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Abstract—Osteosarcoma (OS) is a primary bone tumor affecting both dogs and humans. Histotripsy is a non-
thermal, non-invasive focused ultrasound method using controlled acoustic cavitation to mechanically disinte-
grate tissue. In this study, we investigated the feasibility of treating primary OS tumors with histotripsy using a
500-kHz transducer on excised canine OS samples harvested after surgery at the Veterinary Teaching Hospital
at Virginia Tech. Samples were embedded in gelatin tissue phantoms and treated with the 500-kHz histotripsy
system using one- or two-cycle pulses at a pulse repetition frequency of 250 Hz and a dosage of 4000 pulses/point.
Separate experiments also assessed histotripsy effects on normal canine bone and nerve using the same pulsing
parameters. After treatment, histopathological evaluation of the samples was completed. To determine the feasi-
bility of treating OS through intact skin/soft tissue, additional histotripsy experiments assessed OS with overlying
tissues. Generation of bubble clouds was achieved at the focus in all tumor samples at peak negative pressures of
26.2 § 4.5 MPa. Histopathology revealed effective cell ablation in treated areas for OS tumors, with no evidence
of cell death or tissue damage in normal tissues. Treatment through tissue/skin resulted in generation of well-con-
fined bubble clouds and ablation zones inside OS tumors. Results illustrate the feasibility of treating OS tumors
with histotripsy. (E-mail: EliV@vt.edu) © 2021 Published by Elsevier Inc. on behalf of World Federation for
Ultrasound in Medicine & Biology.
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INTRODUCTION

Osteosarcoma (OS) is the most common primary malig-

nant bone tumor in both humans and dogs. In both spe-

cies, appendicular OS is predominant, occurring most

frequently in the metaphysis of long bones; less often, OS

affects the axial skeleton (Longhi et al. 2006;

Morello et al. 2011; Fenger et al. 2014). OS has an inci-

dence of »1/100,000 in humans across all ages, with an

increased incidence of up to 11/100,000 in the age group

15�19 y (Brodey 1979; Fenger et al. 2014;

Luetke et al. 2014). The 5-year survival rate in humans

with non-metastatic OS is 60%�70%, with an estimated
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20%�30% long-term survival in patients with identifiable

metastases at diagnosis (Friebele et al. 2015; Meazza and

Scanagatta 2016). OS occurs about 10 times more often in

dogs than humans, with an incidence of 13.9/100,000 and

a 1-y survival rate of only»45% with definitive treatment

(Rowell et al. 2011; Simpson et al. 2017).

The current standard of care for human patients

with OS includes pre- and post-operative chemotherapy

and surgical removal of primary and metastatic lesions.

Historically, amputation has been the primary surgical

approach to appendicular OS, but therapeutic advances

have increased limb-salvage procedures, making limb

salvage a viable alternative in 80%�85% of human OS

cases (Wafa and Grimer 2006). Despite these advances,

80%�90% of patients are estimated to have micrometa-

stases present at initial diagnosis, and 30%�40% of
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patients with localized OS will develop a local or distant

recurrence (Luetke et al. 2014). New chemotherapy regi-

mens have also failed to increase median survival time,

and alternative treatments such as immunotherapy

remain experimental (Luetke et al. 2014). In dogs, OS

treatments closely resemble those of humans, with surgi-

cal resection of the primary tumor via limb amputation

or limb-salvage surgery being the standard treatment

along with adjuvant chemotherapy to control the risk for

metastatic disease (LeBlanc et al. 2021). Unlike in

humans, amputations remain the primary surgical option

compared with limb-salvage surgeries because of the

high rate of complications in canine limb-salvage surger-

ies, including infection, implant failure and tumor recur-

rence (Szewcyzk et al. 2015; Mitchell et al. 2016).

Together, these limitations indicate a significant need for

improved, non-surgical treatment options that preserve

limb function with fewer complications

(Szewcyzk et al. 2015). Additional limitations to current

OS therapies for both humans and dogs include low

responsivity to chemotherapy in some patients and an

inability to surgically remove some tumors with suffi-

cient margins to prevent local recurrence.

Ablation methods have been investigated as mini-

mally invasive treatments for primary and metastatic

bone tumors (Callstrom et al. 2006; Ward et al. 2008;

Callstrom and Kurup 2009; Ding et al. 2009;

Jones et al. 2010; Errani et al. 2011). Ablation is used

primarily as a palliative treatment in patients who are

unable to tolerate a major surgical procedure because of

comorbidities or the presence of multiple metastatic

lesions. Several different technologies have been investi-

gated for the local ablation of tissue with thermal techni-

ques, including radiofrequency ablation, microwave

ablation, cryoablation and laser ablation

(Errani et al. 2011). These thermal therapies have had

some success for pain mediation in patients with primary

bone tumors and metastases (Callstrom et al. 2006;

Errani et al. 2011). However, they remain limited in

ablative efficiency near neurovascular structures or skin

because of the risk of nerve, vascular or skin damage

(Errani et al. 2011). Additionally, these therapies may be

subject to the heat sink effect originating from blood

flow, which can result in incomplete tumor necrosis in

regions near major vessels (Patterson et al. 1998; Cur-

ley 2001; Zachos et al. 2001; Lu et al. 2003;

