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Introduction

High-intensity focused ultrasound (HIFU) is an effective 
soft-tissue noninvasive ablation technique that was first used 
in the treatment of patients with Parkinson’s disease in the 
1940s (1). Since then, HIFU has been gradually applied to 
the treatment of many solid organ diseases and has shown 
considerable efficacy. Traditional HIFU works based on the 
thermal effect, which causes coagulation thermal necrosis 

of the target lesion and irreversible cell death in the  
lesion (2). During treatment, the heating of the target lesion 
may also cause thermal damage to normal tissues, making 
it difficult to achieve an accurate treatment (3). Research 
teams from institutions such as the University of Michigan 
and the University of Washington have developed a new 
noninvasive treatment technique based on the cavitation 
effect of ultrasound, called histotripsy. Histotripsy uses 
pulsed HIFU with a low-duty cycle (the ratio of ultrasound 
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on-time to total treatment time) to act on the target 
lesion, which mechanically destroys the cells in the lesion, 
homogenizes the lesion tissue, and does not cause thermal 
damage to the normal tissue outside the lesion (4). In 
addition, histotripsy also solves the problem of “thermal 
diffusion” that occurs when traditional HIFU is used to 
treat areas with rich blood supply, which has important 
clinical significance and application value (5,6). This article 
reviews the mechanism of histotripsy, the progress of animal 
model experiments for the clinical evaluation of histotripsy, 
and the clinical applications of histotripsy. We also analyze 
the advantages and limitations of histotripsy in order to 
provide a reference for future research directions, product 
optimization, and clinical applications. We present the 
following article in accordance with the Narrative Review 
reporting checklist (available at https://atm.amegroups.
com/article/view/10.21037/atm-22-2578/rc).

Methods

A PubMed search using the search terms “histotripsy” 
and “mechanical high-intensity focused ultrasound” was 
conducted in March 2022 with no restriction on the 
type of article and publication date. Literature published 
from January 2006 to March 2022 was retrieved from the 
PubMed database. The retrieved publications were screened 
independently by 3 authors (S Li, Y Wei, and B Zhang) in 3 
levels: titles, abstracts, and full texts. A fourth author (X Li) 
adjudicated controversial articles. The relevant information 
extracted from each selected article formed the framework 

of this review (Table 1). This article reviews histotripsy from 
the aspects of the mechanism, animal experiments, clinical 
trials, advantages, disadvantages, and optimization.

The mechanisms of histotripsy

There are 2 kinds of histotripsy techniques: cavitation cloud 
histotripsy and boiling histotripsy. Although the 2 kinds of 
histotripsy have different ablation mechanisms, the degree 
of ablation that can be achieved after treatment is similar 
between both techniques (7). 

Cavitation cloud histotripsy

The mechanism of cavitation cloud histotripsy
The basis of cavitation cloud histotripsy is the ultrasonic 
cavitation effect. At a low focusing intensity of HIFU, 
thermal effects are dominant. With the increase of focusing 
intensity during HIFU, other biological effects will occur, 
such as ultrasonic cavitation effects (8,9). Ultrasonic 
cavitation refers to a series of dynamic processes, such as 
oscillation, compression, expansion, collapse, and closure of 
microbubbles excited by ultrasonic waves. This cavitation 
can be divided into steady-state and transient types (10). 
When ultrasonic waves travel through the tissue, cavitation 
nuclei in the tissue periodically oscillate at the frequency of 
the ultrasonic waves. At low ultrasonic intensity, the radial 
oscillation of the microbubble is controlled by ultrasonic 
pressure, and the volume is compressed and reduced in 
the positive pressure stage. In the negative pressure stage, 

Table 1 The search strategy summary

Items Specification

Date of search March 16th, 2022

Databases and other sources searched PubMed

Search terms used (I) Histotripsy; (II) mechanical high-intensity focused ultrasound

Timeframe Between 2006 and 2022

Inclusion and exclusion criteria Inclusion criteria: (I) English-language articles; (II) full-text available; (III) deemed relevant 
from the title review

Exclusion criteria: (I) non-English language articles; (II) editorials, letters to the editor, and 
abstracts

Selection process (I) Selection by 3 authors (S Li, Y Wei, and B Zhang)

(II) A fourth author (X Li) adjudicated controversial articles

Any additional considerations, if applicable References of selected articles were reviewed, and those deemed relevant from the title 
review were included if full text was available and in English

https://atm.amegroups.com/article/view/10.21037/atm-22-2578/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-2578/rc
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the microbubbles are stretched and expanded; that is, the 
microbubbles swing left and right along the equilibrium 
radius, which is known as steady-state cavitation. As 
ultrasonic sound intensity increases, the vibration amplitude 
of the microbubble increases. Under this condition, the 
vibration of the microbubble is controlled by the inertia 
of the surrounding medium. The cavitation microbubble 
expands rapidly in the negative pressure phase and collapses 
rapidly in the subsequent positive pressure phase, which 
is known as transient cavitation (11,12). The collapse of 
microbubbles in transient cavitation generates extremely 
high-pressure shock waves on the order of gigapascals. 
The shock waves attenuate within 100 microns, accurately 
destroying the target lesion at the subcellular level (13). 
Cavitation cloud histotripsy uses the expansion and collapse 
of cavitation clouds composed of cavitation microbubbles 
generated by transient cavitation to disintegrate the target 
tissue into well-defined liquefied lesions (14-16). There 
are 2 mechanisms for the generation of cavitation clouds: 
intrinsic threshold and shock-scattering. In the intrinsic 
threshold mechanism, the peak negative pressure of the 
ultrasonic pulse directly exceeds the intrinsic threshold of 
tissue cavitation, resulting in cavitation clouds (17-19). The 
threshold value of water-based tissues (such as the thrombus, 
liver, kidney, heart, brain, spleen, and pancreas, and in 
blood and water) is around 28 MPa, as measured through ex 
vivo experiments (17). In the shock-scattering mechanism, 
the peak negative pressure of the ultrasonic pulse is 
lower than the cavitation threshold, and the generated 
microbubbles interact with the later-arriving ultrasonic 
waves via nonlinear sound propagation, increasing the peak 
amplitude and generating cavitation clouds (20). Unlike the 
intrinsic threshold mechanism, the peak positive pressure 
of the shock-scattering mechanism is higher than 50 MPa, 
and the peak negative pressure is about 20 MPa (20). 
Cavitation cloud histotripsy uses pressure levels comparable 
to extracorporeal shock wave lithotripsy (ESWL). 
However, unlike ESWL, cavitation cloud histotripsy uses 
pulses of 1–20 cycles (1–20 μs), and every cycle contains 
a rarefactional phase (<1 μs) (14). In general, cavitation 
cloud histotripsy has a relatively low frequency (usually 
from 0.75 to 1 MHz), short pulses (1–20 cycles), and a 
frequent pulse repetition frequency (PRF; 1 Hz–1 kHz) 
(14,21,22). The duty cycle of cavitation cloud histotripsy is 
less than 1%, which ensures there is no heat accumulation 
in the target area and no significant temperature increase.  
Kieran et al. (23) showed that the temperature in the 
target lesion does not reach the temperature threshold for 

thermal ablation during treatment with cavitation cloud 
histotripsy, proving the dominance of the mechanical effect 
of cavitation in the treatment of cavitation cloud histotripsy.

