
 
 

Research Article Template 

 BME Frontiers                                                         Manuscript Template                                                                        Page 1 of 34 

 

 1 

 2 

FRONT MATTER 3 

 4 

Title  5 

Endoscopic co-registered ultrasound imaging and precision histotripsy: Initial in vivo evaluation 6 

Authors 7 

Thomas G. Landry* 
1,2

, Jessica Gannon
3
, Eli Vlaisavljevich

3
, Matthew G. Mallay

1
, Jeffrey K. 8 

Woodacre
1
, Sidney Croul

4
, James P. Fawcett

5,6
, Jeremy A. Brown

1,2
 9 

Affiliations  10 

1. School of Biomedical Engineering, Dalhousie University 11 

2. Division of Surgery, Nova Scotia Health Authority 12 

3.  Department of Biomedical Engineering and Mechanics, Virginia Polytechnic Institute and 13 

State University 14 

4. Department of Pathology & Laboratory Medicine, Dalhousie University 15 

5. Department of Pharmacology, Dalhousie University 16 

6. Department of Surgery, Dalhousie University 17 

*Corresponding author email: tglandry@dal.ca 18 

 19 

Abstract 20 

Objective: Initial performance evaluation of a system for simultaneous high-resolution 21 

ultrasound imaging and focused mechanical sub-millimeter histotripsy ablation in rat 22 

brains.   23 

Impact statement:  This study used a novel combination of high-resolution imaging and 24 

histotripsy in an endoscopic form.  This would provide neurosurgeons with unprecedented 25 

accuracy in targeting and executing non-thermal ablations in minimally invasive surgeries. 26 

Introduction: Histotripsy is a safe and effective non-thermal focused ablation technique.  27 

However, neurosurgical applications, such as brain tumor ablation, are difficult due to the 28 

presence of the skull.  Current devices are too large to use in the minimally invasive 29 
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approaches surgeons prefer.  We have developed a combined imaging and histotripsy 30 

endoscope to provide neurosurgeons with a new tool for this application. 31 

Methods:  The histotripsy component had a 10mm diameter, operating at 6.3MHz.  32 

Affixed within a cutout hole in its center was a 30MHz ultrasound imaging array.  This 33 

co-registered pair was used to ablate brain tissue of anesthetized rats while imaging.  34 

Histological sections were examined and qualitative descriptions of ablations and basic 35 

shape descriptive statistics were generated. 36 

Results: Complete ablations with sub-millimeter area were produced in seconds, including 37 

with a moving device.  Ablation progress could be monitored in real-time using power 38 

Doppler imaging, and B-mode was effective for monitoring post-ablation bleeding.  39 

Collateral damage was minimal, with a 100µm maximum distance of cellular damage 40 

from the ablation margin. 41 

Conclusion: The results demonstrate a promising hardware suite to enable precision 42 

ablations in endoscopic procedures or fundamental preclinical research in histotripsy, 43 

neuroscience, and cancer. 44 

 45 

Keywords 46 
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 50 

1. Introduction 51 

Histotripsy is a recent therapeutic ablation approach whereby high negative pressure 52 

ultrasonic pulses are focused in tissue, generating small cavitation bubble “clouds”.  The 53 

rapid expansion and collapse of these bubbles generates high strain capable of 54 

homogenizing nearby tissue [1]–[5].  With the appropriate settings, this occurs without 55 

heating and little to no damage outside the main target area.  Histotripsy has been shown 56 

in preclinical studies to completely destroy tissue in the target area, including in various 57 

tumor types [6]–[8].  Clinical trial results have also been published [9], [10], including a 58 

recent liver tumor ablation case study [11]. 59 

Neurosurgeons routinely open the skull for procedures but prefer to keep craniotomy size 60 

small to minimize trauma and decrease recovery time.  This preference makes 61 
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neuroendoscopy an attractive concept, but surgeons still often choose more open surgical 62 

approaches due to the challenges associated with endoscopy [12].  In brain tumor 63 

resection surgeries for example, the surgeon advances along a path to the target area using 64 

pre-operative brain scans (e.g. MRI) as a reference.  However, with cranial pressure 65 

having been relieved by the craniotomy, the brain can become displaced compared to the 66 

pre-operative scan – so-called “brain shift” – which can make navigating to the target 67 

more difficult and dangerous [13].  Therefore, real-time image guidance, typically by 68 

microscope, is essential for accurate navigation.  However, conventional optical 69 

microscopy only shows features visible at the surface, can be hindered by blood obscuring 70 

the surgical field, and has limited usefulness navigating long narrow pathways [14].  71 

Therefore, an endoscopic, depth penetrating, real-time imaging modality would be 72 

advantageous. 73 

In response to this, we have developed a 30 MHz high-resolution (40-130 µm) ultrasound 74 

imaging system [15]–[18], with a packaged imaging device diameter of 4 mm.  With a 75 

long endoscopic form factor, it represents a novel combination of resolution and 76 

positioning capability, with imaging penetrating up to 12mm from the tip.  The system 77 

also performs power Doppler measurement, providing real-time blood flow information.   78 

In addition to the imaging system, we have also developed the world’s smallest histotripsy 79 

transducers  [19]–[23]. The transducers have a 10 mm outer diameter with a 4 mm hole in 80 

the center for an imaging endoscope.  This is considerably smaller than the next smallest 81 

reported histotripsy device at 35 mm diameter with no image guidance [24].  Our devices 82 

operate at a higher acoustic frequency (~6 MHz) than previous designs, which should 83 

result in a tighter focus and therefore smaller ablation volumes than previously possible.  84 

The current focal distance is 6 mm in front of the imaging device but the focal distance 85 

can be adjusted by changing the lens geometry, or even with electronic steering in 86 

specially designed devices [25].   87 

For brain tumor resection surgeries, the current gold standard tools used are endoscopic 88 

pulsating aspirators (eg. CUSA or Sonopet), which lack image guidance and produce 89 

relatively large contact ablations several mm in diameter [26].  A miniature histotripsy 90 

endoscope with a tightly controlled sub-millimeter ablation zone may provide surgeons 91 

with more precision in targeting diseased tissue margins or tissue very close to vital 92 

structures that would otherwise be off-limits with the coarse ablation aspirators. There 93 
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may also be cases where surgeons would prefer to destroy tissue at depth without 94 

damaging the intermediate tissue. Such ablations may be possible with a histotripsy 95 

endoscope as it is designed to only ablate at the focus of the ultrasound beam. Combining 96 

high resolution ultrasound imaging with simultaneous histotripsy may allow surgeons to 97 

precisely target tissues with real-time guidance and immediate treatment monitoring. This 98 

may provide an advantage over current standard-of-care aspirators that could improve 99 

patient outcomes.   100 

Building upon our earlier precision histotripsy pilot studies [19], [21], [25], we have 101 

performed more extensive in vivo testing of acute histotripsy in normal rat brains to 102 

investigate how various pulse settings, device motion, and target tissues affect the ablation 103 

outcome, as well as how ablation progress and post-ablation changes can be monitored 104 

with ultrasound imaging.  This study characterizes the device performance and provides a 105 

general description of acute in vivo brain ablations through ultrasound imaging real-time 106 

feedback and histology.    107 

2. Results  108 

Benchtop cavitation and imaging performance 109 

Figure 1 shows some of the benchtop measures of histotripsy device performance.  110 

Measuring peak negative pressure at different spatial positions with a hydrophone, the 111 

−3 dB focal spot lengths and diameters were 0.8 mm and 0.15 mm, respectively, and for 112 

−6 dB the values were 1.2 mm and 0.30 mm.  Across three tested devices, the mean peak 113 

negative pressure change per V measured at the focal spot for 12 cycle pulses was 0.22 114 

MPa/V (0.20-0.24 range).  Low cycle numbers had lower output efficiency slopes, with 1 115 

cycle slopes being about 50-70% those of 12 cycles, and a steady output being reached by 116 

