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Abstract

In high intensity focused ultrasound (HIFU) therapy, an ultrasound beam is focused within the
body to locally affect the targeted site without damaging intervening tissues. The most
common HIFU regime is thermal ablation. Recently there has been increasing interest in
generating purely mechanical lesions in tissue (histotripsy). This paper provides an overview of
several studies on the development of histotripsy methods toward clinical applications. Two
histotripsy approaches and examples of their applications are presented. In one approach,
sequences of high-amplitude, short (microsecond-long), focused ultrasound pulses periodically
produce dense, energetic bubble clouds that mechanically disintegrate tissue. In an alternative
approach, longer (millisecond-long) pulses with shock fronts generate boiling bubbles and the
interaction of shock fronts with the resulting vapour cavity causes tissue disintegration. Recent
preclinical studies on histotripsy are reviewed for treating benign prostatic hyperplasia (BPH),
liver and kidney tumours, kidney stone fragmentation, enhancing anti-tumour immune
response, and tissue decellularisation for regenerative medicine applications. Potential clinical
advantages of the histotripsy methods are discussed. Histotripsy methods can be used to
mechanically ablate a wide variety of tissues, whilst selectivity sparing structures such as large
vessels. Both ultrasound and MR imaging can be used for targeting and monitoring the
treatment in real time. Although the two approaches utilise different mechanisms for tissue
disintegration, both have many of the same advantages and offer a promising alternative
method of non-invasive surgery.

Keywords

High intensity focused ultrasound, physics,
ultrasound

History

Received 25 November 2014
Revised 8 January 2015
Accepted 10 January 2015
Published online 24 February 2015

Introduction

High intensity focused ultrasound (HIFU) therapy is a

relatively new non-invasive medical technology in which an

ultrasound beam is focused within the body to locally affect

the targeted site without damaging intervening tissues [1].

Currently, the most common HIFU regime in clinical use is

thermal ablation, which has been applied to treat a variety of

both benign and malignant tumours including uterine fibroids

[2], prostate cancer [3], benign prostate hyperplasia (BPH),

liver and kidney tumours [4,5], and bone metastasis [6].

Recently the first successful surgeries on brain tissue were

reported for treating essential tremor and tumours [7,8].

Unlike other thermal ablation modalities, such as radio-

frequency (RF) or laser ablation, HIFU is completely non-

invasive. Targeting for the HIFU treatment is usually

performed using either magnetic resonance (MR) imaging

or B-mode ultrasound imaging; real-time visualisation of the

treated volume in the clinical systems employs either MR

thermometry [2,6] or observation of the echogenic region on

the B-mode images indicating, in most cases, the start of

boiling in tissue, when present [4,5].

Recent studies have shown significant interest in expand-

ing the capabilities of therapeutic ultrasound to generate

purely mechanical damage of tissue without thermal coagu-

lation – this approach is named histotripsy. The term

‘histotripsy’, from histo-, tissue (from the Greek histos) and

-tripsy, to crush (from the Greek tripsis), describes the

disintegration or liquefaction of tissue by short ultrasound

pulses [9] in analogy to lithotripsy. In the approach first

pursued by researchers at the University of Michigan (UM),

very short (ms-long), intense acoustic pulses repeated with

low duty factor periodically produce dense energetic bubble

clouds in tissue. The repeated expansion and contraction

of the bubble clouds mechanically disintegrate tissue to

a subcellular level, generating non-thermal lesions.
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An alternative approach to mechanically disintegrate (liquefy)

tissue using high amplitude ultrasound has been proposed in

collaborative studies between the University of Washington in

Seattle (UW) and Moscow State University (MSU) in Russia

[10]. This method, termed boiling histotripsy, uses longer (ms

instead of ms) duration focused ultrasound pulses to rapidly

generate a millimetre-sized boiling bubble (instead of a

cavitation cloud). This is achieved through tissue heating due

to the strong attenuation of the ultrasound energy at the shock

fronts that form naturally in the acoustic waveform by non-

linear propagation effects [11]. Interaction of these shock

fronts with the resulting vapour cavity causes tissue disinte-

gration into subcellular debris.

Histotripsy approaches may have certain clinical advan-

tages over traditional HIFU including ultrasound imaging of

treatment in real-time, avoiding overheating of intervening

tissues, natural passage or easier resorption of the fragmented

tissue, and a broader spectrum of potential bioeffects in tissue.

Some of these attributes are discussed later in the paper after

brief description of the two approaches given below.

Cavitation cloud histotripsy is a highly non-linear and

threshold phenomenon where bubble cloud activation does

not migrate and lesion boundaries can be seen bisecting

individual cells [12] (Figure 1). The region over which the

bubble cloud is activated is constrained to within the portion

of the focal zone exceeding this threshold where the

amplitude outside this region is insufficient to sustain this

cavitational activity, thus preventing migration. The dense

bubble clouds found to cause histotripsy are only initiated at

the focus whenever the peak negative pressure in acoustic

waveform exceeds an ‘intrinsic threshold’, which is around

28 MPa for most soft tissues [13,14]. This threshold is

characterised by the consistent formation of a dense bubble

cloud unlike typical acoustic cavitation that might be more

sparsely distributed in a lower amplitude pressure field.

Reduced peak negative pressure half-cycles (528 MPa)

cannot directly initiate the dense clouds for histotripsy.

Additional information on the relationship among various

thresholds is provided in the discussion. There are two

approaches to exceeding the intrinsic threshold for the

purposes of histotripsy: shock scattering and direct excitation.

Non-linear propagation readily forms pulses with peak

rarefactional pressure (p�) values in the range of 12 MPa to

25 MPa (less than the intrinsic threshold) and positive shock

fronts with peak pressures (p+) greater than 50 MPa. In the

shock-scattering approach [15], the initial negative half-cycle

initiates sparsely distributed incidental bubbles in the focus.

For pulses exceeding three cycles, subsequent positive shock

fronts are inverted at the pressure release bubble boundary

and the inverted shock front can exceed the intrinsic

threshold, inducing a dense bubble cloud from the scattered

now-negative pressure waveform. With subsequent cycles,

shock fronts produce supra-intrinsic threshold regions by

reflecting from the enlarging dense bubble cloud growing

towards the transducer. The growth of the bubble cloud

continues for �10 cycles until the intensity boundaries are

reached where this shock-scattering process no longer exceeds

the intrinsic threshold; longer excitations produce rapidly

diminishing effects. If any part of the primary pulse exceeds

the intrinsic threshold [13], a dense bubble cloud capable of

histotripsy is directly generated, even with a single negative

half-cycle. It is therefore attractive to classify different

cavitation cloud histotripsy approaches by the length of the

waveforms necessary to produce the desired lesions. ‘Intrinsic

threshold histotripsy’ can use pulses consisting of only a

single negative pressure ‘half-cycle’ pulse with the peak

pressure exceeding about 28 MPa. The pulse can be as short

as several hundred ns or less when synthesised as a monopolar

pulse, as will be discussed later. ‘Shock-scattering histotripsy’

can be produced by pulses from 3–10 cycles (several ms to

about 20 ms) of 0.5–1.0 MHz frequency, where, as explained

above, the combination of peak negative cycles ranging from

about 12 MPa to 25 MPa combine with reflections of the

essential positive shock fronts exceeding about 50 MPa. In

both cases, thermal effects are negligible if a low pulse

repetition rate (51%) is used.

(B) (C)

(F)

p+

p−

As

10 µm 

one cycle of
the focal
waveform

(G)(D) (E)

Cavitation-Cloud Histotripsy

cavitation

1-20 µs
1-20 ms

Boiling Histotripsy

1-20 ms

boiling

1-2s

boiling
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(A)

Figure 1. (A) Highly asymmetric non-linear pressure waveform with shock fronts at the focus typical for histotripsy. Different pulsing schemes used in
(B) cavitation cloud histotripsy and (C) boiling histotripsy approaches. (D) Cavitation cloud histotripsy lesion in ex vivo porcine myocardial muscle.
(E) H&E section at the boundary of the lesion showing the bisection of myocytes and the complete homogenisation of tissue (after Parsons et al. [12]).
(F) Boiling histotripsy lesion in ex vivo bovine liver tissue. (G) H&E section through the lesion boundary showing complete disintegration of cells in
the lesion.
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The boiling histotripsy approach uses sequences of much

longer HIFU pulses (ms instead of ms duration, see Figure 1)

and initiation of localised boiling as opposed to cloud

cavitation [16]. It has been shown that shock fronts generated

from non-linear propagation effects in the focal region of the

HIFU beams are super-focused and are present in a small sub-

volume within the focal region, much smaller than the focal

region of the linearly focused beam [17]. These shock fronts

heat tissue tens of times more rapidly compared to the

harmonic waves of the same amplitude. Shock wave heating

results in a temperature increase to over 100 �C and initiation

of localised boiling at the focus in as short as a few ms [18].