Cavitation memory
After  a  cav i tat ion c loud composed of  cav i tat ion 
microbubbles collapses, residual microbubbles can persist 
for up to several seconds and function as weak cavitation 
nuclei in subsequent pulses (24). This phenomenon is called 
cavitation memory (24,25). The presence of such preexisting 
microbubbles, either within the focal region or along the 
intervening sound propagation path, can result in attenuated 
and scattered therapy pulses and a distorted intended focal 
region, which significantly affects the therapeutic effect of 
histotripsy and may increase the peripheral damage outside 
of the intended target (24,26,27). Decreasing the PRF of 
histotripsy allows sufficient time for residual microbubbles 
to dissolve between successive pulses, reducing the effects of 
cavitation memory (28). Previous studies have shown that, 
if PRF is less than or equal to 1 Hz, the influence of the 
cavitation memory can be neglected; however, the treatment 
speed of histotripsy under this condition is too low to 
meet clinical needs (24,28). Duryea et al. (29,30) found 
that adding a new set of 1,000-cycle, 1 MPa low-amplitude 
ultrasound sequences could produce bubble coalescence 
(BC), which makes residual microbubbles coalesce into large 
bubbles, effectively reducing cavitation memory. This method 
significantly reduces the effects of cavitation memory while 
maintaining the PRF at 100 Hz. Shi et al. (28) constructed 
a transducer system integrating histotripsy and BC to treat 
venous thrombosis. The experimental results showed that 
the system could significantly improve the therapeutic 
effect of histotripsy in the treatment of venous thrombosis. 
Lundt et al. (31) showed that guiding the treatment focus 
with electronic focal steering (EFS) allowed residual 
microbubbles to complete BC without adding an additional 
pulse sequence. These experimental results demonstrate 
that histotripsy with EFS can achieve BC without using a 
separate pulse sequence, which can accelerate ablation while 
minimizing energy deposition.

Factors influencing the cavitation cloud’s histotripsy 
effect
The size and the degree of the ablation applied to lesions 
produced by cavitation cloud histotripsy, along with its 
therapeutic efficacy, depend on pulse duration, operating 
frequency, PRF, and the number of pulses (32-34). Under 
high PRF conditions, the pulse interval is shorter than 
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the time taken for bubble dissolution (21,23). Previously 
generated microbubbles collapse to form bubble fragments 
which last for several seconds after each pulse. New pulses 
generate new microbubbles, causing the microbubbles to 
accumulate within the target lesion and form a cavitation 
cloud (8,35-37). All the microbubbles in the cavitation 
cloud oscillate and disintegrate in interaction with the 
newly arrived ultrasonic waves, leading to destruction 
at the subcellular level (24). In addition, Vlaisavljevich  
et al. (38) showed that the f-number (ratio of focal length 
to transducer diameter) of the transducer also affects the 
cavitation bubble density and thus the treatment efficacy 
of cavitation cloud histotripsy. These experimental results 
showed that, when the f value is higher, the bubble density 
in the bubble cloud is significantly reduced; that is, the 
area of the cavitation cloud is reduced, which reduces the 
treatment efficacy of the cavitation cloud histotripsy. 

In addition to the equipment and treatment setup 
factors mentioned above, the tissue properties of the 
target lesion can also affect the cavitation threshold. Lake 
et al. (39) performed histotripsy on various structures of 
the porcine kidney. The results showed that the renal 
collecting system had the highest therapeutic threshold 
followed by the renal medulla, while the renal cortex had 
the lowest therapeutic threshold. This finding provide the 
cavitation threshold of each type of tissue. Some research 
teams believe that tissue with higher stiffness (Young’s 
modulus) has a higher cavitation threshold for cavitation 
cloud histotripsy (37,40). Vlaisavljevich et al. (37) reported 
that the cavitation threshold increased significantly when 
the agarose concentration was increased from 0.3% to 1%, 
2.5%, and 5%. Porcine skin, tongue, tendon, and cartilage 
(high Young’s modulus) have significantly higher cavitation 
thresholds than do other tissues, such as skeletal muscle, 
cardiac muscle, and the liver (medium Young’s modulus), 
while thresholds of the lungs, fat, and kidneys (low Young’s 
modulus) are significantly lower than the thresholds of 
other tissues. The experimental results of Lake et al. (39) 
also point to the presence of the above relationship; that 
is, tissues with higher fibrous connective tissue content 
have higher cavitation thresholds. In general, bubble 
expansion is reduced in tissue with increasing Young’s 
modulus, and smaller bubbles act as less effective reflectors 
for shockwaves. Therefore, in stiffer tissue, shockwaves 
with a higher positive pressure are required to achieve the 
same cavitation intrinsic threshold. Results of follow-up 
experiments by Vlaisavljevich et al. (41) using a phantom 
that could modulate tissue mechanical properties and ex vivo 

tissue showed that tissue stiffness and ultrasound frequency 
did not significantly affect the cavitation threshold. Maxwell 
et al. (17) reported that the viscosity and elasticity of tissue 
did not significantly change the cavitation threshold but 
changed the kinetics of bubble growth and collapse. The 
2 studies mentioned above demonstrate that the intrinsic 
cavitation threshold does not change with the change in the 
mechanical properties of tissue.