3-5 cycles.  This ramp-up period in multi-cycle pulse trains is typical and is due to the 117 

electro-mechanical properties of the transducer stack.  Using these pressures measured at 118 

low V to guide model parameters using HITU simulator v2.0 [27] to account for non-119 

linear propagation (see Materials and Methods section), the negative focal pressure was 120 

estimated for the different devices and N cycles available.  Example model output curves 121 

are shown in Figure 1B.  From here onward, estimated MPa values will be given 122 

according to the appropriate model curve, but these estimates do not account for 123 

attenuation by tissue (~0.3 dB/mm in brain at 6 MHz [28]), or the increase in effective 124 

negative pressure due to shock-scatter effects [29].   125 
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Optical bubble cloud imaging results showed well-defined dense bubble clouds at various 126 

cycle parameters with little to no cavitation observed outside the focus.  Prior work has 127 

shown that similarly dense and precise clouds result in efficient ablation [30], [31].  For 128 

the same pressure, the bubble cloud size appeared to increase between 3 to 5 cycles then 129 

remain stable.  Compared to a clinically used 700 kHz bubble cloud, the 6.3 MHz cloud 130 

was far smaller and better-defined (Fig.1E) which should directly improve treatment 131 

precision.  Ongoing work is underway to quantitatively characterize the bubble cloud for 132 

this device design and investigate bubble behavior more closely.  133 

134 
Figure 1. Various benchtop measures of histotripsy device performance.  A-C data is from a single device.  135 

A) MPa/V hydrophone measurements for a range of cycles.  MPa values are taken as the peak negative 136 

pressure value contained in the waveform, with each waveform being an average of 256 trials. B) Modelled 137 

peak negative pressure output at high drive V using the HITU v2.0 script [27], showing the nonlinear output. 138 

C) Waveform data for the 4 V recordings in A, plus a trace for a 25 cycle pulse, showing the amplitude 139 

remains constant well beyond 12 cycles.  D) Spatial profile of peak negative pressure in water for 8 cycles at 140 

6 V in dB relative to the maximum of 1.3 MPa in this case (different device than A-C).  E) High speed 141 

camera images of single pulse bubble clouds in 1% agarose from a 10 mm 6.3 MHz device (but no square 142 

hole was in this device) are shown on the left for 3, 5, 8, and 12 cycles at 26 MPa peak negative pressure.  143 

For comparison, a 25 MPa 5 cycle pulse bubble cloud is shown for a 700 kHz clinical device  (same used in 144 

Schuster et al. [9]).  Note that the 6.3 MHz and 700 kHz scales are much different to show the details of the 145 

6.3 MHz bubble clouds.  The inset red box shows the 6.3 MHz 5 cycle pulse at the same scale as the 700 146 

kHz pulse.   All images are captured with 6.74 µs delay from a histotripsy pulse, and are from ~20 ms into 147 

high pulse repetition frequency (PRF) runs (PRF = 1 kHz for 6.3 MHz and PRF = 500 Hz for 700 kHz). 148 

 149 
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Brain imaging and ablation dynamics 150 

Basic brain anatomy was clearly visible in the B-mode imaging, especially surfaces, 151 

including the layers of the hippocampus.  Compared to a previous study using a 40 MHz 152 

imaging array [32], the minor loss in resolution with 30 MHz had little impact on the 153 

image quality and ability to discern brain anatomy, and was well-worth the gain in 154 

penetration depth.   155 

During histotripsy and ultrasound imaging, bubble clouds were visible as bright rapidly 156 

changing spots.  This rapid change is ideal for detection by Doppler processing, as has 157 

been shown previously [33].  Therefore, bubble clouds were monitored primarily via 158 

power Doppler data, as this signal was usually even stronger and more distinct than in B-159 

mode.  Across multiple rats (n = 15), cavitation threshold was determined in the cortex. 160 

Interpolating threshold values using the HITU v2.0 model output, the mean brain 161 

cavitation threshold across all N cycles was −30.7 MPa ±2.9 (full range −25.2 to −41.2 162 

MPa), with mean values being consistent across N cycles: within cycle groups from 2-12 163 

cycles, means ranged from −28.8 to −31.9 MPa with no cycle-dependent trend.  While 164 

these levels are somewhat higher than the brain tissue cavitation thresholds previously 165 

observed for lower frequencies [34], the present values may still be overestimated due to 166 

tissue attenuation.  Furthermore, as frequency increases, cavitation threshold was 167 

previously found to increase [35]. 168 

After the histotripsy signal was stopped, the bubble cloud disappeared without any sign of 169 

residual bubbles.  Over the following 10-20 seconds, a hyperechoic area steadily 170 

developed at the histotripsy site (Fig.2C-D, Movie S1).  This effect was consistent across 171 

experiments in qualitatively appearing as bright speckle slowly flowing into the area, then 172 

becoming fixed in place after 10-20 sec.  During the hyperechoic spot development, subtle 173 

expansion of the tissue around the site was also often seen, but due to its slow speed and 174 

small magnitude, this effect was only clear to the eye during post hoc scrubbing through 175 

the video frames at high speed (Movie S1).  A future study will quantify the amount of 176 

expansion, but a visual estimate of the displacement distance is 100-200 µm. The 177 

expansion ceased with the stabilization of brightness and speckle movement.  After the 178 

initial 10-20 sec post-ablation, the spots remained stable in B-mode until sacrifice.  All of 179 

these post-ablation dynamic changes are likely a result of blood immediately flowing into 180 

the space from damaged vessels, then clotting over the 10-20 sec.  181 
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 182 

Figure 2.  Data showing the real-time imaging changes observed from before (A), during (B), and after 183 

histotripsy (C) in normal cortical gray matter.  The bubble cloud can be seen in power Doppler mode 184 

overlaid on B-mode imaging frames during histotripsy (orange region in B).  A hyperechoic spot slowly 185 

developed in B-mode at the ablation site following histotripsy (arrow in C).  D) The plot shows the mean 186 

pixel value over time for the B-mode (blue line) and Doppler data (orange line) at the ablation site, with the 187 

timepoints for A-C indicated.  E) H&E data from the same experiment overlaid with a contour map of the 188 

time-averaged Doppler bubble cloud data from the ablation site indicated by the blue arrow in C (contour 189 

data rotated slightly to match ablation spot).  Six histotripsy presentations were done in this experiment from 190 

left to right in ~1.8 MPa steps from threshold (T) −1.8 to T+6.6 MPa (T = 32.5 MPa in this case; 8 cycles, 191 

10 sec dwell time).  Note that “threshold” here refers to the pressure that produced a bubble cloud signal at a 192 

different cortical region, not this experimental region, so some variation is expected.  The two smaller bright 193 

spots in B-mode to the left of midline (green arrows in A) are two other very small ablation sites observed in 194 

the histology for T+0 and T+1.8 MPa (green arrows in E).  It was unusual for T+1.8 MPa to produce such a 195 

small ablation (first spot left of midline), but a very small spot following T+0 pulsing (left arrow) was seen 196 

in about a third of experiments.  The presence of these very small spots in B-mode illustrates how well 197 

clotted blood is detected with B-mode.  F) The T+3.4 MPa ablation (blue arrow in E) at higher 198 

magnification.  The “halo” region around the ablation described in the text is clearly visible. 199 

Movie S1. B-mode and power Doppler video showing a 3 second stationary cortical ablation.  Histotripsy 200 

settings were 12 cycles at 33.6 MPa (3.7 MPa above threshold).  After histotripsy finishes, the hyperechoic 201 

B-mode spot can be seen developing.  An inset image of the H&E histology for this spot is shown, 202 

illustrating the excellent agreement between the ablation in histology with the hyperechoic B-mode spot.  At 203 
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the end of the data recording, the video frames are scrubbed in forward and reverse several times over the 204 

post-ablation period to show the subtle tissue expansion seen in conjunction with the bright spot 205 

development.  The red arrows indicate two example regions where the expansion can be seen by the bulk 206 

movement of the speckle pattern.  Throughout the video, a different ablation site can be seen left of midline.  207 

