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Abstract

Histotripsy is the first noninvasive, non-ionizing, and non-thermal ablation technology guided 

by real-time imaging. Using focused ultrasound delivered from outside the body, histotripsy 

mechanically destroys tissue through cavitation, rendering the target into acellular debris. The 

material in the histotripsy ablation zone is absorbed by the body within 1–2 months, leaving a 

minimal remnant scar. Histotripsy has also been shown to stimulate an immune response and 

induce abscopal effects in animal models, which may have positive implications for future cancer 

treatment. Histotripsy has been investigated for a wide range of applications in preclinical studies, 

including the treatment of cancer, neurological diseases, and cardiovascular diseases. Three 

human clinical trials have been undertaken using histotripsy for the treatment of benign prostatic 

hyperplasia, liver cancer, and calcified valve stenosis. This review provides a comprehensive 

overview of histotripsy covering the origin, mechanism, bioeffects, parameters, instruments, and 

the latest results on preclinical and human studies.
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Introduction

An important recent trend in medical interventions is a comprehensive drive toward less 

invasive yet effective procedures. Many diseases can now be addressed using minimally-

invasive or noninvasive approaches, and many of these are performed under increasingly 
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sophisticated image guidance. The progression from planar radiation therapy to stereotactic 

body radiation therapy (SBRT) is one such example, but toxicity still limits treatment 

volumes and locations [1,2]. Thermal-based ablations are most frequently delivered 

percutaneously under image guidance and include radiofrequency ablation [3], microwave 

ablation [4], and cryoablation [5]. These technologies either heat or freeze targeted tissue 

to produce necrosis. Limitations of thermal modalities include the heat sink effect caused 

by blood flow which limits the ablation zone and results in a lack of predictability of 

margins as well as a critical reliance on physician expertise [6-8]. Thermal spread limits 

treatment of tumors near sensitive structures. High intensity focused ultrasound (HIFU) 

is a noninvasive thermal ablation technique that uses externally applied ultrasound energy 

to cause thermal necrosis [9,10]. HIFU has been used clinically to treat uterine fibroids, 

neurological diseases, and tumors in the prostate, breast, liver, and pancreas, but its clinical 

use is still infrequent due to anatomic challenges and long procedure times [11-13].

Histotripsy is a noninvasive focused ultrasound technology similar to HIFU [14-17]. 

However, the underlying mechanism of histotripsy is fundamentally different, relying 

instead on a mechanical effect at the cellular level to destroy tissue. The term ‘histotripsy’ 

was coined at the University of Michigan in 2004 [14]. In Greek, ‘Histo’ means ‘soft 

tissue’, and ‘tripsy’ refers to breakdown. In contrast to thermal HIFU which uses continuous 

or long bursts of ultrasound at moderately high intensity and high duty cycle (ultrasound 

on-time/total treatment time ≥10%) to heat tissue [18], histotripsy uses short ultrasound 

bursts (microseconds in length) with a low duty cycle (≤1%) to minimize heating [19], 

and higher peak pressure amplitudes to generate acoustic cavitation from endogenous gas 

in tissues. Acoustic cavitation is the generation, oscillation, and collapse of microbubbles 

activated by ultrasound [20]. Very high ultrasound pressure causes inertial expansion and 

collapse of cavitation bubbles that impart localized intense strain that can fracture cells 

[21] into an acellular debris [16]. Ultrasound imaging can be used to guide and monitor 

the histotripsy procedure in real-time. In contrast to many existing minimally-invasive 

techniques, histotripsy can noninvasively remove tissue. When histotripsy is applied to a 

tissue-fluid interface (e.g., blood clots or cardiac tissue), the tissue is eroded from the surface 

inwards creating perforations with sharp boundaries [14,17]. When targeting histotripsy 

inside a bulk tissue (e.g., a tumor), histotripsy liquifies the target tissue to an acellular 

homogenate, and the debris is absorbed over 1–2 months by the body, leaving small scars 

[22,23].

Prior to the invention of histotripsy, cavitation created during thermal HIFU was known 

to cause structural mechanical damage to tissue [24,25]. Soft tissue cavitation damage was 

also observed during lithotripsy, particularly when using high pulse repetition frequencies 

[26,27]. The effect was further explored as an intentional surgical technique termed ‘shock 

wave therapy’ targeting soft tissue and tumor cells [28-30]. Follow-up work developed a 

more controllable and likely more durable piezoelectric sound source [31,32]. Prior studies 

[27,29,32-36] show that shockwave therapy was able to intentionally produce mechanical 

tissue disruption in the kidney, liver, and thrombus in animal models, consistent with what 

later became known as histotripsy. The negative phase of the acoustic wave following 

the positive shock for these systems is much longer (several microseconds) than current 
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histotripsy systems, creating a larger focal zone with more sparse cavitation sites, though 

complete liquefaction was possible with a sufficiently large number of pulses.

The ability to effectively remove tissue allows histotripsy to be used in applications that 

are not possible with thermal techniques. The non-thermal nature also enables histotripsy 

to overcome many of the limitations associated with thermal devices (e.g., heat sink 

effect, lack of precise margins, and predictability). Histotripsy has been investigated for 

many pre-clinical applications, including treatment for tumors in the liver [37-41], kidney 

[23,40,42,43], and prostate [44,45], neurological diseases [46,47], thrombosis [48-51], 

hematoma [52-54], neonatal and fetal congenital heart disease [17,55], valvular diseases 

[56,57], kidney stones [58], abscesses [59], tendons [60], and biofilms [61-63]. Phase I 

human trials have been undertaken for histotripsy treatment of benign prostatic hyperplasia 

[64], liver cancer, and calcified valve stenosis [65], with early results suggesting safety 

and feasibility in humans. This review provides a comprehensive overview of histotripsy, 

including the mechanism, bioeffects, parameters, instruments, preclinical and clinical 

studies, and advantages and limitations compared to related devices.

It should be noted that this review focuses on histotripsy, a technique that uses microsecond 

pulses to generate inertial cavitation. In Section V, we also briefly discuss boiling histotripsy 

which is a related technique that uses millisecond ultrasound pulses to generate boiling 

bubbles to liquefy target tissue.