Boiling histotripsy

The mechanism of boiling histotripsy
Boiling histotripsy uses shockwaves based on nonlinear 
propagation effects to heat the target lesion, producing 
a millimeter-sized boiling bubble within milliseconds 
(22,42,43). The shear stress created around the oscillating 
bubble can tear tissue (7,43-46). The bubbles further 
interact with the incoming shock wave to facilitate 
mechanical tissue separation (45). An inertial cavitation 
cloud can be generated between the HIFU source and the 
boiling bubble and extend toward the HIFU transducer 
due to the shock-scattering effect (42,47). Along with 
this cavitation cloud, additional boiling bubbles can form 
within the HIFU focal region through incoming wave  
diffraction (42). A boiling histotripsy lesion produced in 
soft tissue is shaped like a tadpole, consisting of a head and 
tail, with the head facing the HIFU transducer (Figure 1). 
The shear force produced by boiling bubbles on the tissue 
produces the “tail” part of the boiling histotripsy lesion, 
while the emission of shock waves and the microjetting of 
the inertial cavitation cloud produce the “head”-shaped 
lesion (47,48). Although the boiling bubbles are generated 
by heating, the heat is restricted to the focal region and 
does not diffuse into nearby tissues (7,44). This does not 
cause thermal tissue necrosis because the heating time 
of the boiling histotripsy is controlled at the millisecond 
level, and the duty cycle is only about 2% (44). Wang  
et al. (46) demonstrated that boiling histotripsy does not 
use thermal effects to thermally ablate the target lesions 
but rather uses mechanical effects to produce mechanical 
damage at the subcellular level in the target lesions, thus 
exerting a therapeutic effect. Compared to cavitation cloud 
histotripsy, boiling histotripsy has a higher frequency  
(1–3 MHz), longer pulses (3,000–10,000 cycles), and lower 
PRF (1–2 Hz) (7). In addition to the different mechanisms 
for producing mechanical damage, the sound pressure of 
boiling histotripsy is also different from that of cavitation 
cloud histotripsy. The peak positive pressure of boiling 
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histotripsy is about 80 MPa, and the peak negative pressure 
is about 10 MPa, which is lower than the peak negative 
pressure of cavitation cloud histotripsy (14,42). It is worth 
noting that, unlike the randomly generated cavitation 
clouds produced through shock-scattering cavitation 
cloud histotripsy, each pulse in boiling histotripsy can 
produce a boiling bubble, which ensures the stability of the  
treatment (7,49).

Factors influencing boiling histotripsy
The time to generate boiling bubbles depends on the output 
power and operating frequency of the transducer. Previous 
studies have shown that the higher the output power and 
the higher the operating frequency are, the shorter is the 
time to generate boiling bubbles (7,44). Khokhlova et al. (7) 
showed that, with the same output power, a transducer with 
a higher operating frequency could generate a shorter time 
for boiling bubbles in ex vivo liver tissue.

The size of the lesion produced by boiling histotripsy 
depends on the size of the ultrasonic focal point and the 
number of pulses (42). When the size of the ultrasonic focal 
point is fixed, the lesion size increases with the increase 
of the pulse number until the maximum lesion extent is 
reached. The maximum extent of the lesion is determined 
by the size of the ultrasonic focal point. The larger the focal 

size is, the greater the extent of the lesion (7,44). The size 
of the focal point depends on the operating frequency and 
size of the transducer: the lower the operating frequency of 
the transducer and the larger the f-number, the larger the 
focal point and the larger the maximum lesion extent (7,46).

The duty cycle and pulse duration can affect the degree 
of thermal damage to the lesions produced by boiling 
histotripsy (7,44). Khokhlova et al. (7) showed that in order 
to fully mechanically destruct ex vivo bovine heart tissue, 
the pulse duration should not only be longer than the time 
to generate a boiling bubble but should also be less than  
30 ms, and the duty cycle should be less than 2%. Wang  
et al. (46) obtained similar results to Khokhlova et al. (7).

Application of histotripsy in animal models

Ex vivo and in vivo animal models are necessary for 
exploring the efficacy and safety of histotripsy before 
applying it to various clinical situations (21,50,51). In 
addition to animal models, some studies have involved the 
use of phantoms to explore the ex vivo effects of histotripsy 
and to predict in the vivo biological effects (52-55). At 
the macroscopic, ultrasound image, and cellular levels, 
the morphology of lesions in the phantom can accurately 
simulate the cavitation effect of soft tissue and can be used as 
a powerful tool for the clinical evaluation of histotripsy (8,56).

Feasibility evaluation of the mechanical ablation in 
histotripsy

Histotripsy uses mechanical effects to ablate the target 
lesion while minimizing energy diffusion during treatment, 
which reduces thermal tissue damage and protects adjacent 
structures. Roberts et al. (21) developed a focused annular 
array ultrasound system capable of delivering high-intensity 
and short-pulse energy to target lesions and of performing 
transcutaneous ablation in rabbit kidney tissue. Ablation 
experiments showed that a small number of pulses could 
produce sporadic lesions, manifested as focal hemorrhage 
and small areas of cellular damage, while a large number 
of pulses could cause complete destruction of the target 
area. The histological examination showed that increasing 
the number of pulses could make the tissue damage in the 
target area uniform and ensure a clear demarcation between 
the ablation and the surrounding tissue. This experiment 
demonstrated the feasibility of transcutaneous ablation of 
rabbit kidneys using cavitation cloud histotripsy without 
causing skin damage and extra-target damage. Parsons  

Boiling histotripsy transducer

Figure 1 A boiling histotripsy lesion. The black part is a boiling 
histotripsy transducer. The red part is the target area tissue. The 
white part is a boiling histotripsy lesion that is shaped like a tadpole 
consisting of a head and a tail.
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et al. (14) used the mechanical effect of cavitation clouds 
to ablate ex vivo porcine hearts. The results showed that 
histotripsy with higher PRF could reduce the number of 
residual intact cells in the lesion; however, thermal damage 
occurred if PRF exceeded the threshold. The above 
experiments demonstrate that histotripsy with appropriate 
parameters can completely mechanically ablate target 
lesions.

Thus far, animal experiments on boiling histotripsy 
have been less reported than have animal experiments on 
cavitation cloud histotripsy, and more studies are needed to 
evaluate the effectiveness and safety of boiling histotripsy. 
Khokhlova et al. (7) validated the mechanical ablation 
effect of boiling histotripsy using phantom and ex vivo 
bovine heart experiments, but this study did not perform 
a histological examination of the treated lesions and 
could not determine the extent of tissue damage. Maxwell  
et al. (6) constructed a boiling histotripsy system and 
performed  ex vivo tissue experiments, successfully 
forming lesions at a depth of 7 cm in the bovine liver and  
3–5 cm in the porcine abdominal wall. This study initially 
demonstrated the feasibility of boiling histotripsy for 
transcutaneous ablation. In an in vivo experiment (57) using 
a porcine liver model, all exposures resulted in elongated 
voids approximately 2 mm × 4 mm in size that were 
filled with liquefied tissue fragments without significant 
signs of heat damage, at a constant duty cycle (0.01) and 
pulse durations ranging from 1 to 20 ms. Histological 
examination revealed that the large blood vessels and biliary 
structures adjacent to the lesion were resistant to boiling 
histotripsy damage. The results of this study validate the 
feasibility of boiling histotripsy to generate mechanically 
ablated lesions in vivo.

