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SUMMARY: 22 
Histotripsy-aided lytic delivery or lysotripsy is under development for the treatment of deep vein 23 
thrombosis. An in vitro procedure is presented here to assess the efficacy of this combination 24 
therapy. Key protocols for the clot model, image guidance, and assessment of treatment efficacy 25 
are discussed. 26 
 27 
ABSTRACT: 28 
Deep vein thrombosis (DVT) is a global health concern. The primary approach to achieve vessel 29 
recanalization for critical obstructions is catheter-directed thrombolytics (CDT). To mitigate 30 
caustic side effects and the long treatment time associated with CDT, adjuvant and alternative 31 
approaches are under development. One such approach is histotripsy, a focused ultrasound 32 
therapy to ablate tissue via bubble cloud nucleation. Pre-clinical studies have demonstrated 33 
strong synergy between histotripsy and thrombolytics for clot degradation. This report outlines 34 
a benchtop method to assess the efficacy of histotripsy-aided thrombolytic therapy or lysotripsy. 35 
 36 
Clots manufactured from fresh human venous blood were introduced into a flow channel whose 37 
dimensions and acousto-mechanical properties mimic an iliofemoral vein. The channel was 38 
perfused with plasma and the lytic, recombinant tissue-type plasminogen activator. Bubble 39 
clouds were generated in the clot with a focused source designed for the treatment of femoral 40 
venous clots. Motorized positioners were used to translate the source focus along the clot length. 41 
At each insonation location, acoustic emissions from bubble cloud were passively recorded, and 42 
beamformed to generate passive cavitation images. Metrics to gauge treatment efficacy included 43 
clot mass loss (overall treatment efficacy), and the concentration of D-dimer (fibrinolysis) and 44 
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hemoglobin (hemolysis) in the perfusate. There are limitations to this in vitro design, including 45 
lack of means to assess in vivo side effects or dynamic changes in flow rate as the clot lyses. 46 
Overall, the setup provides an effective method to assess the efficacy of histotripsy-based 47 
strategies to treat DVT. 48 
 49 
INTRODUCTION: 50 
Thrombosis is the condition of clot formation in an otherwise healthy blood vessel that obstructs 51 
circulation1,2. Venous thromboembolism has an annual healthcare cost of $7–10 billion, with 52 
375,000–425,000 cases in the United States3. Pulmonary embolism is the obstruction of the 53 
pulmonary artery and is the most serious consequence of venous thromboembolism. The 54 
primary source of pulmonary obstruction is deep vein thrombi, primarily from iliofemoral venous 55 
segments4–6. Deep vein thrombosis (DVT) has inherent sequela besides pulmonary obstructions, 56 
with long term complications that result in pain, swelling, leg ulcerations, and limb amputations7–57 
9. For critical obstructions, catheter directed thrombolytics (CDT) are the frontline approach for 58 
vessel recanalization10. The outcome of CDT depends on a number of factors, including thrombus 59 
age, location, size, composition, etiology, and patient risk category11. Moreover, CDT is 60 
associated with vascular damage, infections, bleeding complications, and long treatment time10. 61 
Next generation devices aim to combine mechanical thrombectomy with thrombolytics (i.e., 62 
pharmacomechanical thrombectomy)12,13. Use of these devices lower the lytic dosage leading to 63 
reduced bleeding complications, and shortened treatment time12–14 as compared to CDT. These 64 
devices still retain issues of hemorrhagic side-effects and incomplete removal of chronic 65 
thrombi15. An adjuvant strategy is thus needed that can remove the thrombus completely with 66 
lower bleeding complications. 67 
 68 
One potential approach is histotripsy-aided thrombolytic treatment, referred to as lysotripsy. 69 
Histotripsy is a non-invasive treatment modality that uses focused ultrasound to nucleate bubble 70 
cloud in tissues16. Bubble activity is generated not via exogenous nuclei, but by the application of 71 
ultrasound pulses with sufficient tension to activate nuclei intrinsic to tissues, including clot17,18. 72 
The mechanical oscillation of the bubble cloud imparts strain to the clot, disintegrating the 73 
structure into acellular debris19. Histotripsy bubble activity provides effective degradation of 74 
retracted and unretracted blood clots both in vivo and in vitro20–22. Prior studies have23,24 75 
demonstrated that the combination of histotripsy and the lytic, recombinant tissue-type 76 
plasminogen activator (rt-PA), significantly increases treatment efficacy compared to lytic alone 77 
or histotripsy alone. It is hypothesized that two primary mechanisms associated with histotripsy 78 
bubble activity are responsible for the improved treatment efficacy: 1) increased fibrinolysis due 79 
to enhanced lytic delivery, and 2) hemolysis of red blood cells within the clot. The bulk of the clot 80 
mass comprises red blood cells24, and, therefore, tracking erythrocyte degradation is a good 81 
surrogate forablation of the sample. Other formed clot elements are also likely disintegrated 82 
under histotripsy bubble activity but are not considered in this study. 83 
 84 
Here, a benchtop approach to treat DVT in vitro with lysotripsy is outlined. The protocol describes 85 
critical operating parameters of the histotripsy source, assessment of treatment efficacy, and 86 
image guidance. The protocol includes designing a flow channel to mimic an iliofemoral venous 87 
segment and manufacturing human whole blood clots. The experimental procedure outlines the 88 



 

positioning of the histotripsy source and imaging array to achieve histotripsy exposure along the 89 
clot placed in the flow channel. Relevant insonation parameters to attain clot disruption and 90 
minimize off-target bubble activity are defined. The use of ultrasound imaging for guidance and 91 
assessment of bubble activity is illustrated24. Metrics to quantify treatment efficacy such as clot 92 
mass loss, D-dimer (fibrinolysis), and hemoglobin (hemolysis) are outlined23–27. Overall, the study 93 
provides an effective means for executing and assessing the efficacy of histotripsy-based 94 
strategies to treat DVT. 95 
 96 
PROTOCOL: 97 
For the results presented here, venous human blood was drawn to form clots after approval from 98 
the local internal review board (IRB #139-1300) and written informed consent provided by 99 
volunteer donors24. This section proposes a design protocol for lysotripsy of thrombus. The 100 
protocol is based on a previous work by Bollen et al.24. 101 
 102 
1. Clot modeling 103 
 104 
NOTE: Prepare the clots within 2 weeks prior to the day of the experiment to ensure clot stability 105 
and maximize retraction28. Prepare the clot following the approval from local institutional review 106 
board. 107 
 108 
1.1. Prepare borosilicate Pasteur pipette for storing the blood (see Table of Materials for 109 
specifications of the pipette). Borosilicate tubes are used because of the hydrophilic nature of 110 
the material which promotes platelet activation and clot retraction29. Seal the tip of the pipette 111 
via heating over a Bunsen burner. 112 
 113 
1.2. Draw fresh human venous blood. Aliquot the total blood drawn in 2 mL increments per 114 
desired clot. Transfer each 2 mL aliquot to one Pasteur pipette. 115 
 116 
NOTE: Execute step 1.2 within approximately 3 min so that blood does not clot before 117 
transferring to pipettes. 118 
 119 
1.3. Incubate the blood aliquots within the pipettes (equal to the number of clots required) in 120 
a water bath for 3 h at 37 °C. 121 
 122 
1.4. Store the pipettes for a minimum of 3 days at 4 °C to allow for retraction of clots28. As the 123 
clots retract, serum will be observed to accumulate within the pipette. The rt-PA response of 124 
clots remains stable for 2 weeks following formation28. 125 
 126 
2. Water tank preparation 127 
 128 
2.1. Fill the water tank with reverse osmosis water. Line the bottom surface of the tank with 129 
an acoustic absorbing material to reduce reflection of the therapy or imaging ultrasound pulses. 130 
Use a water handling system to degas and filter the water to minimize bubble nuclei. 131 
 132 