This ablation was performed approximately 70 sec before the start of the video, with the same histotripsy 208 

settings except pressure was 31.7 MPa. 209 

 210 

The bright post-ablation shapes corresponded very well to the ablation shapes seen in 211 

histology (see Figs.3,4,5,8).  Bleeding into surrounding structures was sometimes seen in 212 

the histology, especially along white matter tracts and fissure surfaces.  These were also 213 

observed developing in real-time in B-mode after histotripsy ceased, with very good 214 

agreement between the B-mode bright regions and blood present in the histology (Fig.3). 215 

This demonstrates that B-mode was also effective for detecting any bleeding outside of the 216 

main ablation site.   217 

A single experiment was performed to determine the acute effects post-histotripsy 218 

bleeding had on the ablation site.  In this test, histotripsy was performed at one cortical 219 

site as usual, followed a minute later by an overdose pentobarbital injection.  The 220 

breathing/heartbeat signal was monitored, and histotripsy was performed with the same 221 

settings at two other sites 2 and 9 min after the heart signal was no longer seen 222 

(“circulatory arrest” (CA) condition).  The histology for these CA ablations had very 223 

different appearances from the in vivo site (Fig.3I-L).  The CA ablation sizes were much 224 

smaller in histology (3-6× area reduction) despite no corresponding area difference in the 225 

bubble cloud power Doppler signal during ablation.  The homogenate did not appear to 226 

contain much blood but was stained the same color as the surrounding tissue.  The CA 227 

ablations were surrounded by small, scattered pockets of blood, likely from blood 228 

contained in local vessels that ruptured due to histotripsy.  There were similar differences 229 

between in vivo and CA ablations in the B-mode data in the period following ablation: the 230 

in vivo post-ablation period showed the typical emergence of a hyperechoic spot and 231 

expansion of the adjacent tissue, whereas no such changes were observed at the 9 min CA 232 

site.  Interestingly, the 2 min CA site showed some hyperechoic spot development, though 233 

not to the same size and brightness as the in vivo site (Fig.3K), despite there being no 234 

major difference in the presence of blood in histology between the two CA sites. 235 
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 236 

  237 

Figure 3. Data showing the agreement between blood seen in histology and B-mode, whether a direct result 238 

of histotripsy (B/E: cortical histotripsy sites), a secondary effect of histotripsy (F and G: bleeding into white 239 

matter tracts), or unrelated to histotripsy at all (A-D: green and orange arrows).  (A) A brain surface injury 240 

was accidentally induced during the craniectomy procedure in one animal and was visible as a rostral-caudal 241 

line on the surface.  The green arrow indicates the surface injury, also highlighted for the same location in 242 

histology (B) and B-mode imaging prior to histotripsy (D).  The white arrows in A indicate the 243 

section/imaging plane for B, D, and E.  The histotripsy settings for this ablation series were 5 cycles, 244 

threshold (T) −1.7 MPa to T+6.2 MPa (T = 35.2 MPa) left to right, 3 sec dwell after bubble cloud 245 

appearance.  (C) At a site with no underlying ablation (orange arrow in A), the surface injury is shown in 246 

histology without the confounding effect of an ablation below the injury.  Darker stain around the injury site 247 

was also seen (asterisk).  (F) Example showing good agreement between the B-mode pattern that developed 248 
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after histotripsy with bleeding in the histology (F inset).  The time-averaged power Doppler contour plot is 249 

overlaid on the histology image, showing that the spread of the blood along the white matter tract is a 250 

secondary effect.  Histotripsy settings were 2 cycles, T+3.5 MPa (35.9 MPa total), 3 sec dwell.  (G) Another 251 

example of a distinct bright B-mode shape also observed in the histology.  This ablation was a 1 mm vertical 252 

motion path.  Other settings were 2 cycles, T+1.3 MPa (29.9 MPa total), 0.5mm/s, 3 path passes.  (H) 253 

Paraffin section showing the extent of injured cells (red arrows) around an ablation.  Outside of a 50-100 µm 254 

region, neurons appeared healthy (blue arrows).  Inside this region, most neurons appeared injured and the 255 

extracellular matrix appeared slightly spongy.  Histotripsy settings were 3 cycles, T+6.1 MPa (34.5 MPa 256 

total), 3 sec dwell.  Insets show higher magnification of intact red blood cells (left) and healthy versus 257 

injured neurons (right).  I) In vivo ablation H&E image showing a marked difference compared to ablation 9 258 

min after the loss of a heartbeat signal following pentobarbital overdose (J). Histotripsy settings were 8 259 

cycles at T+3.7 MPa (33.2 MPa total).  K) The bleeding seen in vivo is clear in the B-mode data, whereas 260 

there was no change in the 9 min CA condition (compare blue ovals indicating correspondence to I and J).  261 

A less intense signal was seen for a CA ablation 2 min after the heart stopped (yellow oval, histology not 262 

shown).  (K) Higher magnification image of the CA ablation in J showing the uniformity of the homogenate 263 

and lack of any cellular structures.  All scale bars = 1 mm except where indicated. 264 

 265 

Ablation appearance in histology 266 

Histological analysis revealed the ablation was usually an oval or inverted raindrop shape 267 

oriented along the beam axis.  The central area of the ablation was either a uniformly red 268 

color consistent with blood heme pigment, or a loose mixture of two distinctly separate 269 

materials – one red and one uniform purple, which was likely the actual brain tissue 270 

homogenate.  This supposition is supported by results from the CA experiment described 271 

above.  The 5 µm thin paraffin section results suggest that the red material is largely intact 272 

red blood cells (Fig.3H).  Three other ablation experiments identical to the paraffin-273 

embedded sample but processed as frozen thick sections (35 µm) had the same red/purple 274 

swirled appearance seen in other frozen sections.  This implies that the material in the 275 

paraffin sections is representative of the cellular composition in thick sections, but the 276 

individual red blood cells are not distinguishable in the thick sections.  In the blood of 277 

both the frozen and paraffin sections, white blood cell nuclei were also visible. 278 

Surrounding the central ablation zone was usually a zone of blood nodules over a 10-100 279 

µm width appearing to radiate out from the central zone, giving the ablation margins a 280 

bubbled or puckered appearance.  Outside this zone was often a 50-100 µm wide halo of 281 
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darker staining and/or what appeared to be tearing of the brain tissue toward the ablation.  282 

This tearing itself was deemed to be a histological artefact due to tissue shrinkage on the 283 

slide during alcohol and xylene washes, as this tearing was not at all seen in sections 284 

examined prior to staining, nor in the paraffin-embedded brain sample, which was 285 

dehydrated and infiltrated with paraffin prior to sectioning.  However, there remained in 286 

the paraffin sample similar halo regions with distorted and darkly stained cells (Fig.3H, 287 

red arrows) close to the ablation zone, and some possible damage to the extracellular 288 

matrix.   289 

The cortical ablation size did not appear to be much influenced by age (young vs. adult) or 290 

by pulse parameters, provided the voltage was above cavitation threshold.  Based on the 291 

qualitative similarity in cortical ablation area across pulse settings above threshold, the 292 

areas here are collapsed across ablations for ≥T+20 V (≥ T+1-2 MPa) and other pulse 293 

settings.  The mean area, as defined by the red/purple homogenate region, was 0.33 mm
2
 294 

±0.12.  For a fit ellipse to each ablation, the mean major length was 0.94 mm ±0.22 and 295 

minor width 0.44 mm ±0.11.  This suggests an average ablated ellipsoid volume of 0.095 296 

mm
3 
(0.041-0.18 mm

3
 if  the ellipse dimensions are extended ±1 s.d.).  If the peri-ablation 297 

region of injured cells is included by adding 100 µm to the ellipsoid radii, the average 298 

damage volume becomes 0.24 mm
3 

(0.14-0.40 mm
3
 if the ellipse dimensions are extended 299 

±1 s.d.).  Although a thorough quantitative assessment of the agreement between ablation 300 

shape in histology and the B-mode hyperechoic post-ablation spot is beyond the scope of 301 

this paper, a comparison in seven typical ablation spots (most ablations visible in Fig.2E 302 

and Fig.3B) found that fit ellipse radius lengths differed by up to 0.27 mm between 303 

histology and B-mode.  There was a tendency for B-mode spots to be larger (mean 304 

difference was +0.12 mm), possibly due to the difference in overall tissue volume from a 305 

hydrated and blood-perfused brain in vivo versus a dehydrated histological section.  306 