Evaluation of cavitation cloud histotripsy in the treatment 
of benign prostatic hyperplasia (BPH)

Transurethral resection of the prostate (TURP) is the 
first-line treatment for BPH (58). Some research groups 
have tried to use minimally invasive methods, such as 
radiofrequency ablation based on thermal effects, to treat 
BPH, but the results have not met expectations (59,60). 
As a noninvasive treatment, histotripsy appears to be well 
tolerated by patients compared to other invasive treatments 
(61,62). Moreover, histotripsy can also accurately ablate 
the target lesion without causing thermal damage to the 
surrounding tissue. Animal experiments have shown that 
histotripsy may safely and effectively improve symptoms 

in the treatment of BPH. Hempel et al. (63) used a canine 
model to observe local and systemic responses to normal 
prostate histotripsy. The results showed that histotripsy 
produced consistent tissue fractionation and prostate 
debulking without collateral acoustic injury or clinical side 
effects, and it was well tolerated in the canine model. Styn  
et al. (64) assessed whether damage to the urethral sphincter, 
neurovascular bundle (NVB), and rectum occurred during 
histotripsy for BPH. The results showed that the NVB and 
sphincter were mostly undamaged, but subclinical damage 
of the rectum was obvious after 1,000 pulses, and the degree 
and severity of the damage increased with the increase of 
pulses. Roberts et al. (65) and Styn et al. (64) also found 
cases of rectal wall muscle damage in canine models treated 
with histotripsy prostatectomy. Before histotripsy can be 
used in the treatment of BPH, more studies are needed to 
determine a safe threshold that can ensure that surrounding 
tissue is not damaged.

Evaluation of cavitation cloud histotripsy in the treatment 
of solid tumors

Studies have shown that histotripsy has a good effect in 
the treatment of various solid tumors, such as those of the 
prostate (65-67), liver (68), bone (69), and kidney (21,70). 
Radiofrequency ablation has been shown to be effective in 
the local control of inoperable hepatocellular carcinoma 
(HCC), and guidelines recommend RFA as a first-line 
option (71-73). Mainstream liver tumor ablation methods 
work based on thermal effects, but radiofrequency ablation 
is limited by the heat sink effect of blood flow through the 
vascular-rich liver. Histotripsy based on mechanical effects 
makes up for the shortcomings of radiofrequency ablation 
in the treatment of liver tumors. Vlaisavljevich et al. (68) 
conducted experiments on transcutaneous porcine liver 
histotripsy. The results showed that different tissues with 
different mechanical strengths had different sensitivities 
to histotripsy. After treatment, the main blood vessels and 
bile ducts of the liver remained intact, but the surrounding 
liver parenchyma was completely destroyed. This research 
team then used rat models to study the long-term effects 
of transcutaneous liver histotripsy. The results showed that 
the treated lesions formed a cell-free homogenate with a 
clear boundary between the lesions and surrounding normal 
tissue. The cell-free homogenate was then replaced with 
the regenerated liver parenchyma, and only minor fibrous 
lesions remained after 28 days. In addition to experiments 
using histotripsy ablation on normal liver tissue, some 
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research teams also used patient-derived xenograft mouse 
models to ablate tumors with histotripsy to verify the 
feasibility and safety of histotripsy in the treatment of 
liver tumors (74,75). Some experimental results showed 
that the tumor diameter was reduced by an average of 
73% without obvious adverse events on the 26th day after 
histotripsy, and the tumor progression-free survival and 
overall survival were significantly prolonged compared with 
the no-treatment control group (74). Worlikar et al. (76) 
used histotripsy to partially ablate tumors in a rat HCC 
model. They showed that the tumor burden reduced after 
histotripsy, with near-complete resorption of the ablated 
tumor in 14 of the 15 (93.3%) treated rats. This experiment 
preliminarily verified the feasibility and safety of histotripsy 
in the treatment of HCC and suggested that histotripsy 
may stimulate the immune response, leading to local tumor 
cell destruction. Although the feasibility of histotripsy 
in the treatment of liver tumors has been experimentally 
confirmed, there are still notable problems, such as 
pulmonary hemorrhage caused by transcutaneous liver 
histotripsy and aberrations caused by ribs, that represent 
limitations to future clinical applications (77). Kim et al. (78) 
compared in vivo transcostal and transabdominal histotripsy 
for the ablation of liver tissue without aberration correction 
using a porcine model. The experiment showed that the 
abdominal wall temperature increased by 3.9±2.1 ℃ after 
40 minutes of transcostal histotripsy treatment. Although 
transcostal histotripsy produced smaller ablation lesions 
than did abdominal histotripsy under the same parameters 
and duration of treatment, the team believed that 
transcostal histotripsy without aberration correction could 
be an effective and safe treatment. Knott et al. (79) also 
performed a transcostal histotripsy liver ablation experiment 
using a porcine model, and their results showed complete 
liver ablation lesions with no tissue residue in all 6 pigs. 
Edema was noted in the body wall overlying the ablation 
on T2-weighted (T2W) magnetic resonance imaging 
(MRI) in 5 out of 5 (1 animal did not undergo MRI), and 
lung discoloration in the right lower lobe was present in 
5 out of 6 animals with alveolar hemorrhage. Transcostal 
liver histotripsy ablation was also considered feasible and 
effective by Knott et al. (79).

The risk of promoting tumor metastasis during histotripsy 
is also a concern (23). However, Styn et al. (70) used the 
New Zealand rabbit kidney tumor model implanted with a 
VX-2 tumor to carry out an experiment of histotripsy in the 
treatment of kidney tumors and performed a histological 
examination of rabbit lungs after treatment.  The 

experiments showed no statistically significant increase in 
the number or density of lung metastases after histotripsy.