Marrero and Pelletier 2006). The heat sink effect can be

especially problematic in bone tumors with a large soft

tissue component. There are also limitations with tumor

size using these techniques, with tumors >3 cm requir-

ing an unsuitably long treatment time

(Patterson et al. 1998; Curley 2001; Lu et al. 2003;

Marrero and Pelletier 2006). High-intensity focused

ultrasound (HIFU) is a non-invasive thermal
technique that has also been investigated for the treat-

ment of bone tumors, with results of similar

responses for pain mediation (Li et al. 2009;

Chen et al. 2010; Li et al. 2010; Napoli et al. 2013;

Yu et al. 2015). HIFU represents an improvement on

other thermal ablation methods because of its non-

invasive nature and ability to target tumors in loca-

tions not accessible to percutaneous approaches.

However, like other thermal ablation methods, HIFU

presents the risk of damaging neurovascular tissues

and may cause burns when used directly under the

skin. For all these reasons, there remains a critical

need for alternative OS treatments that overcome the

limitations of ablation and the current standard of

care.

Histotripsy is a non-thermal, non-invasive focused

ultrasound method that uses highly controlled, high-ampli-

tude ultrasound pulses to generate acoustic cavitation (i.e.,

bubble cloud), mechanically disintegrating tissue into subcel-

lular components with high precision (millimeter accuracy)

(Xu et al. 2004; Parsons et al. 2005; Roberts et al. 2006;

Lin et al. 2014; Vlaisavljevich et al. 2016a, 2016b;

Bader et al. 2019). Unlike ablation using thermal techniques,

previous studies have established that histotripsy does not

induce significant temperature changes on overlying tissues

or at the treatment focus, permitting the ablation of target tis-

sues without inducing thermal damage to adjacent healthy

tissues (Kim et al. 2014a, 2014b). While prior work has

established the potential of histotripsy to achieve complete

ablation of many soft tissues, studies have also found that tis-

sue properties affect the susceptibility of a tissue to histo-

tripsy damage, with tissues of increased mechanical strength

and density (e.g., cartilage, tendon, bone, large vascular

structures) exhibiting decreased or no ablation after treat-

ment (Lake et al. 2008a, 2008b; Vlaisavljevich et al. 2014,

2015a, 2015b). Because of these differences in tissue suscep-

tibility, histotripsy provides increased potential for preserva-

tion of adjacent critical structures such as blood vessels,

nerves and ducts (Lake et al. 2008a, 2008b;

Vlaisavljevich et al. 2013, 2014a, 2014b, Smolock

et al. 2018). The differences in tissue susceptibility, however,

may also make it difficult to treat OS tumors, which may

have tissue properties (e.g., stiffness, mechanical strength)

closer to those of cartilage and bone than to soft tissues.

Another benefit of histotripsy is that the cavitation bubble

cloud and the resulting tissue ablation are clearly visible on

ultrasound imaging and magnetic resonance imaging, per-

mitting real-time monitoring of treatment delivery and tissue

disintegration (Vlaisavljevich et al. 2013; Allen et al. 2014,

Allen et al., 2017; Smolock et al. 2018; Bader et al. 2019).

These features have made histotripsy a promising new ther-

apy for multiple applications, including a recent clinical trial

for the treatment of liver cancer (Vidal Jove et al. 2019).

However, there have been no studies to date that investigate
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the feasibility of using histotripsy for the treatment of OS

tumors.

The objective of this study was to determine the

feasibility of ablating primary OS tumors with histo-

tripsy using ex vivo canine OS tumor samples and a 500-

kHz histotripsy system. Tumor samples included sec-

tioned tumor samples embedded in gelatin tissue phan-

toms and whole-tumor samples containing intact

overlying skin/tissue. Separate experiments were also

conducted to assess the effects of histotripsy on normal

canine bone and nerve to assess whether these structures

could be preserved during OS histotripsy treatment.
METHODS

Histotripsy system

A custom 32-element 500-kHz histotripsy trans-

ducer was used to assess the feasibility of using in abla-

tion of excised canine osteosarcomas. The 500-kHz

frequency, which is towards the lower end of the fre-

quency range that has been explored for histotripsy treat-

ments in prior studies (»250 kHz�2 MHz), was selected

based on prior studies suggesting that lower frequency

may enhance the ablative efficacy of histotripsy in stiffer

tissues (such as OS tumors) because it enhances bubble

expansion while also reducing the total treatment time

required for volumetric ablation caused by the larger

bubble clouds (Vlaisavljevich et al. 2015a, 2015b). For

the first part of this work, the array transducer was con-

figured as three concentric circles of 6, 12 and 14 piezo-

electric elements 20 mm in diameter with a geometric

focus of 75 mm, an aperture size of 120.5 mm and an f-
Fig. 1. Histotripsy transducer configurations and representa-
tive pressure waveforms at a p- »10 MPa. Configuration 1 (a,
b) was used to assess the feasibility of treating osteosarcoma
with histotripsy. Configuration 2 (c, d) was designed to test a
clinically relevant histotripsy setup with coaxial US imaging

guidance (asterisk).
number of 0.62 (Fig. 1a). The transducer was driven

using a custom high-voltage pulser designed to generate

short therapy pulses of <2 cycles. The high-voltage

pulser was controlled by a field-programmable gate array

board (Altera DE0-Nano Terasic Technology, Dover,

DE, USA) programmed for histotripsy therapy pulsing.