The cortical ablation outcome for voltages at the threshold value were varied, as expected, 307 

given that the value was determined at a different brain site (cortex at Bregma 0.0 to 308 

B−1.0 mm) with slightly different surface geometries present, which could affect the 309 

degree of attenuation by the tissue.  Out of 23 cortical ablation attempts at the “threshold” 310 

level, 7 resulted in no ablation, 8 resulted in a very small (< 0.1 mm
2
) ablation spot (e.g. 311 

Fig.2E), and 8 resulted in a more typical ablation (> 0.1 mm
2
).   312 
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For ablations with a moving device, no major differences from spot ablations were seen, 313 

but a future study will explore this in more detail.  Examples shown here of a Dalhousie 314 

“D” shape (Fig.4A-D, Movie S2) and 1 mm vertical line (Fig.3G) demonstrate that 315 

continuous precision ablation of irregular shapes with a moving device is readily achieved.  316 

Ablations performed at sites other than mid-cortex yielded several interesting findings.  317 

When the ablation spot was near a surface or fiber tract, there tended to be post-ablation 318 

bleeding along the surface/tract (e.g. Fig.4E), and sometimes bubble cloud presence along 319 

these paths as well.  Ablations within white matter tracts tended to be more compact.  320 

Ablations with a surface interface directly below the target often appeared to be partially 321 

“blocked” by the surface, with the ablation and bubble cloud being deflected  (e.g. Fig.4F 322 

L3 contour plot) or appearing denser next to the surface.   323 

 324 

 325 

 326 

Figure 4. Data demonstrating position and targeting control.  A) Post-ablation B-mode image from a 1.5 mm 327 

tall “D” shaped moving ablation path.  The motor-controlled path was a single pass at 0.1 mm/s.  Histotripsy 328 

settings were 12 cycles at ~38 MPa (~3 MPa above threshold). The hyperechoic post-ablation shape shows 329 

good agreement with the histology (B), although the unablated central area was not as clear in B-mode.  C 330 

and D show higher magnification images of two locations of the ablation, indicated in B.  The punctate dark 331 
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purple points in the homogenized area are likely white blood cell nuclei that entered the area post-ablation.  332 

E) Histology showing ablations for six different types of brain locations (L1-L6) in one animal, 333 

demonstrating targeting accuracy and the effect local tissue conditions can have on ablations. The small 334 

green circles indicate the best estimate of the “target” position on screen before ablation, as determined by 335 

the known target coordinate in B-mode relative to nearby anatomical landmarks seen in both B-mode and 336 

histology.  The voltage used for each site is shown, with these values being in the range 0-0.7 MPa above 337 

threshold, determined for each individual site.  All ablations were 3 cycles with 3 sec dwell time from when 338 

the bubble cloud appeared. F) Contour plots showing the time averaged power Doppler data intensity for 339 

ablations L1-L6 in E.   340 

 341 

Movie S2. B-mode and power Doppler video showing a 1.5 mm tall “D” shaped moving ablation path 342 

(different experiment from the Fig.4 “D”).  The movement speed was 0.1 mm/s.  Histotripsy settings were 5 343 

cycles at ~32 MPa (~3 MPa above threshold).  Playback speed is 4×.  A composite image of the ablation 344 

H&E histology is shown at the end. 345 

 346 

Test for sub-cavitation thermal effects in tissue 347 

As our system uses a higher frequency and shorter propagation distance compared to 348 

previous studies, the amount of off-target stray cavitation damage was unknown. Previous 349 

studies have shown that increasing the pulse repetition frequency (PRF) increases the 350 

chance of off-target ablation, but only for lower frequencies (< 1 MHz) [30], [35], [36].  In 351 

our system, we did not observe any off-target injury, even at the very high 1 kHz PRF. 352 

Although the duty cycle is still quite low (0.19% for 12 cycles at 1 kHz) the combination 353 

of small focal spot size and higher frequency warranted an investigation into unexpected 354 

thermal effects.  To investigate this, one experiment was performed wherein two 3 sec 355 

ablations were performed at threshold (29.45 MPa, determined at this specific site), one 356 

very brief ablation ~1 sec was performed at T+0.4 MPa, and two locations were pulsed at 357 

T−0.2 MPa for 10 sec.  No bubble clouds appeared at the sub-threshold sites and the 358 

histology showed no difference compared to control areas that received no focused 359 

acoustic dose (Fig.5).  There is still potential for subtler thermal effects that do not result 360 

in obvious changes detectable in H&E staining, such as heat shock-induced biomolecular 361 

responses which deserve further study, but the present results suggest no major thermal 362 

dose damage due to the acoustic signal. 363 
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  364 

Figure 5. H&E results of a test for thermal effects of the focused acoustic signal.  At two cortical sites 365 

presented with histotripsy signal (12 cycle pulses, to maximize acoustic energy) just below threshold (T = 366 

29.45 MPa) for 10 sec (A & D), the tissue appeared unaffected (compare to F, which did not receive any 367 

focused acoustic signal).  In contrast, crossing the cavitation threshold resulted in rapid ablation, with a 368 

dwell time of ~1 sec (C) resulting in an ablation similar to 3 sec dwell times (B & E).   369 

3. Discussion  370 

The general concept of this study was to use our system to generate small ablations in 371 

normal brain tissue in vivo, and observe the outcome both in real-time ultrasound imaging 372 

and in post hoc histology of the brain tissue.  Ablations were performed at high PRF in the 373 

cortex of anesthetized adult rats at a range of focal pressures, number of pulse cycles, and 374 

total number of pulses.  In addition, ablations were performed with both a moving and 375 

stationary device, different target tissue types, and in the cortex of young (27-29 days old) 376 
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rat brains.  The results of this initial study are intended to be a broad overview of 377 

outcomes under these different conditions. 378 

The results presented here demonstrate successful sub-millimeter ablation of in vivo brain 379 

tissue using co-registered ultrasound imaging.  Furthermore, ablation progress could be 380 

accurately tracked using power Doppler data, with B-mode providing excellent post-381 

ablation feedback regarding the presence of blood at the ablation site and any bleeding 382 

into secondary sites.  There was no evidence of any major heating effects and outside of a 383 

roughly 100 µm peri-ablation region, brain tissue appeared normal.  The repeated success 384 

of experiments targeting specific brain locations demonstrates a high degree of positional 385 

precision, with likely less than 100 µm error.  Quantifying the targeting accuracy with 386 

higher precision is difficult because of uncertainties in co-registering histology and B-387 

mode data. 388 

An advantage of using high PRF is that even a brief duration of less than a second is still 389 

hundreds of pulses, allowing for ablation with a “real-time” user perception.  That is, the 390 

user does not need to wait for the execution of a repetitive low PRF pulse routine, and can 391 

ablate with a more continuous workflow.  This is advantageous for a hand-held device.  392 

Alternatively, robotically assisted device control may be preferred for executing specific 393 

ablation paths or repeatable patterns.  Both approaches are compatible with the system 394 

described here.   395 

The results of the in vivo versus CA experiment were very informative for interpreting the 396 

histology.  These results suggest that the homogenate observed in CA ablations is 397 

representative of the actual homogenized brain tissue, whereas the red material seen at in 398 

vivo ablations is at least partly blood which migrated into the ablation site.  Indeed, closer 399 

inspection of in vivo ablations usually showed a coarse mix of purple stained material 400 

(homogenized brain tissue) and red material (blood).  Small nuclei consistent with white 401 

blood cells were often observed in the red material, along with intact red blood cells 402 

clearly visible in thin sections, whereas no discernable cellular structures could be found 403 

in the purple stained material.  If both the blood and brain homogenate were fully 404 

liquefied for the entire period from ablation to formalin fixation, it would be reasonable to 405 

expect a mixture of the two materials to be more homogenous in histology.  The fact that 406 

there is often a distinct coarsely swirled appearance is best explained by blood flowing 407 

into the space, then briefly mixing with the brain homogenate before becoming clotted, 408 



  BME Frontiers                                                        Manuscript Template                                                                        Page 16 of 