Evaluation of cavitation cloud histotripsy in the treatment 
of brain diseases

Histotripsy can potentially be used for noninvasive brain 
therapy due to the narrow ablation and sharp borders in the 
lesions it produces (80). Since the skull is highly absorptive 
and reflective to ultrasound, significant attenuation and 
aberrations as ultrasound travels through the skull are a 
concern (81). In order to improve the treatment precision 
to meet the requirements of treating brain diseases, Lee  
et al. (82) combined histotripsy with laser-induced focused 
ultrasound, achieving microcavitation smaller than  
100 μm. Lee et al. (82) reported that histotripsy combined 
with laser-induced focused ultrasound could allow for 
targeted, high-precision cutting or ablation of a target 
lesion while minimizing damage to surrounding healthy 
brain tissue. The combination of histotripsy and high-
resolution imaging systems can be applied to targeted 
therapies for brain diseases, effectively protecting the 
normal tissue around the lesion. In order to verify the 
feasibility and safety of histotripsy in the treatment of brain 
diseases, Sukovich et al. (83) performed an in vivo simulation 
experiment using porcine brains after partial craniectomy. 
The experiment showed that histotripsy could produce 
well-defined lesions of any shape and size in the cerebral 
cortex after partial craniectomy, and no major bleeding or 
other complications due to the treatment were observed. 
The feasibility and safety of histotripsy in the treatment 
of brain diseases still need to be further confirmed by  
in vivo experiments in animals without partial craniectomy. 
Recently, a transcranial MR-guided histotripsy (tcMRgHt) 
system using EFS to correct the aberration was developed 
by a research team at the University of Michigan (84). The 
team used the tcMRgHt system to successfully create target 
lesions in 2 ex vivo pig brains each encased in a human skull, 
without extensive hemorrhage or edema around the target. 
The experiment confirmed the feasibility of the system for 
treating head diseases and verified the compatibility of the 
system in the magnetic resonance (MR) environment. The 
team then conducted in vivo experiments using 8 pigs that 
had been partially craniotomized and covered with human 
skulls (4). Successful tissue ablation in the target zone 
was observed in all 8 pigs without evidence of excessive 
brain edema or hemorrhage outside of the target zone. 
Posttreatment MRI and histological examination showed a 
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good correlation between the lesion and the target zone and 
a sharp demarcation between the lesions and surrounding 
tissue. This study demonstrated for the first time the in vivo 
viability of the tcMRgHt system in a porcine brain, thereby 
enabling further studies of the tcMRgHt system in brain 
surgery.

In addition, the feasibility of histotripsy in the 
treatment of intracerebral hemorrhage (ICH) has also 
been demonstrated by some studies. Patients with ICH can 
be treated by histotripsy to liquefy the blood clot in the 
brain and then by catheterization to withdraw the liquefied  
volume (85). Gerhardson et al. (86) showed that using 
histotripsy with EFS to correct the aberration can 
liquefy massive clots through the human skull at a rate of  
16 mL/min without overheating the skull. Subsequently, 
Gerhardson et al. (87) further verified the feasibility and 
safety of histotripsy in the treatment of ICH using a 
porcine ICH model. The in vivo experiment showed that 
histotripsy could liquefy the center of the clot without 
directly damaging the perivascular brain tissue. All groups 
showed mild ischemia and gliosis in the perivascular 
area, and there were no death or signs of neurological 
dysfunction. Gerhardson et al. (85) designed a histotripsy 
treatment for ICH with a microhydrophone referred to 
as a catheter hydrophone (CH) that can be inserted into 
the catheter to correct the aberration. This treatment 
allows for the treatment of ICH without MRI. The ex vivo 
experiment confirmed that treatment using transcranial 
histotripsy to liquefy the clot followed by catheter drainage 
of the liquefied volume is an order of magnitude faster than 
are current minimally invasive catheter techniques using 
thrombolytic drugs.

Evaluation of cavitation cloud histotripsy in the treatment 
of heart diseases

Some cardiac patients are ineligible for surgery due to 
advanced age and many complex underlying diseases. 
Minimally invasive histotripsy may be an alternative 
treatment option for such patients in the future. Xu et al. (88) 
verified the safety of histotripsy in creating atrial septal and 
ventricular septal defects in the treatment of hypoplastic 
left heart syndrome by measuring the size of tissue 
fragments produced by histotripsy. Xu et al. also conducted 
preclinical studies using a canine model (89) and a porcine 
model (90) to generate atrial septal and ventricular septal 
defects, respectively. No significant adverse events related 
to treatment were observed due to histotripsy, further 

validating the feasibility and safety of histotripsy in the 
treatment of neonatal dysplastic heart syndrome.

Implanted prosthetic tissue valves can calcify over 
time and eventually fail (91). After severe calcification 
occurs, invasive procedures such as surgery are often 
required to replace the valve, but surgery is associated with 
significant morbidity and mortality (92). As a noninvasive 
treatment, histotripsy can potentially be used to treat valve 
calcification. Villemain et al. (93) conducted both ex vivo 
and in vivo sheep model experiments to evaluate the efficacy 
of histotripsy to significantly improve the valve opening 
of severe degenerative calcified bioprosthetic valves. The 
in vivo experiment showed that the transvalvular gradient 
decreased by an average of 50% after treatment (from 
16.2±3.2 to 8.2±1.3 mmHg; P<0.001), with a decrease of 
valve stiffness (from 82.6±10 to 41.7±7 kPa; P<0.001), and 
an increase of valve area (from 1.10±0.1 to 1.58±0.1 cm2; 
P<0.001). To verify the feasibility and safety of histotripsy 
in the treatment of calcified aortic stenosis (CAS), Messas 
et al. (94) performed an in vivo experiment in a porcine 
model using a commercial histotripsy device (Valvosoft, 
Cardiawave). The experiment showed that the feasibility 
endpoint—the ability to deliver histotripsy transthoracically 
to the pig aortic valve—was successfully achieved in all 
treated pigs (n=15). Seven pigs developed nonsustained 
ventricular tachycardia (NSVT) during histotripsy 
treatment, but no life-threatening arrhythmias occurred. 
None of the pigs developed significant arrhythmia or 
myocardial ischemia during the 1-month follow-up. This 
study preliminarily verified the feasibility and safety of 
histotripsy in the treatment of CAS.

Evaluation of cavitation cloud histotripsy in the treatment 
of thrombus

In addition to the use of histotripsy in the treatment of 
the abovementioned diseases, thrombus therapy is also 
an application direction of histotripsy in the future. Thus 
far, arteriovenous thrombosis is mainly treated by drug 
thrombolysis, interventional thrombectomy, and surgical 
thrombectomy (95-97). However, there are still some 
limitations in traditional treatments of arteriovenous 
thromboses, such as drug thrombolysis. This treatment 
can lead to adverse reactions, such as dangerous bleeding, 
and some patients have contraindications to interventional 
surgery, such as a contrast agent allergy, while others 
cannot tolerate surgical thrombectomy (98,99). Several  
ex vivo and in vivo studies have demonstrated that histotripsy 
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can completely dissolve thrombi transcutaneously  
(28,100-102). Maxwell et al. (27) used a porcine femoral 
venous thrombosis model to conduct a simulated 
experiment of histotripsy in the treatment of venous 
thrombosis. In the experiment, 10 out of 12 cases had a 
weakened intravascular echo, while 7 cases had improved 
venous blood flow and obvious thrombus ablation. 
Histological examination of the vessels revealed the 
presence of vascular endothelial denudation and minor 
hemorrhages in the adventitia and adjacent muscle and 
adipose tissue, but vessel wall perforation was not observed. 
This study preliminarily demonstrated the feasibility and 
safety of histotripsy for thrombus ablation. Studies have 
shown that the content of fibrous tissue in the target 
lesion can increase the therapeutic threshold of histotripsy 
(37,39,40,103). Therefore, more pulses are needed to treat 
aged clots than acute clots with histotripsy (27,28,104-106). 
A blood vessel with a higher content of fibrous connective 
tissue has a higher histotripsy threshold (37,39,40,103), 
which can protect the blood vessel from damage during 
the process of ablation of thrombus by histotripsy and 
ensure the safety of histotripsy in the treatment of 
thrombus. Recently, an ultrasound transducer for combined 
histotripsy-thrombolytic therapy was developed (107). 
The experiment showed that the transducer could produce 
sufficiently accurate cavitation clouds and thrombus ablation 
ex vivo. Further in vivo experiments are needed to verify the 
feasibility and safety of histotripsy-thrombolytic therapy in 
the future.