Mechanism

The key mechanism that forms the basis of histotripsy is the controllable generation of 

acoustic cavitation and the interaction between cavitation and tissue, which results in tissue 

breakdown [66,67]. Simulation and experimental evidence demonstrates that nanometer-

scale gas pockets exist in tissue and can function as cavitation nuclei [68,69]. The generation 

of cavitation during histotripsy is achieved when microsecond length pulses reach negative 

pressures that exceed an intrinsic threshold and overcome the surface tension of existing 

nanometer gas pockets. This threshold has been measured in ex vivo experiments to be 

26–30 MPa for water-based tissues such as blood clots, liver, kidney, heart, brain, spleen, 

pancreas, as well as blood and water [68]. Prior studies suggest this pressure threshold 

would correspond to the surface tension of gas pockets of 2–5 nm in diameter [69,70]. The 

intrinsic threshold only changes slightly with frequency. For example, in one experiment, a 

small increase of 2–3MPa was observed in the intrinsic threshold when the frequency was 

increased from 345 kHz to 3 MHz [71]. The intrinsic threshold is notably lower for adipose 

tissue at 14–17 MPa [68]. Pressure fields only need to exceed the intrinsic threshold for a 

fraction of a microsecond to reliably produce cavitation.

Histotripsy typically uses microsecond length ultrasound pulses with a burst duration ≤ 

10 acoustic cycles to generate a cluster of microbubbles (cavitation bubble cloud). There 

are two mechanisms to initiate a cavitation bubble cloud. (1) Intrinsic threshold: When 

applying an ultrasound pulse of 1–2 cycles in duration with a single high amplitude negative 

pressure phase, the peak negative pressure directly exceeds the intrinsic threshold, and a 

bubble cloud is formed as the ultrasound propagates away from the transducer [68] (Figure 
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1(A)). (2) Shock-scattering: When applying an ultrasound pulse of 3–10 cycles with peak 

negative pressure below the intrinsic threshold, an initial individual microbubble can be 

generated probabilistically by the first 1–2 cycles from preexisting cavitation nuclei. At high 

ultrasound pressures, ultrasound shockwaves with high-frequency harmonic components 

develop due to non-linear acoustic propagation. Non-linear acoustic propagation compresses 

the positive phase of the acoustic cycle greatly increasing the peak amplitude. This amplified 

positive shock-front reflects off the initial microbubble, inverting in phase due to the low 

impedance of the medium inside the bubble. This results in a strong negative peak traveling 

back toward the transducer and forming cavitation where the negative pressure exceeds the 

intrinsic threshold [72]. Using the shock-scattering approach, the bubble cloud is typically 

fan-shaped and forms back toward the transducer (Figure 1(B)). Using shockscattering, the 

peak negative pressure of the transmitted acoustic field required to generate cavitation can be 

as low as 15 MPa.

Cavitation microbubbles are thought to be typically generated in the extracellular matrix. 

Bubbles grow from 2–5nm to >100 μm followed by energetic collapse within a few hundred 

microseconds. This rapid expansion and collapse of microbubbles produce very high strain 

and stress to immediately adjacent cells resulting in a precise mechanical disruption which 

can occasionally even bisect cells at the ablation boundary [73]. Complete cell disruption 

within the target does not occur by one pulse and requires the cyclic strain generated by 

multiple pulses [21].

Bioeffects

Inside a bulk tissue

When targeting inside a bulk tissue volume, histotripsy can completely disrupt the target 

tissue achieving a liquid consistency homogenate without intact cells (Figure 2(A)) [74,75]. 

Transmission Electron Microscopy (TEM) micrographs of tissue treated by histotripsy show 

little discernable subcellular structure within the treated region [75]. In in vivo cases, the 

acellular debris in the treatment zone is mixed with red blood cells and red blood cell 

fragments [37]. The acellular debris is absorbed by the body over ~1–2 months, leaving only 

a small area of fibrous scarring (Figure 2(B-D)) [23].

At a tissue-fluid interface

When targeting a tissue-fluid interface, histotripsy erodes and removes surface tissue [76]. 

For example, when targeting at the surface of the atrial septum or a blood clot, histotripsy 

progressively erodes from the surface, eventually leading to perforation with a sharp 

boundary through the atrial septum or flow channel through the blood clot (Figure 2(E)) 

[14,48,49]. The debris particles released after histotripsy are several microns in size or 

smaller [77].

Tissue-selectivity

Different tissues have specific resistance thresholds to histotripsy-induced damage, requiring 

variable numbers of ultrasound pulses and/or ultrasound pressure levels to break down the 

tissue. Mechanically strong collagen-based tissues (e.g., large vessels, nerves, bile ducts, 
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stroma, or the renal collecting system) have a higher ultimate tensile strength compared 

to more parenchymal structures (e.g., solid organs and tumors in the liver, kidney, and 

brain) [78-81]. Also, microbubbles appear constrained to expand to a smaller maximum 

diameter in stiffer collagen-based tissue compared to the softer cellular tissue, producing 

a lower strain [80,82,83]. Therefore, it takes a greater number of histotripsy pulses and/or 

modified pulsing parameters (e.g., lower frequency, higher pressure) to liquefy collagen-

based tissue than non-collagenous tissue [69,70,82]. This differential threshold results in a 

tissue-selective dose-related ablation phenomenon observed in histotripsy [70]. For example, 

when treating the liver, cells can be completely destroyed, while bile ducts, larger vessels, 

nerves, and connective tissue within the ablation zone remain intact (Figure 3) [37,84,85]. 

When treating the kidney, renal cortical tissue can be completely liquefied, while the 

collecting system remains structurally intact [85,86].

Ultrasound parameters

The treatment precision of histotripsy is determined by the focal zone size of the ultrasound 

beam, which in turn depends on the frequency and geometry of the transducer [71,87]. A 

typical focal zone for a spherical section aperture of 1 MHz is an elliptical shape of 1–2 

mm short axis and 2–4 mm long axis. To treat a target volume, multiple focal volumes 

are stacked together to form the desired shape and size by mechanically or electronically 

moving the focus across the ablation zone. The individual focal volumes are considered 

to behave independently, unlike thermal ablation where heat will spread to adjacent 

regions during a procedure. The effectiveness and extent of histotripsy tissue liquefaction 

are determined by the dynamics of cavitation bubbles, which depend on the ultrasound 

parameters used and viscoelasticity of the target tissue [71,88], ultimately determining the 

number of histotripsy pulses and ultrasound pressure required to produce complete tissue 

disruption. Histotripsy uses very different parameters from HIFU and boiling histotripsy, as 

listed in Table 1.