34 

 

locking in the swirled structure.  The timeline of post-histotripsy events in the B-mode 409 

data – the development of the hyperechoic spot and accompanying tissue expansion, 410 

which both stabilize after 10-20 sec – support this narrative.   411 

An important implication of this conclusion is that the volume of in vivo ablated tissue is 412 

likely to be smaller than is seen in the histology or B-mode hyperechoic area, as some 413 

portion of the “ablation” volume is likely blood and fluids that enter the ablation space 414 

from adjacent damaged tissue, expanding the apparent ablation size.  Indeed, this is the 415 

best explanation for the observation that CA ablations were much smaller than the in vivo 416 

ablation in the same animal (although this in vivo ablation was above average size; Fig.3I) 417 

despite no corresponding difference in the power Doppler bubble cloud area during 418 

ablation.  A future study will investigate this effect in more detail by quantitative video 419 

analysis of the tissue expansion, which should help quantify the degree of apparent size 420 

increase. 421 

The post-ablation development of a hyperechoic spot, rather than a hypoechoic void, was 422 

in contrast with other studies.  Our data suggests that any such hyperechoic region 423 

corresponded to clotted blood, and its appearance following ablations in this study may be 424 

a result of the small ablation size, whereas lower frequency histotripsy generates ablations 425 

that are too large to fill via bleeding from local small vessel damage.  The fact the these 426 

ablations were performed in brain, which is one of the most blood-perfused organs, may 427 

also have resulted in more bleeding compared to other organs.   428 

The longer-term reaction to histotripsy in the brain is an important topic for follow-up 429 

studies.  Based on the results of this study, the ablation site stabilizes fairly quickly – 430 

within 20 sec – but it is unclear how the body will respond to this type of brain injury in 431 

the long term.  Previous studies of histotripsy in pig brains found no adverse reaction to 432 

cortical tissue ablation after 72 hours [37], and up to 8 days following intracerebral 433 

hemorrhage ablation [38], which were the maximum survival times for those studies.  434 

Timepoints even longer than these would be ideal to allow ample time for the stabilization 435 

of responses, such as scar formation [39].  Previous small animal studies have shown good 436 

tolerance to histotripsy in other organs [6], [40], but the relatively large ablation size 437 

produced in previous studies preclude similar studies in the brains of small animals.  Large 438 

animal (e.g. pig) studies are very resource intensive, limiting the time scale and group size 439 
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of these studies.  Therefore, longer term and higher N brain histotripsy studies would be 440 

better performed in small animal models, but this requires smaller ablation volumes to 441 

achieve non-debilitating injury extent in the smaller brains.  The small and precisely 442 

targeted ablations achieved in this study demonstrate that this system could be ideal for 443 

preclinical small animal brain ablation studies.   444 

Assessing brain tumor ablation in animal models in acute and longitudinal experiments is 445 

another important topic for further study.  Brain tumors are not normal brain tissue, and 446 

have higher stiffness [41]–[43].  Therefore, there may be differences in the ablation 447 

outcomes for tumor tissue if the same histotripsy pulse parameters are used for normal and 448 

tumor tissue in the brain.  An exciting, related research topic is the immune response to 449 

tumor ablation.  A number of recent studies have found that histotripsy may induce a 450 

much stronger immune response, both local and systemic, than conventional tumour 451 

ablation methods [44]–[48].  Multiple studies outside of the brain have demonstrated post-452 

histotripsy intra-tumoral T-cell infiltration inducing an immune attack on tumor cells, as 453 

well as non-target tumors in the body – a phenomenon called the abscopal effect [11], 454 

[44], [45], [49].  The hypothesized reason for histotripsy excelling in this application is 455 

that by mechanically ablating the tissue to a fine slurry, the tumor cells are completely 456 

without cellular structure and the antigens and damage-associated molecules are therefore 457 

maximally freed for detection by immune cells, but without the biomolecule-degrading 458 

effects of thermal, cryo-, and radio-ablation.  However, as with other ablation techniques, 459 

histotripsy on its own may not be sufficient to trigger a robust immune system response.  460 

Histotripsy paired with an immunomodulatory adjuvant, such as checkpoint inhibitor 461 

treatment, seems likely to yield the best outcome [44], [48], [50].  However, as the brain is 462 

a unique organ with specialized systems isolating it from the normal blood supply and 463 

immune system, it is unclear how the immune response to histotripsy may differ from 464 

tumor ablation in other organs. 465 

In conclusion, the system used in this study achieved rapid sub-millimeter ablation of 466 

brain tissue at a focal spot with co-registered real-time imaging feedback, including during 467 

continuous device motion.  There was no indication of cellular damage beyond a 100 µm 468 

peri-ablation region.  The ablation edge was well-defined, with irregularities only on the 469 

order of tens of micrometers.  The ablation shape ranged from elliptical to inverted 470 

raindrop shaped, with possible shape distortions near tissue surfaces or when transitioning 471 
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between white and gray matter.  Fabrication and testing of 8 mm diameter devices is 472 

currently underway, which would further improve the device utility in neurosurgery.  This 473 

system could provide surgeons and researchers with a new tool for precisely targeted non-474 

thermal ablative treatments for brain tumors and other neurological disorders. 475 

4. Materials and Methods 476 

Experimental and Technical Design 477 

Our ablation and imaging system consisted of four major components: 1) a 10 mm 478 

diameter PZT-5A histotripsy transducer with an aluminum lens with a 4×4 mm square 479 

hole in the center; 2) voltage drive electronics for histotripsy; 3) a 3.6×3.8 mm 30 MHz 480 

imaging array axially aligned and affixed in the square hole of the histotripsy device; and 481 

4) transmit/receive beamforming electronics and display software.  The operation of the 482 

histotripsy and imaging components were synchronized so histotripsy could be performed 483 

with simultaneous imaging that was relatively artefact-free, allowing monitoring of 484 

histotripsy progress and post-histotripsy effects in the tissue. 485 

 486 

Device construction and co-registration 487 

The co-registered imaging/histotripsy devices consisted of two independent devices – a 488 

3.6×3.8 mm, 64 element, 30 MHz phased array imaging probe and 10 mm diameter 6.3 489 

MHz histotripsy device – that were epoxied together to align the focal position of the 490 

histotripsy probe in the center of the imaging plane.  A schematic and photograph of the 491 

finished co-registered device is shown in Figure 6.  The only significant imaging device 492 

differences from the device detailed previously in Bezanson et al. [16] are that for this 493 

study the imaging array was reduced in frequency from 45 MHz to 30 MHz, and the 494 

element-to-element pitch was increased to 48 µm. These changes were made to gain more 495 

penetration depth at the expense of slightly decreased resolution.  See the Supplementary 496 

Methods: Imaging probe construction section for more details. 497 

For the histotripsy device, the fabrications details were essentially the same as those 498 

detailed in Woodacre et al. [19]. See the Supplementary Methods: Histotripsy probe 499 

construction section for more details.  Before co-registration with an imaging probe, 500 

histotripsy devices were confirmed to be working by presenting to the transducer unipolar 501 
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negative square wave voltage pulses of 5-10 cycles, 6.0-6.5 MHz, and 1 kHz pulse PRF. 502 

The voltage was increased until audible cavitation was observed in deionized water.   503 

For co-registration, the two devices were held by separate XYZ micromanipulators.  With 504 

the histotripsy device cavitating in water and ultrasound imaging running, the imaging 505 

array was lowered into the square hole at the back of the histotripsy device and the depth 506 

(Z) position was adjusted until the bubble cloud could be seen at a depth of 6-7 mm in the 507 

imaging window.  This placed the imaging array face at or just slightly above the bottom 508 

of the lens curvature, and also placed the histotripsy spot depth approximately in the 509 

center of the image window and at the imaging lens focal depth.  Epoxy was applied 510 

around the back of the histotripsy case and imaging probe shaft to fix the devices together.  511 