The size of the fragments generated after ablation is an 
important factor affecting the safety of histotripsy in the 
treatment of thrombosis. If the fragments are too large, 
serious complications, such as a pulmonary embolism, can 
occur. Xu et al. (88) performed ex vivo experiments using 
porcine atrial walls, livers, and kidneys to determine the 
relevant factors affecting the size of fragments generated 
by histotripsy. The results showed that the largest diameter 
of the fragments produced by 3-cycle pulse histotripsy 
was smaller than the size of the antiembolism filter, and 
the proportion of larger fragments produced by the short 
pulse was lower than that produced by a long pulse. This 
study preliminarily demonstrated the safety of histotripsy in 
the treatment of venous thrombosis, hypoplastic left heart 
syndrome, and other diseases prone to vascular embolism.

Evaluation of histotripsy in the treatment of abscesses

Superficial abscesses are most often treated with incision 

and drainage (108). Deep abscesses, such as abdominal 
abscesses, are usually treated with percutaneous catheter 
drainage (109). If the contents of deep abscesses are too 
viscous, the effectiveness of percutaneous catheter drainage 
significantly declines (110). A research team proposed 
using cavitation cloud histotripsy or boiling histotripsy to 
liquefy the viscous contents of the abscess to make it easier 
to drain through the catheter (111). After determining the 
appropriate parameters of cavitation cloud histotripsy and 
boiling histotripsy through ex vivo experiments, the team 
conducted an in vivo experiment in a pig abscess model. 
Experiments showed that both cavitation cloud histotripsy 
and boiling histotripsy can liquefy the abscess contents, 
reduce the viscosity of the contents, and destroy the fibrous 
septa in the abscess. Cavitation cloud histotripsy resulted in 
higher bacterial kill rates compared to boiling histotripsy. 
This study preliminarily verified the effectiveness of 
histotripsy in the treatment of abscesses and showed the 
potential for histotripsy to be an adjunct to the treatment of 
abscesses in the future.

Evaluation of boiling histotripsy

As mentioned above, the research of cavitation cloud 
histotripsy in the treatment of solid tumors has made 
considerable progress. Recently, some studies have been 
devoted to verifying the feasibility and safety of boiling 
histotripsy in the treatment of solid tumors through  
in vivo experiments. Hoogenboom et al.  (112,113) 
performed a series of in vivo experiments of MR-guided 
boiling histotripsy tumor ablation using rat tumor models. 
The experiment (113), using a rat EL4 thymoma model 
alone, showed that the target tissue was completely 
disintegrated after boiling histotripsy ablation, with 
a narrow transition zone (<200 μm) containing many 
apoptotic cells between the disintegrated tumor tissue and 
the important tumor tissue. The team believes that T2W 
imaging is an appropriate method to evaluate treatment 
effects during or after boiling histotripsy since T2W 
imaging is highly consistent with hematoxylin and eosin-
stained sections. Subsequently, the team used 3 rat tumor 
models of soft tissue melanoma (B16OVA), compact growing 
thymoma (EL4), and highly vascularized neuroblastoma 
(9464D) to conduct boiling histotripsy ablation experiments 
with 100 pulses and 200 pulses (112). Histopathology after 
the 100-pulse treatment showed completely disintegrated 
lesions in the target area with sharp borders in the compact 
EL4 and 9464D tumors, while for B16OVA tumors, the 



Li et al. Research progress and clinical evaluation of histotripsyPage 10 of 19

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2023;11(6):263 | https://dx.doi.org/10.21037/atm-22-2578

lesion was not completely ablated and still contained a 
mixture of partly viable clusters of cells, microvascular 
remnants, and tumor cell debris. Homogeneous liquefied 
lesions formed in B16OVA tumor tissue after 200 pulses 
of boiling histotripsy treatment. This study showed that 
boiling histotripsy could feasibly completely ablate tumors 
in vivo, but appropriate parameters needed to be selected 
according to the characteristics of different tumors.

Mass ive  intraabdomina l ,  re t roper i tonea l ,  and 
intramuscular hematomas can place enormous pressure 
on surrounding tissues, leading to serious complications, 
including infection, organ failure, and amputation (114,115). 
Currently, the treatment of massive hematoma mainly 
includes drainage and surgery (116). However, the drainage 
effect of acute blood clots is often poor, and surgical 
treatment may also lead to risks of recurrence, infection, 
and intraoperative accidents (116). Some research teams 
(117,118) proposed that boiling histotripsy could be used 
to liquefy the hematoma and make it amenable to being 
drained out of the body. Ponomarchuk et al. (118) used  
2 boiling histotripsy regimes with longer (10 ms) and 
shorter (2 ms) pulses to liquefy freshly coagulated large-
volume human blood samples ex vivo to evaluate the 
feasibility of using boiling histotripsy for hematoma 
treatment. Experiments showed that both boiling 
histotripsy regimens could successfully generate fluid-filled 
cavities in a hematoma model within a clinically relevant 
time (3–4 mL within 2–11 minutes). Most of the fragments 
in the liquefied cavity were smaller than 20 μm, and the 
largest fragment size was 150 μm, which was still smaller 
than the diameter of a commonly used fine needle. This 
study preliminarily demonstrated the feasibility of using 
boiling histotripsy in the treatment of hematoma. In the 
future, in vivo experiments are still needed to further verify 
the efficacy and safety of boiling histotripsy in the treatment 
of hematoma.

Liver transplantation is the primary and final clinical 
treatment for patients with inherited liver disease and 
end-stage liver disease (119). In the context of a donor 
shortage, hepatocyte transplantation is considered an 
effective alternative (120). However, the current hepatocyte 
transplantation technology has problems, such as a low 
engraftment level of transplanted hepatocytes (121). Pahk 
et al. proposed the direct injection of hepatocytes into 
the cavity formed by boiling histotripsy within the liver 
parenchyma to promote the successful uptake, proliferation, 
and integration of the transplanted cells into the diseased 

liver (122,123). The team conducted an in vivo experiment 
using a mouse model, which showed that the serum albumin 
levels of rats with zero initial serum albumin levels after 
treatment with this method could return to 50% normal 
by the seventh day (122). This study demonstrated that 
boiling histotripsy has promising potential for improving 
the outcomes of hepatocyte transplantation in the treatment 
of liver disease.