The boiling bubble rapidly grows to a size exceeding the small

sub-volume heated by shocks, and cools to form a vapour

cavity. The heated and potentially thermally ablated region in

the tissue is much smaller than the volume occupied by the

vapour cavity it creates. Following vapour cavity formation,

shock fronts from the rest of the pulse interact with the tissue–

vapour cavity interface to generate ultrasonic micro-fountains

and tissue atomisation – the emission of liquid droplets and

tissue micro-fragments that fill the cavity [19]. If the HIFU

pulse is not much longer than the time to boil, thermal effects

in the resulting lesion are negligible compared to the

mechanical disintegration caused by the exploding bubble

and its interaction with the acoustic pulse [20]. Peak pressures

required for boiling histotripsy are typically lower than in

cavitation cloud histotripsy, which enables the use of

currently available HIFU clinical systems; however, extra

energy capacity is required to generate longer pulses. A

typical pulsing protocol of 2 MHz frequency, 70 MPa shock-

front amplitude at the focus, 10 ms pulse duration, 1% duty

factor was found to produce purely mechanical single lesions

in ex vivo bovine liver tissue (Figure 1), kidney and heart, as

well as in porcine liver in vivo [16,20,21].

A detailed comparison of the two methods, termed

cavitation-cloud histotripsy and boiling histotripsy for the

purposes of this review, examining the ultrasound field

parameters, exposures and physical mechanisms of tissue

disintegration was published in a recent joint paper of the

researchers of the current paper from UM, UW, and MSU

[22]. The present paper provides an overview of some recent

studies related to the development of these technologies

toward clinical applications.

Cavitation cloud histotripsy

Histotripsy of prostate

Histotripsy is a promising technique for the treatment of

prostate diseases, specifically benign prostatic hyperplasia

(BPH) and prostate cancer. BPH is a common condition that

arises from prostate enlargement and compression of the

urethra (which passes through the centre of the prostate). This

commonly produces lower urinary tract symptoms (LUTS):

urinary frequency, urgency, intermittency, incomplete empty-

ing, weak stream, straining, and nocturia [23]. BPH can also

lead to more dangerous conditions, including urinary reten-

tion, urinary tract infection, haematuria, bladder calculi, and

renal insufficiency. Approximately 50% of men in their 50 s

and 80% of men in their 80 s are affected [24,25]. This high

prevalence and the associated deterioration in quality of life

result in approximately 4.5 million physician visits annually

for a primary diagnosis of BPH among men in the USA [26].

The current gold standard therapy for BPH is transurethral

resection of the prostate (TURP), a surgical procedure where

tissue is mechanically removed to debulk the overgrown

adenomatous tissue in the centre of the prostate and create a

wider urinary channel. Unfortunately, TURP is associated

with an 18% complication rate and a 0.2–1.5% mortality rate

[24,27,28]. Modern variations of transurethral resection

include electrovaporisation, laser vaporisation, and laser

enucleation techniques. Radiofrequency ablation (TUNA),

microwave therapy (TUMT), and interstitial laser therapy

were developed as minimally invasive alternatives to lessen

the morbidity and mortality of TURP but have not been as

effective or durable. Histotripsy may provide a less invasive

alternative therapy that utilises extracorporeal energy deliv-

ery, real-time ultrasound imaging feedback, and mechanical

homogenisation of targeted tissue to reproduce the debulking

accomplished with TURP but with lower morbidity.

To examine the utility of prostate histotripsy, a canine

model using older intact canine subjects was developed due to

the anatomic similarity to the human prostate.

Transabdominal application of histotripsy was facilitated by

placing a water bag over the suprapubic region of anaes-

thetised canine subjects positioned supine. The histotripsy

transducer focus was targeted on the canine prostate and

coupled through the water bolus (Figure 2). Real-time image

feedback for targeting and monitoring of treatment was

accomplished using a transrectal 10-MHz ultrasound imager.

The cavitation bubble cloud was easily identified as a

hyperechoic focus on the image. Translation of the transducer

allowed for volume ablation by ‘driving’ the bubble cloud

through the region of interest within the prostate.

The feasibility of prostate histotripsy was initially estab-

lished in acute canine subjects using a 750 kHz transducer

with pulse repetition frequency (PRF) of 100–500 Hz (duty

cycle 50.4%) [29]. It was apparent that the more dense

periurethral tissue required a greater number of pulses

(270 000 pulses/cm3 versus 28 000 pulses/cm3) to disintegrate

than glandular tissue [30]. An alternative to replicating

the anatomical result of TURP is to spare the urethra and

treat just the surrounding glandular tissue. When this

approach was applied – targeting 1–2 cm3 volumes of

glandular tissue – prostate volume decreased by 12% 8

weeks after treatment, without abscess formation or chronic

inflammation [31].

During the course of these experiments it was apparent that

there was very little bleeding. To examine this more directly,

an anticoagulant (warfarin, international normalised ratio

1.2–11.3) was administered to nine canine subjects before

being treated with an aggressive histotripsy protocol to create

a substantial TURP-like defect within the prostate [32]. Only

mild haematuria without clots was observed during the first

48 h after treatment, consistent with previous studies. In

addition, systemic measurement of haemoglobin did not

decrease, consistent with minimal blood loss.

To evaluate the local and systemic effects of histotripsy,

18 canine subjects underwent treatment of a 4-cm3 volume of

prostate, encompassing glandular tissue and prostatic urethra.

When prostates were harvested 0 to 56 days after treatment,
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a well-demarcated treatment cavity was apparent. Only mild

post-treatment discomfort, assessed with a validated pain

instrument, was observed and resolved shortly after urinary

catheter removal [33]. Modest transient post-treatment

abnormalities in blood tests were observed, consistent with

anaesthesia administration and tissue ablation [34]. Healing

was evident by urothelialisation of the treatment cavity with

minimal residual debris 28 days after treatment. From this

study it was concluded that histotripsy could be applied safely

and was well tolerated in the canine model.

The prostate is surrounded by critical structures that are

responsible for urinary continence and erectile function. To

establish the thresholds for damage of these critical peripro-

static structures, studies were conducted applying 750 000

histotripsy pulses to the bladder trigone and ureteral orifices,

and 1000, 10 000, or 100 000 pulses directly to the rectum,

urinary sphincter, and neurovascular bundles [35,36].

Moderate collagen disruption and focal mucosal homogen-

isation was seen in the rectum with 10 000 pulses, represent-

ing the lowest threshold for damage (equivalent to glandular

prostate tissue). However, the other critical structures were

resilient to histotripsy damage even after application of

100 000 pulses. Interestingly, the blood vessels and nerves

within the neurovascular bundles were structurally intact,

though extensive homogenisation was apparent in adjacent fat

and loose connective tissue [35].

Prostate cancer is another condition that may be uniquely

suited to histotripsy. Ten canine subjects underwent implant-

ation of malignant ACE-1 cells into their prostates [37]. After

ultrasound confirmation of tumour growth, histotripsy was

applied. Harvesting of prostates revealed tumour homogen-

isation in acute subjects while histology from chronic subjects

revealed haemorrhage and necrosis. Interestingly, metastases

were apparent in all three tumour-implanted controls, while

none of the histotripsy-treated chronic subjects exhibited

metastases [37].

These first studies proposed that histotripsy, due to its

distinct process of cavitational tissue ablation and unique

features (extracorporeal energy delivery, real-time visualisa-

tion of homogenisation, and echogenic change with treat-

ment) has great potential as a treatment for BPH and prostate

cancer.

Liver cancer application

Hepatocellular carcinoma (HCC) has been the fastest growing

cancer in the USA over the last decade [38]. While liver

transplantation may be curative, only a small patient popu-

lation receives this treatment [39]. Surgical resection has a

high morbidity, death rate of 1–5%, and is contraindicated in

patients with decompensated cirrhosis [40]. Radiofrequency

ablation (RFA) has become a standard therapy for tumours

53 cm diameter with fewer than three tumour nodules [40].