 

NOTE: One way to filter the water is using a filter bag. The specifications of the bag used for 133 
generating the representative results is given in the Table of Materials. 134 
 135 
2.2. Place two heating elements at the bottom surface of the tank. Heat the water to 37.3  ˚C 136 
to achieve the maximum lytic enzymatic activity30. 137 
 138 
2.3. Setup a flow channel as shown in Figure 1A. The flow channel consists of tubing, a model 139 
vessel with material and geometric properties representative of an iliofemoral vein, a reservoir 140 
for plasma, and a syringe on the distal most end of the reservoir (Table of Materials). The syringe 141 
is connected to a pump to regulate a flow through the channel during the experiment. 142 
 143 
2.4. Manually submerge the flow channel in the water tank to bring the channel to physiologic 144 
temperature during the degassing/filtering/heating stage (steps 2.1 and 2.2). 145 
 146 
3. Preparation of plasma and rt-PA mixture 147 
 148 
3.1. Prior to experiment day 149 
 150 
NOTE: When stored at -80 °C, plasma is stable for at least 2.5 years31 and rt-PA is stable for at 151 
least 7 years32. Therefore, execute step 3.1 anytime within these periods to ensure stability of 152 
the two components. 153 
 154 
3.1.1. Dilute the rt-PA obtained from a manufacturer in powdered form to 1 mg/mL in sterile 155 
water. 156 
 157 
3.1.2. Aliquot 100 µL of diluted rt-PA into 0.5 mL centrifuge tubes and store them at -80 °C. 158 
 159 
3.1.3. Aliquot 35 mL of human fresh-frozen type O plasma in 50 mL centrifuge tubes. Store the 160 
tubes at -80 °C. 161 
 162 
3.2. On the experiment day 163 
 164 
3.2.1. Retrieve plasma aliquots from the freezer. Retrieve as many aliquots as the number of 165 
clots to be tested that day. Immerse the frozen aliquots in a water bath at 37 °C to thaw (~10 166 
min). 167 
  168 
3.2.2. Once plasma has thawed, pour into a beaker that is triply rinsed with ultrapure water. 169 
Lightly cover the mouth of the beaker with aluminum foil to prevent contamination and place 170 
the beaker in the water bath. Allow the foil to be loose enough to allow air to contact the plasma. 171 
 172 
3.2.3. Let plasma equilibrate at 37 °C to atmospheric pressure for at least 2 h. 173 
 174 
3.2.4. Take out the frozen rt-PA vials and place on ice until needed, with one vial for each 175 
experiment run. 176 



 

 177 
3.2.5. Make low gelling agarose (2%) in a 50 mL flask, by dissolving agarose in ultrapure water. 178 
Choose the total amount of agarose solution such that approximately 2 mL is available for each 179 
specimen to be analyzed. Heat the solution in flask in a microwave until bubbly. Secure the flask 180 
with a waterproof screw lid on it. Submerge the flask in the water bath alongside the plasma. 181 
 182 
NOTE: This step ensures agarose is available to secure exposed clot segments for histology 183 
analysis following histotripsy insonation. 184 
 185 
4. Setting up histotripsy source and imaging array 186 
 187 
4.1. Ensure the motorized positioners can be controlled from the runtime environment of a 188 
programming platform, using directions and commands provided by the manufacturer. Check 189 
that the motors of the system are connected to the appropriate port of the computer with the 190 
runtime environment. 191 
 192 
4.2. Mount the histotripsy source on the motorized positioning system as shown in Figure 1B. 193 
 194 
4.3. Connect the histotripsy source to its driving electronics (e.g., power amplifier and function 195 
generator) via the appropriate connectors (e.g., BNC cables) as specified by the manufacturer. 196 
 197 
NOTE: Ensure that the driving electronics of the histotripsy source can be controlled via the 198 
runtime environment. 199 
 200 
4.4. Cover the imaging array with a probe cover and affix the array coaxially in the aperture of 201 
the histotripsy source as shown in Figure 2. Be sure to understand the orientation of the imaging 202 
plane relative to the orientation of the histotripsy source. 203 
 204 
4.5. Connect the imaging array to an ultrasound scanning system. Ensure that this system can 205 
control the operation and triggering of the imaging array, and collect imaging data, as per the 206 
commands provided by the manufacturer of the scanner. 207 
 208 
4.6. Submerge the histotripsy source/imaging array into the tank while degassing as shown in 209 
Figure 1A. Gently remove any air bubbles using a syringe from the surface of the histotripsy 210 
source or imaging array. 211 
 212 
NOTE: Immerse the histotripsy source and imaging array completely in water before operation. 213 
Avoid touching the surface of the histotripsy source. 214 
 215 
4.7. Acquire B-mode images at a rate of 20 frames per second using the imaging array and the 216 
built-in commands of the scanner. Adjust the imaging window to ensure visualization of the focus 217 
of the histotripsy source in these real-time images. 218 
 219 
NOTE: It is assumed that the dimensions of the focal region of the acoustic field are known. 220 



 

