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Mechanical High-Intensity Focused Ultrasound
(Histotripsy) in Dogs With Spontaneously
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Abstract—Introduction: Histotripsy is a non-invasive
focused ultrasound therapy that uses controlled acoustic
cavitation to mechanically disintegrate tissue. To date,
there are no reports investigating histotripsy for the treat-
ment of soft tissue sarcoma (STS). Objective: This study
aimed to investigate the in vivo feasibility of ablating STS
with histotripsy and to characterize the impact of partial
histotripsy ablation on the acute immunologic response in
canine patients with spontaneous STS. Methods: A custom
500 kHz histotripsy system was used to treat ten dogs with
naturally occurring STS. Four to six days after histotripsy,
tumors were surgically resected. Safety was determined by
monitoring vital signs during treatment and post-treatment
physical examinations, routine lab work, and owners’
reports. Ablation was characterized using radiologic and
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histopathologic analyses. Systemic immunological impact
was evaluated by measuring changes in cytokine con-
centrations, and tumor microenvironment changes were
evaluated by characterizing changes in infiltration with
tumor-associated macrophages (TAMs) and tumor-
infiltrating lymphocytes (TILs) using multiplex immuno-
histochemistry and differential gene expression. Results:
Results showed histotripsy ablation was achievable and
well-tolerated in all ten dogs. Immunological results
showed histotripsy induced pro-inflammatory changes in
the tumor microenvironment. Conclusion & Significance:
Overall, this study demonstrates histotripsy’s potential as
a precise, non-invasive treatment for STS.

Index Terms—Ablation, cancer, canine, focused ultra-
sound, histotripsy, immuno-oncology, soft tissue sarcoma.

I. INTRODUCTION

H IGH intensity focused ultrasound (HIFU) is a non-
invasive ablation technique with the ability to destroy

tissue by thermal or mechanical means. While traditional HIFU
relies on the absorption of ultrasound energy to thermally destroy
tissue, histotripsy is a non-thermal technique that uses repeated
short pulses of ultrasound waves to mechanically disintegrate
tissue into a liquefied acellular debris [1], [2], [3], [4]. His-
totripsy applies short (1–10 cycles), high pressure (>15–30
MPa) pulses to produce inertial cavitation, which form a precise
histotripsy bubble cloud at the targeted location within the tissue
[5], [6]. The subsequent rapid expansion and collapse of these
bubbles causes mechanical disruption of the cellular structure,
reducing treated tissues to emulsified acellular debris that can
be absorbed as part of the body’s physiologic healing process
[3], [7]. Histotripsy treatment is typically guided in real-time by
ultrasound imaging, allowing the precise, non-invasive targeting
of tissues ranging from deep, visceral structures to superficial,
subcutaneous tumors. Previous preclinical studies have shown
that histotripsy can successfully ablate various tumor types ex
vivo and in vivo [4], including prostate [8], kidney [9], bone
[10], brain [11], pancreatic [12], and liver tumors [13], [14].
Additionally, a recent human clinical trial has shown safe and
effective ablation of primary and metastatic liver tumors [15].
The results of these prior studies suggest that histotripsy has the
potential to be a paradigm-shifting method for image-guided,
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non-invasive tumor ablation. While widely explored for other
tumor types, histotripsy not yet been explored for the ablation
of superficial soft tissue sarcoma tumors.

In addition to its ablative potential, histotripsy may also pro-
mote immunostimulatory effects related to its ability to induce
immunogenic cell death [16]. Studies of HIFU in rodent tumor
models have demonstrated that HIFU is immunogenic and that
histotripsy may result in more robust immune responses than
thermal HIFU [17], [18], [19]. The in situ tumor debris remain-
ing after mechanical ablation may include tumor neoantigens in
their native form, preserving immunogenicity and the potential
to generate a systemic immune response against tumor cells.
These tumor neoantigens can be recognized by antigen present-
ing cells, activating immune effector cells and initiating immune
cell infiltration. The resulting antitumor immune response may
then stimulate local and systemic immune responses [19]. Early
studies investigating these effects have reported that histotripsy
treatment in a murine cancer model can alter the tumor mi-
croenvironment and activate an immune response [9], [12], [15],
[16], [18], [19], [20]. Similarly, a case of an abscopal effect was
identified in the human clinical trial investigating histotripsy
for liver tumor ablation [21]. These findings, combined with
prior work showing that thermal HIFU can target and treat soft
tissue sarcoma (STS) tumors in both dogs [22], [23], [24] and
humans [25], [26], [27], have led our team to initiate this study
to investigate histotripsy’s ablative and immunological effects
for treating STS in pet dogs.

Soft tissue sarcomas (STS) are a common cancer in dogs
and arise from mesenchymal tissues, representing different
types of tumors with similar histologic features and biologic
behavior. STS compromise of 15% of all skin and subcuta-
neous tumors in dogs, but are rare tumors in humans, com-
prising only 1% of all adult malignancies [28], [29]. In both
species, STS are rapidly growing tumors with low metastatic
potential, but locally aggressive behavior. The complexity of
the tumor is characterized by its variable presentation and
behavior, and treatment typically requires a multimodal ap-
proach. Adequate local tumor control requires either complete
removal of the tumor with extensive surgical resection of ad-
jacent grossly normal tissue or a combination of surgery and
radiation therapy to address microscopic disease, reducing the
risk of recurrence. As a result, novel techniques are still needed
to treat soft tissue sarcoma while preserving adjacent healthy
tissue.

Spontaneous tumors in pet dogs are also increasingly rec-
ognized for their value in translational oncology research [30],
[31]. Naturally-arising cancers in dogs provide a cancer research
model to address pre-clinical questions and challenges through
their genetic diversity, tumor heterogeneity, and by following
similar biological and therapeutic courses as their human coun-
terparts. Canine cancers arise naturally within the complex inter-
actions between the tumor, the tumor microenvironment, and the
host immune system, providing a unique opportunity to evaluate
and refine immunotherapy strategies [32], [33], [34]. Therefore,
in addition to its direct implications for veterinary medicine,
the investigation of histotripsy’s ablative and immunological
effects on canine STS in this study provides an opportunity to

advance medical knowledge and therapies for a human disease
for which the low tumor incidence can make recruitment of
sufficient human patients challenging.