Evaluation of tumor immune function in histotripsy

Previous studies have shown that histotripsy can also 
promote tumor immunity in the tumor microenvironment. 
A current hypothesis is that boiling histotripsy can 
upregulate the number of functional CD8+ T cells and 
promote M1 macrophage activation to promote tumor 
immunity (48,124). Pahk et al. (48) demonstrated that 
boiling histotripsy could alter the phenotype of naive 
macrophages and tumor-associated macrophages in the 
tumor microenvironment and generate a large number of 
damage-associated molecular patterns (DAMP). DAMPs 
can stimulate powerful immune responses by binding to 
receptors (125,126). Hu et al. (127) found that histotripsy 
could generate more DAMPs and more significantly 
stimulated downstream immune changes, such as via the 
activation of dendritic cells, than did conventional HIFU 
based on thermal effects. Qu et al. (126) used cavitation 
cloud histotripsy to treat subcutaneous melanoma in 
mice and found that histotripsy stimulated efficient local 
intratumoral infiltration of innate and adaptive immune cell 
populations. The magnitude of immune stimulation was 
stronger than that of radiotherapy or thermal ablation.

Cavitat ion cloud histotr ipsy can also promote 
distant immune responses in tumors at untreated sites 
and inhibit the growth of metastases. Experiments by  
Worlikar et al. (128) using a rat HCC model showed 
that 9 out of 11 rats developed complete local tumor 
regression after ablation of 50–75% of the tumor volume 
using cavitation cloud histotripsy, whereas all untreated 
rats demonstrated local tumor progression and developed 
intrahepatic metastases. Hendricks-Wenger et al. (129) 
found that cavitation cloud histotripsy could increase the 
activation of the innate immune system by altering the 
pancreatic cancer immune microenvironment in a murine 
Pan02 tumor model. In addition, the combined treatment of 
checkpoint inhibitors and histotripsy increased the efficacy 
of checkpoint inhibitors, which is of great significance for 
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tumor immunotherapy (130).

Clinical research progress of histotripsy

Clinical trials of histotripsy for BPH

In a phase I clinical trial (NCT01896973) conducted at 
2 US medical centers in 2016 and 2017, 25 patients with 
dysuria due to BPH were treated with the prostate histotripsy 
device (Vortx Rx) manufactured by HistoSonics (131). After 
the histotripsy treatment, 3 cases of transient urinary 
retention (<3 days), 1 case of urinary retention (8 days in 
duration, defined as serious), a minor anal abrasion, and 
microscopic hematuria were considered to be the device-
related adverse events. Although no debulking in prostate 
tissue was observed with transrectal ultrasound imaging or 
with endoscopic visualization and no clinically significant 
improvement in uroflow or postvoid residual urine 
occurred, the participants’ international prostate symptom 
score improved significantly compared to the baseline 
before treatment. Compared with the canine prostate 
transabdominal ultrasound transmission, the human 
transperineal ultrasound transmits more bone blocks, and 
the human prostate is also located deeper than is the canine 
prostate. Therefore, the ultrasonic pressure used in this 
human trial may not be sufficient to effectively destroy 
tissue, and histotripsy to ablate human prostate tissue may 
also require higher pressures or higher pulse numbers. This 
trial demonstrated the safety of histotripsy in humans, but 
improvements in equipment and parameters are needed to 
demonstrate the effectiveness of histotripsy for BPH.

Clinical trial of histotripsy for liver cancer

A phase I clinical trial (NCT03741088) of liver histotripsy 
in patients with multifocal hepatic malignant tumors 
was conducted in Barcelona in 2019 (132). This trial 
also used a clinical prototype liver histotripsy device 
(Vortx Rx) made by HistoSonics. The trial included 11 
hepatic malignant tumors in 8 patients: 7 colorectal liver 
metastases in 5 patients, 2 metastatic tumors in one patient 
with cholangiocarcinoma, and one metastatic tumor in 
one patient with breast cancer and one patient with one 
primary HCC tumor. No major adverse events related to 
histotripsy occurred during the trial, demonstrating the 
safety of histotripsy in the treatment of malignant hepatic 
tumors. Local tumor regression was observed by MRI  
2 months after histotripsy treatment for all tumors except 

for 1 mislocated tumor of 5 mm in size. Tumor markers 
in 1 patient with HCC and 1 patient with colorectal liver 
metastasis continued to decline after histotripsy treatment, 
and the patient with colorectal liver metastasis experienced 
untreated distant colorectal cancer shrinkage 8 weeks after 
histotripsy treatment. This trial demonstrated the safety and 
efficacy of human liver histotripsy and collected the first 
evidence that human histotripsy can cause the shrinking of 
distant tumors.

Clinical trial of histotripsy for CAS

A phase I clinical trial (NCT03779620) of cardiac histotripsy 
in 10 patients with severe calcific aortic stenosis using a 
histotripsy device (Valvosoft, Cardiawave) was conducted in 
France and the Netherlands in 2019 (133). Patients included 
in the trial were unsuitable for percutaneous aortic valve 
replacement or open-heart surgery due to their old age and 
severe comorbidities. This clinical trial used an external 
multielement-focused ultrasound transducer (700 kHz, 
1.25 MHz) for up to 60 minutes of histotripsy at a PRF of 
100–300 Hz, a duty cycle of 0.25%, and a peak negative 
pressure of 15–20 MPa to soften the calcified aortic valve. 
At 1 month after treatment, the aortic valve area of the 6 
patients increased by an average of 27.6% (P=0.03), and 
the mean pressure gradient decreased by 23.5% (P=0.03). 
No patient experienced serious or significant adverse 
reactions. By the researchers’ calculations, compared with 
nonresponders, responders received higher focal energy 
and a longer duration of treatment. Responders’ treatment 
effects remained unchanged at 6 months after treatment. 
This trial initially demonstrated histotripsy for calcific 
aortic stenosis to be safe and effective.

Advantages and limitations of histotripsy

Advantages

(I) Noninvasiveness—histotripsy does not require a 
puncture or incision, leaving no scarring on the skin 
surface and reducing tumor spread caused by surgical 
incisions (134,135);

(II) Complete ablation—histotripsy can mechanically 
divide tumor tissue into acellular fragments, 
reducing the chance of local tumor recurrence (128), 
and the fragments can be absorbed by the body after 
treatment;

(III) Tissue selectivity—different tissues have different 
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histotripsy thresholds. By choosing appropriate 
parameters, the lesion can be ablated without 
damaging vital blood vessels or nerves (39,40);

(IV) Clear boundary—the target area and surrounding 
normal tissue form a clear boundary after histotripsy, 
and the transition zone is very narrow, usually only 
less than 1 mm (68,83);

(V) Immune effect—histotripsy has been shown 
to stimulate potent local and systemic immune 
responses, effectively eliminate residual tumors, 
inhibit distant metastases, and enhance the efficacy 
of immunotherapy (48,128).