After curing, the small gap at the lens face/imaging array was sealed with a small amount 512 

of silicone (Nusil MED10-6655, Avantor, Radnor, PA). 513 

  514 

 515 

 516 

Figure 6. Schematic of the co-registered histotripsy and imaging device, with a front face photograph of a 517 

finished prototype device. 518 

 519 

Histotripsy device testing 520 

The histotripsy device was characterized by pressure output measurements using a fiber 521 

optic hydrophone (Precision Acoustics, Dorset, UK) during low voltage pulsing in 522 

deionized and degassed water to extract a Pa/V conversion factor at the focal spot.  This 523 

measurement could not be done in water at the high pressures needed for cavitation 524 
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because the hydrophone would become damaged.  However, the low voltage Pa/V 525 

measured is useful for assessing the output efficiency of the device and characterizing the 526 

acoustic beam.  By moving the device with XYZ micromotor positioners, the spatial 527 

pressure field was measured.  The device output at high voltages up to 400 V in water was 528 

simulated using the HITU simulator v2.0 Matlab (Mathworks, Natick, MA) script that was 529 

developed at the Food and Drug Administration [27].  The device geometry was modelled 530 

as a 10 mm diameter with a 4.4 mm diameter hole to match the area to the 3.9×3.9 mm 531 

square hole, and 7 mm geometric focal distance.  The low voltage hydrophone data was 532 

used to calibrate the total acoustic power parameter for each individual device and number 533 

of pulse cycles.  The peak negative pressure was extracted, and the simulated −MPa/V 534 

curves were used for estimating the negative pressure output at high drive voltages 535 

throughout the study. 536 

To capture images of the sub-millimeter histotripsy bubble cloud, a high-speed camera 537 

was used (Photron Nova S12 monochrome, Proprietary Design Advanced CMOS, Photron 538 

USA, Inc., San Diego, California, USA) with a 25 mm F2.8 5x Ultra Macro lens at 4.8:1 539 

(LAOWA, Hefei, China) attached, giving a resolution of ~5.2 µm per pixel.  A continuous 540 

light source (GS Vitec Multi-LED QT Light, Multi-LED G8 controller, 320W power 541 

supply, Soden-Salmünster, Germany) was used to backlight images.  With the histotripsy 542 

device being pulsed at 1 kHz PRF in 1% agarose gel, images were captured at a 6.74 µs 543 

delay, as preliminary testing consistently showed fully formed dense clouds at this 544 

timepoint under a variety of pulsing conditions.  Photron FASTCAM Viewer software 545 

(PFV4) was used to record and save bubble cloud frames and videos.  Images were 546 

analyzed across the range of parameters tested in the in vivo studies including 1-12 cycle 547 

pulses applied at different peak negative pressures ranging from ~20-26 MPa with a step 548 

size of 10 V (~1.4 MPa peak negative pressure). Finally, the size and shape of the 549 

histotripsy bubble clouds generated from our high precision endoscopic device was 550 

compared with an example bubble cloud generated from a 700 kHz clinical histotripsy 551 

transducer [9].   552 

 553 

Ultrasound imaging system 554 

The details of the in-house built beamforming hardware and imaging system have been 555 

described previously [15].  The imaging software was developed in collaboration with 556 
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Daxsonics Ultrasound Inc. (Halifax, Canada), featuring analog interface controls, image 557 

data processing, power Doppler processing, and the application of some proprietary image 558 

enhancement algorithms.  The frame rate during experiments was typically 20-25 Hz.  The 559 

imaging system output a histotripsy trigger pulse approximately every 1 ms, occurring 560 

between imaging line transmit events to minimize the presence of electrical artefacts from 561 

histotripsy in the imaging data.  See the Supplementary Methods: Ultrasound imaging 562 

system and histotripsy electronics section for more details. 563 

 564 

Animals and Study Approval 565 

Twenty-two adult male Wistar rats (282-423 g, mean 354 g; Charles River Laboratories, 566 

Wilmington, MA) were used for assessment of acute histotripsy in normal brain tissue.  In 567 

addition, four young male rats (27-29 days old; 78-97 g, mean 90 g) were also used, as 568 

younger nervous system tissue may have different mechanical properties than mature 569 

subjects [51], which could potentially affect histotripsy outcomes.  All procedures were 570 

approved by the Dalhousie University Committee for Laboratory Animal Use (protocols 571 

19-020 and 21-088).  572 

 573 

In vivo brain histotripsy 574 

Rats were anesthetized with isoflurane in O2 at 1.5 L/min (4% induction, 2-3% 575 

maintenance).  The head was placed in stereotaxic frame with ear bars and a snout holder 576 

(Kopf Instruments, Tujunga, CA).  Breathing rate and heart rate were monitored by the 577 

signal from a piezoelectric actuator under the thorax.  A circular craniectomy was 578 

performed, extending from the skull reference point bregma (B) +2.4 mm to B−10.6, 579 

extending laterally to ~2 mm down both sides of the skull, exposing most of the cerebrum.  580 

The dura mater was left intact.  The craniectomy space and surrounding skull surface was 581 

covered in ultrasound gel, as was the lens bowl of a histotripsy/imaging device.  Any 582 

visible bubbles were removed from the gel.  The device was clamped to a 583 

micromanipulator and rotated to give a coronal imaging plane.  The manipulator was 584 

controlled by microstepper motors (Zaber Technologies, Vancouver, Canada) coupled to 585 

the manipulator knobs, allowing very fine (10 µm precision) repeatable motion path and 586 

speed control.  587 
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The rostral-caudal brain position could be readily judged by gross anatomy observed in B-588 

mode imaging alone as compared to a rat brain atlas [52] to within 0.1 mm.  After 589 

identifying the B0.0 position, other brain target positions were navigated relative to this 590 

point.  Most experiments used B−2.1, B−3.6, and B−5.1.  In this context, an experiment 591 

refers to a series of ablations at different positions in the same coronal plane while varying 592 

a single parameter, such as voltage.  Unless the experimental variable was brain 593 

region/tissue type, the ablation was always targeted at the cortex (target depth of 0.8 mm 594 

from the surface), as the cortex is the largest and most uniform volume of brain tissue and 595 

is at the surface.  For experiments that tested histotripsy at different brain regions/tissue 596 

types, the target positions were: 1) the corpus callosum at midline (i.e. white matter at the 597 

bottom of a sulcus); 2) the hippocampus at CA1 (i.e. gray matter with internal surfaces); 598 

3) deep cerebral white matter (i.e. white matter through normal gray matter); 4) cortical 599 

gray matter; 5) cortical surface; and 6) directly in the midline fissure. 600 

In addition, histotripsy initiation threshold measurements were performed in the cortex at 601 

a separate region away from the main experimental sites – generally between B0.0 and 602 

B−1.0.  The threshold value was determined by increasing the voltage in 2 V steps (~0.1-603 

0.2 MPa) and waiting several seconds to allow cavitation to potentially occur, as 604 

determined by a bubble cloud appearing in the power Doppler signal.  The histotripsy 605 

signal intensity used in later cortical ablations in the same animal was often chosen 606 

relative to this threshold value and may be given as, for example T−20 V or T+5 MPa if 607 

estimated conversion to MPa is possible. Threshold was determined for pulses that were 1, 608 

2, 3, 5, 8, and 12 cycles.  However, cavitation was rarely achieved for 1 cycle, up to a 609 

limit of 400 V peak-peak, beyond which we risked the damaging the histotripsy device.   610 

On/off histotripsy timing was manually controlled, using a stopwatch to control durations.  611 