The objective of this study was to demonstrate the in vivo
safety and feasibility of ablating soft tissue sarcomas with his-
totripsy in canine patients with spontaneous STS. Our secondary
objective was to characterize the impact of the histotripsy abla-
tion on the acute immunologic response in the tumor microen-
vironment. A custom 500 kHz histotripsy system was used to
treat ten client-owned dogs with soft tissue sarcomas in order to
test whether histotripsy could achieve safe and effective ablation
of targeted tumor regions in dogs with naturally occurring STS
tumors. Four to six days after histotripsy treatment, tumors were
surgically resected. Radiologic (i.e., CT) and histopathology
assessments were conducted to determine (1) the efficacy of the
histotripsy ablation and (2) the impact of a single histotripsy
treatment within a portion of the STS on the immunologic
response.

II. MATERIALS AND METHODS

A. Study Design

1) Study Population, Screening, and Enrollment Criteria:
This was a prospective, single-arm, open-label pilot study of
histotripsy treatment in dogs with soft tissue sarcomas. Client-
owned dogs with naturally-occurring tumors presented to the
Animal Cancer Care and Research Center (ACCRC) over an
8-month period (September 2, 2020 - May 10, 2021) were re-
cruited for enrollment. The owners of eligible dogs were offered
standard treatment options, including palliative care. Informed
consent was obtained for all enrolled dogs. This study was
approved by the University Institutional Animal Care and Use
Committee (#20–049) and the College of Veterinary Medicine
Hospital Board.

Canine patients with cytologic or histological diagnosis of
a peripheral, malignant soft tissue tumor were considered for
enrollment. Inclusion and exclusion criteria parameters were
selected to ensure that enrolled canine patients would likely
result in evaluable data: patients were healthy enough to undergo
multiple anesthetic events, the tumor was malignant, treatable
with histotripsy, and resectable, and the patient would survive
the entire study period. Tumor-specific inclusion criteria were a
diameter of at least≥2 cm; an accessible solid area for treatment;
and, surgically resectable, as determined by an ACVS-board-
certified surgeon who is a surgical oncology fellow. Patients
were required to undergo routine laboratory bloodwork, and
thoracic and abdominal imaging at screening. The patient had to
have an expected survival time of >6 weeks without treatment.
Patients were excluded if the tumor was non-resectable or if the
recommended surgical resection was declined, if the patient had
definitive therapy other than surgery within the past 3 weeks,
or if a co-morbidity precluded anesthesia: significant cardiac
dysfunction, creatinine value >1.2x the upper reference limit
(URL), ALT or AST values >3.0x the URL, or total bilirubin
value >1.2x URL.

2) Evaluation Timeline: Within 10 days prior to treatment,
baseline evaluation included an examination; Complete Blood
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Count (CBC) and serum biochemistry; tumor measurements
using calipers and gross photographs; contrast CT scan (SO-
MATOM Confidence RT) of the thorax, abdomen, and tumor;
and pre-treatment biopsy. The pre-treatment biopsy was per-
formed outside of the planned treatment zone. On the day of
histotripsy treatment, a physical exam was completed and tumor
photographs were obtained immediately prior to and immedi-
ately following treatment. One day post-treatment, an exam,
CBC, serum biochemistry, and contrast CT scan of the tumor
were performed, and tumor measurements and photographs
were collected. Four to six days post-treatment, tumor measure-
ments and photographs, CBC, serum biochemistry, and contrast
CT scan of the tumor were performed immediately prior to
surgical resection. This timepoint was selected based on prior
work with thermal HIFU in dogs with soft tissue sarcomas
[24]. Surgical excision and post-operative recommendations
for all canine patients were directly performed or supervised
by an oncology-fellowship-trained Diplomate of the American
College of Veterinary Surgeons (ACVS). Patients were exam-
ined and the surgery site was photographed two weeks after
surgery. Post-study monitoring recommendations were at clini-
cian discretion, including monthly physical exams and thoracic
radiographs appropriate to the patient’s tumor type and stage.
Patient outcome was documented by communication with the
owner or primary-care veterinarian.

B. Safety and Feasibility of Histotripsy Treatment

1) Histotripsy System and Pressure Calibration: In this
study, a 32-element, 500 kHz histotripsy transducer with a
coaxially aligned 3 MHz curvilinear ultrasonic imaging probe
(Model C5-2, Analogic Corp., Peabody, MA, USA) was used.
The transducer had a geometric focus of 78 mm with elevational
and transverse aperture sizes of 112 mm and 128 mm, respec-
tively, and corresponding f-numbers of 0.70 (elevational) and
0.61 (transverse). The array transducer was built in-house using
rapid prototyping technology and integrated onto a prototype
clinical histotripsy system (HistoSonics, Ann Arbor, MI, USA)
before treatment [Fig. 1]. After aligning the imaging probe
coaxially within the therapy transducer, the transducer assembly
was attached to a triaxial robotic micro-positioner mounted on
the clinical system via an articulating arm. The transducer was
driven using a custom high-voltage pulser designed to generate
single cycle therapy pulses and controlled by a preprogrammed
field-programmable gate array (FPGA) board (Altera DE0-Nano
Terasic Technology, Dover, DE, USA). The transducer was
powered by a high voltage DC power supply (GENH750W,
TDK-Lambda, National City, CA, USA) and controlled by a
custom MATLAB script (The MathWorks, Natick, MA, USA)
written to receive a trigger from the clinical system.