Histotripsy typically has been applied at a frequency of 250 kHz — 6 MHz [71,89], a very 

high pressure (p → 15 MPa), and a pulse duration of ≤10 acoustic cycles [68,72]. Intrinsic 

threshold histotripsy uses 1–2 cycle pulses, while shock-scattering histotripsy uses 3–10 

cycle pulses. The microsecond length of the ultrasound pulse is just long enough to initiate 

cavitation, but not too long to make the bubble dynamics uncontrollable. A low duty cycle 

(≤1%) or long time (>1 ms) between microsecond-length pulses prevents heat buildup and 

allows time for cavitation bubbles to dissolve sufficiently after collapse [90]. Due to the low 

duty cycle, even with a very high focal pressure and peak intensity, the temporal average 

intensity used in histotripsy is lower than HIFU. To completely liquefy the target tissue, 

it takes tens (brain) [47] to hundreds of pulses (liver) [37,40], or a total treatment time of 

0.1–60 s per focal location, depending on the mechanical property of the target tissue. As 

previously described, the number of pulses to achieve complete tissue disruption is greater 

for stiffer tissue and tissue containing high concentrations of collagen.
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Boiling histotripsy

In 2011, Khokhlova et al. [91] first showed that millisecond length ultrasound pulses 

can be used to generate boiling bubbles that liquefy the target tissue to acellular debris. 

Because of the similarity of the mechanism and tissue effects, this process has been termed 

boiling histotripsy. Boiling histotripsy uses a peak negative pressure (10–20 MPa) lower 

than histotripsy and higher than HIFU, but with a very high positive shockwave (p+ >70 

MPa) [92]. The other parameters used in boiling histotripsy are summarized in Table 1. 

Tissue atomization has been proposed to be one of the mechanisms by which boiling 

histotripsy causes tissue damage [93,94]. At the tissue surface, boiling bubbles result in 

jetting against the tissue surface and fountain projectiles [91,95]. Within a bulk tissue, 

boiling bubble formation does not always lead to jetting, while recirculation of the fountain 

projectiles within the treatment volume is necessary for complete tissue homogenization. 

Boiling histotripsy causes similar bioeffects as histotripsy and has been investigated for the 

treatment of tumors in the liver [40] and kidney [43] as well as large hematomas [52,54].

Instrumentation

The key instrumentation components that make up histotripsy systems are a focused 

ultrasound transducer and an associated electronic driving system. To achieve the high focal 

pressure required for histotripsy, a large aperture transducer with a low f-number (transducer 

aperture/focal distance ≤1) [87] and a high focal gain (≥30) is necessary [96,97]. A high 

voltage pulser that can generate short pulses of thousands of volts and several kW peak 

power is required to drive the ultrasound transducer to deliver histotripsy.

In addition to an ultrasound transducer and electronic driver, a complete image-guided 

histotripsy system includes an ultrasound imaging engine, an ultrasound imaging probe, a 

motorized positioner or a robotic arm to precisely move the transducer and the imaging 

probe, and a coupling medium to ensure efficient ultrasound transmission from the 

transducer to the skin [17,98] (Figure 4). The ultrasound imaging probe is typically inserted 

in the center of the histotripsy transducer to image the plane containing the focal ablation 

zone. Histotripsy can also be guided by MRI [99], but this requires an MR-compatible 

ultrasound transducer and positioner.

To treat a target volume (e.g., a tumor), the target can be covered with overlapping focal 

zones by mechanically moving the ultrasound transducer with a motorized positioner or 

a robotic arm [37]. Alternatively, a phased array ultrasound transducer can be used to 

electronically steer the focus over the target volume by adjusting the phased or time delay of 

the signal input to each element [100]. A phased array transducer typically has hundreds to 

thousands of elements, and each element has independent driving electronics (essentially a 

separate ultrasound transducer), thus the phased array and associated driving electronics are 

much more complex compared to the single focus transducer.
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Image guidance

Ultrasound

Ultrasound imaging is typically used to guide histotripsy during treatment as cavitation can 

be visualized on B-mode ultrasound as a temporally changing (twinkling), hyperechoic 

(bright) zone (Figure 5(A)) [17,101]. For pretreatment targeting, the histotripsy focal 

position is marked on the ultrasound image and aligned with the target tissue by moving 

the transducer with a robotic arm or motorized positioner. The targeting depth can be varied 

by adjusting the depth of the transducer in the coupling medium between the transducer and 

skin. To confirm targeting accuracy, a short test pulse sequence is used to ensure that the 

hyperechoic cavitation zone is aligned with the target [84].

After targeting is confirmed, histotripsy treatment is delivered. The histotripsy focal position 

is moved mechanically or electronically to paint over the entire target volume. The overlying 

tissue and ultrasound attenuation vary across patients, even when the same ultrasound power 

is applied externally. Thus, the applied power is increased gradually until a cavitation bubble 

cloud is seen on ultrasound imaging, i.e., when the in situ focal pressure is just above the 

cavitation threshold [84,101]. This real-time feedback minimizes the energy deposition for 

histotripsy treatment and minimizes the risk of off-target cavitation or heating.

During treatment, the temporally changing hyperechoic cavitation zone grows larger with 

more flickering motion as the target volume tissue is gradually broken down into liquefied 

acellular debris. Post-treatment material appears as a hypoechoic (dark) zone on ultrasound 

imaging (Figure 5(B)) because the number and size of the sound scatterers decrease when 

the tissue is liquefied [102]. Histotripsy-induced tissue disruption can also be monitored by 

ultrasound elastography [98,103].

There are two main limitations of ultrasound imaging guidance. First, certain tumors can be 

seen clearly on MRI or CT, but not on ultrasound — often due to an insufficient diagnostic 

ultrasound window. In these cases, it is possible to co-register and/or fuze ultrasound 

images with pretreatment MRI or CT scans to increase the targeting accuracy. Second, 

2 D ultrasound cannot provide 3 D volume imaging during treatments. However, 2 D 

ultrasound imaging is used for histotripsy guidance because the footprint of a 3 D ultrasound 

imaging probe is much larger, replacing some of the acoustic window space needed for the 

histotripsy therapy transducer.

