation doses of lesion progression, and its corresponding tPRV and Vf,delay. 50 spots 

were collected in total, 30 of which were in soft fibrin clots and 20 were in hard fibrin clots. 

The 20 spots from the hard fibrin clots are all on the top of the ones from soft fibrin clots.
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Figure 16. 
Comparison between the change of the fractionated debris volume and Vf,0.5ms from the 

BCD feedback.
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Figure 17. 
The debris distributions after histotripsy treatments with different doses. The 1000-pulse, 

1500-pulse and 3000-pulse lines almost overlap with each other. The debris volume of the 

500-pulse one (dashed line) is a little lower than the three higher-dose groups. The size of 

the majority of the fractionated debris is smaller than 6 um in all cases.
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Figure 18. 
(a) Real-time Vf,2ms of BCD feedback from one treated spot. (b) The real-time calculated 

change rate of Vf,2ms. (c) The corresponding progression of the lesion area. The vertical 

dashed line indicates the saturation dose real-time detected by the BCD feedback and 

the vertical solid line indicates the true saturation dose of the lesion progression, which 

represents the treatment completion.
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Figure 19. 
Representative full profiles of mean axial velocity of PIV estimation. (a) Proximal side 

(three fourths of the whole focal zone). (b) Distal side. Although the motions at the two 

sides are different, the changing trends appear the same. To the left of the dashed line 

(around 300 pulses) is the rapid changing stage and to the right of the dashed line is the 

stable stage.
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Table 1

The saturation doses (Mean ± SD)

Progressions Soft Clots (pulses, N=30) Hard Clots (pulses, N=20)

Lesion 319 ± 35 617 ± 72

tPRV 341 ± 59 656 ± 80

Vf,delay 344 ± 52 688 ± 62
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Table 2

The differences between the BCD detected saturation doses and the corresponding lesion saturation doses.

BCD Metrics Soft Clots
(pulses, N=30)

Hard Clots (pulses,
N=20)

Total
(pulses, N = 50)

tPRV

Mean ± SD 21 ± 55 38 ± 43 28 ± 51

Median (25%, 75%) 21 (−31, 66) 32 (19, 56) 31 (−13, 65)

Vf,delay

Mean ± SD 25 ± 53 71 ± 77 43.7 ± 67

Median (25%, 75%) 25 (−19, 67) 80 (10, 130) 39 (−14, 101)
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Table 3

The Pearson correlation coefficients (Mean ± SD) between the BCD progression curves and their 

corresponding lesion progression curves

BCD Progressions Soft Clots (N= 30) Hard Clots (N= 30) Total (N= 50)

tPRV 93.7 ± 3.2% 92.4 ± 3.8% 93.2 ± 3.5%

Vf,delay 91.7 ± 7.9% 94.0 ± 3.3% 92.6 ± 6.5%
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