 221 
4.8. Set the operating parameters of the histotripsy source, including fundamental frequency 222 
(e.g., 1.5 MHz), pulse repetition frequency (e.g., 20–100 Hz), pulse duration (e.g., 1–20 cycles per 223 
pulse), and total number of pulses per location (e.g., 100–2,000)18,23,24,33. Modify these 224 
parameters if sufficient clot lysis is not achieved or if the bubble activity extends beyond the 225 
lumen of the model vessel. To set these parameters, use the protocol provided by the 226 
manufacturer of the source or use a programming platform that can communicate with the 227 
source. 228 
 229 
4.9. Using the manufacturer’s protocol or programming platform used in step 4.8, run the 230 
histotripsy source at the set parameters in degassed water only, without any obstruction in the 231 
surrounding environment. Increase the voltage applied to the histotripsy source until a bubble 232 
cloud is formed. 233 
 234 
4.10. Using the real-time imaging of step 4.7, adjust the position of the imaging array inside the 235 
confocal transducer opening until the bubble cloud is located approximately at the center of the 236 
image window. The bubble cloud is the region of hyperechoic pixels in the imaging plane (Figure 237 
3). Tighten the screws to hold the imaging array firmly in the transducer opening. 238 
 239 
NOTE: If the array is aligned properly, the azimuthal position of the bubble cloud should be 240 
approximately at 0 mm. The imaging array may project slightly from the inner surface of the 241 
therapy source, and therefore the range position of the bubble cloud may differ from the focal 242 
length of the source. 243 
 244 
4.11. Identify the bubble cloud location in the imaging plane. Assign the focus of the histotripsy 245 
source as the center of the bubble cloud (Figure 3). 246 
 247 
4.12. Record the detected focal location (step 4.11) in the imaging window (Figure 3). A possible 248 
way to mark the focal position is placing a cursor to note the location in the imaging window, if 249 
available with the imaging platform. 250 
 251 
4.13. Discontinue insonation and set the voltage applied to the histotripsy source to 0 V. 252 
 253 
5. Clot preparation 254 
 255 
5.1. Remove the clot from the pipette by cutting the sealed end with pliers. Let the clot slide 256 
into a Petri dish along with the serum. If the clot does not dislodge, gently apply pressure from 257 
the other end of the pipette via saline flush to remove the clot. 258 
 259 
5.2. Cut the clot to 1 cm length using a scalpel, aiming for a uniform piece from the center 260 
(i.e., away from sections of the clot formed at the top or bottom of the pipette). 261 
 262 
5.3. Use a cleaning wipe to blot the cut section of the clot gently to remove excess fluid. 263 
 264 



 

5.4. Using tweezers, place the clot section gently on a weighing scale and record the weight. 265 
 266 
5.5. Manually raise the flow channel out of the water tank and remove the model vessel from 267 
the flow channel. 268 
 269 
5.6. Place the clot in the model vessel using tweezers and attach the model vessel again to the 270 
flow channel. 271 
 272 
NOTE: A nylon rod can be placed within the model vessel to prevent the clot from moving 273 
downstream due to the flow. 274 
 275 
5.7. Lower the flow channel into the tank in such a way that the proximal end of the stage 276 
relative to the reservoir is low compared to the distal side. The angling of the stage in this manner 277 
prevents trapping of bubbles in the model vessel when plasma is drawn through the flow channel 278 
in step 6.1. 279 
 280 
5.8. Add 30 mL of plasma to the reservoir using a pipette and monitor the temperature until 281 
it reaches at least 36 °C. 282 
 283 
5.9. Use a pipette to dispense the rt-PA (80.4 µg in 30 mL of plasma, 2.68 µg/mL) into the 284 
plasma reservoir. Stir the plasma with the pipette to ensure a uniform rt-PA distribution within 285 
the reservoir. 286 
 287 
6. Priming the flow channel 288 
 289 
6.1. Draw plasma into the flow channel from the reservoir via the syringe pump until the 290 
plasma fills the model vessel. This rate does not disturb the clot but fills the model vessel 291 
efficiently. 292 
 293 
NOTE: If the clot is not flush with the nylon rod, use short pump draws at 60 mL/min to try to 294 
force the plasma downstream the clot or manually draw the syringe. Limit the amount of plasma 295 
drawn in this process or refill the reservoir using additional plasma/rt-PA to ensure 30 mL of 296 
solution in the flow channel. 297 
 298 
6.2. Using the motorized positioners, align the imaging array parallel to the length of the clot 299 
using the imaging script (step 4.7). The parallel alignment enables the user to visually ensure 300 
proper placement of the clot and absence of bubbles inside the model vessel. 301 
 302 
6.3. Level the model vessel manually and visually ensure that no air bubbles are present using 303 
the imaging window (step 4.7). 304 
 305 
7. Experiment procedure 306 
 307 
7.1. Pre-treatment 308 



 

 309 
NOTE: This step is to plan a path for the histotripsy source/imaging array for uniform histotripsy 310 
exposure along clot length. 311 
 312 
7.1.1. Align the imaging array using the motorized positioners such that the imaging plane is 313 
parallel to the cross-section of the clot (i.e., perpendicular to the orientation described in step 314 
6.2). 315 
 316 
7.1.2. Under guidance via the imaging window (step 4.7), move the histotripsy source to the 317 
proximal end of the clot relative to the reservoir using the motorized positioners. At this point, 318 
adjust the histotripsy source position such that the marked focal point in step 4.12 aligns with 319 
the center of the clot. 320 
 321 
7.1.3. Determine the insonation path along the clot length. To define this path, set three 322 
waypoints along the length of the clot (i.e., positions of the motors where histotripsy bubble 323 
activity is contained within the clot) in 5 mm increments. Align the waypoints such that the overall 324 
motion of the histotripsy source along the path is antegrade with flow in the system (i.e., the first 325 
waypoint is at the most proximal end of the clot relative to the reservoir, and the third waypoint 326 
is in the distal position relative to the reservoir). 327 
 328 
7.1.4. Prior to finalizing each waypoint, fire test pulses from the histotripsy source with the same 329 
insonation parameters as step 4.8 but reduce the overall exposure to 10 total pulses. Adjust the 330 
position of the histotripsy source using the motorized positioners if necessary, to contain bubble 331 
activity within the clot. 332 
 333 
7.1.5. At each waypoint, save the motor positions using the commands provided by the 334 
manufacturer, similar to the step 4.1. 335 
 336 
7.2. Treatment 337 
 338 
NOTE: This step defines the procedure to treat the clot along its length according to the path 339 
defined in the pre-treatment step. 340 
 341 
7.2.1. Run the syringe pump at 0.65 mL/min and wait for meniscus of the plasma to move. This 342 
flow rate mimics a near total occlusion of the iliofemoral vasculature24,34. 343 
 344 
7.2.2. Interpolate the path created in step 7.1.3 with intermediate steps between the 345 
established waypoints with a fixed step size (e.g., 0.5 mm). The step size is chosen to be smaller 346 
than half the width of the focal region as measured along the clot length (elevational direction of 347 
the imaging array). Move the histotripsy source using motorized positioners at each path location 348 
with insonation parameters defined in step 4.8. 349 
 350 
7.2.3. Monitor/image bubble activity during application of the histotripsy pulse at each path 351 
location using the imaging window (step 4.7). Center the image on the histotripsy focus with the 352 