MRI

MRI can be used to evaluate histotripsy post-treatment effects [104]. Histotripsy ablation 

zones are clearly visualized on T1-weighted, T2-weighted, and contrast-enhanced MR 

images [47,84,85]. On T1-weighted images, ablation zones are hyperintense due to retained 

blood products. After contrast, ablation zones do not enhance, allowing differentiation 

of the ablation zone from residual tumor [105] (Figure 5(C)). For procedural imaging, 

histotripsy-induced cavitation is visible on MRI with special pulse-sequences synchronized 

to the ultrasound pulses, raising the possibility of future real-time monitoring [99].
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Pre-clinical applications

Histotripsy has been investigated for a wide range of preclinical applications in large and 

small animal models. The preclinical studies are summarized in the following sections based 

on the anatomic locations of the target tissue, which determines the transducer design and 

parameters used for histotripsy.

Cancer (for tumors outside the brain)

This section summarizes the preclinical studies for tumors outside the brain, including a) 

liver cancer, b) prostate cancer, c) renal cancer, d) breast cancer e) pancreatic cancer, and 

f) musculoskeletal cancer. In addition, histotripsy has been shown to stimulate an immune 

response with a subsequent abscopal effect in animal tumor models, which is described in 

g) Immune Response. For the large animal (porcine, canine, and rabbit) models, frequencies 

between 700 kHz and 1 MHz were used. For small animal (rodent and murine) models, a 1 

MHz small animal system was used. Other parameters are listed in Table 1.

Liver cancer

Histotripsy has been shown to create effective and safe ablations in the in vivo human-scale 

porcine normal liver [37,38,84,85,101,106]. A target liver volume of 12–60 ml through 3–12 

cm of overlying tissue was completely ablated in 20–75 min (Figure 6(A-D)). Within the 

ablated region, uniform tissue disruption was achieved with no intact cells remaining, while 

major vessels and bile ducts were intact.

As bones are highly reflective and absorptive for ultrasound propagation, the feasibility 

and safety of histotripsy through ribs was studied [84,101]. A focal pressure just above the 

cavitation threshold was used by gradually increasing the ultrasound power until cavitation 

was observed on ultrasound. The ablation zones created through full ribcage coverage vs. 

only overlying soft tissue had comparable dimensions. The highest temperature increase to 

ribs with the full ribcage covering the acoustic window was 4.1 ± 1.8 °C, which was not 

sufficient to cause thermal damage to the ribs or surrounding tissue. No body wall damage 

was observed on MRI.

In one paper by Smolock et al. [38], body wall damage was reported, likely due to pre-focal 

cavitation on the ribs, but this damage was eliminated in other studies [84,101] by lowering 

the focal pressure to just above the cavitation threshold and/or by lowering the duty cycle 

(to <1%). In certain cases, portal vein and hepatic vein thromboses were observed within 

the treatment zone [38], similar to radiofrequency and microwave ablation, although the 

thrombosis was observed to be transient with a complete resolution on follow-up imaging.

The longer-term response to the treatment of the liver by histotripsy was first studied in a 

normal rodent model [22]. The acellular homogenate generated by histotripsy was absorbed 

within 28 days, leaving only a sub-millimeter fibrous region at the treatment site. The 

biological response to tumor treatment has been studied in a rodent orthotopic, immune-

competent liver tumor model (N1-S1) [41]. In 9/9 rats with complete tumor ablation and 

5/6 rats with partial tumor ablation, the tumor was completely absorbed within 7–10 weeks 
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post-histotripsy (Figure 6 (E-G)). Histology at 3 months showed a small zone of fibrosis at 

the ablation site with no evidence of residual tumor.

Prostate cancer

Transabdominal histotripsy has been used to noninvasively liquefy prostate tissue in an in 
vivo canine normal prostate model [81,107-110] and an implanted canine prostate tumor 

model [44]. The number of histotripsy pulses or ultrasound pressure required to damage 

the urethra is much higher than prostate parenchyma or non-stromal prostate tumors [111]. 

As such, the target tumor or parenchyma tissue was completely liquefied to acellular debris 

while leaving the urethra and the prostate capsule intact. However, the urethra can also be 

purposely disintegrated when sufficiently high pressure and a high number of pulses were 

used, such that the liquefied acellular debris can be evacuated during urination. The enlarged 

flow channel was observed to re-endo-thelialize within 28 days [112].

As histotripsy causes mechanical tissue disruption, there is a concern that histotripsy may 

disrupt blood vessels and cause bleeding. Additionally, potential patient candidates for 

prostate ablation frequently are on long-term anticoagulant therapy. To investigate the risk of 

hemorrhage, histotripsy was used to treat the canine prostate in anticoagulated subjects. 

Results showed no adverse events and no clinically significant change in hemoglobin 

concentration post histotripsy [113].

Renal cancer

Similar to the observations in the liver and prostate, histotripsy has been used to destroy 

renal tissue in large animal normal kidney models, while sparing the collecting system and 

urothelium immediately adjacent to or within the treatment zone [15,85,86]. Acellular debris 

was completely absorbed within 2 months, leaving only a small fibrous scar [23]. Histotripsy 

has also been used to effectively destroy tumors in a rabbit renal VX-2 tumor model [42].

Breast cancer

Histotripsy has been shown to destroy breast tumors in vitro [74,114] and in vivo [115,116] 

in both subcutaneous and orthotopic mouse models. Results from histotripsy treatments in a 

4T1 orthotopic mouse model showed histotripsy effectively destroyed the targeted regions of 

the breast tumors and led to innate immune cell infiltration, expression of pro-inflammatory 

cytokines, and a reduction in metastatic colonies in the 3 weeks following treatment, 

all correlating with an anti-tumor microenvironment [115,116]. Similar results have been 

observed for in vitro boiling histotripsy treatments of human breast adenocarcinoma cells 

which showed boiling histotripsy significantly increased secretions of damage-associated 

molecular patterns (CRT, HSP70, HMGB-1), pro-inflammatory cytokines (IFN-γ, IL-1α, 

IL-1 β, IL-18), and chemokines (IL-8) [114].