Other thermal ablation techniques include microwave [41],

cryo-[42], and laser [43] therapy. As blood flow through the

highly vascular liver creates a natural ‘heat sink’, thermal-

based minimally invasive ablation methods suffer from

inconsistent ablation, ineffective ablation for tumours near

major vessels, and extensive treatment times for tumours

larger than 3 cm diameter [44–46]. These ablation modalities

do not have reliable imaging feedback during treatments.

HIFU ablation for liver cancer therapy does not require device

insertion, is guided by real-time ultrasound [4,5] or magnetic

resonance imaging (MRI) [47], and has the potential to treat

multiple and larger tumours. However, HIFU treatment still

suffers from the heat-sink effect along with the challenge to

overcome the rib obstruction. As ribs are highly absorptive,

skin burns and subcostal oedema have been reported in

clinical HIFU liver ablation cases [4,5,48]. Respiration-

induced motion also significantly compromises the treatment

precision and efficacy [47].

Histotripsy can produce consistent and fast disintegration

of tissue with various heat dissipation patterns, even when the

tissue is in proximity to major vessels. The disintegration is

often self-limited at the boundaries of major vessels with

surrounding tissue completely homogenised. The therapy

focus can be scanned to treat a large tumour volume (43 cm)

and multiple nodules. As noted in the previous section,

cavitation bubbles can be visualised with ultrasound imaging,

allowing precise targeting. The change in tissue during

treatment can be also be directly monitored using standard

imaging modalities such as ultrasound and MRI, which

allows histotripsy to be guided in real-time [49,50]. For

transthoracic liver ablation, ribs in the ultrasound pathway

cause periodic blockage of ultrasound, resulting in a signifi-

cantly decreased focal pressure and increased grating lobe

Figure 2. (A) Histotripsy was applied to the prostate transcutaneously in anaesthetized canine subjects. A transrectal ultrasound imaging probe
provided real-time visualisation of the prostate and cavitation bubble cloud during treatment. (B) H&E stained cross-section of the prostate four weeks
after treatment. The targeted volume (devoid of debris) is seen within the glandular prostate communicating with the urethra.
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pressure levels [51–53]. By applying appropriate pressure

amplitude where the focal pressure is above the histotripsy

threshold while the grating lobe pressure is not, a confined

cloud at the focus and a precise lesion can be produced

despite the intervening ribs [54,55]. Thermal damage to the

overlying and surrounding tissue is prevented by using

prolonged cooling times between pulses (i.e. a low duty

factor). The following is an overview of the feasibility of

developing histotripsy for non-invasive liver ablation in an

in vivo porcine liver model with size and anatomy similar to

human liver [56,57].

First experiments studied the in vivo feasibility for creating

precise lesions through ribs and overlying tissue. Twelve

�1 cm3 lesions were successfully created with locations

spanning the entire liver, including the superior and inferior

regions of the left, middle, and right lobes [56]. Histotripsy

pulses of 1 MHz, 10 cycles, 500 Hz PRF, and 14–17 MPa

linearly estimated in situ peak negative pressure (p�) were

applied. Treatments were performed in 16.7 min through

3–6.5 cm of overlying tissue with the rib cage covering

30–50% (including intercostal space) of the transducer

aperture. Histological evaluation of histotripsy lesions

showed complete fractionation of hepatic parenchyma inside

the treated volume with sharp boundaries of partially ablated

liver tissue5500 mm for all treatments.

In a second set of experiments, tissue-selective ablation

and large volume ablation were investigated. Two lesions up

to 60 cm3 were generated in the livers of two pigs using the

same histotripsy parameters used for the first study. The liver

tissue, vessels, gallbladder, and other tissues within and

surrounding the treatment region were evaluated histologi-

cally for any damage. Two liver volumes of 18 cm3 and

60 cm3 were liquefied in vivo within 60 min by mechanically

steering the focus [56]. Histotripsy-induced liver liquefaction

was self-limited at the boundaries of critical structures

including the major vessels and gallbladder. Liver tissue

surrounding major vessels was completely disintegrated, yet

the vessels larger than 300 mm remained intact (Figure 3).

A third experiment studied the effect of rib obstruction

without using aberration correction. Histotripsy liver abla-

tions were conducted in eight pigs with four lesions generated

through transcostal windows with full ribcage obstruction and

through transabdominal windows without rib coverage.

Treatments were performed with a 750 kHz focused trans-

ducer using five-cycle pulses at 200 Hz PRF with linearly

estimated in situ p� of 13–17 MPa. Temperatures in overlying

tissues including the ribs were measured with needle

thermocouples inserted subcutaneously. Treatments of

approximately 40 min were applied, allowing overlying

tissue temperatures to reach an equilibrium. Lesions yielded

statistically comparable ablation volumes of 3.6 ± 1.7 cm3 and

4.5 ± 2.0 cm3 in treatments with full ribcage coverage

(transcostal) and no rib obstruction (transabdominal), respect-

ively. The average temperature increase in transcostal treat-

ments was 3.9 ± 2.1 �C, while transabdominal treatments

showed an increase of 1.7 ± 1.3 �C. No damage was seen on

the ribcage or other overlying tissues [55].

The results of these studies demonstrated that histotripsy

created precise lesions at locations throughout the entire liver

through ribs and overlying tissue without using aberration

correction. Bubble clouds were successfully initiated and

lesions were formed in all treatments. The different heat

dissipation associated with regions containing different vas-

cular patterns did not affect the consistency of histotripsy

liver ablation. As major vessels and gallbladder have higher

mechanical strength and are more resistant to histotripsy [57],

the liver surrounding these structures was completely

disintegrated while the major hepatic vessels and gallbladder

remained intact.

Thrombolysis application

Thrombosis is the medical term used to describe blood clot

formation, the key mechanism behind many cardiovascular

diseases. For example, deep vein thrombosis (DVT) affects

two million people [58] and causes at least 100 000 deaths

annually in the USA alone [59]. Current treatment methods

for thrombosis include thrombolytic drugs and catheter-based

surgical procedures. Thrombolytic drugs are often ineffective,

have a long treatment time, and can cause excessive bleeding,

which may be fatal in a small number of cases [60]. Catheter-

based procedures are more effective, but they are invasive and

carry an increased risk of bleeding, vessel damage, and

infection [61]. Ultrasound can be combined with thrombolytic

drugs and/or contrast agents to accelerate thrombolysis

by enhancing the delivery of drugs into the clot [62].

Figure 3. (A) H&E slide showing intact vessels (indicated by arrows) remained in the completely fractionated liver. (B) There is no statistical
significance in the number of vessels above 300-mm diameter in the treated and control regions. (This figure is adapted from Vlaisavljevich et al. [56]).
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Despite early signs of success [63], ultrasound assisted

thrombolysis is still quite slow (several hours) and carries

similar adverse effects to thrombolytic drugs. To further

shorten the treatment time and eliminate the need for

thrombolytic drugs, some researchers have investigated

thrombolysis via inertial cavitation using ultrasound alone

[64,65] or combined with contrast agents [66,67].

Histotripsy also uses focused transcutaneous ultrasound,

but does not incorporate thrombolytic agents. Instead, the

cavitation cloud [68,69] causes direct mechanical breakdown

of the thrombus into acellular debris [70]. Our study shows

that clot lysis and blood flow restoration can be achieved at a

speed and order of magnitude faster than any current method,

without vessel penetration or hazardous embolisation. We

have investigated the in vitro and in vivo feasibility of using

histotripsy for non-invasive thrombolysis [71–74].

Initial work investigated the effects of histotripsy on blood

clots formed in vitro from fresh canine blood and CaCl2. Clots

were treated using a 1-MHz transducer delivering five-cycle

pulses at 1 kHz pulse repetition rate and p� varying between

2–12 MPa [71]. The broken clot fragments were serially

filtered through 1 mm, 100 mm, 20 mm, and 5 mm filters after

treatment to measure the total weight of particles in a range of

size categories. Histotripsy thrombolysis only occurred at

p�� 6 MPa when initiation of a cavitating bubble cloud was

detected using acoustic backscatter monitoring [75]. Blood

clots weighing 330 mg were completely broken down by

histotripsy in 1.5–5.0 min. There was an increase in thromb-

olysis rate with p� between 6–12 MPa (t-test, P50.05). Filter

dry weights changed by �1 mg suggesting that at least 96%

(96 mg out of 100 mg) of the particles were smaller than 5 mm.