 

image dimensions covering 15 mm in the azimuth and range. Prior to the application of 353 
histotripsy pulse at each location, acquire a B-mode image to provide visualization of the clot and 354 
model vessel, by creating a script in a programming platform. Ensure the script establishes 355 
communication with the scanner using the manufacturer’s commands. 356 
 357 
7.2.4. During the application of the histotripsy pulse, implement the acquisition of acoustic 358 
emissions in the script in step 7.2.3 to form passive cavitation images post hoc35. Acquire one 359 
passive cavitation image after every 10 treatment pulses. Apply a flat time gain compensation of 360 
50 at 8 incremental depths till the end of the imaging depth. Choose an appropriate acquisition 361 
window size such that the entire signal from the clot is captured with minimum loss of energy 362 
due to windowing35. 363 
 364 
7.2.5. If off-target bubble clouds are present, adjust the transducer position in situ with the 365 
motorized positioners. 366 
 367 
NOTE: Monitor for missed triggers. Adjust the number of acquired imaging data sets to ensure 368 
the storage of data is completed before subsequent triggering. 369 
 370 
8. Post experiment procedure 371 
 372 
8.1. Manually raise the model vessel out of the water tank to drain the perfusate via gravity. 373 
Be sure to keep the flow channel levelled to prevent the clot from moving downstream and out 374 
of the model vessel during draining. 375 
 376 
8.2. Collect the entire perfusate for further analysis in a small beaker (Figure 4A) by drawing 377 
plasma solution from the flow channel through the syringe pump. 378 
 379 
8.3. Disconnect the model vessel and remove the clot. If necessary, inject a small amount of 380 
saline into the model vessel to gently dislodge the clot. 381 
 382 
8.4. Wipe the clot similar to step 1.2.3. Weigh the clot on the weighing scale for assessing the 383 
clot mass loss. 384 
 385 
8.5. To analyze the D-dimer content, add 100 mg of aminocaproic acid to a microcentrifuge 386 
tube followed by 1 mL of perfusate, and mix well using a pipette. Perform a latex immune-387 
turbidimetric assay to quantify the D-dimer within the sample36. 388 
 389 
8.6. To assess hemolysis, add 1 mL of perfusate to centrifuge tubes and spin at 610 x g (3,500 390 
rpm) for 10 min. Combine 0.5 mL of supernatant (concentrate) with 0.5 mL of Drabkins solution 391 
and let the mixture rest at room temperature for 15 min. Transfer 200 µL to well plates, as shown 392 
in Figure 4B. Use a plate reader to read absorbance at 540 nm, Figure 4C (Drabkins assay37). 393 
 394 
8.7. Histology assessment 395 
 396 



 

8.7.1. Cut a section from the center of the clot of about 2–3 mm in length with a scalpel. 397 
 398 
8.7.2. Add the section to a cassette. Maintain orientation of the section relative to the direction 399 
of histotripsy pulse propagation. 400 
 401 
8.7.3. Add 2 mL of low gelling agarose solution prepared in step 3.2.5 into the cassette to fix the 402 
clot in place. 403 
 404 
8.7.4. Fix the sample in 10% formalin for 24 h. Place the sample in 70% alcohol after 24 h and 405 
perform standard hemotoxylin-eosin staining38. 406 
 407 
9. Passive cavitation image analysis 408 
 409 
9.1. Process the signals acquired from the imaging array during the histotripsy excitation (step 410 
7.2.4) using an algorithm based on the robust Capon beamformer39 to create an image of bubble 411 
cloud activity at each treatment location. 412 
 413 
NOTE: To generate quantitative images, follow the steps described in Haworth et al.35. Otherwise, 414 
each pixel value in the image should represent the relative bubble cloud acoustic energy (units 415 
of V2) at each corresponding location. 416 
 417 
9.2. Segment the B-mode image to distinguish between the pixels representing clot and the 418 
model vessel. 419 
 420 
9.3. Average all the passive cavitation images obtained at each location temporally. Co-421 
register the passive cavitation image with the B-mode image as shown in Figure 5B. Sum up the 422 
acoustic energy within the clot over the exposure period35. 423 
 424 
REPRESENTATIVE RESULTS: 425 
The protocol outlined in this study highlights the details of venous clot modeling, lysotripsy for 426 
clot disruption, and ultrasound imaging in an in vitro setup of DVT. The adopted procedure 427 
demonstrates the steps necessary to assess clot disruption due to the combined effects of rt-PA 428 
and histotripsy bubble cloud activity. The benchtop setup was designed to mimic the 429 
characteristics of a venous iliofemoral vein. Figure 1A shows a model vessel that has the acoustic, 430 
mechanical, and geometrical properties of the iliofemoral vein. The clot is placed inside the 431 
model vessel to mimic a partially occlusive thrombus. The clot is perfused with plasma and rt-PA 432 
drawn from a reservoir at a rate of 0.65 mL/min. This rate is consistent with slow flow rate in a 433 
highly occluded vessel34. 434 
 435 
An elliptically focused transducer of 1.5 MHz fundamental frequency with a 9 cm major axis, 7 436 
cm minor axis, and 6 cm focal length (Figure 2A) is mounted on the positioning system as noted 437 
in Figure 1B. An imaging array covered with ultrasound gel and a latex cover (Figures 2B,C) is 438 
mounted coaxially with the transducer as shown in Figure 1A via an opening in the center of the 439 
histotripsy source. The motorized positioners were used to translate the therapy 440 



 

transducer/imaging array along the clot length within the model vessel (Figure 1). Upon 441 
application of sufficient voltage to the histotripsy source, a bubble cloud is generated in the focal 442 
region of the transducer and visualized via ultrasound imaging GUI, as shown in Figure 3. The 443 
focal position is defined as the center of the bubble cloud using the imaging GUI (steps 4.10–444 
4.11). 445 
 446 
Figure 4A shows perfusates collected for two different treatment conditions. The beaker labeled 447 
as control contains perfusate of a clot exposed to plasma alone. The second beaker labeled as 448 
treated contains the perfusate of the lysotripsy treated clot. The collected perfusates are used to 449 
assess the hemoglobin (metric of hemolysis) and D-dimer (metric of fibrinolysis) content through 450 
assays as specified in the protocol. The difference in color of the perfusates denotes variability in 451 
hemoglobin concentration, which can be quantified via optical absorbance. The relationship 452 
between absorbance value and hemoglobin concentration can be determined through a 453 
calibration curve. Solutions with known hemoglobin content ranging from 0 (blank 454 
measurement) to 180 mg/mL are placed in the well plate and absorbance is determined in 455 
triplicate using the plate reader (Figure 4B,C). The upper absorbance limit of the plate reader 456 
may vary and may not be known a priori to making the solutions in the well plate. As such, 457 
hemoglobin concentrations up to 180 mg/mL are made in the well plate, Figure 4B. However, the 458 
plate reader used here can read absorbance for concentrations up to 23 mg/mL only, Figure 4C. 459 
 460 
Figure 5A shows visualization of the clot within the model vessel via B-mode imaging prior to 461 
histotripsy exposure as specified in step 7.2.3. This image is acquired to determine the clot 462 
position for segmentation of the passive cavitation image. Figure 5B shows the passive cavitation 463 
image co-registered with the B-mode image acquired prior to histotripsy exposure. This figure 464 
confirms that acoustic energy is contained primarily within the clot during histotripsy exposure. 465 
 466 
Typical clot disruption due to histotripsy and lytic are indicated in Figure 6. Figure 6A,B show the 467 
untreated and lysotripsy treated clot images, respectively. For samples exposed to histotripsy, 468 
disruption is primarily restricted to the clot center, consistent with the observed locations of 469 
bubble activity tracked with passive cavitation imaging (Figure 5B). However, with addition of 470 
lytic, mass loss also occurs in regions closer to the periphery of the clot. It is hypothesized that 471 
this additional mass loss is due to enhanced fluid mixing of the lytic under bubble activity. Fluid 472 
mixing increases the distribution and penetration depth of the lytic into the clot. Since the lytic 473 
is responsible for fibrinolysis40, the mass loss increases. Fibrinolysis can be quantified by 474 
measuring the D-dimer content in the perfusate41. 475 
 476 
FIGURE LEGENDS: 477 
 478 
Figure 1: Experimental setup for lysotripsy of human blood clot. (A) The components of the 479 
setup are (1) focused histotripsy source with elliptical geometry, (2) latex-covered imaging array, 480 
(3) model vessel attached to flow channel, (4) flow channel, (5) reservoir, (6) acoustic absorbing 481 
material, (7) heating element, and (8) water tank filled with degassed and heated reverse osmosis 482 
water. The axial dimension of the imaging plane, not shown in the coordinate system, is 483 