The transducer was positioned horizontally in a tank of

degassed water (<30% dissolved O2), and a computer-

guided 3-D positioning system was used to orient the

gelatin tissue phantoms containing the tissue samples

(Fig. 2a). A linear ultrasound imaging probe with a fre-

quency range of 5�18 MHz (SL18-5, SuperSonic Imag-

ine, Aix-en-Provence, France) was perpendicularly

aligned with the geometric focus of the transducer for

real-time treatment guidance and monitoring. MATLAB

(The MathWorks, Natick, MA, USA) controlled the

positioning system and the transducer simultaneously to

guide the automated volumetric tissue treatments, and

the transducer was powered by a high-voltage DC power

supply (PLH120-P, Aim-TTi, Cambridgeshire, UK). The

histotripsy array transducer was used in this configura-

tion to treat the six OS samples in the first part of this

work and the normal bone and nerve samples.

In the second part of this work, the 32-element 500-

kHz transducer was modified into a more clinically rele-

vant transducer configuration. A separate transducer

scaffold was designed to allow for coaxial ultrasound

imaging while closely mimicking the parameters of the

original configuration. The new transducer scaffold was

designed to fit two rectangular rings of 14 and 18 piezo-

electric elements 20 mm in diameter positioned around a

central hole in the therapy transducer sized to fit a coaxi-

ally aligned linear ultrasound imaging probe. The scaf-

fold was populated with the same set of 32 piezoelectric

elements from the first part of this study and used the

same linear ultrasound probe for treatment guidance and

monitoring (Fig. 1c). The clinical transducer configura-

tion had a geometric focus of 78 mm, an elevational

aperture size of 112 mm and a transverse aperture size of

128 mm, with f-numbers of 0.70 (elevational) and 0.61

(transverse). This modified configuration was used for

the final histotripsy ablation experiments in two OS sam-

ples containing skin and overlying tissues to better repli-

cate the expected experimental setup for future in vivo

studies. The modified transducer was driven using the

same parameters and components as the transducer in its

original configuration.

Hydrophone focal pressure measurements and beam

profiles

Focal pressure waveforms for the 500-kHz trans-

ducer were measured using a custom-built fiberoptic

hydrophone (FOPH) in degassed water at the focal point

of each transducer (, 2006). The FOPH was cross-



Fig. 2. Experimental histotripsy. A 500-kHz histotripsy transducer was used to treat all samples in one of two configura-
tions, with real-time ultrasound imaging (either perpendicular [configuration 1] or coaxial [configuration 2]) used to cap-
ture cavitation behavior inside of excised canine osteosarcoma samples fixed in gelatin. FPGA = field-programmable

gate array. Figure 2a was created with Biorender.com.
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calibrated at low pressure values with a high-sensitivity

reference rod hydrophone (HNR-0500, Onda Corp., Sun-

nyvale, CA, USA) to ensure accurate pressure measure-

ments were collected with the FOPH. The rod

hydrophone was also used to measure the focal beam

profiles of the transducer in both configurations. The lat-

eral, elevational and axial 1-D beam profiles of each

transducer were measured by scanning the hydrophone

incrementally over a distance wider than the focal width

at a peak negative pressure (p-) of »1.8 MPa. For the

original configuration, the transverse, elevational and

axial full-width half-maximum dimensions at the geo-

metric focus of the transducer were measured to be 2.2,

2.2 and 6.5 mm, respectively (Edsall et al. 2021). The

modified configuration had beam dimensions only

slightly different from those of the original, with the

transverse, elevational and axial full-width half-maxi-

mum dimensions at the focus measured to be 2.1, 2.1

and 6.6 mm. All reported focal pressures were directly

measured with the FOPH in degassed water in free field

up to a p� of »20 MPa. At p- greater than »20 MPa, p-

values could not be measured directly because cavitation

was stabilized at the tip of the FOPH fiber, and the focal

pressure was measured instead by summing measure-

ments from subsets of 8 and 16 elements

(Vlaisavljevich et al., 2017a). All waveforms were mea-

sured using a Tektronix TBS2000 series oscilloscope at

a sample rate of 500 MS/s; then, the waveform data were

averaged over 512 pulses and recorded in MATLAB.