Pancreatic cancer

Recent studies have explored histotripsy for the treatment of pancreatic cancer in vivo in 

both small [117,118] and large animal models [117]. Histotripsy was shown to effectively 

destroy Pan02 pancreatic tumors in an immunocompetent subcutaneous mouse model. This 

study further showed that histotripsy treatment of pancreatic tumors resulted in the release 
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of tumor-associated proteins and DNA, which stimulated anti-tumor immune pathways and 

led to an inflammatory immune response (see Immune Response section below). Ongoing 

studies are investigating the potential of histotripsy for ablating pancreatic tumors in a novel 

SCID-like orthotopic pig tumor model that allows for human pancreatic tumors to be grown 

in the pancreas of immunocompromised pigs [117]. As part of this work [117], initial pilot 

studies in healthy pigs showed histotripsy could target and generate ablation within the 

pancreas of some subjects, with consistent targeting of the pancreas being difficult due to 

gaseous overlying tissues.

Musculoskeletal tumors

Musculoskeletal tumors can originate from various soft tissues (muscle, cartilage) as well 

as bone. An ex vivo study of histotripsy using excised canine osteosarcoma tumors showed 

histotripsy could generate complete ablation of both the soft tissue components of the tumor 

as well as regions containing neoplastic cells surrounded by infiltrating osteoid matrix [119]. 

Using the same treatment parameters, histotripsy also showed no damage to ex vivo nerve 

and healthy bone samples, suggesting the potential of histotripsy for the tissue-selective 

ablation of musculoskeletal tumors in locations near critical structures [119]. Ongoing 

studies are investigating the in vivo feasibility of histotripsy for the treatment of spontaneous 

soft tissue sarcoma and osteosarcoma tumors in dogs, with initial results reporting that 

histotripsy can effectively ablate both types of musculoskeletal tumors.

Immune response

Histotripsy has been shown to stimulate an innate and adaptive potent immune response in 

murine melanoma and liver tumor models [39]. This was manifested by an increase in CD8+ 

TIL cells, Neutrophil (Ly6G + cells), tumor-specific T cells, Dendritic cells (CD11c+), high-

mobility group box 1 (HMGB1), and activated CD8+ T cells (as indicated by intracellular 

interferon gamma (IFNγ) expression)) at 7–10 days post-treatment (Figure 6(H)). The levels 

of the immune cell increase induced by histotripsy were significantly higher than seen for 

radiation therapy or radiofrequency ablation. Histotripsy also induced a strong systemic anti-

tumor immune response and abscopal effect. Qu et al. [39] show that histotripsy of flank 

tumors significantly reduced pulmonary metastases compared to controls (p < .05) (Figure 

6(I)). In addition, in a two-tumor model, histotripsy of one tumor inhibited the growth of 

contralateral untreated tumors. Boiling histotripsy has also been observed to stimulate an 

immune response in a renal tumor model [43]. These findings were hypothesized to be 

caused by the release of tumor-specific antigens from the histotripsy-produced acellular 

tumor debris and the immunological tumor death caused by histotripsy.

It is worth noting that prior studies show cavitation induced by lithotripsy can produce 

sparse to partial disruption of the target tumor in mouse tumor models. Some work indicated 

no negative impact on metastasis following lithotripsy tumor treatment [120-122], but an 

increased number of metastases was observed in other studies [123,124]. In these prior 

lithotripsy studies, various conditions of cavitation were created, resulting in different levels 

of tumor disruption, from sparse to complete which may lead to different systemic effects 

and impacts on distant tumors.
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Brain applications

For the noninvasive treatment of a target in the brain, ultrasound is delivered from outside 

the skull to focus inside the brain. Because the skull is highly absorptive and reflective of 

ultrasound, substantial attenuation and aberration occur for ultrasound propagation through 

the skull [125,126]. Typically, a hemispherical, large aperture, low frequency (~200kHz — 

700 kHz), high-power ultrasound transducer is used for brain applications.

Transcranial MR-guided focused ultrasound (tcMRgFUS) thermal ablation uses continuous 

or long ultrasound exposures delivered from outside the skull to heat tissue inside the 

brain, guided by MR thermometry. TcMRgFUS thermal ablation has been FDA approved to 

treat essential tremor [127,128], and human trials are ongoing for treating centrally located 

brain tumors (NCT03028246). However, tcMRgFUS thermal ablation is limited to treating 

only central locations inside the brain and small targets (<1 cm) due to the potential for 

overheating of the skull. As histotripsy uses cavitation to achieve the tissue liquefaction 

and a low duty cycle (e.g., <0.1%) with intervening cooling time, limitations of treatment 

locations and volumes due to skull heating are less of a problem with transcranial histotripsy 

than with tcMRgFUS thermal ablation.

Brain tumors

Histotripsy has been investigated as an option for noninvasive brain tumor treatment. 

First, the potential of using transcranial histotripsy to treat a wide range of locations and 

volumes through an excised human skull was studied. Hemispherical transcranial histotripsy 

transducer arrays (250 kHz and 500 kHz) with 256 elements and a focal distance of 15 cm 

were designed and constructed [129]. Using a 500 kHz array, 1-cycle pulses, and >30MPa 

peak negative pressure, 30 ml of ex vivo bovine brain was completely liquefied within 30 

min through an excised human skull with electronic focal steering. This ex vivo model 

demonstrated that histotripsy was capable of ablating deep structures in the brain as well 

as at shallow locations (~5 mm from the skull surface). Thermocouple measurements in the 

skull showed that the temperature increase was maintained below 4 °C throughout a 60-min 

transcranial histotripsy treatment [130].

There is a concern that mechanical tissue disruption caused by histotripsy may induce 

hemorrhage or edema in the brain. This safety concern was investigated in the in vivo 
normal porcine brain [47]. As the pig skull is too flat and thick for ultrasound propagation, 

a portion of the pig skull was removed and histotripsy was delivered from outside the intact 

dura. Single focal and larger contiguous ablation zones were created in brain cortical tissue. 

MRI and histology at 2–4 h and 3 days after treatment showed that the target brain was 

liquefied to acellular debris. No hemorrhage or edema or other discernable damage was 

observed outside the treatment region, demonstrating initial safety for in vivo histotripsy 

brain treatment.

Intracerebral hemorrhage (ICH)

ICH is a devastating form of hemorrhagic stroke caused by parenchymal clot formation 

due to the rupture of blood vessels in the brain [131]. Current treatments include open 

craniotomy [132,133] and a minimally invasive craniopuncture approach [134], where a 
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catheter is inserted into the ICH through a small burr hole and thrombolytic drugs are 

injected. The lysed ICH is drained via the catheter over 3–7 days. The craniopuncture 

approach increases the risk of rebleeding and is often not effective for large hemorrhages 

[135,136]. Transcranial histotripsy was used to liquefy an in vitro clot quickly (within 30 

min) through an excised human skull, and the liquefied clot was drained via a catheter 

without thrombolytic drugs. This approach has the potential to shorten the treatment time 

and the ICU stay for patients and potentially reduce ICH-related secondary brain injuries.