The in vivo feasibility of histotripsy thrombolysis was

studied with acute thrombi formed in the femoral vein of

juvenile pigs with the same exposure parameters but

p� between 14–19 MPa [72]. The focus was scanned along

the long axis of the vessel to treat the entire extent of the clot

observed by B-mode imaging. To evaluate vessel damage

caused by histotripsy alone, vessels without clots were treated

for 300 s using the same exposure parameters. The bubble

cloud was confined to the vessel lumen and appeared on a 2D

image as a dynamic echogenic region on the surface of or

within the thrombus. The treated area underwent a reduction

in echogenicity (10 of 12 cases), indicating thrombolysis was

occurring in that region (Figures 4A, C and E). In seven cases,

improved flow through the vein was measured by colour

Doppler (Figures 4B, D and F). The mean ultrasound

exposure time for a treatment was 10.5 ± 5.5 min for clot

length of 20.1 ± 6.0 mm and vein inner diameter of

5.5 ± 1.0 mm. Vessel histology showed denudation of vascular

endothelium and small pockets of haemorrhage in the vessel

adventitia, underlying muscle and fatty tissue, but perforation

of the vessel wall was never observed. In the two instances

where histotripsy was not successful, a bubble cloud could not

be generated likely due to air trapped in the water bath at the

coupling interface with the skin surface and/or within the

vessel during catheterisation to form the clots.

Finally, a non-invasive embolus-trapping (NET) technique

was investigated [73,74]. A cavitation cloud generated in a

vessel-flow phantom, similar to that described by Ryan and

Foster [76], resulted in two vortices on either side of the

cloud. Particles from a clot were trapped in the vortices and

simultaneously disintegrated [73]. To evaluate the trapping

capability of NET quantitatively, the maximum trapping

velocity was measured as a function of p� and PRF, which

was defined in [74] by the maximum mean fluid velocity at

which a 3–4-mm particle was trapped by the histotripsy-

induced cavitation cloud in a 6 mm diameter vessel phantom.

The maximum trapping velocity increased linearly with p�
and increased as the square root of pulse length and PRF. A 3-

mm clot-mimicking particle could remain trapped under a

background velocity of 9.7 cm/s, and clot fragments treated by

NET resulted in debris particles575 mm.

These experiments demonstrate the in vitro and in vivo

feasibility of using histotripsy via cavitation alone for

thrombolysis. Histotripsy has the potential to overcome the

limitations of current thrombolysis methods requiring

thrombolytic drugs and/or catheter-based procedures. In

addition, the results show that histotripsy can dissolve clots

at a rate significantly faster than drugs. Such a therapy would

also require less time and lower cost than a surgical catheter.

In all cases where a bubble cloud could be initiated in an

in vivo vessel, at least partial breakdown of the thrombus was

achieved. Recanalisation of the vessel was not always

achieved, in part due to limited resolution of the therapy

guidance transducer, which was not optimised for the DVT

study. While vessel perforation was not observed in any of the

in vivo treatments, small areas of medial and adventitial

damage were present in part of the vessel. This damage

should be avoided using a transducer with a smaller focal

zone. The clot debris was measured in vitro to be no

greater than 100 mm, a size unlikely to cause hazardous

embolism. In addition, it was found that the cavitating bubble

cloud in the vessel can capture, trap, and simultaneously

disintegrate a clot fragment flowing through, into, or near the

cavitation cloud.

Kidney stone erosion application

The prevalence of kidney stones is estimated to be 8.8% in the

USA [77]. Shock wave lithotripsy (SWL) is a first-line non-

invasive therapy where high energy acoustic bursts of short

duration are applied to fragment a stone so that it can more

easily pass from the body. While SWL has been an invaluable

tool in the treatment of urinary stones, success rates have been

consistently worse than more invasive interventions. SWL

fails to achieve stone-free status in 20–40% of patients at

3-month follow-up [78–80] and even ‘successful’ procedures

may involve the painful passage of fragments which have

been only partially disintegrated. Large stones (420 mm

diameter), stones of difficult composition (i.e. cystine), and

stones located in the lower pole all have worse outcomes,

further discouraging treatment with SWL. Because urinary

stones are very common and because of the problems

associated with SWL, there has been a significant research

effort to improve SWL. Histotripsy has also shown promise as

a method for eliminating stones, where pulse parameters

similar to that used in the histotripsy for tissue could be used

alone or in combination with current SWL pulses to

accelerate stone disruption and reduce fragment size.

Additionally, control of a wider range of pulse parameters
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can be used as a research tool for better understanding the

mechanisms behind stone comminution.

Pulses similar to those used with histotripsy produce

bubble clouds on the surfaces of stones that appear very

similar to those seen in SWL [81]. Cavitation bubble clouds

produced by either method near a stone surface collapse

asymmetrically against the stone. The high-speed flow

associated with this collapse is thought to break off small

pieces of the stone surface in similar fashion to other

instances of cavitation erosion. In practice, histotripsy cavi-

tation erodes the surface of the stone, producing very fine

debris particles much less than 1 mm in size [82] (Figure 5A).

SWL displays a distinctly different progression of frag-

mentation beginning with coarse subdivision of a stone (within

the first 200 shock waves) followed by gradual reduction of

fragment size [83] requiring hundreds to thousands more

shock waves. The relative contributions of compressional

stress waves and cavitation during SWL are complex and

likely to vary during the procedure; however, the surface

erosion effect demonstrated through histotripsy would seem

to be a dominant effect of cavitation during SWL as well.

Much higher PRFs (up to 1 kHz) have been explored with

histotripsy than would be practical with SWL (1 or 2 Hz),

producing a far greater number of individual cavitation events

Figure 4. Ultrasound images of the femoral vein captured by a linear array imaging probe between treatments of a thrombus. (A, B) The original
appearance of the vessel on 2D imaging and with colour Doppler. (C, D) The thrombus after 240 s of treatment (one scan). (E, F) The final condition of
the clot after 720 s (three scans). Note the decreased echogenicity in the lumen on C and E compared with A. Also, a flow channel is clearly visible on
D and F, while none was present before treatment in B. (This figure is adapted from Maxwell et al. [72]).

Figure 5. (A) Fragment size distributions from abbreviated lithotripter and histotripsy treatments. (B) Histotripsy erosion rates for various pulse rates
and pressures showing saturation effect. (C) Measured comminution rates for SWL, histotripsy, and combined therapy.
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in a given amount of time. In these experiments, as the

histotripsy pulse rate is increased, the erosion rate also

increases, but not in a linear fashion. At very high amplitude

and PRF, the erosion rate reaches an asymptotic limit

(Figure 5B). This is thought to occur because of a prolifer-

ation of remnant cavitation bubbles following the collapse

of each histotripsy cavitation cloud. If insufficient time is

allowed for these bubbles to dissolve, they may block or

reduce the amplitude of a propagating acoustic wave and

promote cavitation clouds to collapse away from the stone

surface. A similar effect is thought to occur during SWL as

well, where the per-shock wave efficiency is known to be

significantly worse at 1 Hz than 2 Hz. In experiments where

low amplitude acoustic bursts are applied to stimulate

coalescence of these remnant bubbles, both the SWL and

histotripsy efficiency at higher rates are greatly improved

[84,85]. Optimisation of bubble coalescence may shorten the

time required for stone comminution procedures or allow for

a more thorough treatment.

Very high histotripsy erosion rates have been demonstrated

in vitro with model stones even for a histotripsy transducer

with a relatively small focal zone (Figure 5C). Short bursts of

three to five acoustic cycles (central frequency of 500 kHz

or 1 MHz) at 10 Hz–1 kHz and peak negative pressures of

10–25 MPa were used to completely erode 10-mm diameter

model stones within a few tens of minutes at the highest rates.

Thus, the time to completely destroy a stone by histotripsy

erosion can be similar to that required by SWL. Using an

optimised non-spherically focused source or phased-array

scanning techniques may greatly increase the erosion rate.

The potential has also been demonstrated for a synergistic

combination between histotripsy and lithotripsy. As was

previously noted, observations during image-guided clinical

procedures and published research have shown lithotripters

break primary calculi rapidly, but are much less efficient at

reducing these fragments to less than 2 mm – generally

requiring hundreds to thousands more shock waves. Non-

cavitational mechanisms are thought to become less efficient

for smaller fragments, leading to a second phase where

cavitation must dominate. By interleaving histotripsy bursts

within shock waves, a significantly faster stone comminution

is achieved where the early subdivision of the stone by shock

waves also greatly increases the surface area available to

histotripsy erosion (Figure 5C).

The compressional stress component of SWL can be

isolated by suppressing cavitation with the use of overpressure

[86], performing experiments in non-cavitating fluids such as

castor oil [83], or by modifying the shock waveform [87–89].