Tissue specimens for excised tissue treatments

Excised canine OS samples were obtained after

standard-of-care limb amputation from patients with
appendicular OS at the Virginia�Maryland Veterinary

Teaching Hospital (Blacksburg, VA, USA) in accor-

dance with the Virginia Tech Institutional Animal Care

and Use Committee under IACUC Approval No. 19-

162. After surgery, the amputated limbs were sent to the

pathology laboratory, where samples of the tumor were

collected for histopathological analysis. Any tissue not

needed for histopathological evaluation was donated to

this study. After sterile harvesting, the OS samples were

placed in Dulbecco’s Modified Eagle’s Medium

(DMEM) (Low-Glucose DMEM, No. 31600034,

Thermo Fisher Scientific, Waltham, MA, USA) and

transferred to the histotripsy team to be prepared for

treatment. Before treatment, samples were placed inside

of a saline solution in a vacuum chamber (60�85 kPa)

for a minimum of 2 h to remove any gas introduced

within the tissue during storage/transport

(Vlaisavljevich et al. 2015a, 2015b). After degassing,

the OS samples were embedded in 7.5% gelatin in

degassed saline (gelatin from porcine skin, Sigma-

Aldrich, St. Louis, MO, USA) tissue phantoms for treat-

ment. Gel phantoms containing the embedded tumor

samples were then refrigerated to solidify the gel. Nor-

mal canine bone and nerve samples from portions of the

amputated limbs appropriately distant to the tumor were

also collected by the veterinary team to assess whether

histotripsy could spare critical structures inside of or

immediately adjacent to malignant tumor tissue. Normal,

non-neoplastic bone samples and a sciatic nerve sample

»0.5 cm in diameter were used. After harvesting, the

healthy canine bone and nerve samples were prepared

for treatment using the same procedures as the OS tis-

sues. All samples were treated within 48 h of harvest and



Fig. 3. Experimental workflow for excised canine osteosarcoma tumor histotripsy treatment and analysis. Osteosarcoma
samples were harvested after standard-of-care limb amputation, fixed in gelatin for treatment, treated with a 500-kHz his-
totripsy transducer using 1- or 2-cycle pulses at a dosage of 4000 pulses per point and histologically analyzed after

treatment.
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within 24 h of phantom preparation. Figure 3 summa-

rizes the experimental workflow for the OS histotripsy

experiments.

Histotripsy ablation of ex vivo OS tumors

The feasibility of treating canine OS using histo-

tripsy was investigated by subjecting the excised tissue

samples embedded inside gelatin phantoms to histo-

tripsy. For all experiments, the 500-kHz histotripsy

transducer was used to apply 1- or 2-cycle histotripsy

pulses to the center of the OS samples at a pulse repeti-

tion frequency (PRF) of 250 Hz. During each treatment,

OS samples fixed in gelatin were mounted to a motorized

3-D positioning system and aligned to the focus of the

therapy transducer (Fig. 1a). The treatments were guided

by an ultrasound imaging probe (SL18-5, SuperSonic

Imagine) used to visualize the histotripsy cavitation bub-

ble cloud in real time throughout histotripsy treatment.

Six excised OS samples were treated with the histotripsy

transducer in its original configuration with the ultra-

sound imaging mounted perpendicularly to the tissue

and aligned to the focal location of the therapy trans-

ducer. Before the embedded OS samples were posi-

tioned, the geometric focus of the histotripsy transducer

was located and marked on the imaging screen by gener-

ating a bubble cloud in open water and then marking the

location of the cloud on the imaging screen. Next, the

embedded OS sample was aligned to the focus by posi-

tioning the marked focal point at the desired location

within the OS tissue. The pressure required to generate

histotripsy cavitation inside of each sample was mea-

sured by gradually increasing the pressure at the focus

until a consistent histotripsy bubble cloud was identified

on real-time US imaging (Vlaisavljevich et al. 2013;

Smolock et al. 2018). This pressure level was recorded

as the cavitation cloud threshold for each sample.

After identification of the cavitation cloud threshold

for each sample, experiments were conducted to deter-

mine the feasibility of using histotripsy to ablate a
targeted tissue volume in each OS sample. A target vol-

ume was chosen for each sample based on the sample’s

size and orientation compared with the experimentally

calculated size of the histotripsy bubble cloud. When

possible, the portion of the OS sample containing pri-

marily tumor and lytic regions was targeted for histo-

tripsy treatment (i.e., regions containing fully intact

bone were avoided) to provide more consistent and rele-

vant results between samples. Targeted volumes ranged

from 27 mm3 (3 £ 3 £ 3 mm) to 125 mm3 (5 £ 5 £ 5

mm). Histotripsy was then applied to the targeted vol-

ume at a pressure level »20% above the cavitation

threshold. For these experiments, the applied p- ranged

between 24 and 37 MPa depending on the sample being

treated. Automated volumetric treatments were then

applied to a predetermined 3-D grid of equidistant treat-

ment points. Treatment points were spaced by 2.5 mm in

the axial direction and 1 mm in the lateral directions to

allow overlap between the bubble clouds at each loca-

tion. Each treatment point within the programmed grid

was uniformly treated with histotripsy by mechanically

scanning the therapy focal zone through the targeted vol-

ume of the OS sample, with 4000 histotripsy pulses

applied to each point targeted. This relatively high treat-

ment dose was chosen for the feasibility study based on

previous work investigating histotripsy for the ablation

of different tissue types, in which it was found that stiffer

tissues require higher treatment dosages for cell lysis to

occur, and on the hypothesis that OS tumors may be less

susceptible to histotripsy because of their composition

(Rho et al. 1993; Vlaisavljevich et al. 2014a, 2014b).