Before treatment, focal pressure waveforms for the 500 kHz
transducer were measured using a high-sensitivity reference rod
hydrophone (HNR-0500, Onda Corp., Sunnyvale, CA, USA)
and a cross-calibrated custom-built fiber optic hydrophone
(FOPH) in degassed water at the transducer’s focal point [35],
[36]. The rod hydrophone was also used to measure the lateral,
elevational, and axial 1-D focal beam profiles of the transducer

Fig. 1. Experimental histotripsy set-up. A robotic micro-positioner is
connected to an articulating arm supporting the therapy and imaging
transducer assembly. The transducer assembly was submerged in a
water coupling bowl coupled to the patient’s tumor, and treatment was
monitored in real-time using ultrasound imaging.

by scanning the hydrophone incrementally over a distance wider
than the focal width at a peak negative pressure (p-) of ∼1.8
MPa. The measured transverse, elevational, and axial full-width
half-maximum (FWHM) dimensions at the geometric trans-
ducer were measured to be 2.1 mm, 2.1 mm, and 6.6 mm,
respectively. Focal pressures were measured directly with the
FOPH up to a peak negative pressure of ∼20 MPa; at peak
negative pressures greater than ∼20 MPa, the focal pressure
was estimated by summing measurements from a subset of a
quarter and a half of the total elements to prevent cavitation
from forming on the fiber. All waveforms were measured using
a Tektronix TBS2000 series oscilloscope at a sample rate of 500
MS/s; then, the waveform data was averaged over 128 pulses
and recorded in MATLAB.

2) Histotripsy Treatment: Patient-specific treatment plans
were developed using pre-treatment CT images, physical exam-
inations, and freehand ultrasound imaging. Patients were anes-
thetized following standard protocols for client-owned dogs.
Anesthesia was maintained using inhaled isoflurane, and anes-
thesia parameters were measured every five minutes (blood
pressure, pulse, and ventilation) or every fifteen minutes (oxygen
saturation, carbon dioxide saturation, body temperature, and car-
diac arrhythmias). The treatment area was clipped and closely-
shaved using a razor to remove overlying fur. The histotripsy
transducer was positioned over the treatment site and placed in
a container of degassed water (<30% dissolved O2) coupled
to the canine patient to ensure acoustic propagation from the
transducer to the skin. Fine adjustments to correctly position the
transducer over the targeted region were made using the robotic
micro-positioner.
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Fig. 2. Study workflow. After patient-specific treatment plan develop-
ment, fur was removed and patients were anesthetized. An automated
histotripsy treatment was conducted using custom planning software.
Post-treatment images were collected before surgical resection of the
tumor.

Each tumor was treated with histotripsy according to the
patient-specific treatment plan using one cycle pulses applied at a
pulse repetition frequency (PRF) of 500 Hz. Prior to the volumet-
ric treatment, the pressure at the focus was increased incremen-
tally until a visible bubble cloud was generated on ultrasound
imaging. A spherical treatment volume fully contained within
the tumor was set manually within the software of the system.
After identifying a pressure level for treatment and setting the
treatment boundaries, an automated volumetric histotripsy was
applied to a 3D grid of equidistant treatment points within the
defined boundaries. Treatment points were spaced by 3.5 mm in
the axial direction and 1.5 mm in the lateral and elevational direc-
tions to allow overlap between the bubble cloud at each location.
The robotic micro-positioner moved the focus between treat-
ment locations, and each point was treated with ∼500 pulses.
The transducer frequency and treatment PRF used in this study
were chosen to minimize the treatment time required to ablate the
large STS tumors [6], [37], and the treatment dosage was chosen
based on previous histotripsy studies for other soft tissue appli-
cations [12], [14], [38], [39]. The bubble cloud and tissue effects
were monitored during treatment using real-time ultrasound
imaging. The histotripsy treatment workflow is summarized
in Fig. 2.

3) Evaluation of Safety and Scoring of Adverse Events:
Safety was monitored with physical examinations, owner-
reported outcomes, CBC, and serum biochemistry profiles. Ad-
verse events (AEs) were graded according to the Veterinary
Cooperative Oncology Group-Common Terminology Criteria
for Adverse Events (VCOG-CTCAE v1.1) [40]. Severe adverse
events (SAEs) were defined as any grade 4/5 toxicity.

4) Evaluation of Ablation Effectiveness: Tumor ablation
was evaluated for targeting feasibility and ablation complete-
ness through a combination of ultrasound imaging, contrast-
enhanced CT images, and gross and microscopic tissue
evaluation. Ultrasound imaging was used to confirm the for-
mation of the histotripsy bubble cloud during histotripsy treat-
ment and to monitor for echogenicity changes in the treated

tissues after ablation. Contrast CT scans were performed at
three timepoints (baseline, one day post-treatment, and four to
six days post-treatment) and analyzed to determine changes in
overall tumor volume post-treatment and to measure ablated
tissue volumes. All CT measurements were completed by a
fellowship-trained radiologist with extensive experience evalu-
ating oncologic imaging who was blinded to planned histotripsy
treatment volumes (T.J.Z.). Differences between pre- and post-
treatment tumor volumes as well as differences between 1
day post- and 4 day-post treatment ablation zone dimensions
were compared using two-tailed and one-tailed paired student’s
t-tests, respectively. Immediately following surgical removal,
the tumor was sectioned and gross photographs were obtained
identifying the ablation zone. Representative sections of the
pre-treatment tumor, treated tumor, treatment interface, and
untreated tumor were fixed in 10% formalin for at least 24 hours
and embedded in paraffin. A standard hematoxylin and eosin
(H&E) stain was used to stain all tissues to assess the extent of
histotripsy damage to the tissue. All sections were evaluated by a
veterinary pathologist and Diplomate of the American College
of Veterinary Pathologists (ACVP) with extensive experience
evaluating ablated tumor tissue (S.C.O.).