This work has yielded a good understanding of the specific

actions of the shock wave and non-cavitational mechanisms.

However, it has only been possible to deduce the role of

cavitation in SWL by noting changes in stone comminution

when cavitation is suppressed. Using histotripsy it is possible

to isolate the cavitation mechanisms in stone comminution for

their direct study. Histotripsy techniques for suppressing

unwanted cavitation may also be effective for reducing

collateral injury to healthy kidney tissue during SWL or

histotripsy procedures [90].

Further research applying histotripsy for the comminution

of urinary stones may lead to the development of significantly

faster and more reliable techniques. This should improve

outcomes for current patients and increase the population of

candidates for a non-invasive procedure.

Boiling histotripsy

High-output system for boiling histotripsy in liver

As discussed earlier, thermal ablation techniques offer a

minimally invasive option for unresectable liver tumours, but

complete success can be difficult to achieve because of heat

diffusion effects caused by large blood vessels and potential

to cause vascular injury. Boiling histotripsy (BH) shows

potential as a treatment of solid tumours in the liver, including

metastases and hepatocellular carcinoma. Because boiling

histotripsy uses such millisecond-length pulses to create the

bubbles that result in mechanical lesions, minimal heating is

applied, thus minimising potential thermal damage to adja-

cent tissue structures by heat diffusion or damage to ribs by

heating [16]. At a 1% duty cycle, the time-averaged power

delivered to the focus is in the order of 1 W. The onset of

boiling occurs rapidly enough (10–20 ms) that BH is

unaffected by diffusion and perfusion effects that would

result in unanticipated cooling, such as the case of ablation

adjacent to a major vessel. Finally, BH has been found to

spare tough tissues such as large vessels, while liquefying the

surrounding parenchymal mass [20].

Experiments to date have been performed in both ex vivo

and in vivo liver tissues. Preliminary experiments used a

degassed water bath with transducers having 1–3 MHz

operating frequency. Initial experiments were performed

near 2 MHz and demonstrated that boiling could be achieved

in under 20 ms for focal in situ intensities �11 100 W/cm2 at a

depth of 13.5 mm into the liver [10]. The experimental times

required to achieve boiling agreed well with those calculated

from hydrophone measurements and non-linear simulations

using the Khokhlov-Zabolotskaya-Kuznetsov (KZK) equation

generalised for the nearly linear power law of absorption in

tissue. Lesions formed under these conditions produce a

‘tadpole’-shaped lesion, with the head closest to the trans-

ducer (Figure 6). The treatment results in complete disinte-

gration of the tissue structure into an acellular liquid with

minimal thermal denaturation [20], although in certain cases,

the vascular tissue or connective tissue of the hepatic lobules

can remain intact. Further studies demonstrated that the tissue

effect and lesion shape remained the same using 1-, 2-, and

3-MHz transducers producing the same shock amplitude at

the focus, but the lesion dimensions scaled proportionately to

the focal dimensions [16].

The feasibility of using boiling histotripsy in vivo has

been recently demonstrated in a porcine model [21]. A 2-MHz

focused transducer was coupled directly to the exposed liver

and used to create single-focus lesions at up to 1.5-cm depth.

During exposures performed under ultrasound image guid-

ance, boiling bubbles appeared on B-mode images as

hyperechoic regions with a size that matched the lesion

dimensions. It was shown that the lesions generated in vivo

were similar to those created in ex vivo tissue in size

and shape.

These results suggest that liver tissue can be effectively

disintegrated or liquefied by BH. However, transcutaneous
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application of BH has yet to be achieved. The preliminary

work described above utilised systems with a single-element

therapy transducer operated at its maximum power to create

lesions at relatively shallow depths. Treatment of liver

tumours will require propagating through significant overly-

ing tissue paths, and in some cases with partial blockage by

ribs. To address such issues of treating deep tumours, a

boiling histotripsy system was recently developed at the

University of Washington [91]. This work incorporates a

15-cm 1-MHz focused transducer that can output pulse-

average acoustic power levels as high as 11.5 kW for pulse

durations of up to 10 ms (Figure 6A).

In order to evaluate the acoustic output needed to treat

tissues at different depths, a de-rating method has been

adopted. This method has been recently developed in a joint

effort of researchers from UW and MSU for non-linear HIFU

fields, including strongly non-linear focusing conditions and

shock front formation [16,18,92]. The technique is based on

findings initially demonstrated in simulations, that nearly

identical waveforms are produced at the focus in tissue as

those in water by adjusting the output pressure of the

transducer [92]. As non-linear effects occur mostly in the

small focal region of the beam, where pressure amplitude is

the highest, non-linear distortion of the waveform is minimal

along most of the tissue path to the focus. The scaling factor

for the source output therefore can be approximated assuming

linear wave attenuation over the tissue path. The transducer

surface pressure amplitude p00 needed to produce a focal

waveform of certain shape, peak pressures, and shock

amplitude at the depth L in tissue follows p00 ¼ p0 expð�LÞ,
where p0 is the pressure needed to achieve the same waveform

in water (without attenuation), and � is the linear attenuation

coefficient in tissue at the fundamental HIFU frequency.

Preliminary experiments with the new BH system showed

that boiling histotripsy lesions could be reliably produced in

ex vivo bovine liver above a threshold power of 268 W at

1.8 cm depth, consistent with other studies [16,20]. The

threshold for producing BH lesions was found to increase up

to 800 W for generating lesions at 6 cm depth. These results

correspond to the de-rating factor for a source pressure

amplitude calculated with attenuation of 0.61 dB/cm at

1 MHz, which is within the reported range of attenuation

measured through liver (0.35–0.7 dB/MHz/cm) [93] and

similar to the results of the earlier studies [18,20].

Furthermore, the lesion dimensions were consistent at differ-

ent depths (Figure 6). Given that these experiments only

require 7% of the maximum power of the system, boiling

histotripsy through substantial overlying tissue paths appears

feasible.

Future work is needed to establish treatment through

heterogeneous tissue layers that compose the abdominal wall

– skin, adipose tissue, and muscle. Furthermore, part of the

transducer aperture can be obstructed by ribs which can

further increase the power needed to create boiling in situ

[51,94]. Provided these conditions can be met, boiling

histotripsy may provide a safe therapeutic modality for

treatment of tumours in the liver.

Treatment of renal carcinoma

Another potential area for adoption of histotripsy methods

into clinical use is for focal therapy of small low-stage renal

carcinomas (RCC). With a rising incidence over the last few

decades, RCC is currently the sixth most common solid organ

malignancy in the USA, with an estimated 65 140 cases in

2013 [95]. This rise in incidence has also been associated with

a stage migration, with460% of patients now presenting with

stage I disease (organ-confined tumours �7 cm) [96]. The

current standard of care for the majority of these patients is a

partial nephrectomy, with the goal of sparing uninvolved

kidney to preserve renal function. While this approach offers

excellent oncological control, it has been associated with

complications in up to 25% of patients [97,98].

With the goal of decreasing morbidity of renal-sparing

therapies, ablation of small renal cancers has been explored

clinically. In the USA, cryo- and radiofrequency ablation have

been adopted into clinical practice. Similar to the situation in

the liver, these techniques have been limited to masses54 cm,

due to the heat-sink effects of renal perfusion [99]. Further,

they remain invasive, requiring a percutaneous or laparo-

scopic approach. Collectively, these factors have contributed

to thermal ablation producing inferior oncological outcomes,
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Figure 6. (A) A boiling histotripsy transducer built to treat through large overlying tissue paths such as liver. (B) Three mechanical lesions generated at
shallow depth in ex vivo bovine liver tissue, showing the tadpole shape. (C) Lesions generated through different liver thicknesses showing consistent
dimensions. Ultrasound was generated from the top of the frames. (D) In situ pressure waveform determined using non-linear de-rating method from
characterisation measurements in water [18,92].
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yet similar complication rates compared to partial nephrec-

tomy [97].

In Europe and Asia, HIFU thermal ablation of small renal

carcinomas has been explored using two different clinical

prototype systems. Acute necrosis was reported using a

1-MHz clinical prototype system (Storz UTT System, Storz

Medical AG, Kreuzlingen, Switzerland) in just 9/14 (64%)

patients, involving 530% of targeted volume in all cases,

whose tumours were treated with HIFU followed by imme-

diate partial nephrectomy in a phase II study [100]. Similarly,

the results of HIFU thermal ablation were reported for

curative intent in 17 renal tumours using a 0.83-MHz system

(Chongqing HAIFU, China). Of the tumours in which ablation

was feasible, only 10/15 (67%) remained free of secondary

therapy after 6-month follow-up with MRI [101]. Similar to

cryotherapy and radiofrequency ablation, HIFU ablation of

RCC has been limited by uneven heating, due to a combin-

ation of tissue properties and heat-sink effects of renal

perfusion, and lack of treatment feedback [100]. As a result,

an alternative technology to thermal ablation that offers

reliable feedback of treatment could be beneficial.