Limitations

(I) Depth limitation—attenuation of ultrasound 
increases with target depth; therefore, histotripsy 
has limitations in treating obese patients and deeper 
organs (136);

(II) Application l imitation—gas and bone block 
ultrasound delivery; therefore, histotripsy is 
unsuitable for treating obscured organs (81). Since 
the cavitation threshold for gas-containing organs 
such as the lung and gastrointestinal tract is very 
low, histotripsy can cause extensive damage to 
surrounding normal tissue;

(III) Metastasis possibility—currently, histotripsy can 
only treat local tumors, and there is still insufficient 
evidence to show that histotripsy can treat distant 
metastases or micrometastases (23). There is a 
theoretical risk that histotripsy may release tumor 
cells from the target tumor, leading to an increased 
risk of metastasis.

Optimization of histotripsy systems

Before clinical application, the treatment accuracy and 
efficiency of histotripsy still needs to be improved, and the 
influence of acoustic access on the treatment effect needs to 
be reduced to expand the application scope of histotripsy.

In order to make histotripsy applicable to the treatment 
of diseases that require high precision, some research teams 
have adopted various methods to improve the treatment 
precision of histotripsy. Research has shown that, when 
the ultrasonic pulse is applied for fewer than 2 periods in 
which the impact scattering is minimized, the generation 
of a dense bubble cloud only depends on 1 or 2 negative 
half periods of the applied ultrasonic pulse exceeding the 

inherent threshold of the medium (17). Lin et al. (18) used 
the intrinsic threshold mechanism to directly generate 
dense cavitation clouds using a single negative half-cycle 
peak negative pressure that exceeded the tissue intrinsic 
cavitation threshold. The experiment showed that this 
method could achieve the purpose of accurately generating 
damage in a small area, and the spatial extent of the 
damaged area could be accurately estimated through the 
tissue extent exceeding the intrinsic cavitation threshold.

In addition to changing the method of generating 
cavitation clouds to improve accuracy, Baac et al. (137) used 
the spatiotemporal superposition of 2 ultrasonic pulses (high 
frequency and low frequency) to produce a tight cavitation 
zone of 100 μm in water, which is an order of magnitude 
smaller than those obtained by the previous high-amplitude 
transducers. Similarly, Lin et al. (19) improved the accuracy 
of histotripsy by adding low-frequency pump pulses to make 
high-frequency probe pulses, which were lower than the 
intrinsic threshold of tissue cavitation, exceed the threshold. 
This method is also known as dual-beam histotripsy. Dense 
cavitation clouds are produced only when the dual-beam 
pulse combination exceeds an intrinsic threshold. Due to 
the stronger immunity of low-frequency pump pulses to 
attenuation and distortion, dual-beam histotripsy has a huge 
advantage when accuracy concerning the damage extent is 
highly required. In a follow-up study, Lin et al. (138) used 
an imaging sensor to provide high-frequency probe pulses, 
simplifying the dual-beam histotripsy system.

Special nanodroplets can diffuse through the tumor 
vasculature, accumulate preferentially in the tumor, 
and lower the cavitation threshold of the tumor (139). 
Nanodroplet-mediated histotripsy was developed to take 
advantage of this feature (140). Vlaisavljevich et al. (141) 
used perfluoropentane-encapsulated nanodroplets to 
selectively lower the threshold for the cavitation of tumors. 
By selecting appropriate parameters, cavitation could be 
selectively generated, and tumors could be selectively 
ablated.

As described above, the shear force produced by boiling 
bubbles, the emission of shock waves, and the microjetting 
of the inertial cavitation cloud produce the lesion during 
boiling histotripsy. The treatment accuracy of boiling 
histotripsy can be improved by eliminating the damage 
caused by the inertial cavitation cloud. Pahk et al. (142) 
proposed a new boiling histotripsy method without the 
shock-scattering effect, termed pressure-modulated shockwave 
histotripsy. The experimental results showed that pressure-
modulated shockwave histotripsy could generate a boiling 



Annals of Translational Medicine, Vol 11, No 6 March 2023 Page 13 of 19

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2023;11(6):263 | https://dx.doi.org/10.21037/atm-22-2578

vapor bubble via localized shockwave heating and control 
the extent and lifetime of the boiling vapor bubble by 
manipulating peak pressure magnitudes and the HIFU pulse 
length. High-speed camera experimental results showed 
that, in the proposed pressure-modulated shock wave 
histotripsy, the boiling bubbles generated by the shock wave 
heating merged to form a larger bubble (on the order of 
hundreds of micrometers) at the HIFU focus. This merged 
boiling bubble then persisted within the HIFU focal region 
until the end of the exposure for 10, 50, or 100 ms.

Robot-assisted histotripsy is an important direction of 
future research. After more than 20 years of development 
and practice, the role of surgical robots in obtaining a 
clearer surgical field, filtering the doctor’s hand shake, 
reducing the doctor’s fatigue, and increasing the stability 
of surgery has been confirmed (143,144). Smolock  
et al. designed a software-controlled robotic system for 
histotripsy using a robotic arm positioner. The feasibility 
and safety of this system have been demonstrated through 
in vivo ablation experiments in the porcine liver (145) and 
in the porcine kidney (146). Fixing the boiling histotripsy 
transducer on a robotic arm with partial respiration 
motion compensation can reduce targeting errors caused 
by respiration motion (147). The ex vivo experiment (147) 
showed a reduction of at least 89% of the value of the 
targeting error during treatment, while the treatment time 
increased by no more than 1%. This technique is helpful 
for the histotripsy ablation of treatment sites that are more 
affected by respiratory motion. With the development of 
robot-assisted systems, robot-assisted histotripsy in the 
future can improve treatment efficiency and achieve better 
therapeutic effects than can ordinary histotripsy systems.

Conclusions

Histotripsy is a noninvasive, nonionizing, nonthermal, 
ultrasound-guided ablation technique that has broad 
appl icat ion prospects .  Histotr ipsy has  numerous 
advantages over surgery and traditional HIFU. Thus 
far, significant progress has been made in the clinical 
application of histotripsy for liver tumors, BPH, and aortic 
valve calcification stenosis. Phase I clinical trials have 
demonstrated the safety and efficacy of histotripsy in the 
treatment of these diseases. More research is still needed 
to evaluate and optimize its efficacy and safety and to fully 
explore its mechanism of action, the pathological and 
immunological effects, and the short-term and long-term 
reactions of the body after treatment.
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