 

perpendicular to the elevational and range dimensions (into the page). (B) The histotripsy source 484 
mounted on the motorized positioning system. 485 
 486 
Figure 2: Ultrasound source and imaging components. Individual zoomed images of (A) focused 487 
histotripsy source, (B) imaging array, and (C) imaging array with ultrasound gel and latex cover. 488 
 489 
Figure 3: Histotripsy bubble cloud visualized using imaging array. A bubble cloud is generated 490 
in the focal zone of the histotripsy source and imaged using an imaging array. The designated 491 
focus, shown as a cross, is saved for treatment planning. 492 
 493 
Figure 4: Quantification of hemoglobin released due to clot lysis. (A) Perfusate samples 494 
collected following control study with plasma alone (no histotripsy or lytic), and treatment arm, 495 
histotripsy (e.g., 35 MPa peak negative pressure, 5 cycle pulse duration, 1.5 MHz fundamental 496 
frequency), and 2.68 μg/mL lytic exposure. (B) Well plate containing dilutions of known 497 
hemoglobin concentrations ranging from 180 mg/mL (top row, left-most corner) to 0 mg/mL 498 
(bottom row, right-most corner). The arrowhead points toward decreasing hemoglobin 499 
concentration. (C) These samples are used to create a standard curve to quantify hemoglobin 500 
produced due to histotripsy exposure via spectrophotometry. Absorbance curve for hemoglobin 501 
concentrations ranging from 0 to 23 mg/mL is obtained due to limitation of the plate reader in 502 
analyzing higher concentrations. 503 
 504 
Figure 5: Images of the clot during treatment. (A) B-mode image acquired before the start of 505 
treatment pulse showing the clot position within the model vessel. (B) Post-hoc visualization of 506 
acoustic energy emission calculated from passive cavitation imaging shown in hot colormap co-507 
registered with B-mode image of the clot acquired prior to application of the histotripsy pulse. 508 
 509 
Figure 6: Histology of the ablated clot under different treatment conditions. (A) Control clot 510 
without treatment. (B) Clot treated with histotripsy (e.g., 35 MPa peak negative pressure, single 511 
cycle pulse duration, 1.5 MHz fundamental frequency) and lytic. The histotripsy pulse propagated 512 
from top to bottom in this image. The path for the histotripsy source along the length of the clot 513 
(i.e., perpendicular to the plane of the image shown here) is defined in step 7.2.3. The scale of 514 
the micrographs is 2 mm. Note that the degree of clot disruption achieved here would be reduced 515 
compared to insonation schemes with longer pulse duration24. 516 
 517 
DISCUSSION: 518 
The proposed protocol presents a model to quantify treatment efficacy of lysotripsy. While the 519 
key details have been discussed, there are certain critical aspects to consider for the success of 520 
this protocol. The enzymatic activity of rt-PA has an Arrhenius temperature dependence30. 521 
Temperature is also a contributing factor to the speed of sound in water and tissue, and variations 522 
in temperature can cause minor alterations of the focal zone geometry. Thus, the water 523 
temperature should be carefully regulated at 37 ˚C. The dose of rt-PA used in the protocol (2.68 524 
µg/mL) is consistent with that employed clinically for other pharmacomechanical thrombectomy 525 
strategies42. In step 5.8, 30 mL of plasma is transferred to the reservoir whereas a 35 mL aliquot 526 



 

is noted in step 3.1.3. This additional plasma accounts for loss in plasma due to evaporation over 527 
the course of hours when warmed to 37 ˚C for equilibration to atmospheric pressure. 528 
 529 
The focal length, aperture width, and frequency of the therapy transducer dictate the size and 530 
depth of the focal region. Therefore, the transducer should be chosen such that these 531 
characteristics align with the diameter and the depth of the target vessel (e.g. femoral vein: 2–4 532 
cm in depth and 0.6–1.2 cm in diameter)43. The extent of mechanical ablation is restricted to the 533 
extent of the bubble cloud. Thus, an understanding of the role insonation parameters play in 534 
modifying histotripsy bubble cloud behavior is critical33,44,45. The frequency and the strength of 535 
acoustic field should also be chosen noting the magnitude of attenuation due to medium and 536 
intermediary materials (e.g., model vessel). To ensure confinement of bubble activity with the 537 
target vessel, an appropriate imaging window should be chosen to monitor the focal zone. The 538 
operating parameters of the transducer should be chosen to avoid off target effects while 539 
maximizing mechanical clot disruption. In this protocol, mass loss was considered a primary 540 
metric of treatment efficacy. Increases in mass loss have been observed as the peak negative 541 
pressure or the duration of the histotripsy pulse are increased24,46, with a maximum observed 542 
mass loss of 94%. The presence of residual clot for investigated treatment arms facilitates 543 
comparison of therapeutic efficacy. However, insonation schemes to ensure total removal of the 544 
thrombus can also be devised. 545 
 546 
The acoustic impedance (approximately 1.58 MRayl47,48) and the geometrical properties (0.6–1.2 547 
cm in diameter43) of the model vessel should be representative of the iliofemoral venous 548 
vasculature (see Table of Materials for details). Polydimethylsiloxane and polyurethane are some 549 
of the materials suitable to model the venous system based on their acousto-mechanical 550 
properties. In step 7, it is important to remove all the air bubbles from the model vessel to avoid 551 
shielding the clot from histotripsy exposure. For a model vessel of hydrophobic material, bubble 552 
clouds may form preferentially near the vessel wall instead of the center of the clot. Therefore, 553 
continuous monitoring of the bubble cloud should be done during the treatment via ultrasound 554 
imaging, and the transducer should be repositioned, if necessary. Pilot studies should be 555 
conducted to determine histotripsy insonation parameters (e.g., pulse duration and peak 556 
pressure) that achieve the final intended clot disruption. 557 
 558 
The imaging array is used to capture B-mode images and passive cavitation images for treatment 559 
visualization and to quantify bubble activity. B-mode imaging allows visualization of the model 560 
vessel and the clot, and passive cavitation imaging gauges the energy of the bubble activity 561 
associated with clot ablation24,49. The bandwidth of the imaging array should align with the 562 
desired bubble cloud activity with a high signal-to-noise ratio. For purely broadband signals 563 
associated with the inertial collapse of bubbles within the cloud, the bandwidth of the array 564 
should not coincide with the fundamental frequency of the transducer50,51. Histotripsy pulses are 565 
highly nonlinear52, and it is likely that harmonics of the fundamental frequency will be present in 566 
the received signal. The imaging system should be programmed to trigger on based on the known 567 
time of flight of the histotripsy pulse from the source to the focal zone, to ensure collection of 568 
passive cavitation imaging data throughout the insonation. These signals should then be 569 
processed post hoc as discussed in steps 7.2.3 and 9 of the protocol. 570 