Towards this goal, histotripsy has been explored as a novel

extracorporeal ablative technology for RCC. The feasibility of

cavitation cloud histotripsy of renal tissue was demonstrated

using an 18-element 750-kHz therapy transducer to deliver

20 ms pulses with a PRF of 100 Hz and linearly estimated

p� of 22 MPa in an in vivo acute rabbit model [102].

Sonications produced focal disintegration of targeted renal

tissues in a dose-dependent fashion with sharp demarcation

between treated and untreated renal tissues. Similar to

observations in the prostate, the cloud was readily apparent

on B-mode ultrasound providing immediate feedback for

targeting. Further, histotripsy treatment resulted in loss of

tissue echo texture and the appearance of a hypoechoic cavity,

which correlates to histological changes.

In subsequent chronic rabbit studies the post-treatment

histotripsy cavity was observed to completely resorb with the

formation of a small fibrous scar within 60 days of treatment

[103]. When used to treat a volume of tissue in ex vivo porcine

kidneys, the medulla and collecting system were observed to

be more resistant to cavitation cloud histotripsy compared to

the renal cortex [104]. The ability to target and ablate in situ

renal tumours was then demonstrated in the implanted VX2

rabbit papilloma model using a 1-MHz system, three-cycle

pulses (p�� 20 MPa) at a PRF of 300 Hz using B-mode

ultrasound to target tumours [105].

More recently, boiling histotripsy has been evaluated as an

alternative histotripsy strategy for renal applications. The

seven-element 1-MHz therapy transducer described above and

originally tested for boiling histotripsy in liver was used. The

exposure protocol was to deliver 10 ms pulses (in situ 98 MPa

shock amplitude, peak negative pressure 17 MPa de-rated

from water measurements) at a PRF of 1–3 Hz. Ex vivo

porcine and human renal tissue has been successfully treated

with boiling histotripsy [106]. Morphologically, lesions in

both species appear similar, progressing from ovoid to

‘tadpole’ shape with dose-dependent mechanical disintegra-

tion of targeted tissue that is precise and sharply demarcated

between treated and untreated on histological assessment

(Figure 7). Lesions generated with PRF of 1 Hz generally had

negligible observable thermal effects, while PRF of 3 Hz was

associated with some thermal contributions and the gener-

ation of a blanched thick paste. Human renal tissue has been

observed to be more resistant than porcine tissue, requiring

approximately double the number of pulses to produce the

same effect. Similar to cavitation cloud histotripsy, renal

tissues demonstrate tissue-specific sensitivities to the effects

of boiling histotripsy, with the cortex demonstrating increased

sensitivity to boiling histotripsy compared to the medulla and

collecting system in both species. Likewise, boiling histo-

tripsy provides similar feedback on B-mode ultrasound with

the appearance of the hyperechoic boiling bubbles at the focus

and loss of tissue echo-texture with sufficient pulses.

Collectively, these preclinical data suggest an exciting

possible clinical application of the histotripsy methods for

ablating RCC. Histotripsy ablation of renal tumours would

potentially offer a uniquely non-invasive, precise, mechanical

treatment of RCC, with real-time imaging feedback to ensure

adequate targeting and treatment duration. Future work is

needed to optimise delivery of extracorporeal histotripsy to

the retroperitoneum within the confines of overlying ribs

(acoustic screening) and perinephric fat (attenuation). Such

understanding will allow studies aimed at providing insight

into the effects of renal histotripsy in vivo and ultimately

clinical application.

Anti-tumour immune response application

Several studies have reported that thermal HIFU ablation of a

primary tumour can potentially activate host anti-tumour

immunity [107–109]. It is hypothesised that ablated tumour

can improve tumour immunogenicity by releasing tumour-

associated antigens as well as danger-associated molecular

patterns (DAMPs) in the form of heat-shock proteins. This

release could enhance activation and proliferation of dendritic

cells, which in turn could lead to the activation of tumour-

specific cytotoxic T cells. In terms of the direct effect on

tissue, thermal ablation via HIFU would be equivalent to

other modes (e.g. radiofrequency or laser ablation), which

have also been shown to have an anti-tumour effect in

preclinical studies [110–111].

Histotripsy is hypothesised to be more advantageous for

inducing systemic immunity than thermal ablation because it

could potentially release large amounts of non-ablated

antigens, as well as DAMPs in the form of HMGB1 or ATP.

 

water

HIFU

kidney

transducer

5 mm

(A) (B)
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Figure 7. (A) Experimental set-up for generating boiling histotripsy
lesions in ex vivo porcine kidney. (B) Mechanical lesion in a cortex of the
kidney treated with boiling histotripsy. (C) Histological appearance of a
section of boiling histotripsy lesion demonstrating homogenisation of the
targeted region.
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This could be analogous to the administration of immuno-

logical vaccines in situ. The effects of histotripsy on anti-

tumour immunity were first investigated by a group from

Duke University in three different subcutaneous mouse

allograft models [112–114]. In these studies, pulsing

schemes that closely resemble that of boiling histotripsy

(40 ms pulses of 3.3 MHz frequency, 2% duty factor,

reported p+¼ 35 MPa and p�¼ 12.5 MPa) were used to

create mechanically disintegrated lesions in the subcutane-

ous tumours, without evident thermal effects. Similar to BH

treatments, each lesion corresponded to the appearance of a

hyperechoic region in B-mode images, but at the time the

mechanism was interpreted as inertial cavitation, and the

regime was termed mechanical HIFU (M-HIFU). It was

shown that M-HIFU induced enhanced dendritic cell infil-

tration of tumours and migration to the draining lymph

nodes (in murine MC-38 colon adenocarcinoma), suppressed

formation of distant metastases (in murine B16 melanoma),

and an increase in CD8+ T cell responses (murine prostate

cancer RM-9 tumours). As compared to conventional

thermal HIFU, M-HIFU was shown to provide superior

immunological responses. However, it was concluded that

HIFU-induced lysis alone was likely not sufficient to induce

clinically meaningful response, but could serve as a useful

adjuvant to other immunotherapy, as well as allow local

tumour control.

In recent studies, boiling histotripsy was combined with

adoptive T-cell immunotherapy in B16 murine melanoma

tumours subcutaneously grafted in C57BL/6 J mice [115]. BH

treatment (n¼ 8) or sham treatment (n¼ 8) was performed 10

days after tumour implantation, when the tumours reached the

minimum diameter of 5 mm, exposure parameters were 10 ms

pulses of 3.4 MHz frequency, with in situ shock amplitude of

As¼ 66 MPa, p+¼ 58 MPa, p�¼ 12 MPa, PRF of 1 Hz, and

applying 60 pulses per focal spot (Figure 8A). Two days prior

to the treatment, adoptive T-cell transfer was performed from

genetically modified pmel mice (1–3� 107 freshly isolated

pmel splenocytes injected intravenously). In pmel mice, 80%

of CD8+ T cells are specific to mgp100 peptide which is

known to be expressed in B16 melanoma [116]. Preliminary

acute studies demonstrated that each liquefied lesion was

approximately 4 mm in length and 0.5 mm in diameter [115].

The focus was therefore scanned in 0.5 mm steps to cover

approximately 80% of the tumour volume while monitoring

boiling bubble activity by B-mode ultrasound (Figure 8B).

The whole tumour volume was not ablated entirely to

preserve some of the infiltrating lymphocytes. Animals were

sacrificed and tissues (spleen, ipsilateral and contralateral

inguinal lymph nodes, blood and tumour) were harvested

2 days (n¼ 4) or 7 days (n¼ 4) post-treatment, processed

and stained with three panels of mAbs (Abcam) for flow

cytometry.