Hydrophone focal pressure measurements and beam

profiles

Healthy canine bone and nerve samples were

treated using the same experimental histotripsy setup as

detailed above. In short, healthy canine bone and nerve

samples embedded in gelatin were mounted to a 3-D

positioning system and aligned to the focus of the
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therapy transducer. The 500-kHz histotripsy transducer

was used to apply 1- or 2-cycle histotripsy pulses to the

center of the samples at a PRF of 250 Hz. The focal loca-

tion was identified and marked by firing histotripsy

pulses in open water, and the sample was aligned to this

location. The pressure required to generate a histotripsy

bubble cloud inside of each sample was determined by

incrementally increasing the pressure at the focus until

consistent cavitation was observed on US imaging. Tar-

geted regions were again chosen based on the sample’s

size to contain the ablation zone within the sample. The

samples were treated at a pressure »20% above the cavi-

tation threshold at 4000 pulses/point at each treatment

location. For these experiments, the applied p- ranged

from 13�16 MPa depending on the sample. Treatment

pressures lower relative to those used for the OS sample

treatments were chosen because of the lower cavitation

threshold observed in these samples and the high preva-

lence of prefocal cavitation at the tissue boundary. When

treatment pressures were increased to the level of the OS

treatments, the prefocal cavitation overwhelmed the

focal histotripsy bubble cloud, and precise, focal cavita-

tion was lost. Automated volumetric treatments were

performed by scanning the focus of the therapy trans-

ducer through a 3-D grid of treatment points spaced as

described earlier. For all experiments, real-time US

imaging was used to visualize the histotripsy bubble

cloud inside the tissue sample throughout the entire

treatment

Feasibility of clinical histotripsy OS ablation

To assess image-guided histotripsy treatments of

canine OS through clinically relevant overlying tis-

sues, two additional excised canine OS samples with

intact overlying skin and muscle tissues were treated

with histotripsy according to the procedures outlined

above. In short, the transducer configuration was

modified to permit the use of coaxial imaging, and

the modified 500-kHz histotripsy transducer was

used to apply 1- or 2-cycle histotripsy pulses to the

center of the OS samples at a PRF of 250 Hz. A coax-

ially aligned ultrasound imaging probe (SL18-5,

SuperSonic Imagine) was used to visualize the histo-

tripsy cavitation bubble cloud in real time throughout

histotripsy treatment. Then, the location of the trans-

ducer bubble cloud was identified, the embedded OS

sample was aligned to the transducer focus and the

cavitation cloud threshold for each sample was iden-

tified. After recording the cavitation cloud threshold

for each sample, a target volume was chosen based

on each sample’s size and orientation. Targeted vol-

umes for these two samples were 432 mm3

(6 £ 6 £ 12 mm) and 480 mm3 (7.5 £ 8 £ 8 mm),

respectively. Through application of histotripsy at a
pressure level »20% greater than the tissue’s cavita-

tion threshold, a volumetric treatment of each sample

was completed, with 4000 histotripsy pulses applied

per treatment point. Peak negative pressures used for

these two treatments were 29 and 33 MPa, respec-

tively.
Histological and morphological analysis

After treatment, tissue specimens were visually

inspected and fixed in 10% formalin for a minimum of

24 h post-treatment before sectioning and staining. A

standard hematoxylin and eosin (H&E) stain was used to

stain all tissues to assess the extent of histotripsy damage

to the tissue. Changes in the structure and density of col-

lagen and other tissue structures were noted within the

ablation volume. To determine the estimated percentage

of tissue ablated within the targeted volume, individuals

trained by a veterinary pathologist compared regions of

cellular damage with regions outside of the ablation

zone. Results were verified by a board-certified veteri-

nary pathologist (S.C.O.) to ensure accuracy.
RESULTS

Histotripsy ablation of ex vivo OS specimens

The ability of histotripsy to ablate OS tumors was

assessed using canine tumor samples collected after

amputation, as described under Methods. Excised OS

tumor samples (Fig. 4a) varied in composition, with het-

erogeneity present within individual samples and notable

differences observed between different samples histolog-

ically. For instance, some samples contained large

regions of bone or mineralized tissue minimally affected

by the tumor and with good structural integrity inter-

spersed with smaller regions of lytic, tumor-ridden bone.