 

 571 
It should be noted that the amount of hemolysis is sensitive to the handling of the clot. Therefore, 572 
care should be taken to minimize damage to the clot before treatment. To ensure reproducibility, 573 
clot modelling (step 1) and pre-treatment time (steps 6 and 7.1) should be same for all the clots 574 
treated with or without histotripsy exposure. In the post-treatment step of hemolysis 575 
assessment, it should be noted that plasma has its own absorbance. Therefore, the diluent used 576 
to form standard curves (e.g., optical absorbance vs. hemoglobin) should be formed using the 577 
same fluid used as the perfusate in the flow channel (e.g., in this study, plasma was used as the 578 
diluent to form standard curves). 579 
 580 
This protocol aims to provide a benchtop setup to gauge the efficacy of lysotripsy to treat human 581 
whole blood clots. There are certain limitations that arise due to the in vitro nature of the set up. 582 
The acute clots used for this protocol composed mainly of red blood cells and fibrin, making the 583 
approach of lysotripsy effective for DVT. However, later stages of thrombus may develop a stiff 584 
collagenous network53 that may resist the lysotripsy treatment due to the fibrin-specific nature 585 
of rt-PA. When treating in vivo, the primary clinical endpoint for treatment efficacy is restoration 586 
of flow. Mass loss was a primary metric for treatment efficacy in the in vitro protocol described 587 
here. Although flow was not assessed in this protocol, color Doppler imaging can be additionally 588 
incorporated along with passive cavitation imaging in step 7.2.4 to monitor flow restoration. The 589 
setup in this protocol uses a fixed flow rate, mimicking the flow rate in a highly occluded vessel, 590 
during the entire treatment in step 7.2. In vivo, vascular flow will increase as the clot disintegrates 591 
during the treatment. The additional shear stresses associated with increased flow will 592 
accentuate the clot degradation profile54. In vivo off-target effects cannot be ascertained in this 593 
setup, such as bleeding due to systemic administration of lytic55, vessel wall damage or 594 
vasospasm due to bubble cloud activity22. The in vitro nature of this study also limits the ability 595 
to assess long-term outcomes, such as vessel patency or re-thrombosis after treatment. The 596 
administration of lytic in this study mimicked systemic thrombolytics, whereas catheter-directed 597 
lytics is the preferred intervention for venous thrombosis7,14. Tissue attenuation can affect the 598 
histotripsy field and the imaging quality for in vivo studies, whereas here the acoustic path is 599 
primarily through degassed water. Processing of cavitation emission data with the robust Capon 600 
beamformer (step 9 of the protocol) is computationally expensive and was conducted off-line for 601 
post hoc analysis. Other beamformers (e.g., delay-and-sum35 or angular spectrum56) can be 602 
operated alternatively to provide real-time feedback, albeit with reduced range resolution. 603 
 604 
In summary, this protocol presents a non-invasive approach to achieve deep vein thrombolysis 605 
of human blood clots. The protocol establishes a convenient and easy-to-replicate procedure for 606 
modeling of blood clots, treating them with lysotripsy, and simultaneous imaging during 607 
treatment. The protocols specifying histotripsy bubble cloud generation, treatment planning, and 608 
image guidance can be further used to investigate in vitro treatments of breast tumor, pancreatic 609 
tumor, and benign prostatic hyperplasia, where histotripsy has been shown to be more effective 610 
as compared to standard procedures57,58. The use of rt-PA in this protocol can be generalized to 611 
other drugs or drug carriers that are used for treating such tumors, along with histotripsy to 612 
increase the lytic efficacy. 613 
 614 
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Absorbing sheets Precision acoustics F28-SMALL-M

Borosilicate Pasteur pippettes Fisher Scientific 1367820A

Centrifuge tubes Eppendorf 22364111

Drabkin's assay Sigma Aldrich D5941-6VL

Draw syringe Cole-Parmer EW-07945-43

Filter bags McMaster-Carr 5162K111

Flow channel tubing McMaster-Carr 5154K25

Heating elements Won Brothers HT 300 Titanium

Imaging array Verasonics L11-5v

Low gelling agarose Millipore Sigma A9414

Model vessel McMaster-Carr 5234K98

Nanopure water Barnstead Nanopure Diamond

Plasma Vitalant 4PF000
Plate reader Biotek Synergy Neo HST Plate Reader

Probe cover Civco 610-362

Programming platform

MATLAB (the Mathworks, 

Natick, MA, USA)
Recombinant tissue-type 

plasminogen activator (rt-PA) Genentech Activase

Reservoir Cole-Parmer EW-07945-43

Syringe pump Cole-Parmer EW-74900-20

Transducer In-house customized

Table of Materials Click here to access/download;Table of Materials;Table of materials-revision.xls
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Ultrasound scaning system Verasonics

Water tank Advanced acrylics C133



Comments/Description

300mm x 300 mm x 10 mm

14.6 cm length, 2 mL capacity

1.5 mL capacity

60 mL capacity

Remove particle size upto 1 microns
Polyethylene-lined EVA plastic tubing (Outer 

diameter: 3/8", Inner diameter: 1/4"

Titanium rods placed at the bottom of tank

128 element with sensitivity from -55 to -49 dB

6.6 cm length, 0.6 cm inner diameter, 1 mm thickness

ASTM type I, 18 Mohm-cm resistivity

Plasma frozen within 24 hours

For haemoglobin quantification

60 mL capacity
pump attached to the syringe to draw the flow in the 

flow channel at a pre-determined fized rate
Eight-element, elliptically-focused transducer (9 cm 

major axis, 7 cm minor axis and 6 cm focal length), 

powered by custom designed and built class D 

amplifier and matching network



Vantage Research Ultrasound System

14 x 14  x 12, 1/2"



November 19, 2020 
 

Dear Editor, Associate Editor, and Editorial Staff: 

We are grateful to the reviewers for their valuable comments that led to a significant improvement 

of the original manuscript. Their comments (given in italic below) which have been addressed below and 

in the revised manuscript (seen as track changes in the manuscript and highlighted in blue here).  

Sincerely yours, 

Aarushi Bhargava, Ph.D. 

Corresponding author 

 

Manuscript # JoVE62133 

 
 
Editorial comments (Comments to the Author):  

We thank the editor for the helpful comments. Below are the corrections made for each of the comments: 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. Please define all abbreviations at first use. 

The text has been revised and any issues related to grammar, abbreviations, and the spelling 

have been resolved. 

 

2. JoVE cannot publish manuscripts containing commercial language. This includes trademark 

symbols (™), registered symbols (®), and company names before an instrument or reagent. 