It was shown that BH treatment was successfully

performed in all cases without disrupting the skin; the

tumours were flattened and spread out immediately post-

treatment, suggesting liquefaction of the tumour. However,

the BH exposure did not decrease the rate of subsequent

tumour growth, which became pronounced within 2 days

after the treatment (Figure 8C). No metastatic lesions were

found in any of the animals on necropsy. No statistically

significant difference was found between control and treat-

ment groups in the number, activation status and phenotype

of the CD8 and CD4 cells in either tissue, neither 2 days nor

7 days after the treatment. However, substantial variability

was observed between subjects, and reaching statistical

significance under these conditions would only be expected

if very pronounced effects occurred. The percentage of the

adoptively transferred Thy1.1+CD8+ T cells was very low in

all tissues, varying within 0–5% of all CD8+ T cells, which

indicated that these tumour-specific CD8 T cells did not

preferentially proliferate. On the second day after treatment,

the number of activated mature dendritic cells

(CD11c+MHCII+CD86+), as well as other lymphocytes

bearing the MHCII receptor in ipsilateral inguinal lymph

node was elevated in the treatment group compared to the

sham control group, but this elevation did not reach statistical

significance. On the seventh day after treatment, the number

of MHCII-bearing lymphocytes in the spleen (likely B cells)

was significantly elevated in the treatment group compared to

the sham control group.

It was shown therefore that BH treatment of subcutaneous

B16 murine melanoma did not appear to boost adaptive

anti-tumour immunity in a clinically significant way,

even when combined with adoptive immunotherapy.

Figure 8. (A) Diagram of the experimental set-up for boiling histotripsy of subcutaneous B16 melanoma tumours in mice. (B) Frames of B-mode
ultrasound recorded before and during boiling histotripsy treatment of the tumour. (C) The dynamics of the tumour growth before and after boiling
histotripsy or sham treatment (n¼ 4 per group). Although the treatment delayed the tumour growth, it did not affect the subsequent tumour growth rate.
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However, substantially elevated numbers of MHCII-bearing

lymphocytes in ipsilateral lymph nodes and spleen suggest

that macrophages and B cells may play a role in the immune

response to this treatment and warrant further investigation.

It is also important to note that this study was limited to

observation of very pronounced immunological effects due to

the small number of animals per group, as well as large inter-

subject variability observed. BH treatment was performed

only once, whereas immunotherapies often imply repeated

administration of adjuvants. In conclusion, immune response

to boiling histotripsy remains an important open question,

and should be addressed using more relevant animal models

(e.g. orthotopic or de novo tumours).

Tissue engineering and regenerative medicine
application

Tissue loss and organ failure is a costly problem for the USA

healthcare system, and standard treatments are far from ideal.

Currently, the standard of care for end-stage organ failure is

orthotopic transplantation; however, even when a viable donor

organ is available there are still concerns over immune failure.

A promise of tissue engineering is to develop tissue and organ

substitutes that replace diseased or injured tissue and organs.

Although there have been some major technological advances

in this field, the number of tissue-engineered medical devices

used clinically are limited and there is still no viable tissue-

engineered replacement for whole organs.

Suitable replacement tissues require scaffolds to provide

three-dimensional support with an appropriate mechanical

and biological environment to promote cell attachment,

migration, proliferation, and neo-tissue genesis. As such,

biomimetic scaffolds have been sought for this purpose. The

complex architecture of native tissue, however, has been hard

to recapitulate in the lab setting. The use of mammalian

biological scaffolds composed from allogenic or xenogeneic

extracellular matrix (ECM) could establish a foundation on

which functional replacement of whole organs and complex

tissues could be developed. Indeed, such scaffolds have been

successfully used in a range of tissue engineering/regenerative

medicine applications for thin structures [117,118]. However,

the critical limiting factor in the regeneration of whole organs

or even large portions of tissue is the need for a vascular

supply [119]. Cells in vivo cannot survive more than 200 mm

from a vessel due to limitations in diffusion [120,121].

Therefore, without a vascular supply it is difficult for the cells

within implanted tissue to obtain sufficient oxygen and

nutrients to survive let alone function properly.

The creation of bioartifical organs by decellularisation

shows great promise in creating three-dimensional scaffolds

with an intact vasculature system that could potentially be

rapidly integrated with the recipient’s circulatory system.

Decellularisation is the process by which the cellular material

of an organ/tissue is removed by the application of chemical

or biological agents in combination with mechanical force,

leaving the matrix intact. The remaining material consists of

an innate 3D structure and native biochemistry. Current

decellularisation techniques are lengthy processes (days) and

can result in chemical alterations of the matrix [122].

Typically, ultrasound has been used to augment chemical or

enzymatic decellularisation agents [123]. Decellularisation

using ultrasound alone has been used on thin regions of tissue

(up to 500 mm), but without much improvement in time taken

for decellularisation [124].

The possibility of using boiling histotripsy for decellular-

ising large tissue volumes in a short time was tested in recent

experiments. Freshly excised and degassed bovine liver cubes

of 6.35 cm size were exposed to BH using a clinical MR-

guided HIFU system [125]. Mechanical lesions of 1 cm

diameter in cross-section were generated using electronic

steering of the array. The exposure applied 10 ms pulses

with duty cycles of 1, 3, or 5%, in situ p+¼ 78 and

p�¼ 12 MPa [126].

After treatment, lesions were cut in cross section, photo-

graphed, and then rinsed to visualise the remaining structure.

The lesion contents were analysed for protein denaturation

using a technique developed in another study [20]. Separate

samples were prepared for histological evaluation. Sections

from the whole lesions were stained with haematoxylin

and eosin (H&E), picrosirius red, Masson’s trichrome or

for nicotinamide adenine dinucleotide-diaphorase (NADH-d)

activity [20].

Volumetric lesions (1 cm in diameter) were produced in

less than 20 min. Macroscopic evaluation showed that all

lesions contained homogenised tissue with tissue liquefaction

being less complete with increasing duty cycle. The lesions

formed here were similar to single lesions previously reported

in other BH studies [20]. Once the liquid contents were

washed from the lesion, a 3D matrix could be seen

(Figure 9A). This tissue structure appeared to be pliable and

easily manipulated without damage (Figure 9C). Increasing

amounts of thermal damage to the tissue were visually evident

with increasing duty cycles and this was confirmed by

NADH-d staining (Figure 9A). Histological evaluation

revealed lesions contained intact stroma and patent vessels

(Figure 9) surrounded by liquefied cells. However, small

calibre vessels (550 mm) were only observed in the lower duty

cycle samples (Figure 9B).

In summary, it was shown that volumetric lesions

containing liquefied cells and varying degrees of intact

extracellular matrix were formed by BH in a short space of

time. A volume that would take traditional decellularisation

methods days, took under 20 min. At a duty cycle of 5%, the

integrity of the smaller calibre vessels was difficult to

distinguish due to disruption of the tissue. It is possible that

the large thermal effect made the small calibre vessels more

susceptible to mechanical insult. However, with the lower

duty cycles, small vessels (550 mm) were observed macro-

scopically and histologically. These vessels appeared to be

patent, which is important for tissue replacement. At these

low duty cycles the preserved structure was pliable upon

manipulation. Although some damage to collagen was

observed in all lesions, the extent of the damage was not

evaluated. It is likely that the treatment parameters could be

further optimised to result in complete decellularisation with

minimal connective tissue damage, whilst preserving essential

ECM elements. Aside from the benefit of reduced times for

treatment, the ability to decellularise tissue without the need

for chemical or biological agents would also be a great

advantage of an ultrasound protocol.
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These findings suggest that large volumes of liver tissue

can be decellularised in a short period of time by boiling

histotripsy while leaving essential 3D tissue structures intact.

With further tailoring of the pulsing scheme parameters, this

treatment modality could potentially be utilised for the

decellularisation of organs for tissue engineering and regen-

erative medicine applications.

Discussion

The descriptions given above for several applications of

histotripsy methods are a few examples of what is possible

using a mechanical method for tissue disruption. There are

several attributes of histotripsy that contribute to its potential.

As seen here, both types of histotripsy, although based on

different mechanisms, generate similar bioeffects and can be

applied to a variety of tissue types. At the same time,

histotripsy displays selective ablation, and appears to leave

large blood vessels and other structures intact. Pulse

sequences such as those used for cavitation cloud histotripsy

can also disintegrate kidney stones to very fine particles.

Thus, applications include the elimination of any tissue or

other material in the body for which the mechanical action of

histotripsy would achieve appropriate levels of disintegration

or other biological effects. Both methods provide the ability to

use ultrasound imaging methods for targeting and monitoring

treatments in real time.