C. Evaluation of the Immunological Impact

1) Multiplex Immunohistochemistry (mIHC): Optimized
chromogenic multiplex immunohistochemistry (IHC) was per-
formed on formalin-fixed, paraffin-embedded (FFPE) samples
in order to investigate the presence and phenotype of infiltrat-
ing immune cells following histotripsy treatment. Two multi-
plex IHC panels were applied to treated and untreated tumor
samples from the same patient and then compared. Tumor-
associated macrophages (TAMs) and tumor-infiltrating lympho-
cytes (TILs) were investigated. The Roche Ventana Discovery
Ultra Automated Research Stainer (Roche Diagnostics, Indi-
anapolis, IN) was used according to the manufacturer’s instruc-
tions for IHC multiplexing. To characterize TAMs, tissues were
stained with antibodies against pan-macrophage marker IBA-1
(FujiFilm, 019-19741, 1:300), M1-polarization marker iNOS
(Abcam, ab3523, 1:100), and M2-polarization marker CD206
(NovusBio, NBP190020, 1:200). To characterize TILs, tissues
were stained with antibodies against pan T-cell marker CD3
(DAKO, A0452, 1:100), helper T-cell marker CD4 (Origene,
TA500477, 1:100), cytotoxic T-cell marker CD8 (Invitrogen,
PAS-16893, 1:100), and regulatory T-cell marker FOXP3 (In-
vitrogen, 14-7979-82, 1:100). Signals were generated using
the following chromagens: IBA-1 and CD4, purple; iNOS and
CD8, teal; CD206 and CD3, yellow; and FOXP3, DAB (Roche
Diagnostics, Indianapolis, IN). Multiplex-stained slides were
evaluated by a veterinary pathologist (S.C.O.).

2) Gene Expression: Tumor microenvironment gene ex-
pression was evaluated with the NanoString Canine IO panel
(XT-CIO-12, NanoString, Seattle, WA). RNA was extracted
using the RNeasy FFPE kit (Research Products International
Quick-RNA FFPE MiniPrep, RPI-ZR1008) following manu-
facturer instructions. Pre-treatment RNA was extracted from
formalin-fixed paraffin-embedded (FFPE) soft tissue tumor
scrolls of sections of pre-treatment samples, or from untreated
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tumor if pre-treatment samples were inadequate. Post-treatment
RNA was extracted from FFPE scrolls of sections of the interface
between treated and untreated tumor. RNA was normalized to
20ng/uL and hybridized with a target-specific Reporter and Cap-
ture Probes (CodeSet) with the nCounter Prep station at 65 °C for
18 hours. Sample data was acquired with the nCounter scanner.
Background signal was reduced by subtracting threshold counts
of 20 and normalization was performed with housekeeping
genes using the nSolver 4.0 software.

3) Serum Cytokine Analysis: Multiplex serum cytokine
analysis was performed using a commercially available canine-
specific antibody-coated Bead-Based Multiplex Assay to quan-
tify 13 cytokines in each sample (CCYTMG-90K-PX13, Mil-
lipore Sigma, Burlington, MA). The following cytokines were
measured: GM-CSF, IFNg- IL-2, IL-6, IL-7, IL-8, IL-15, IP-10
(CXCL10), KC-like (CXCL1), IL-10, IL-18, MCP-1 (CCL2),
and TNF-a. The assay was performed according to the man-
ufacturer’s directions. Samples were randomized on the plate.
The samples were incubated overnight at 4 °C and a magnetic
plate washer was utilized. All standards, quality controls, and
samples were analyzed in duplicate on Luminex 200 multiplex-
ing instrument (Luminex Corp, Austin, TX). Sample analyte
concentrations were generated utilizing standard curve data from
each run via Belysa curve fitting software (Millipore Sigma,
Burlington, MA).

D. Statistical Analysis

Cytokine analysis results were evaluated for normal distri-
bution with the D’Agostino’s K-squared test. For normally
distributed data, continuous variables were tested using the
repeated-measures t-test, and categorical variables were tested
using the Chi Square test. For skewed data, continuous variables
were tested using either Wilcoxon test or the Cochran’s Q
test. Data for serum concentrations of inflammatory cytokines
were normalized using log10 transformation and then analyzed
using a paired, two-tailed t-test. All p-values were 2-sided, and
p-values <0.05 were considered to be statistically significant.
All cytokine statistical analyses were performed using GraphPad
Prism 9 (GraphPad Software, San Diego, CA). The analytes
pre- and/or post-treatment did not read for all patients and were
excluded from statistical testing where appropriate.

For Nanostring gene expression results, sample values were
log2 transformed to a variance plot to assess for differentially
expressed (DE) genes using heteroscedastic t test (p < 0.05)
per manufacturers’ recommendations. DEs were analyzed using
agglomerative clustering (Euclidean distance), fold changes and
p values were reported for each DE on the ROSALINDTM

software 3.35.40.

III. RESULTS

A. Patient Population

Ten canine patients with spontaneous STS were enrolled in
this study. Five female and five male dogs from different breeds
(1 Boxer, 1 Bichon Frise, 1 Border Collie, 1 Great Dane, 1
Miniature Schnauzer, 1 Beagle, and 4 Mixed Breed Dogs) and

aged 7-12 years received histotripsy treatment 4 to 6 days before
surgical excision of the tumor. The characteristics of the canine
patients, as well as, the grade, subtype, excision status, and
location of the treated tumors are summarized in Table I.

In all dogs, the tumor was well visualized on the pretreatment
CT scan and measured at least 2 cm in diameter. The histologic
diagnosis of the tumors included 3 grade III STS, 4 grade II
STS, 2 grade I STS, and 1 malignant mesenchymoma. For the
tumors in which subtypes were included on the histopathology
report, 3 perivascular wall tumors, 2 myxosarcoma, 1 malignant
mesenchymoma, and 1 fibrosarcoma were diagnosed. After
histotripsy treatment, eight dogs had their tumors completely
excised with <0.1 – 0.5 cm margins where noted (margins not
reported for all patients). In two dogs (Patients #1 and #2 in
Table I), complete excision of the tumor was not achievable due
to the extensive invasion of the tumor into healthy surrounding
tissues and anatomic restrictions limiting the surgical window.