Ablations were usually a single spot with a stationary position and signal-on dwell 612 

duration of either 10 sec of total pulsing time (i.e. 10000 pulses for 1 kHz PRF), or dwell 613 

for 3 sec after a bubble cloud first appeared in the Doppler signal.  Cavitation typically did 614 

not appear until 1-2 sec after signal initiation, so these “3 sec” cases would have usually 615 

been ~4000-5000 total pulses delivered to the site.  In cases where a bubble cloud did not 616 

appear on screen, the histotripsy signal was maintained for 10 sec.  Histotripsy during 617 

device motion was also tested in several experiments with a variety of motion paths.  Most 618 

of these paths were executed under motorized control at speeds ranging from 0.1-0.5 619 

mm/s, and sometimes multiple passes along the same path.  Ultrasound imaging data was 620 
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saved for at least 10 sec before and at least 30 sec after each ablation without moving the 621 

device in order to capture video of the entire histotripsy treatment plus the immediate 622 

post-treatment effects in the target region. 623 

After histotripsy experiments were completed, rats were sacrificed with an overdose 624 

injection of sodium pentobarbital (150 mg/kg).  The brain was then removed and fixed 625 

overnight at 4°C in formalin.  Due to the time taken for all ablations to be performed in 626 

each animal, there was a wide range of time delays between ablation and tissue fixation 627 

across ablations, ranging from 5-75 min, although the maximum time for most animals 628 

was 30 min.  After fixation, the brain was sequentially added to 15% sucrose in phosphate 629 

buffered saline, then 30% sucrose.  The tissue was then cryoembedded in Tissue Plus 630 

O.C.T. embedding medium (Fisher Scientific, Waltham, MA) and stored at −80°C.  The 631 

blocks were sectioned at 35 µm thickness with a cryostat (Leica, Wetzlar, Germany) and 632 

stained with hematoxylin and eosin (H&E). 633 

One brain, from a 29 day old rat, rather than being O.C.T. embedded and cryosectioned at 634 

35 µm, was dehydrated in graded ethanol steps and paraffin embedded, then sectioned on 635 

a microtome at 5 µm and stained with H&E.  This was done to help interpret potential 636 

differences between the more traditional paraffin embedded H&E sections and thicker 637 

cryosectioned H&E samples used in all other brains of this study.  H&E sections were 638 

examined with a Z1 Axio Imager microscope (Zeiss, Jena, Germany), and for every 639 

ablation site the section that appeared to have the largest area was photographed for 640 

further image analysis.  641 

  642 

In vivo data analysis 643 

In vivo data analysis consisted of ultrasound image/video analysis, histology analysis, and 644 

brain cavitation threshold value analysis.  In addition to qualitative observations, 645 

quantitative analysis included H&E cortical ablation area and cavitation threshold values, 646 

as these are basic measures important to demonstrate the small size of ablations and that 647 

thresholds generally agree with previous studies.  To define the ablation area in histology, 648 

the shape was semi-automatically segmented using color thresholding in ImageJ software 649 

(NIH), as the distinct red color of the blood heme at the ablation site provided a clear 650 

signal of the ablation boundaries.  The dimensions of a fit ellipse to the selection were also 651 

recorded. 652 
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To examine the bubble cloud power Doppler data beyond single frames, time-averages 653 

across all ablation frames were generated, background signal from pre-ablation frames 654 

subtracted, and intensity contour plots generated.  Contour plots were normalized to the 655 

maximum Doppler signal intensity present and excluded data <15% of the maximum to 656 

exclude noise.  These plots could then be overlaid on histology images to examine the 657 

level of agreement between Doppler bubble clouds and the resulting ablation.  There were 658 

sometimes small bumps on the contour plot outer lines on one or both lateral sides of the 659 

bubble could signal (e.g. Fig.3F inset) but in most cases these were attributable to a data 660 

processing artefact of unknown origin.  All figures were generated with Matlab and 661 

Inkscape software.  Supplementary movies were edited with DaVinci Resolve software 662 

(Blackmagic Design, Melbourne, Australia). 663 

 664 
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 676 

SUPPLEMENTARY MATERIALS 677 

Supplementary Movies S1 and S2 attached separately, with captions given in the main text 678 

above. 679 

 680 

Supplementary Methods: Imaging probe construction 681 

The imaging probes were constructed via the following steps: 682 

1) Bulk slabs of PZT-5H (Smart Material, Dresden, Germany) were cut into 25×25 mm 683 

squares with a DAD3220 dicing saw (Disco, Tokyo, Japan) and mounted on a glass disc 684 

with crystal bond (Electron Microscopy Sciences, Hatfield, PA). 685 
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2) The factory electrode was lapped off the piezo using 3 µm aluminum oxide slurry with 686 

a lapping machine (Logitech, Glasgow, UK). 687 

3) Using a metal deposition chamber (Mantis Deposition, Oxfordshire, UK), 2 µm of 688 

copper was sputtered onto the piezo. 689 

4) The piezo was flipped over and lapped to 52 µm thickness, excluding the 2 µm thick 690 

copper electrode on the underside. 691 

5) The lapped surface was electroded as above, but with copper thickness of only 0.8 µm. 692 

6) A backing layer of E-solder conductive epoxy (Von Roll, Augsberg, Germany) was 693 

built up to over 2 mm height and cured. 694 

7) The back surface of this layer was then lapped flat to 2 mm total slab thickness. 695 

8) The slab was flipped and the 2 µm copper electrode surface cleaned thoroughly with 696 

methanol.  The electrode array pattern was then laser etched using a 355nm pulsed 697 

picosecond laser (Oxford Laser, Oxfordshire, UK).  This pattern consisted of 64 piezo 698 

elements 40 µm × 2 mm with 48 µm pitch.  Between each element a kerf was laser-diced 699 

to separate neighboring elements, and each element was sub-diced using a zig-zag pattern 700 

near the centre of the element to suppress lateral modes.  Each element ended with a 701 

bulbous electrode pad for wire-bonding, with pads alternating between array sides (i.e. 32 702 

pads per side).  This array pattern was repeated on the 25×25 mm slab in a grid, usually 703 

4×5  arrays, with at least 0.6 mm separating arrays. 704 

9) This grid of arrays was diced into separate array stacks with a dicing saw. 705 

10) An electrical interconnect mount was prepared using two custom-designed flexible 706 

printed circuit boards (PCBs).  These 4-layer PCBs each had 32 thick copper traces at the 707 

array facing end that led to a 34 element ZIF connector at the cable-facing end (the two 708 

additional ZIF elements connected to the ground plane).  The 32 thick traces had 96 µm 709 

pitch alternating between two internal PCB layers (i.e. 192 µm trace pitch within each 710 

trace layer).  On the PCB surface near where the array would later be mounted, the ground 711 

layer electrode was exposed in a large area.  To prepare the PCBs for connection with the 712 

array, the tips at the array end were first diced off, exposing the trace cross-sections as 713 

~80×50 µm copper surfaces. 714 

11) The PCBs were bonded to a 3D-printed support stick using epoxy.  The PCB tips were 715 

positioned just over 2 mm past the end of the stick, leaving a space to insert the array stack 716 

with the PCB exposed ground electrode forming the inner surface of the space.   717 

12) Once the PCB epoxy was cured, the inner surfaces of the array space were coated in 718 

E-solder conductive epoxy, including the PCB exposed ground layers.  An array stack was 719 
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then inserted into the space and the position adjusted under a microscope to align the array 720 

bonding pads with the PCB copper traces.  Small dental elastics were used to squeeze the 721 

PCBs onto the array during conductive epoxy curing.  This step electrically connected the 722 

array back face to the PCB ground layer in addition to fixing its position. 723 

13) Using an ultrasonic welding wire-bonder (model 4526, Kulicke & Soffa, Singapore), 724 

the PCB traces were connected to the piezo array elements via 15 µm silver wire 725 

connections.  An impedance analyzer (Agilent model 4294A, Keysight, Santa Rosa, CA) 726 

was used to confirm connectivity of each element and broken or poor quality bonds were 727 

repeated if possible. 728 

14) The wire bonds were potted with an epoxy resin thickened with aluminum oxide 729 

powder. 730 

15) Impedance and phase responses from 10-70 MHz were recorded for several elements 731 

across the array using the impedance analyzer.  Resonance tended to be in the 35-40 MHz 732 

range, with phase peaking from −20° to +5° and impedance at 120-180Ω.  Using a KLM 733 

model running in Matlab, modelled piezo parameters were adjusted to match the recorded 734 

impedance analyzer data.  Then the optimal thickness of a parylene-C quarter wavelength 735 

matching layer was determined for producing a modelled pulse echo with high amplitude, 736 

minimal −6 dB width, and minimal ringing/spurious peaks in the tail region.  The optimal 737 

parylene thickness was generally in the 20-22 µm range. 738 

16) Parylene-C was deposited to the optimal thickness (±0.1 µm) using a parylene 739 

deposition system (Specialty Coating Systems, Indianapolis, IN). 740 

17) An acoustic elevation lens of polyurethane was cast onto the array face using a 7/32” 741 

diameter polished Teflon rod.   742 

 743 

Supplementary Methods: Histotripsy probe construction 744 

The histotripsy probes were constructed via the following steps: 745 

1) Bulk PZT-5A composite samples (5 MHz, 40% volume fraction; Smart Material) were 746 

cut into 10.5×10.5 mm squares with a dicing saw. 747 

2) The piezo square was mounted on a glass disc with crystal bond and cut into 10 mm 748 

circles using a core drill bit.  A ~1 mm hole was also drilled in the center of the circle. 749 