The use of low duty factors eliminates the heating of

overlying tissues which is a commonly observed side effect

for thermal HIFU, where waiting periods are required to

diminish tissue heating along the propagation path, resulting

in a long total treatment time. Treatment of adjacent focal

spots involves propagation through largely the same path and

thus accumulation of thermal effects in these tissues. The

non-linearity of the field can enhance the heating preferen-

tially in the focal zone if the pressure amplitude is

sufficiently high and if the aperture is large such that the

non-linear distortion of the waveform is limited to the focal

zone [11]. This same non-linearity plays a significant role

in boiling histotripsy where enhanced focal heating is

necessary and shock scattering for cavitation cloud histotripsy

relies on the non-linearity to produce the high peak positive

pressure and high amplitude shock fronts in the focal

waveform [18]. However, both of these histotripsy approaches

use low duty factors that limit, if not eliminate, heating

along the propagation path where non-linear effects are not

yet significant.

As was discussed with regard to applications to the liver

when considering the short pulses in cavitation cloud

histotripsy, beam side lobes from distorting aberrations can

be ‘thresholded out’ if they do not change the shape of the

main lobe and the main lobe still exceeds any side lobe (often

the case even with severe aberrations). Thus, if the main focal

lobe is still extant, and exceeds the intrinsic threshold, a clean

bubble cloud and lesion is formed, thus conferring significant

immunity to aberrations [55,56]. Under these conditions, one

can then produce clean lesions at the targeted site through

ribs, skull, and other highly aberrating and attenuating

structures. Similarly, shock fronts in acoustic waveforms,

necessary for boiling histotripsy, are generated when the

in situ pressure exceeds some threshold level. Recent

simulation studies based on the non-linear Westevelt equation

for the acoustic field and on the bioheat equation for the

temperature field have shown that shock fronts form within

Figure 9. (A) Photos of boiling histotripsy lesions in ex vivo bovine liver in cross-section after rinsing (left). Rinsed lesions reveal remaining
vasculature and connective tissue that were preserved after sonication. Histomicrographs of representative sections stained with NADH-d (centre) and
picrosirius red (right). Unstained regions in the NADH-d stained sections indicate thermal damage. Orange-red birefringence in the picrosirius red stain
sections indicate fibrillar collagen (yellow arrows). Large calibre vessels can be observed to be intact. Dashed yellow line indicates the border of the
lesions. Scale bar represents 5 mm. (B) Masson’s trichome stained sections showing small calibre patent vessels (yellow arrows). Scale bar represents
100mm. (C) Cross section of volumetric lesion with lysed cell debris washed out and with the remaining connective tissue manipulated. Scale bar
represents 5 mm.
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the main focal lobe, while only slightly distorted waveforms

are present in the side lobes developed [94].

Excellent spatial control of cavitation cloud histotripsy has

been demonstrated using a range of ultrasonic frequencies.

Spatial control can also be achieved if a high frequency probe

waveform, such as an imaging pulse, intersects a low

frequency pump waveform in the focus [127]. The com-

pounded waveform can momentarily exceed the intrinsic

threshold, thus producing a lesion based on the spatial control

achievable with the probe (imaging) transducer. Multi-beam

histotripsy allows precise lesions with much smaller trans-

ducers where the ‘heavy lifting’ is accomplished with a much

lower frequency pump transducer. Such an approach would

allow simultaneous imaging with therapy where the imaging

pulses could contribute to the therapeutic application, treating

precisely where one is imaging. One can then envision future

systems where such an approach is taken.

When p� of the waveform just exceeds the intrinsic

threshold, this approach is called microtripsy [14] and the

bubble cloud can consist of a single bubble, and very small

lesions are formed, much less than the diffraction limit in size

(Figure 10). This approach provides an extreme level of

spatial control of histotripsy. In the short pulse limit,

‘monopolar’ pulses [128] with high p�, ideal for histotripsy,

can be synthesised in a generalisation of the multi-beam

histotripsy case wherein very short pulses from transducer

elements of many different frequencies are added at the focus

of what is called a ‘frequency compounding’ transducer. One

can think of the monopolar negative pressure pulse as the

acoustic waveform shorn of all non-essential features for

producing supra-intrinsic threshold histotripsy lesions.

Suppression of positive shock fronts reduces unwanted

thermal effects due to absorption of higher order harmonics,

and reduces the somewhat chaotic effects of shock scattering.

So while not useful in boiling histotripsy where harmonics are

needed, such monopolar pulses would be effective in

cavitation cloud histotripsy and are particularly attractive for

microtripsy where the only activation would be for that

portion of the waveform that is just beyond the intrinsic

threshold. Moreover, this minimalist, very short waveform

reduces diffraction aberration effects to a near absolute

minimum. With pulses longer than several cycles, such

diffraction effects can even result in multiple lesions, even

with a single intended focus, when the waveform is

propagated through nearly periodic structures like the ribs.

Monopolar positive pulses and other ‘arbitrary’ waveforms

can also be synthesised by frequency compounding with both

therapy and imaging applications. Having the ability to select

the polarity of the pulses would allow important mechanistic

studies to be conducted.

Several examples have been given here showing the

control achievable with histotripsy, but we do not yet know

everything that controls histotripsy. The nucleation of bubbles

could play a role in each type of histotripsy. The nucleation

process for the formation of gas bubbles can be considered as

heterogeneous or homogeneous. Several potential sources of

heterogeneities in fluids have been identified including gas

pockets on particles [129,130], or gas bubbles stabilised with

surfactant skins [131] or ionic surface charge stabilised [132].

These heterogeneous nuclei serve to lower an ‘incidental’

threshold for cavitation in fluids and appear in different sizes

and number densities, thus leading to spatial and temporal

variations when fluids are subjected to tensile stress, such as

by the negative pressure in an ultrasonic wave. If such nuclei

were a distribution containing ideal gas bubbles, acoustic

cavitation thresholds are predicted in the range of 1 MPa for

frequencies in the range of 0.5–5.0 MHz and such thresholds

are the origin of the mechanical index (MI) used as an output

metric in diagnostic ultrasound [133]. However, the range of

pressures that would activate such nuclei could be quite varied

depending on this heterogeneous nuclei population. The

incidental threshold would be analogous to the incipient

threshold, the first observable cavitation threshold, as the

ultrasound pressure amplitude is increased for fluids with

heterogeneous nuclei. When considering an increasing pres-

sure amplitude field, these heterogeneous nuclei will be

Figure 10. Microtripsy resulting from a single
principal negative half-cycle exceeding the
intrinsic threshold for cloud cavitation histo-
tripsy. (A) A representative acoustic wave-
form for a 500-kHz histotripsy pulse
measured in water with a fibre-optic probe
hydrophone (FOPH). (B) Cavitational bubble
cloud and (C) corresponding lesion generated
in a red blood cell (RBC) phantom using 500-
kHz histotripsy pulses with an estimated peak
negative pressure of 26.2 MPa (estimated
using linear summation). (D) Demonstration
of fine spatial resolution as evidenced in the
phrase reading ‘M’ (vertical scale bar 1 mm).
(Produced using a 3-MHz transducer, and this
figure is adapted from Lin et al. [14]).
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activated and, if on the axis of the shock wave, can be the

inception point for the bubble cloud as in the shock-scattering

approach to histotripsy. In the case of boiling histotripsy, as

the tissue at the focus rapidly heats, such nucleation will be

increasingly likely at the boiling site.

For homogeneous nucleation, the theoretical limit to the

tensile strength can be very high depending on the target

medium. For example, if the medium consists of only water

molecules, this limit has been estimated as high as 140 MPa

[134]. However, even in pure fluids, there are variations in the

molecular configurations due to thermal fluctuations, which

create temporally transient regions where the tensile strength

is reduced [135]. Looking to such limits, there are several

publications that place the cavitation threshold for such nuclei

sources in the range of 24–33 MPa. Therefore the intrinsic

threshold referred to here is this level of cavitation activation

where these ubiquitous nuclei are affected.

Conclusions

The preclinical examples of applications presented here give a

sample of the potential for this technology. The prospect for

more technical advances is continuing with our increasing

understanding of the attributes of the different variations of

histotripsy and how to control its mechanical effects.

Histotripsy can be applied to a wide variety of tissues and

materials with spatial control over it effects and selectivity to

spare structures such as large vessels. Both ultrasound and

MR imaging can be used for targeting and monitoring the

treatment in real time. Three different pulse length regimes

result in different mechanisms for tissue disruption while

having some of the same advantages such as elimination of

heating effect as a consequence of the low time average power

used. Clinical translation of histotripsy methods will depend

on many factors such as safety and efficacy, displacement of

existing methodologies and physician acceptance, but the

preclinical results seen thus far warrant the continued

investigation of histotripsy as a potentially disruptive tech-

nology for non-invasive surgery.
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