Gerhardson et al. showed that histotripsy can liquefy a large clot volume through an intact 

human skull as fast as 16 ml/min without overheating the skull [130]. Gerhardson et al. 

[137] also designed and built a catheter-based hydrophone, which allows for intra-procedural 

aberration correction. This catheter-based hydrophone combined with a neuronavigation 

system would allow the histotripsy ICH treatment to be performed without requiring an 

MRI scanner which makes it more suitable for an emergent procedure. The initial in vivo 
safety of histotripsy ICH treatment was demonstrated in an in vivo porcine ICH model [46]. 

Histotripsy was used to liquefy the ICH in the porcine brain, leaving a millimeter margin 

without damaging the surrounding brain tissue.

Others

a. Deep venous thrombosis (DVT) – DVT is the formation of clots in the deep 

veins in the body, often in the legs. Histotripsy was shown to noninvasively 

break down blood clots and recanalize blocked vessels using an external 

ultrasound transducer in in vitro blood clots [138] and an in vivo porcine 

DVT model [48,49,139]. The in vitro measurements showed that clot debris 

particles resulting from histotripsy were all smaller than 100 μm, with >99% 

smaller than 8 μm (size of a red blood cell). In the in vivo porcine DVT model, 

a flow channel confined within the vessel was created without damaging the 

vessel using intrinsic threshold histotripsy [49] or shock-scattering histotripsy at 

a relatively high frequency (2.5 MHz) [139]. Histotripsy was also effective in 

treating aged, retracted clots that were stiffer and less porous compared to acute 

clots, although requiring a higher number of ultrasound pulses [140].

b. Neonatal hypoplastic heart syndrome – A congenital heart disease termed 

hyperplastic left heart syndrome requires the creation of a flow channel between 

the left and right chamber of the heart in neonates. Histotripsy was used to 

perforate the atrial septum in an open chest adult canine heart model [17] and the 

ventricular septum in neonatal swine through an intact chest [55,141].

c. Calcified aortic stenosis – Calcified aortic stenosis is caused by calcific deposits 

on valve leaflets which cause a luminal narrowing and restricted blood flow 

to the body. Current treatments are either surgical aortic valve replacement 

(AVR) or transcatheter aortic valve replacement (TAVR). In vivo porcine 

experiments showed the safety and feasibility of using transthoracic histotripsy 

to noninvasively soften the aortic valve as a native valve repair without the need 

for a replacement valve [56,57].
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d. Fetal intervention – Histotripsy has been investigated to perform noninvasive 

fetal intervention for treatment and prevention of congenital heart diseases and 

fetal tumors in a pregnant sheep model [142,143].

e. Kidney stones – Histotripsy has been shown to break down kidney stones into 

micron size debris [58,144]. In comparison, lithotripsy can fractionate kidney 

stones but often results in millimeter-sized fragments that can be difficult to 

spontaneously pass, and may result in urinary obstruction [145].

f. Tendon – Although collagenous tissues have been shown to be more resistant 

to histotripsy-induced tissue damage, studies have shown that histotripsy can 

be used for the partial or complete ablation of tendons for the treatment of 

musculoskeletal conditions [56] and the noninvasive resection of the basal 

chordae in the treatment of ischemic mitral regurgitation [57].

g. Bacteria and Biofilms – Biofilm formation on percutaneous and implanted 

biomedical devices is a common and significant clinical problem that leads to 

infection and other serious complications. Biomaterial-associated infections are 

a common complication following surgery resulting in serious and difficult-to-

treat infections that often lead to graft removal. Histotripsy has been shown to 

destroy bacteria on biofilms used in hernia repair surgeries without damaging 

the surgical grafts [61,62,146-148]. Another common source of hospitalacquired 

infection is urinary catheters that often become contaminated with biofilms, 

resulting in catheter-associated urinary tract infections (CAUTIs) that adversely 

affect patient outcomes. A recent study demonstrated that histotripsy can 

precisely target luminal biofilms inside urinary catheters, resulting in complete 

removal of the biofilm and near-complete cell death of the associated bacteria 

cells (4-log reduction in colony-forming units per mL) [149]. Additional studies 

have also shown the potential for using histotripsy to kill bacteria in the 

treatment of abscesses in an in vivo porcine model, with results showing 

histotripsy liquefaction of the viscous pus and up to a 5-fold reduction in viable 

bacteria after treatment [150].

Human trials

To date, three Phase I human trials have been conducted to investigate the safety of 

histotripsy in patients with benign prostatic hyperplasia, liver cancer, and calcific aortic 

stenosis.

Benign prostatic hyperplasia (BPH)

In a Phase I safety trial at two medical centers in the US in 2016–2017 (NCT01896973) 

[64], a clinical prototype prostate histotripsy device (Vortx Rx) manufactured by 

HistoSonics (Ann Arbor, MI) was used to treat 25 patients with BPH, where an enlarged 

prostate constricts the urethra and causes difficulty with urination. No serious intraoperative 

adverse events were observed. Sixty-eight percent of the subjects underwent general 

anesthesia, whereas 32% were treated with sedation. Cavitation generation was observed by 

transrectal ultrasound imaging in all subjects, although tissue destruction was not observed. 
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This is in contrast to the preclinical canine studies, where histotripsy liquefied the target 

prostate tissue, and the liquefied tissue was drained via a perforation created in the urethra 

by histotripsy resulting in effective debulking [81,108,109,111,113]. The International 

Prostate Symptom Score (IPSS) improved significantly compared to the pretreatment 

baseline, averaging 52.4% at 1 month, 50.8% at 3 months, and 44.0% at 6 months (p <.001). 

The outcomes were considered equivalent to results in patients treated with oral medication. 

Compared to the transabdominal ultrasound delivery in the canine prostate, ultrasound was 

delivered transperineally in humans, where there was more bone blockage and the prostate 

was located deeper to the skin surface. Thus, it is possible that the ultrasound pressure used 

in the human trial was not sufficient for effective tissue disruption due to the limited acoustic 

window. It is also possible that disruption of human prostate tissue requires a higher pressure 

or greater number of histotripsy pulses. This trial demonstrated initial safety in humans, 

yet the device and/or parameters need to be improved to demonstrate efficacy for prostatic 

histotripsy tissue disruption.