Please remove all commercial language from your manuscript and use generic terms instead. 

All commercial products should be sufficiently referenced in the Table of Materials and 

Reagents. 

For example: MATLAB (the Mathworks, Natick, MA, USA); Kimwipe; Vantage Research 

Ultrasound System (Verasonics, Inc., Kirkland, WA, USA) etc 

The text has been revised and the company names have been replaced with generic descriptions. 

 

3. To specify that this study had approval, please include an ethics statement before the numbered 

protocol steps, indicating that the protocol follows the guidelines of your institution’s human 

research ethics committee 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Rebuttal
Letter.docx
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The human blood clot preparation in this study was done according to University of Chicago 

review board protocol. The same has been added in step 1 of the manuscript (line 92 of page 3) 

as follows 

For the results presented here, venous human blood was drawn to form clots after local internal 

review board approval (IRB #139-1300) and written informed consent provided to volunteer 

donors1 

 

4. Please ensure that all text in the protocol section is written in the imperative tense as if telling 

someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be 

described in the imperative tense in complete sentences wherever possible. Avoid usage of 

phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text 

that cannot be written in the imperative tense may be added as a “Note.” However, notes should 

be concise and used sparingly. Please include all safety procedures and use of hoods, etc 

The protocol has been revised to be written in the imperative tense. 

 

5. Please note that your protocol will be used to generate the script for the video and must contain 

everything that you would like shown in the video. Please add more details to your protocol 

steps. Please ensure you answer the “how” question, i.e., how is the step performed? 

Alternatively, add references to published material specifying how to perform the protocol 

action. Please add more specific details (e.g., button clicks for software actions, numerical 

values for settings, etc) to your protocol steps. There should be enough detail in each step to 

supplement the actions seen in the video so that viewers can easily replicate the protocol 

The protocol has been revised to include more details about how the step is performed. We have 

also modified the protocol to quantify the range of parameter settings used to generate the 

histotripsy excitation and provide image guidance. 

 

 

 



6. 1.2 and1.3: How many 2 mL aliquots are to be drawn and incubated? 

A 2 mL aliquot is used to form a single blood clot. Therefore, the total amount of blood drawn 

depends on the total number of clots that will be formed. The corrections in the manuscript for 

steps 1.1 and 1.2 (lines 99 – 104 of page 3) are as follows 

1.2. Draw fresh human venous blood. Aliquot the total blood drawn in 2 mL increments per 

desired clot. Transfer each 2 mL aliquot to one Pasteur pipette. 

NOTE: Execute step 1.2 within approximately 3 minutes so that blood does not clot before 

transferring to pipettes.  

1.3. Incubate the blood aliquots within the pipettes (equal to the number of clots required) in a 

water bath for 3 hours at 37 °C. 

 

7. 3.2.5: How much low gelling agarose (2%) is to be taken? 

Approximately 2 mL of agarose is needed for each sectioned sample. The total amount of 

agarose therefore will depend on the number of samples to be analyzed. The correction in step 

3.2.5 of the manuscript (line 147 of page 5) is as follows 

3.2.5.Make low gelling agarose (2%) in a 50 mL flask, by dissolving agarose in nanopure water. 

Choose the total amount of agarose solution such that approximately 2 mL is available for 

each specimen to be analyzed. Heat the solution in a microwave until bubbly. Secure the 

flask with a waterproof screw lid on it. Submerge the flask in the water bath alongside the 

plasma. This step ensures agarose is available to secure exposed clot segments for histology 

analysis following histotripsy insonation. 

 

 

 



8. Please highlight up to 3 pages of the Protocol (including headings and spacing) that identifies 

the essential steps of the protocol for the video, i.e., the steps that should be visualized to tell 

the most cohesive story of the Protocol. Remember that non-highlighted Protocol steps will 

remain in the manuscript, and therefore will still be available to the reader 

The essential steps in the protocol to be included in the video, have been highlighted. 

 

9. Please include a scale bar for all images taken with a microscope to provide context to the 

magnification used. Define the scale in Figure 6’s Legend. 

The scale bar has been included in Figure 6 and the corresponding legend (line 415 of page 12) 

has been revised. The correction is as follows 

 

Figure 6. Histology of the ablated clot under different treatment conditions. (A) Control 

clot without treatment. (B) Clot treated with histotripsy (e.g. 35 MPa peak negative pressure, 

single cycle pulse duration, 1.5 MHz fundamental frequency) and lytic. The histotripsy pulse 

propagated from top to bottom in this image. The path for the histotripsy source along the length 

of the clot (i.e. perpendicular to the plane of the image shown here) is defined in step 7.2.3. The 

scale of the micrographs is 2 mm. Note that the degree of clot disruption achieved here would 

be reduced compared to insonation schemes with longer pulse duration1. 

 



Reviewer #1 (Comments to the Author): 

Manuscript Summary: 

 

This paper provides a detailed protocol to evaluate the thrombolytic efficacy in vitro using histotripsy 

combined with rt-PA. Histotripsy is a non-invasive ultrasound technique that mechanically breaks up 

the target tissue via cavitation. Histotripsy has been investigated to remove blood clots for treatment 

of thrombosis. The authors' work on histotripsy combined with rt-PA to enhance the thrombolytic 

efficacy is new. Their setup and protocol are complicated and contain multiple components, including 

preparation of the clot, plasma and rt-PA mixture, histotripsy, ultrasound imaging guidance and 

monitoring, treatment delivery, and post treatment evaluation. The authors provide a thorough and 

detailed description that will enable other groups to replicate their study. 

 

Major Concerns: 

None. 

 

We thank the reviewer for positive reviews and comments. Below are the explanations for the 

reviewer’s comments: 

 

1. Page 3, line 68-70 - "It is hypothesized that two primary mechanisms …… and 2) hemolysis of 

red blood cells within the clot." Does histotripsy only break down red blood cells? How about 

other contents in the clot? 

Debris from histotripsy insonation is predominately subcellular in size1-3. It is therefore likely 

that other formed clot elements are disintegrated by histotripsy bubble activity. Red blood cells 

are the primary contribution to the mass of the clot specimen described in the article1, and their 

degradation are thus the primary marker associated with ablation of the clot. The text has been 

edited in line 70 of page 2 to include this information as follows 

The bulk of the clot mass is comprised of red blood cells1, and therefore tracking erythrocyte 

degradation is a good surrogate for ablation of the sample. Other formed clot elements are also 

likely disintegrated under histotripsy bubble activity, but are not considered in this study. 



2. Page 4, line 95 - "1.4 Store the pipettes for a minimum of three days at 4 °C to allow for 

retraction for clots." Does the surface of the pipette need to be hydrophilic for the clot retraction 

to occur? Do you expect to see serum to extract out of the clot after a few days? 