3) A very thin layer of epoxy was spread onto the piezo and the back face of a custom 750 

aluminum lens was aligned onto the piezo and cured while under a pressing jig.  The lens 751 

was electrically continuous with the piezo electrode via direct contact due to the pressing.  752 

The aluminum lens was machined using a CNC machine to have a 10 mm diameter, an 753 
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elliptical curvature focusing to 7 mm from the bottom of the lens bowl (3.7 mm past the 754 

lens rim), and a 3.9×3.9 mm square hole in the center (Fig.6). 755 

4) After the piezo and lens were bonded, the small hole in the piezo center was extended 756 

to the edges of the square lens hole by hand filing. 757 

5) The piezo/lens was press fit into the front half of a two-part 3D printed plastic casing 758 

and the edges around the piezo back face sealed to the case with UV-cured epoxy (68T 759 

Optical Adhesive, Norland, Jamesburg, NJ).  This case was open at the lens front face and 760 

extended back several mm above the piezo back face.  There was a 4×3 mm window in 761 

the side of the case over the side surface of the lens. 762 

6) Two small squares (~1 mm
2
) of PCB with exposed surface electrode were cut with a 763 

dicing saw, and one square bonded with cyanoacrylate glue to both the piezo back face 764 

and the side of the lens at the case window. 765 

7) Several wire bonds were made from one PCB to the piezo back face electrode, and 766 

from the second PCB to the aluminum lens side. 767 

8) The wire bonds were potted with aluminum oxide-loaded epoxy, leaving room on the 768 

PCB electrodes to solder wires. 769 

9) A thin wire was soldered to each PCB, extending ~15 mm back away from the device 770 

face. 771 

10) The back half of the 3D printed case was put into place.  This part of the case included 772 

a hollow square shaft that aligned with the square lens hole, and a small hole in the base of 773 

the case to allow the piezo back face wire through. The lens wire (electrically connected to 774 

the piezo front face) ran along the side of the case up to the back of the device, next to the 775 

back face wire emerging from the case.  All case seams, including inside the hollow 776 

square where the plastic case met the piezo back face, were sealed with UV-cured epoxy.  777 

The lens plus back face wires were also potted in place with UV epoxy. 778 

11) The two wires were soldered to a female MMCX coaxial connector.  The connector 779 

was then potted in place.  Electrical connectivity to the piezo was confirmed using an 780 

impedance analyzer.  Due to the lens and thin epoxy layer at the lens/piezo interface, the 781 

impedance curve is characteristically spiky, with a maximum resonance in the 6-6.5 MHz 782 

range [20]. 783 

12) The MMCX connector was covered in putty for protection, and the entire device was 784 

coated in 89 µm (roughly a quarter wavelength) of parylene-C. 785 

 786 

Supplementary Methods: Ultrasound imaging system and histotripsy electronics 787 
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The beamformer was designed and developed by our group in collaboration with 788 

Daxsonics Ultrasound Inc. (Halifax, NS, Canada) and at a high level it can transmit and 789 

receive signals from 64 parallel ultrasound array elements, beamform the data, and 790 

transmit the data to a PC via a USB 3.1 port. There is a transmit circuit board that is based 791 

on an FPGA (xc7k160ftbg484-2, Xilinx Inc., San Jose, CA) and it controls the transmit 792 

pulse frequency, amplitude, and beamforming delays when pulsing the elements. To 793 

receive the 64 parallel signals, they are first amplified using low noise time-gain 794 

controlled analog circuitry based on eight 8-channel analog boards. The amplified signals 795 

are then directed to eight 8-channel data acquisition boards. Each of the eight digitizing 796 

boards have an FPGA (xc7k160ftbg484-2) and eight analog-to-digital converters 797 

(LTC2262IUJ-12#PBF, Analog Devices Inc., Norwood, MA) that can sample at rates up 798 

to 150 MHz. The FPGAs on the 8 digitizing boards upsample, filter, and beamform (delay 799 

and sum) the data as it is received and then the beamformed data is transferred to a 800 

motherboard in parallel from the 8 digitizing boards. This motherboard also contains an 801 

FPGA (xc7k160ftbg484-2) and is synchronized with the transmit circuit board. It is 802 

responsible for compounding the data from the digitizing boards and transferring the data 803 

to the PC through the USB cable. The software on the PC is based on the Python 804 

programming language and generally demodulates the beamformed data, scan converts it, 805 

and plots it in real-time. The software was developed by Daxsonics Ultrasound Inc. and 806 

also uses proprietary image enhancement 807 

processing.  Each beamformed frame consists of 128 line angles (±32°) and 4 focal zones 808 

over the 12 mm imaging depth. 809 

 810 

The histotripsy device drive electronics consisted of a function generator (AFG3101, 811 

Tektronix, Beaverton, OR) to control the input pulse waveform, a Z Series 650 V DC high 812 

voltage supply (TDK Lambda, Tokyo, Japan) to control the voltage amplitude, and an in-813 

house built board to convert the function generator waveform to unipolar negative voltage 814 

pulses at the amplitude set by the DC supply.  For all in vivo experiments, the pulse 815 

waveform was 6.3 MHz, square-shaped pulses with 40% duty cycle, operating in triggered 816 

burst mode with a variable number of cycles.  A histotripsy trigger pulse was sent by the 817 

beamformer system every 1.06656 ms, starting with that delay after the first transmit pulse 818 

for each frame, and every 32 transmits afterward.  This corresponds to a first trigger time 819 

point between transmit numbers 29/30, followed by another trigger between transmit 820 

numbers 61/62, then 93/94, and so on.  There are 1024 imaging transmit events and a total 821 
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of 32 histotripsy trigger pulses sent per imaging frame.  Placing the histotripsy trigger 822 

pulse between imaging transmit events minimized the presence of the electrical artefact 823 

caused by the trigger pulse in the imaging data, although by adjusting the function 824 

generator signal output delay, the degree of artefact removal could be customized.  It was 825 

found to be useful to retain a small amount of artefact (visible as a faint band of lines at 826 

near depths; e.g. see Fig.2B, Movies S1 and S2) as this served as a visible indicator of 827 

histotripsy on/off time points in post hoc video analysis.   828 

 829 

To best visualize the histotripsy bubble cloud during experiments, a rudimentary power 830 

Doppler processing method was used.  This was done by performing each transmit 831 

configuration (i.e. combination of line angle and focal zone) twice per frame, with 832 

1.06656 ms separating each repetition.  During the interim, 31 other transmit-receive 833 

events occur before repeating the pattern in a 1.06656 ms block, resulting in a constant 834 

1.06656 ms delay between the two measurements for a given transmit configuration.  835 

After these two captures are performed for the first 32 transmit configurations, the process 836 

is repeated for the next 32 until all 512 configurations (128 lines angles × 4 focal zones) 837 

have finished to complete the frame data set.  After processing the data for B-mode, the 838 

RF amplitude values from the two captures are subtracted and the absolute difference 839 

constitutes the power Doppler data.  In other words, the processing essentially displays the 840 

absolute pixel shade value change over a single 1.06656 ms period per frame for each 841 

pixel.  To exclude noise, a low value cut-off was adjusted as needed, based on the degree 842 

of noise apparent in the display.  The power Doppler intensity (pixel value difference) is 843 

displayed in color overlaid on the B-mode image, or optionally on its own.  844 

 845 

 846 

 847 
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