Liver cancer

The first Phase I human trial of hepatic histotripsy in non-curative patients with multifocal 

liver malignancy was conducted in Barcelona, Spain in 2019 (NCT03741088). A clinical 

prototype hepatic histotripsy device manufactured by Histosonics, Inc. (Ann Arbor, MI) 

was used. Eleven tumors (range 0.5–2.1 cm) were targeted in 8 patients, including one 

hepatocellular carcinoma (HCC) and ten metastases (colorectal, breast, and gallbladder 

cancer) in the liver. No procedure-related significant adverse event occurred, demonstrating 

the early safety of hepatic histotripsy. All procedures met the primary endpoint, creation 

of an ablation per plan as assessed by MRI 1-day post-procedure. A single 5 mm tumor 

was mistargeted due to limitations in diagnostic ultrasound imaging, while in all other 

tumors local tumor regression was observed by MRI at 2 months. Volume contraction of 

the ablation zone averaged 36.0% at 1 week, 53.6% at 1 month, and 71.8% at 2 months, 

measured by T1-weighted contrasted MRI. Two patients (2/8, 25%), one each with HCC and 

colorectal cancer (CRC), had continuous post-procedure decline in tumor markers, and the 

patient with CRC had shrinkage of non-target tumors at 8 weeks post-procedure. This Phase 

I trial demonstrated the initial safety and efficacy of hepatic histotripsy and provides the first 

evidence of a potential abscopal effect induced by histotripsy in humans.

Calcified aortic stenosis

Noninvasive ultrasound therapy of calcific aortic stenosis can be included in the histotripsy 

family at large as it relies on a similar range of pressures and pulses of tens of microseconds 

in duration. However, in contrast with conventional histotripsy which intends to liquefy soft 

tissue, noninvasive therapy of calcific valves is based on the softening of the calcified tissues 

to restore the mobility of the valve leaflet. The feasibility and safety of the approach were 

demonstrated in preclinical studies [56,57]. Next, a Phase I human trial of cardiac histotripsy 

was conducted in 10 patients with severe calcific aortic stenosis using Cardiawave’s 

Valvosoft device (NCT03779620) in France and the Netherlands in 2019 [65]. These 

patients were advanced in age (84.1 ± 6.5 years, 50% women), had severe comorbidities 

(8 with heart failure, 5 with coronary heart disease, and 5 with kidney failure), and were 

not eligible for percutaneous aortic valve replacement nor open-heart surgery. An external 
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multi-element focused ultrasound transducer (bandwidth 700 kHz — 1.25 MHz) was used 

to deliver up to 60 min of histotripsy at a 100–300 Hz PRF, 0.25% duty cycle, and 15–20 

MPa peak negative pressure to treat and soften the calcified regions of the aortic valve. 

At 1-month post-procedure, 6 patients had a mean increase of 27.6% in the aortic valve 

area (p = .03) and a mean pressure gradient decrease of 23.5% (p = 0.03), and no patients 

experienced significant adverse effects including cerebrovascular accidents, deterioration of 

cognitive function, and no deaths occurred. In total, 6 patients were classified as responders 

and 4 as non-responders. For the 6 responder patients, the applied ultrasound energy and 

the treatment duration were greater compared to the other 4 patients. At 6 months, the 

treatment effect for the aortic valve area was maintained in the responder group. At 1-year 

follow-up, four patients had died due to progression of heart failure not linked to the 

histotripsy procedure and one had undergone a percutaneous aortic valve replacement, while 

the remaining five patients had no major adverse effects related to the procedure. This trial 

suggests that noninvasive therapy of calcific aortic stenosis is safe and feasible.

Advantages and limitations

Histotripsy precisely controls acoustic cavitation to mechanically destroy target tissue into 

acellular debris that is absorbed by the body. There are substantial differences between 

histotripsy and the clinical standard thermal ablation methods such as radiofrequency 

ablation and microwave ablation, resulting in both unique advantages and limitations as 

summarized below.

Advantages

a. Noninvasiveness – Histotripsy uses externally delivered transcutaneous 

ultrasound and does not require incisions or punctures. This characteristic 

reduces risks commonly associated with percutaneous devices such as 

hemorrhage, organ damage, and tumor seeding along the needle insertion track.

b. Tissue removal/debulking – Histotripsy mechanically liquefies the target tissue 

into acellular debris, which is absorbed by the body and results in effective tissue 

removal. This enables histotripsy to be used in applications where tissue removal 

is required, such as thrombosis. Preclinical animal studies and a pilot human 

trial showed that the treated volume of tissue is absorbed within 1–2 months 

[22,23]. This rapid involution of the ablation zone may simplify the detection of 

incompletely treated or recurrent tumors.

c. Tissue selectivity – The ultrasound pressure and the number of histotripsy pulses 

to destroy collagen-based tissue or tissue with greater mechanical strength (such 

as bile ducts, normal large vessels, bowel, nerves, collecting system, urethra) 

is much higher than non-collagenous tissues (such as parenchymal organs and 

tumors) [69]. With this differential threshold, appropriate ultrasound parameters 

can be chosen to safely apply histotripsy at locations near critical structures to 

ablate the target tumor while preserving adjacent critical structures.

d. Sharp boundary – Histotripsy produces a binary effect in which cavitation-

induced damage only occurs when the ultrasound pressure exceeds the cavitation 
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threshold [68]. Therefore, the transition zone of partial damage between the 

acellular debris inside the histotripsy ablation zone and surrounding viable cells 

is very narrow (a few hundred microns in non-mobile tissues). The boundary of 

a thermal ablation zone includes a transition zone of partially damaged tissue 

between the necrotic and viable tissue, which is often several millimeters or 

wider due to a heat gradient. This zone of partial ablation can lead to incomplete 

tumor kill.

e. Avoidance of hemorrhage – Published large animal studies have demonstrated 

no post-histotripsy bleeding risk in vascular organs, even in anticoagulated 

subjects [113] or when the target region contains major vessels [37,106]. The 

etiology of histotripsy-induced coagulation is believed to be two-fold. First, large 

vessels contain significant amounts of collagen making them more resistant to 

histotripsy-induced damage. Second, cavitation generated during histotripsy is 

known to promote coagulation by inducing platelet activation and aggregation.

f. Imaging feedback – Histotripsy is guided and monitored by real-time 

ultrasound imaging. This real-time imaging feedback allows treatment 

monitoring, adjustment of treatment parameters for an individual patient, and 

evaluation of the treatment effect immediately post-treatment. This unique 

feature ensures high treatment accuracy and efficacy.

g. Immune response – Histotripsy has been shown to stimulate a potent immune 

and abscopal response in preclinical animal tumor models [39] and potentially 

in the Phase I liver cancer human trial. In animals, this immune response led 

to the regression of the residual untreated tumor, reduction of metastases, and 

enhancement of immunotherapy. Even though the mechanism is not clearly 

understood, the global treatment effect beyond the local tumor ablation may 

bring additional benefits and improve clinical outcomes for cancer patients.