The reviewer is correct in stating that the pipettes need to be hydrophilic4, such as the 

borosilicate pipettes highlighted in this protocol (see Table of Materials). As the clots retract, 

serum is observed in the pipettes. The protocol has been modified to include this information 

in step 1.1 and 1.4 (lines 96-106 of page 3), as follows 

1.1. Prepare borosilicate Pasteur pipette for storing the blood (see Table of Materials for 

specifications of the pipette). Borosilicate tubes are used because of the hydrophilic nature 

of the material which promotes platelet activation and clot retraction4. Seal the tip of the 

pipette via heating over a Bunsen burner. 

1.4. Store the pipettes for a minimum of three days at 4 °C to allow for retraction for clots 5. As 

the clots retract, serum will be observed to accumulate within the pipette. The rt-PA 

response of clots remains stable for 2 weeks following formation5. 

 

3. Page 6, line 152 - "4.5 Connect the imaging array to an ultrasound scanning system (e.g. 

Verasonics)." What needs to be done to align that ultrasound imaging probe and the histotripsy 

transducer such that the ultrasound imaging array is viewing the histotripsy focus? How to 

mark the histotripsy focus on ultrasound imaging? 

The text was modified to highlight that the imaging array position should be adjusted until a 

bubble cloud is visualized via ultrasound imaging to ensure proper alignment of the array 

relative to the transducer. We have also adjusted the text to indicate that the focal location can 

either be recorded offline, or via cursors as available with the imaging platform: The protocol 

has been modified for steps 4.10-4.12 (lines 194– 207 of page 6) to include this information as 

follows 

4.10. Using the real-time imaging of step 4.7, adjust the position of the imaging array inside the 

confocal transducer opening until the bubble cloud is located approximately at the center 

of the image window. The bubble cloud is the region of hyperechoic pixels in the imaging 

plane (Figure 3). Tighten the screws to hold the imaging array firmly in the transducer 

opening. 



NOTE: If the array is aligned properly, the azimuthal position of the bubble cloud should be 

approximately at 0 mm. The imaging array may project slightly from the inner surface of the 

therapy source, and therefore the range position of the bubble cloud may differ from the focal 

length of the source. 

4.11. Identify the bubble cloud location in the imaging plane. Assign the focus of the histotripsy 

source as the center of the bubble cloud (Figure 3). 

4.12. Record the detected focal location (step 4.11) in the imaging window (Figure 3). A 

possible way to mark the focal position is placing a cursor to note the location in the 

imaging window, if available with the imaging platform.  

 

4. Page 7, line 209 - "6.1 At a rate of 10 mL/min, draw the plasma into the flow channel from the 

reservoir via the pump until the plasma fills the model vessel." Why set the flow rate to be 10 

mL/min? What is the range of venous flow rate in the condition of partial to complete 

obstruction? 

Step 6.1 instructs users to ensure the lumen is filled prior to application of the histotripsy pulse. 

The infusion rate is not critical in this step. The text here has been revised (line 237 of page 7):  

6.1 Draw plasma into the flow channel from the reservoir via the syringe pump until the 

model vessel is filled. Ensure that the flow rate does not disturb the clot but fills the 

model vessel efficiently. 

When histotripsy pulses are applied starting in step 7.2.1, the flow rate should be fixed at 

0.65 mL/min. This flow rate is consistent with a near total iliofemoral occlusion1,6. The protocol 

in step 7.2.1 (line 279 of page 8) is revised to clear this information in for the readers, as follows 

7.2.1. Run the pump connected to the syringe at 0.65 mL/min and wait for meniscus of the plasma 

to move. This flow rate mimics a near total occlusion of the iliofemoral vasculature1,6. 

 

 

 

 



5. Page 12, line 389 - "The operating parameters of the transducer should be chosen to avoid off 

target effects while maximizing mechanical clot disruption." Using the given parameters, how 

large was the flow channel created? The flow channel seems to be too small to be clinically 

relevant. What can be done to increase the flow channel size? 

Mass loss, not restoration of flow or estimation of flow channel area created within the clot, 

was a primary metric of treatment efficacy in this protocol. With an appropriate choice of 

insonation parameters, a 94% reduction in clot mass was achieved.  Employing the protocol 

outline here, an insonation scheme for total clot removal can be devised to ensure total 

restoration of flow. The following text was added in line 439 of page 13 to highlight this: 

 

In this protocol, mass loss was considered a primary metric of treatment efficacy. Increases in 

mass loss has been observed as the peak negative pressure or the duration of the histotripsy 

pulse are increased1,7, with a maximum observed mass loss of 94%. The presence of residual 

clot for investigated treatment arms facilitates comparison of therapeutic efficacy. However, 

insonation schemes to ensure total removal of the thrombus can also be devised.   

 

The following text was added in line 416 of page 12 to highlight this (Figure 6 caption): 

Note that the degree of clot disruption achieved here would be reduced compared to insonation 

schemes with longer pulse duration. 

 

The following text was added in line 480 of page 14 to highlight that flow (clinical endpoint) 

was not considered in this study: 

 

Restoration of flow is also the primary clinical endpoint for treatment efficacy, whereas mass 

loss was a primary metric for treatment efficacy in the protocol described here. 

 

 

 

 

 



6. Page 13, line 414 - It was stated that real-time passive cavitation detection overlaid on 

ultrasound B-mode images was achieved. What was the frame rate? 

The reference to “real-time display” in this section refers to standard B-mode imaging for pre-

treatment planning, not real-time processing of passive cavitation imaging. We have clarified 

that passive cavitation imaging was analyzed post hoc with the following sentence in line 466 

of page 13 as follows: 

The imaging system should be programmed to trigger on based on the known time of flight of 

the histotripsy pulse from the source to the focal zone, to ensure collection of passive cavitation 

imaging data throughout the insonation. These signals should then be processed post hoc as 

discussed in steps 7.2.3 and 9 of the protocol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



       Reviewer #2 (Comments to the Author):  

 

Manuscript Summary: 

 

The manuscript presents the details of a convenient in vitro platform for testing different 

histotripsy approaches to the intravascular clot lysis in DVT (deep vein thrombosis). Given the 

recent successful results achieved in histotripsy thrombolysis by the authors and other groups, 

this information will be useful to the thrombolysis community. 

 

Major Concerns: 

None. 

 

We thank the reviewer for a positive review and insightful comments. Below are the explanations 

for the reviewer’s comments: 

 

1. In item 2.3: "...model vessel with material properties representative of an iliofemoral vein..." 

which properties are the authors referring to? Speed of sound? Density? Flexibility? Wall 

thickness? While the specific material used here is listed in the Table, it would be useful to 

add which material properties are important to look for, in case the specified material is for 

some reason unavailable. It could be added either here or in the discussion (or both). 

The acoustic impedance and geometry of the iliofemoral vein are modeled by the model 

vessel proposed in this study, as highlighted in the discussion (line 445 of page 13):  

The acoustic impedance (approximately 1.58 MRayl8,9) and the geometrical properties (0.6-

1.2 cm in diameter10) of the model vessel should be representative of the iliofemoral venous 

vasculature (see Table of Materials for details). Polydimethylsiloxane and polyurethane are 

some of the materials suitable to model the venous system based on their acousto-mechanical 

properties. 
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