Patient outcome was followed for a median of 112 days
(range: 14-285 days). Six dogs are still alive, three dogs were
euthanized, and one dog was lost to follow up. All instances of
euthanasia were determined to be unrelated to the histotripsy
treatment. Two dogs were euthanized due to progressive disease
typical of STS: one had recurrence of the grade II STS, and the
other had evidence of lung metastasis suspected secondary to the
grade III STS. The third dog was euthanized due to development
of a retrobulbar mass and immune-mediated thrombocytopenia
unrelated to the STS diagnosis.

B. Safety and Feasibility of Histotripsy Treatment

1) Adverse Event Assessment: No significant AEs im-
pacting patient outcome were noted in any of the patients. Anes-
thesia complications unrelated to histotripsy were reported in
three patients, resolving naturally or with standard intervention
during treatment. Another patient experienced a vagal response
from pain that may be secondary to histotripsy treatment, al-
though the exact cause remains unknown. The remaining six
patients had no anesthetic abnormalities. During treatment, body
temperatures were maintained between 97.1 °F–102.5 °F for
nine patients with one patient experiencing moderate hypother-
mia at 96.4 °F that resolved with external heat. Pulse rates were
maintained between 45–130 bpm for nine patients, with one
patient experiencing cardiac dysrhythmia and an asystole car-
diac rhythm. The suspected cause of this dysrhythmia is a vagal
response from pain, as mentioned above, and the arrhythmia
resolved on its own without any medical intervention. Mean
blood pressures were maintained between 60–165 mmHg, with
one patient experiencing persistent hypotension at 40 mmHg
that resolved with fluid therapy. Oxygen saturation levels were
maintained between 91–100%. End tidal carbon dioxide levels
were maintained at 26–52 mmHg, with one patient experiencing
persistent respiratory depression at 59 mmHg secondary to
spontaneous breathing and resolved after increasing isoflurane
gas. No complications were reported during anesthetic recovery
in any of the patients.

No clinically significant AEs associated with histotripsy treat-
ment were reported through bloodwork, post-treatment physical
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TABLE I
PATIENT DEMOGRAPHICS AND TUMOR CHARACTERISTICS

Fig. 3. Histotripsy treatment feasibility and safety were measured using CT and US imaging and adverse event monitoring. Representative
images from three canine patients show (from left to right) pre-treatment CT scans of STS (circled), post-treatment CT images with clear regions
of histotripsy-ablated tissue 1 day and 4 to 6 days after treatment (arrows), bubble clouds during treatment on real-time US imaging, and various
degrees of self-limiting cutaneous injury in the histotripsy treatment path after treatment. Darkened skin on Patient #10 is the result of unrelated
sun exposure prior to histotripsy treatment.

examination, or owners’ reports. On post-treatment physical
examination, swelling was noted for five patients. The masses
from nine patients were reported to be warm to the touch post-
histotripsy treatment, and erythema of the skin overlying the
mass was recorded for five patients. The only histotripsy-related
complications noted were various degrees of self-limiting cu-
taneous injury. Prior to treatment, nine patients had VCOG
dermatology AE scores of 1, and one patient had a score of 4.

Following histotripsy treatment, one patient (Patient #1) had an
increase in VCOG dermatology AE score from 1 to 2, suspected
to be due to pre-focal cavitation damage potential caused in part
by hair left behind after shaving at the treatment site in this first
patient [Fig. 3]. VCOG dermatology AE scores did not change
after histotripsy for the remaining nine patients.

2) Histotripsy Treatment Outcomes: Automated his-
totripsy ablation treatments were applied to a spherical region
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TABLE II
TUMOR AND ABLATION ZONE MEASUREMENTS PRE- AND POST-HISTOTRIPSY

within each of the targeted tumors at peak negative pressures
(p-) averaging 22.60 ± 7.21 MPa. Depending on the size of the
tumor, an ablation volume of either 4.14 cm3, 8.18 cm3, or 14.14
cm3 was treated, corresponding to spherical diameters of 2 cm,
2.5 cm, and 3 cm, respectively. When possible, the histotripsy
treatment volume was centered in the most solid region of the
tumor (determined by pretreatment CT image analysis and phys-
ical examinations on the day of treatment). Planned treatment
volumes are presented in Table II. Generation of clearly visible
histotripsy cavitation bubble clouds on real-time ultrasound
imaging was achieved in nine of ten treatments [Fig. 3]. The
treatment without bubble cloud visibility was conducted through
an intact surgical drape used to couple the patient’s amorphous,
ulcerated tumor to the degassed water bolus and the histotripsy
transducer rather than the open acoustic window used in the other
nine patients. To confirm the presence of histotripsy cavitation
at the targeted location in this dog, passive cavitation detection
was used to measure the backscatter signal of the therapy pulse,
similar to approaches used in previous histotripsy studies [37],
[41]. In all subjects, cavitation activity was maintained for the
duration of the volumetric histotripsy ablation. Treatment times
correlated to the volume of the tumor treated, ranging from
approximately 14 minutes to 1 hour in length for treatments of
4.19 cm3 and 14.14 cm3 in volume, respectively. No significant
changes in the echogenicity of the treated regions were noted on
ultrasound imaging post-treatment in any of the patients.