Other samples were composed of softer, lytic bone and

soft tissue tumor components with little to no intact

bone. The p- required to generate histotripsy bubble

clouds inside of the excised OS samples ranged from

20.3�31.3 MPa, with the average cavitation cloud pres-

sure threshold measured to be 25.5 § 4.2 MPa. On ultra-

sound imaging, the bubble clouds in all excised tissues

were clearly visible within the focal region of the trans-

ducer (Fig. 4b). Histotripsy bubble clouds were observed

on ultrasound imaging as dense, dynamically changing

hyperechoic regions and were maintained throughout the

length of treatment in all tissue experiments. In some

samples, occasional cavitation events were observed pre-

focally within the tissue sample or at the gelatin�tissue

interface. Histological staining of non-treated OS tumors

revealed variably dense populations of neoplastic cells,

occasionally effacing cortical bone (Fig. 4b, 4c). In these

non-treated samples, tumor cells were readily identified,

with light pink osteoid matrix present within the samples



Fig. 4. Representative histotripsy treatment of a canine osteosarcoma sample without overlying tissue. (a) Excised
canine osteosarcoma before histotripsy treatment. (b) Untreated tumor tissue (magnification: 2 £) is often characterized
by sheets of neoplastic cells (asterisk) effacing cortical bone (arrows). (c) Untreated tumor tissue (magnification: 40 £).
Neoplastic cells variably produce tumor bone termed osteoid (asterisk). (d) Visualization of the histotripsy bubble cloud
(boxed) during treatment. (e) Treated tumor tissue (magnification: 2 £) was typically characterized by complete loss of
recognizable architecture with only faintly basophilic, stippled debris remaining. (f) Treated tumor tissue (magnification:

40 £) exhibits basophilic debris and occasional remnants of osteoid (arrow).

Fig. 5. Normal, healthy neoplastic bone was excised from
amputated canine limbs and subjected to histotripsy. No histo-
logical differences were noted between untreated samples (a:
magnification 4 £, b: magnification 40 £) and treated samples

(c: magnification 4 £, d: magnification 40 £).
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(Fig. 4b, 4c). After histotripsy treatment, a complete loss

of tissue architecture and cellular detail was observed.

Cellular debris was observed in histological staining,

with a few rare foci of light pink osteoid, but reduced in

size compared with the untreated samples (Fig. 4e, 4f).

These results were consistent across samples, with rare

remaining cell nuclei present in some treated tissues but

no intact tumor cells remaining within the treated vol-

ume of any of the histotripsy-treated samples. No signs

of thermal injury were observed in any of the treated

samples.

Histotripsy ablation of healthy critical structure samples

To assess whether histotripsy could spare critical

structures inside of or immediately adjacent to malignant

tumor tissue, normal canine bone and nerve samples

were treated using the custom histotripsy transducer, as

described under Methods. Two healthy canine bone sam-

ples were tested, with p- of 11.8 and 13.5 MPa required

to generate histotripsy bubble clouds inside of the tissue

samples. One healthy canine sciatic nerve sample was

tested. A p- of 10.7 MPa was required to generate a his-

totripsy bubble cloud in this sample. In all samples, bub-

ble clouds were clearly visible on ultrasound as dense,

dynamically changing hyperechoic regions. Two healthy

canine bone samples and one healthy canine sciatic

nerve sample were treated with histotripsy in this study

at treatment parameters equivalent to those used in the

OS histotripsy treatments (4000 pulses/point). In Figure 5

are representative images of untreated (Fig. 5a, 5b) and

treated (Fig. 5c, 5d) canine cortical bone tissues. There

were no histologic differences between the treated and
untreated cortical bone samples. In Figure 6 are repre-

sentative images of untreated (Fig. 6a, 6b) and treated

(Fig. 6c, 6d) healthy canine sciatic nerve samples. Again,

no histologic differences were observed between the

treated and untreated sciatic nerve samples.

Clinically relevant histotripsy ablation of ex vivo

osteosarcoma

Two amputated limbs with OS tumors and intact

overlying intact tissue were treated to test histotripsy

ablation of OS in a clinically relevant configuration

using coaxially aligned ultrasound image guidance.



Fig. 6. A normal, healthy sciatic nerve sample was excised
from amputated canine limbs and treated with histotripsy and
compared against an untreated sciatic nerve sample. No histo-
logical differences were observed between the untreated sam-
ples (a: magnification 4 £, b: magnification 40 £) and treated

samples (c: magnification 4 £, d: magnification 40 £).
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Before resection, ultrasound imaging of the samples was

performed to assess the tissue composition of the OS and

to identify an optimal window for histotripsy treatment

(Fig. 7a). Like the sectioned tumor samples, the two

tumor samples varied in composition. The first sample

was composed of primarily soft tissue tumor adjacent to

lytic bone (Fig. 7a�f). The p- required to generate a his-

totripsy bubble cloud inside of the first OS tumor sample

with overlying skin and muscle was measured to be 23.5

MPa. The histotripsy bubble cloud was clearly visible on

ultrasound as a dense, confined hyperechoic region in

the tissue, changing dynamically over time. Prefocal

cavitation was occasionally observed at the skin surface

in this sample, visible as oscillating hyperechoic regions

at the gel�skin interface on ultrasound imaging. Com-

pared with the first sample, the second sample had an

increased amount of intact bone in the treatment path

between the histotripsy transducer and the tumor. During

incremental cavitation threshold testing, no visible bub-

ble cloud was formed on ultrasound imaging for this

sample because of overlying bone blockage of the OS

tumor tissue. As a result, the histotripsy system was

driven to its maximum voltage rating for this treatment,

corresponding to a measured p- of 33.1 MPa. No prefo-

cal cavitation was observed during this treatment. For

both treatments, histological staining of representative

tumor cells revealed variably dense regions of readily

identifiable neoplastic cells (Fig. 7b, 7c). After histo-

tripsy treatment, ablated portions of the tumor were char-

acterized by a loss of viable tumor cells. Hemorrhage,

fibrin and cellular debris replaced the ablated tumor cells
(Fig. 7e, 7f). No damage to the overlying skin and mus-