Limitations

a. Organs containing gas – Some organs, such as the lung and the gastrointestinal 

tract, contain gas and may not be suitable targets for histotripsy. Because the 

cavitation threshold is very low in gas-containing organs, histotripsy could result 

in extensive collateral damage to surrounding normal tissue.

b. Acoustic access – Histotripsy requires very high ultrasound pressures, and the 

achievable pressure is proportional to the transducer aperture size not blocked 

by bones (e.g., ribs) or gas (e.g., lung). Therefore, some locations in the body 

cannot be treated by histotripsy with externally delivered ultrasound, such as the 

central lung and potentially the pancreas, due to gas or bone blockage. There 

is also a limitation on the depth of the tissue that can be treated by externally 

delivered histotripsy due to the increasing ultrasound attenuation with increasing 

tissue depth which may preclude use on very obese subjects.

c. Thrombosis – Histotripsy may induce thrombosis in vessels within the treated 

region, likely due to platelet activation and aggregation from cavitation [84]. 
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This thrombosis effect is also observed to some degree following radiofrequency 

ablation and microwave ablation [85,151,152].

d. Risk of metastases – As histotripsy mechanically disrupts target tissue, there is 

a theoretical risk that histotripsy may dislodge and release tumor cells from the 

target tumor, thus leading to an increased risk of metastases. However, studies 

to date have instead shown no increase [42] or a reduced risk of metastases 

following histotripsy, likely due to a concomitant immune response [39].

Summary

Histotripsy is a noninvasive, non-ionizing, and non-thermal ablation technology that is based 

on ultrasound and guided by real-time imaging. With acoustic cavitation as the primary 

mechanism, histotripsy displays unique features that distinguish it from current ablation 

technologies, including physical tissue removal, tissue-selective ablation, and a precise 

boundary. Histotripsy can be performed with real-time imaging feedback and early animal 

studies demonstrate stimulation of the immune system. Phase I human trials have shown 

the initial safety and efficacy of histotripsy to treat patients with malignant liver tumors, 

BPH, and calcified aortic stenosis. Despite substantial technical, preclinical, and clinical 

progress to date, there is a large amount of future work necessary for technical development, 

preclinical research, and human studies before histotripsy can become a widespread clinical 

treatment modality.
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Figure 1. 
High-speed photograph of cavitation generated by (A) intrinsic threshold histotripsy 

(modified from ref [69]) and (B) shockscattering histotripsy (modified from ref [73]). 

Ultrasound propagates from left to right.
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Figure 2. 
(A) H&E slide of an ex vivo porcine cardiac tissue treated by histotripsy shows no intact 

cells within the treated region and bisected cells at the sharp lesion boundary. (B–C) Gross 

morphology of the rat liver treated by histotripsy shows a darkly colored hematoma within 

the histotripsy-treated zone right after treatment (B) and only a small contracted scar on Day 

28 (C). (D) Histology of the rat liver treated by histotripsy shows a small focus of residual 

scar and foreign body giant cells (GC) with calcified undigested debris on Day 28. (B–D) 

are reproduced based on images from ref [22]. (E) A perforation is generated by histotripsy 

through a piece of ex vivo porcine atrial wall.
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Figure 3. 
(A) Large blood vessels remain intact and surrounded by acellular debris within the in 
vivo porcine liver treated by histotripsy (reproduced based on an image from ref [37]. 

(B) Contrast-enhanced MR image showing a patent bile duct (blue arrow) within the dark 

histotripsy treatment zone (reproduced based on an image from ref [84].
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Figure 4. 
An ultrasound-guided histotripsy system that contains an ultrasound imaging engine, a 

histotripsy transducer with the imaging probe in the center (insert), a positioning arm that 

mechanically moves the histotripsy transducer.
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Figure 5. 
(A) Histotripsy-generated cavitation is seen as a hyperechoic zone on B-mode ultrasound. 

(B) ‘M’ shaped histotripsy lesion shows as a hypoechoic zone on B-mode ultrasound image. 

(C) Histotripsy ablation zone is seen as a hypointense (non-enhancing) region on this 

T1-weighted contrast-enhanced MR image.
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Figure 6. 
(A–D) Histotripsy treatment in the in vivo porcine liver. Axial T2-weighted MR images (A) 

and gross morphology (B) show the spherical ablation volume. (C) H&E slide of (100X) of 

the center of the ablation zone demonstrates no viable hepatocytes. (D) H&E slide (100X) 

of the periphery of the ablation shows viable liver (L), necrotic liver (N), and a thin zone 

of transition (Z). (E–G) MR images of partial histotripsy treatment in a rodent HCC model. 

(E) The appearance of the original untreated tumor on T2-weighted MRI was hyperintense 

(yellow arrow). (F) Post histotripsy, the ablation zone demonstrates T2 hypointense signal 

(red dashed lines). (G) At 12 weeks, only a ~5 mm non-tumoral fibrous tissue zone is 

detectable on MRI at the original tumor site, indicating near-complete resolution of the 

ablation zone and tumor. (H–I) Histotripsy induced immune response and abscopal effect 

(reproduction based on images from ref [39]. (H) FACS analysis of histotripsy-ablated (HT 

ablated) and contralateral non-ablated tumors (HT abscopal) identified comparable levels of 
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intratumoral CD8+ T cell infiltration that is significantly higher than the untreated control 

tumors. (I) At gross examination, pulmonary metastases were reduced in mice treated with 

histotripsy compared to untreated controls.
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