3) Computed Tomography Outcomes: Pre-treatment CT
images identified clearly demarcated soft tissue tumors of at
least 2 cm in diameter for all patients. All tumors had a
least two regions of homogenous contrast uptake measuring at
least 1 cm in diameter with an accessible treatment window.
Comparison of pre- and post-treatment tumor sizes revealed a
non-significant increase in tumor size that persisted 4-6 days
after histotripsy treatment (p = 0.191 1 day post- vs. pre-; p
= 0.077 4-6 day post- vs. pre-) [Table II]. Posttreatment CT
images revealed clear, roughly spherical regions of histotripsy
ablated tissue in seven of ten patients, visible on CT images

as regions of decreased contrast uptake [Fig. 3]. In the three
patients without visible ablation zones on CT, each animal had
histologically-evident extensive tumor necrosis in the region of
the treated tissue. Measurements of the ablation zone achieved
by histotripsy treatment scaled according to planned ablation
zone sizes (i.e., larger planned ablation volumes correlated with
larger achieved ablation volumes), but measured ablation zones
were often greater in size compared to the intended volume.
Radiographically measured ablation volumes averaged 10.20 ±
18.18 cm3 and 1.60 ± 10.75 cm3 larger than planned volumes
at 1 day and 4-6 days after treatment, respectively. Although
measured volumes were larger than planned volumes when
averaged across patients, measured ablation zone volumes were
smaller than planned in some patients. Ablation zone volumes
were non-significantly reduced 4 days after histotripsy relative
to 1 day post histotripsy (p = 0.063). Patients 2, 3, and 6
were excluded from analysis because no ablation zone could be
definitively measured on CT images; patient 4 because no CT
scan was collected 1 day post-histotripsy; and patient 8 because
the post-treatment CT scan was taken on day 6. All other patients
had 4 day post-histotripsy CT scans with discernable ablation
zones.

4) Gross and Histologic Findings: After histotripsy, re-
gions of ablation were clearly identified grossly and histolog-
ically in all samples. Grossly, treatment sites were characterized
by extensive necrosis and regions of hemorrhage [Fig. 4(a)].
Histologic samples taken from treated regions of the tumors
exhibited a mixture of lytic and coagulative cell death and an
overall loss of viable tumor cells and cell nuclei, as well as,
hemorrhage [Fig. 4(c)]. Clear boundaries were visible between
untreated and treated areas of tissue [Fig. 4(d)–(f)].

Complete ablation was observed histologically in all ten dogs
within the treated regions of the tumor. Occasionally, small
foci of viable tumor cells centered near vessels and infiltrating
immune cells, including neutrophils, were observed. No signs
of histotripsy-induced damage were observed grossly or micro-
scopically in untreated tissues, and no signs of thermal injury
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Fig. 4. Representative images demonstrating histotripsy ablation of STS for Patient #5. (a) Gross visualization of lesion characterized by extensive
tissue necrosis and hemorrhage (arrow). (b–f) H&E stained sections compared (d) untreated (magnification 40x) and (e) treated (magnification 40x)
tumor tissues and (b,c,f) interface regions (c – magnification 2x; f – magnification 40x). Clearly delineated boundaries between treated (+) and
untreated (∗) tumor tissue were observed.

Fig. 5. Multiplex IHC to investigate macrophage populations following histotripsy. Lower numbers of IBA-1/CD206 double positive cells (or-
ange/red) were distributed throughout untreated tumor samples (a) compared to treated samples (b). When captured, the interface between necrotic
and intact tumor cells (c) often showed slightly increased numbers of double positive cells (∗= area of necrosis; arrows = interface between necrotic
and viable cells; a, b – magnification 40x; c – magnification 20x).

were observed within the treatment volumes or overlying tissues
in any of the patients.

C. Tumor Microenvironment Following Ablation

1) Multiplex Immunohistochemistry (mIHC) Results: In
more than half of all examined samples (7/10), mIHC inves-
tigating macrophage populations showed mild to marked in-
creases in IBA-1 and CD206 double-positive cells (red) with
macrophage morphology in sections taken from treated tumor
[Fig. 5]. Moreover, in untreated tumor samples, these cells were
generally loosely distributed throughout intact tumor cells when
present, while in treated samples, these often intensified at the
interface between necrotic and intact tumor cells. In general,
IBA-1/CD206 double positive macrophages were low within
necrotic areas. All samples, both treated and untreated, were
largely devoid of iNOS positive cells.

Lymphocyte analysis identified aggregates of CD3 positive
cells in one tumor, the mesenchymoma, which were readily
identifiable in treated samples but not present in untreated sam-
ples [Supplementary Fig. 1]. Otherwise, there were generally
no significant differences in the lymphocyte staining between
treated and untreated sections.

2) Gene Expression Analysis: NanoString differential
gene expression analysis identified 79 genes with at least 2-fold
upregulation between treated and untreated histotripsy groups
[Supplementary Table I, Fig. 6]. One patient (Patient #2) was
excluded from statistical analysis because of low housekeeping
gene expression. A gene set analysis was performed to group
similar pathways. Myeloid compartment, NK cell functions, and
interleukin gene sets obtained the highest significance score.
Genes associated with inflammation, immune cell migration,
and immune cell interactions were the highest upregulated
[Supplementary Table II]. Amongst the gene set analyses, the
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Fig. 6. Hierarchical clustering of 79 differentially expressed immuno-
oncology genes. Increasing orange intensity indicates increased gene
expression and increasing blue intensity indicates decreased gene ex-
pression, as shown in the scale bar. According to the differential gene
expression profile, samples were clustered with patient held as a con-
founder and arranged with the treated samples at the top of the figure
(blue bar) and the untreated samples at the bottom of the figure (yellow
bar).

myeloid compartment gene sets obtained the highest signifi-
cance score. Further analysis within the myeloid compartment
gene sets showed the MARCO gene had the highest fold change.
The protein encoded by this gene is a member of the class A
scavenger receptor family and is part of the innate antimicrobial
immune system. Overall, the gene set analysis indicated an
immune-permissive tumor microenvironment.