cle tissues was observed after either treatment.
DISCUSSION

This is the first study to investigate the feasibility of

using histotripsy to ablate OS tumors. OS is prevalent in

both humans and dogs with high mortality. Although his-

totripsy has been well established for the ablation of

many soft tissues, histotripsy has never been investigated

for the ablation of bone tumors, including OS. This study

sought to determine whether histotripsy could be used to

ablate primary OS by completing three experiments: (i)

testing the potential of histotripsy to ablate sectioned,

excised OS tumors from canine patients; (ii) testing the

critical structure-sparing ability of histotripsy using

healthy canine bone and nerve; and (iii) testing the

potential of histotripsy to ablate excised OS tumors

through intact skin/muscle layers.

The first part of this work investigated the potential

of histotripsy to ablate sectioned, excised OS tumors

obtained from amputated canine limbs and treated with a

custom 500-kHz histotripsy transducer. OS is one of the

most heterogeneous cancerous tumors in dogs and

humans, with the amount of osteoid and/or bone produc-

tion varying greatly between tumors and within individ-

ual tumors; chondroid and fibrous matrix may also be

present (Ritter and Bielack 2010; Simpson et al. 2017).

As expected, this phenomenon was observed in the

excised OS samples used in this experiment. Excised

samples varied in composition both within individual

samples and between different samples. Some samples

contained dominant regions of intact bone or mineralized

tissue interspersed with small regions of lytic bone.

Others were composed primarily of softer, lytic bone tis-

sues or soft tissue tumor components and included little

to no intact bone. Some samples contained regions of

both types. In all samples, results indicated that histo-

tripsy was able to achieve precise and complete ablation

within the targeted volumes of the OS samples, marked

by a loss of tissue architecture and cellular detail. Rare

remaining cell nuclei were present in some treated tis-

sues, but no intact tumor cells were observed in any sam-

ples after treatment. Although small fragments of ablated

osteoid matrix were occasionally present after treatment,

this matrix did not resemble the large, intact osteoid

components present in the untreated samples. These

results reveal that histotripsy not only generated com-

plete ablation of the soft tissue components of the OS

tumors but also achieved ablation of the mineralized

tumor matrix (i.e., osteoid matrix) of the OS tumor sam-

ples. This is a promising result for histotripsy because

intact osteoid regions might otherwise serve as shielding

regions for tumor cells if left untouched by histotripsy.



Fig. 7. Additional histotripsy treatments were completed through excised canine osteosarcoma with overlying skin and
muscle tissue (a). Untreated tumor tissue contained intact cells (b: magnification 4 £, c: magnification 40 £) while
treated tumor cells exhibited a loss of tissue architecture, non-viable cells (ghost cells, arrows) and hemorrhage (asterisk)
(e: magnification 4 £, f: magnification 40 £). A histotripsy bubble cloud (d, boxed) was clearly visible throughout treat-

ment with no loss in visibility observed because of the overlying skin and muscle layer (d, arrow).
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The osteoid ablation observed in this study suggests that

more complete ablation and better clinical results will be

observed in future in vivo OS histotripsy treatments.

Additionally, previous work has revealed that histotripsy

treatments of other tumor types have resulted in rapid

resorption of the treated volume by the body after treat-

ment (Vlaisavljevich et al. 2016a, Smolock et al. 2018).

As a result, we expect that the breakdown of the OS

tumor tissue into tiny fragments observed here will like-

wise allow rapid resorption of the treated OS tissue by

the body, resulting in well-tolerated OS treatments and

better long-term clinical responses. Future work will

investigate these phenomena in vivo.

The ability of histotripsy to spare critical structures

near OS tissues was also tested by treating healthy

canine bone and nerve samples with the same experi-

mental histotripsy setup used for OS treatment. OS

tumors develop aberrantly and often have both a bone

and soft tissue component, changing the extracellular

matrix composition of the affected tissues

(Cui et al. 2020). As a result, OS tumors are bordered by

healthy bone and muscle tissues, so histotripsy ablations

of full OS tumors in vivo with adequate margins will

require that histotripsy pulses be applied to the adjacent

healthy tissues in addition to the tumor tissue. To save

the affected limb while retaining its full function, these

tissues should be spared or minimally damaged. In our

experiments, no histological differences were observed

between untreated and treated critical structure samples,

suggesting that histotripsy ablation of OS may be tissue

selective, with the potential to spare critical structures

such as healthy bone and nerve immediately adjacent to
or inside of OS tissue. This result agrees with past work

indicating that histotripsy has exhibited tissue selectivity

including nerve preservation in other applications

(Vlaisavljevich et al. 2013). The ability of histotripsy to

spare bone and nerve opens several possibilities for

future OS clinical treatments. First, histotripsy may be

able to generate ablation of OS tumors near critical struc-

tures without inducing damage, increasing the likelihood

that the affected limb can be successfully spared with

full function while complete tumor ablation is achieved.

Also, histotripsy would offer a notable advantage over

thermal ablation techniques, which can cause damage to

peripheral bone outside of the tumor tissue. Finally, the

ability of histotripsy to spare nerves may lead to a

decreased risk of patients developing neuropathic pain

caused by nerve trauma. Together, these possibilities

warrant the future investigation of histotripsy ablation as

a non-invasive, limb-sparing and tissue-selective treat-

ment for OS tumors in vivo.

Together, the results of this study suggest that histo-

tripsy is a promising technique for the treatment of pri-

mary OS in both humans and dogs. In particular, the

final experiments in this study indicated the potential of

histotripsy to ablate OS using a clinically relevant exper-

imental setup to treat OS samples through intact overly-

ing skin and muscle tissues. For both samples,

histological staining of treated tissues revealed ablated

portions of the tumor characterized by a loss of viable

tumor cells and the presence of hemorrhage, fibrin and

cellular debris. These promising results mimicked those

of the sectioned OS tissues, suggesting that histotripsy is

a feasible ablation technique for the treatment of OS
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tumors in both veterinary and human medicine, includ-

ing pediatric OS applications. Both species are currently

limited to treatment options for OS involving invasive

surgical intervention and chemotherapy, with metastatic

disease being the primary cause of death in both species.

Histotripsy offers a promising alternative to current sur-

gical treatments, with numerous benefits and several

potential applications. Unlike current standard-of-care

and investigational treatments for OS, histotripsy is non-

invasive and non-thermal and offers the potential to

address both primary and metastatic disease. The suc-

cessful ablation of excised OS samples observed in this

study suggests that histotripsy may be feasible as a front-

line therapy for primary OS. Surgical removal of OS

tumors involves invasive procedures, whereas histotripsy

offers the potential to ablate OS non-invasively with suf-

ficient surgical margins to minimize the odds of local

recurrence and development of metastatic disease with-

out removal of large portions of bone or limb amputa-

tion. Histotripsy could also serve as a pain mitigation

technique for OS, as observed for other ablation modali-

ties (Callstrom et al. 2006; Li et al. 2009, 2010;

Chen et al. 2010; Errani et al. 2011; Napoli et al. 2013;

Yu et al. 2015). Recent work also suggests that histo-

tripsy can induce immune activation toward an anti-

tumor immune response (Worlikar et al., 2018; Felsted

et al. 2019; Hendricks et al. 2019; Pahk et al. 2019;

Worlikar et al. 2019; Eranki et al. 2020; Qu et al. 2020).

Future work is planned to investigate the feasibility

of ablating OS tumors with histotripsy in vivo, includ-

ing exploration of the immunomodulatory potential of

histotripsy for the treatment of OS.

Although the results of this study suggest the prom-

ise of histotripsy for the treatment of OS tumors, several

possible limitations need to be investigated before clinical

translation. First, the use of ultrasound imaging for histo-

tripsy treatment monitoring may be difficult in cases

where intact bone is in the treatment path. For tumors that

are not amenable to ultrasound imaging, histotripsy sys-

tems guided by computed tomography or magnetic reso-

nance imaging may be required to apply histotripsy safely

and precisely, similar to systems currently being devel-

oped for transcranial histotripsy applications

(Kim et al. 2014a, 2014b; Sukovich et al. 2016a, 2016b,

2020; Lu et al. 2021). OS samples with large regions of

overlying intact bone may also be more difficult to treat

with histotripsy for similar reasons. Encouraging results

from transcranial histotripsy experiments assessing the

generation of a histotripsy ablation zone through the skull

have indicated that histotripsy is able to generate targeted

lesions through the skull bone over a wide range of loca-

tions, with and without aberration correction (Kim et al.

2014; Sukovich et al. 2016a, 2020). These studies

included work indicating histotripsy could generate
lesions as close to the skull surface as 5 mm without los-

ing treatment precision (Sukovich et al. 2016a, 2016b).

This previous finding, along with the results from the cur-

rent study, suggests that histotripsy will be able to gener-

ate precise ablation of OS tumors even in cases in which

overlying bone is present. Finally, the safety of histotripsy

for treating OS tumors will need to be investigated in vivo

to address potential physiologic challenges such as the

generation of an inflammatory response after treatment or

the potential that histotripsy treatments of OS tumors

could lead to increased risk of bone fracture after treat-

ment, particularly in cases of severe tumor infiltration.

CONCLUSIONS

The results of this study illustrate the feasibility of

treating OS tumors with histotripsy. Results indicate his-

totripsy was capable of generating complete ablation of

targeted OS tumors into acellular debris using a 500-kHz

transducer. In addition, healthy bone and nerve tissues

were found not to be damaged using the same experi-

mental parameters, providing initial evidence that histo-

tripsy can be used to treat OS tumors while preserving

adjacent normal tissues. Ongoing studies are underway

to investigate the in vivo feasibility of histotripsy for

treating primary canine osteosarcoma. Overall, this work

suggests that histotripsy is a promising therapy for the

non-invasive treatment of primary OS and should be fur-

ther explored for this application.
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