D. Systemic Immune Response After Histotripsy

1) Serum Cytokine Analysis: Serum cytokine concentra-
tions were compared pre-treatment and just prior to surgical
resection of the tumor, four to six days post-treatment. There
were no statistically-significant changes in the average patient
serum cytokine concentrations following histotripsy treatment
for any of the analytes. Individual patient serum cytokine con-
centrations were widely distributed for all analytes both pre-
and post-treatment [Supplementary Fig. 2]. Average serum cy-
tokine concentrations ranged from 0.801 pg/mL (IFNg) to 3.605
pg/mL (IL-8) before histotripsy treatment and 1.088 pg/mL
(IL-10) to 3.579 (IL-8) after histotripsy treatment for analytes
IL-2, IL-6, IL-7, IL-8, IL-10, IL-15, IL-18, GMCSF, IFNg,
TNFa, and MCP1 [Supplementary Fig. 3a]. The average serum
concentrations for analytes IP-10 and KC-like were higher in
value, with values of 23.57 pg/mL and 541.3 pg/L pre-histotripsy
and 21.04 pg/mL and 645.7 pg/mL after histotripsy treatment,
respectively [Supplementary Fig. 3b,c].

IV. DISCUSSION

This is the first study to demonstrate the safety and feasibility
of histotripsy for superficial soft tissue sarcomas (STS). In all
patients, histotripsy was successfully generated in the targeted
regions, treatments were well-tolerated, and ablation of treated

regions was observed. No significant adverse events associated
with histotripsy were reported for any of the patients. Although
histotripsy has been previously studied for the ablation of mul-
tiple tumor types [8], [9], [10], [12], [13], [14], [15], ablation
of superficial tumors, including STS, presents a unique case for
histotripsy due to the close proximity of the skin, which has
the potential to be damaged by ablative therapies [25], [26],
[42]. To minimize this risk, single cycle histotripsy pulses were
used for all treatments. Previous studies have shown that single
cycle histotripsy, also termed intrinsic threshold histotripsy,
appears to be the preferred histotripsy method in cases in which
sufficient pressure can be generated and an adequate acoustic
window is available, as for STS. Intrinsic threshold histotripsy
offers advantages over multi-cycle, shock-scattering histotripsy
pulsing regimes by producing a more predictable, dense bubble
cloud, allowing a more uniform treatment dose to be applied
across the treated tumor volume and minimizing off-target,
pre-focal cavitation [37], [43], [44]. In this study, skin injury
due to histotripsy was noted only in the first patient that was
treated, with all subsequent treatments showing no change in the
VCOG-CTCAE score after treatment. The observed skin injury
in patient 1 corresponded to extensive pre-focal cavitation vis-
ible on real-time ultrasound imaging during treatment. During
subsequent treatments, significant pre-focal cavitation was not
seen on ultrasound imaging, suggesting that real-time imaging
feedback can be used to monitor for these pre-focal cavitation
events. Future work should consider optimized methods for
preventing and monitoring pre-focal cavitation at the skin.

In all patients, histotripsy bubble clouds were successfully
generated within the targeted tumor regions, resulting in pre-
cise ablation. The bubble clouds remained visible at the target
location throughout the duration of the volumetric treatment
and were visualized with real-time ultrasound imaging. After
treatment, no significant changes to the echogenicity of the
treated tissues were visible on US imaging as has been pre-
viously observed for histotripsy [45]. A comparison of pre- and
post-treatment CT scans revealed clearly demarcated regions
of histotripsy ablation in 7 of the 10 treated patients. In the
final three patients, the ablated region could not be clearly
visualized despite histologic confirmation of ablation due to
necrosis limiting evaluation for lack of contrast uptake. This
finding suggests that MRI may be required to more accurately
assess post-treatment histotripsy ablation in future studies due
to the improved soft tissue contrast that can be achieved with-
out intravenous contrast agent administration, similar to prior
histotripsy studies for other applications [46]. MRI is not a
routine imaging modality for staging canine patients, but it is
the standard imaging modality for human STS patients. In 7 of
10 patients, tumor size measured on CT images increased after
histotripsy treatment, possibly due to transient swelling induced
by histotripsy ablation. Similarly, post-treatment physical ex-
amination identified observable tumor swelling for five patients
and tangible warmth of treated masses in nine patients. These
findings may be a result of a pro-inflammatory immunogenic
response locally in the treated tumor. Radiographically mea-
sured ablation volumes were, on average, larger than planned
volumes at 1 day and 4-6 days after treatment with no clear
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correlation between increased tumor sizes post-treatment and
larger than planned ablation volumes. One potential explanation
for this finding is that the treatment-induced ablation zone was
able to stimulate further cell death in the tissue adjacent to the
treatment zone in the 24 hours following histotripsy and before
image acquisition. This scenario might also help to explain the
aberrant edges to the ablation zone in some CT images. Four
days after histotripsy, ablation zones decreased in size relative
to one day after histotripsy. Although not statistically significant,
this trend is consistent with prior histotripsy studies and suggests
the ablation zone had begun to involute and be resorbed by the
body. Previous studies characterizing the chronic response to
histotripsy ablation in kidney and liver tissues have demonstrated
that full resorption of the treated homogenate can take up to 1-2
months [7], [38], making it likely that the ablated STS tissue
would have been further resorbed if the tumors had not been
surgically removed.

After surgical resection, ablation zones were grossly visible
as regions of hemorrhage and necrosis in resected tissues, and
histological analysis revealed a near complete removal of viable
neoplastic cells in the treated region, with replacement by hem-
orrhage and acellular debris. In some patients, rare foci of viable
tumor cells remained near blood vessels or near the boundaries
of the treated lesions, suggesting that the histotripsy dose used
in this study should be increased in future studies to ensure
complete ablation of the entire targeted tumor volume. The acute
immunological effects of histotripsy showed mild to marked in-
creases in alternatively activated macrophages (M2) subjectively
observed at the treatment interface. This increase may be due to
the normal wound healing response or could possibly represent
pro-tumoral tumor-associated macrophages. In the remodeling
phase of normal wound healing, M2 macrophages predom-
inate, expressing TGF-β and IL-10 to initiate resolution of
inflammation and tissue repair [47]. However, tumor-associated
macrophages of the M2 phenotype induced by IL-4 and IL-13
also promote angiogenesis, immune suppression, fibroblast pro-
liferation, and stromal tissue remodeling, which are commonly
observed in tumor progression and may promote all steps of the
metastatic cascade [48], [49], [50]. The inflammatory phase of
wound healing peaks 24-48 hours after injury, with a significant
reduction in neutrophils and an increase in macrophages after
three days. Macrophage numbers remain high 2–7 days after
injury, returning to steady state by day 14 [51]. In our study,
post-treatment tumor samples were evaluated 4–6 days follow-
ing histotripsy; future studies should be conducted to quantify
the increases in M2 macrophages and better elucidate their role
following histotripsy at various time points after treatment.

Our results from the differential gene expression, routine
H&E evaluation, and mIHC consistently reflect a state of in-
flammation, hemorrhage, and tissue remodeling following his-
totripsy treatment. The highest differentially-expressed genes,
MARCO, SERPINB2, CXCL8, and S100A8/9/12, indicate neu-
trophil chemotaxis, stress signaling, fibrin and coagulation, and
anti-inflammatory (M2) macrophages. These findings are mir-
rored with the common finding of hemorrhage, hyalinization,
and a subjective increase in M2-polarized macrophages. In
one tumor sample, aggregates of CD3+ cells were identified

post-treatment. Accumulation of CD3 T lymphocytes is of-
ten present in wounds and can be associated with an anti-
inflammatory response and granulation tissue formation [52].
However, in the majority of samples, the mIHC lymphocyte
panel revealed significant nonspecific staining of CD4 antibody
within tumor cells, resulting in high background noise obscuring
other chromogen identification and preventing any conclusions
regarding lymphocyte tumor infiltration post-treatment to be
drawn. Future studies may utilize other methods of immune cell
quantification, such as flow cytometry or routine single-stain
IHC techniques. Although there were no statistically significant
differences between pre- and post-treatment cytokine concen-
trations for any of the analytes, it is possible that changes
were missed due to the timing of cytokine data analysis in
this study, which was conducted at various time points prior
to histotripsy treatment and surgical removal. Prior studies have
observed transient proinflammatory cytokine gene expression
after FUS at time points ranging from 6-24 hours post-focused
ultrasound [53], [54]. For future studies, having standardized
evaluation times obtained more frequently following histotripsy
could better illustrate acute systemic immune changes, but can
be difficult to achieve using a veterinary patient population due
to scheduling constraints with owners.

These results are in line with previous investigations of his-
totripsy’s immunostimulatory potential [9], [12], [15], [16], [18],
[19], [20], [21] and suggest that a single histotripsy ablation
can alter the local tumor immune microenvironment. Notably,
a recent study highlighted that there may be differences in the
immune response depending on the percentage of the tumor
treated with histotripsy [55]. In this study, histotripsy ablations
were applied to either <25% or 50-75% of the total tumor vol-
ume in an orthotopic murine model of hepatocellular carcinoma.
Decreased immune cell infiltration and delayed homogenate re-
sorption were observed in the<25% group, suggesting that there
may be a minimum tumor ablation volume required to generate
meaningful immune effects [55]. In the current study, <25% of
the total tumor volume was targeted in all ten canine patients.
As a result, stronger immune trends may be identified following
histotripsy ablation of increased volumes within patient tumors
and should be investigated in future studies.

Overall, the results of this study suggest that histotripsy has
the potential to be used as a non-invasive therapy for ablation and
immunostimulation in patients with STS. However, future work
remains to more extensively investigate histotripsy as a potential
frontline therapy for STS. While this first treat-and-resect study
provides invaluable insight into histotripsy’s feasibility, patients
still underwent surgery to remove their tumors. Additional stud-
ies are warranted to investigate whether histotripsy can ablate
complete STS tumors with adequate margins to prevent local
recurrence and achieve long-term outcomes equivalent to or
superior to surgical resection. Similarly, since STS tumors can
grow very large (>5 cm in diameter), and large STS size is a
poor predictive factor making surgical resection more difficult
[28], future histotripsy studies should explore methods for rapid
volumetric ablation of STS tumors, such as previously inves-
tigated electronic focal steering methods [56], [57]. Using this
approach rather than mechanical steering of the focus through
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the treatment volume has previously been shown to significantly
reduce treatment times by multiple orders of magnitude. For
instance, a previous study by Lundt et al. showed a 40.7 ± 3.1
cm3 volume could be ablated in 42 minutes at a treatment dose of
500 pulses [56]. Another potential approach to ablate large STS
tumors is treating the tumor over separate, repeated sessions,
similar to approaches used for fractionated radiation therapy
treatments [58]. In addition to reducing the time per treatment
session and lowering risks associated with prolonged anesthesia,
applying repeated treatments might offer an added advantage
of re-stimulating an already primed immune response to elicit
additional systemic benefits. Repeated, partial treatments of
the primary tumor might also avoid complications caused by
ablation-related cytokine storms and/or immune cell hyperac-
tivation, which could result from large volume ablations and
have been observed for other ablation methods [59], [60]. These
potential methods for treating STS with histotripsy in single and
multiple sessions should be investigated in future trials, along
with more extensive characterization of the chronic immune
responses after partial and complete STS tumor ablation.

V. CONCLUSION

The results of this study demonstrate histotripsy’s potential
as a precise, non-invasive treatment for soft tissue sarcoma. This
treat-and-resect study showed histotripsy was well-tolerated
and effective in canine patients with spontaneous STS. Early
immunological results suggest that histotripsy was able to induce
pro-immunogenic changes in the local tumor microenvironment.
Future trials investigating histotripsy for complete tumor abla-
tion and characterizing the chronic response after histotripsy
treatment are warranted.
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