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Abstract— Histotripsy fractionates tissue through a
mechanical, non-invasive ultrasonic ablation process that
precisely controls acoustic cavitation while utilizing real-time
ultrasound (US) imaging guidance. This study investigates the
potential, feasibility and tumor volume reduction effects of
histotripsy for liver cancer ablation in a subcutaneous in vivo
murine Hepatocellular Carcinoma (HCC) model. Hep3B
tumors were generated in the right flanks of 14 NSG and 7
NOD-SCID mice. The mice were grouped as follows: A (acute,
NSG with n=9 treatment and n=1 control), B (chronic, NSG
with n=2 treatment and n=2 control) and C (chronic NODSCID, with n=6 treatment and n=1 control). Treatment was
performed when the tumor diameters reached >5 mm. 1-2 cycle
histotripsy pulses at 100 Hz PRF (p- >30 MPa) were delivered
using a custom built 1 MHz therapy transducer attached to a
motorized positioner, which scanned the transducer focus to
traverse the targeted tumor volume, guided by real-time US
imaging. Tumor ablation effectiveness was assessed by
obtaining T1, T2 and T2* weighted MR images. Post
euthanasia, treated tumor, brain, and lung tissue samples were
harvested for histology. Histology of acute group A showed
fractionation of targeted region with a sharp boundary
separating it from untreated tissue. Groups B and C
demonstrated effective tumor volume reduction post treatment
on MRI as the homogenate and edema were resorbed within 23 weeks. However, as the tumor was subcutaneous, it was not
possible to set adequate treatment margin and since the mice
were immune-compromised, residual viable tumor cells
eventually developed into tumor regrowth at 3-9 weeks after
histotripsy. Groups B and C showed no signs of metastasis in
the lung and brain. Our study successfully demonstrated the
potential of histotripsy for non-invasive HCC ablation in a
subcutaneous murine model. Additional work is ongoing to
study the response of histotripsy in immune-competent
orthotopic liver tumor models.
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I. INTRODUCTION
Hepatocellular Carcinoma (HCC) has been the fastest
growing cancer in the United States over the past decade [1,
2]. Current treatment modalities include surgical resection,
radiation, chemotherapy, and liver ablation [3, 4]. Existing
liver ablation methods including radiofrequency ablation
(RFA) and high intensity focused ultrasound (HIFU) [5-10]
are primarily thermal-based and possess inherent limitations
such as inconsistent ablation, inability to treat larger or
multi-nodular tumors, limited or no real-time imaging
feedback [6, 11-18] and heat sink effect through the densely
vascular liver [12, 14-16]. Despite the availability of
multiple treatment options, the incidence of HCC in the US
has more than tripled since 1980, and the five-year survival
rate is only 17% [19].
Histotripsy is the first non-invasive, non-ionizing, nonthermal ablation method that fractionates tissue through the
precise control of acoustic cavitation [20-22]. Histotripsy
employs focused, microsecond-length, high-amplitude
ultrasound pulses to generate microbubbles from the
endogenous nuclei in the target tissue [20, 22, 23]. The rapid
expansion and collapse of the bubble cloud produces high
strains and disrupts the surrounding cells into a liquid
acellular homogenate [22, 24]. The long cooling time
between ultrasound pulses (milliseconds to seconds)
prevents undesirable thermal effects. Thus, histotripsy is not
impeded by the heat sink effect and may safely achieve
homogeneous cell disruption even in vascular organs such as
liver [25]. Large vessels remain intact since they possess
higher mechanical strength [26, 27] and resistance to
fractionation compared to surrounding soft tissue [28, 29].
Previous studies by our group have shown that histotripsy
can completely fractionate liver tissue in vivo in porcine and
rodent models [25, 30]. In this study, our primary objective
was to assess the in vivo ablation potential of histotripsy
therapy for non-invasive treatment of subcutaneous HCC
tumor in an in vivo murine model. We evaluated the acute
and chronic response of subcutaneous xenograft HCC
tumors to histotripsy therapy with the use of non-invasive
Magnetic Resonance Imaging (MRI) technology and
histological analysis.
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II. PROCEDURES
A. Cell Preparation
Hep3B (ATCC® HB-8064™) cells were cultivated in
MEM (+Glutamine, +Earle’s Salts) media supplemented
with 10% FBS, 1% Antimycotic-Antibiotic, 1% Minimum
non-essential amino acids (MNEAA), 1% Sodium pyruvate
and 1 mL Gentamicin. The cells were maintained at 37°C in
a 5% CO2/95% humidified air atmosphere.
B. Animal Preparation
14 NSG and 7 NOD-SCID mice weighing 20-30 gm
were used in this experiment. The mice were categorized
into three groups: A (acute, NSG with n=9 treatment and
n=1 control), B (chronic, NSG with n=2 treatment and n=2
control) and C (chronic NOD-SCID, with n=6 treatment and
n=1 control). The mice were subcutaneously injected with 12 million Hep3B cells into the right flanks to generate
xenograft tumors. The mice were monitored weekly and
tumor diameter measurements were obtained using calipers.
Once tumor diameters reached 5-10mm, the mice in the
treatment cohorts were treated with histotripsy. This tumor
treatment time-point was observed earlier in the NSG groups
A and B (3-5 weeks post inoculation) as compared to the
NOD-SCID group C (8-15 weeks post inoculation), which is
expected based on the differences in their immunological
makeup.
Prior to histotripsy, the mice were induced and
maintained on general anesthesia by inhalation of isoflurane
gas (1.5-2.0%) in 1 L/min of oxygen (SurgiVet V704001,
Smiths Medical, Waukesha, Wisconsin, USA). The skin
surrounding the subcutaneous tumor was shaved and treated
with a depilatory cream. All animals were injected with
Carprofen (Rimadyl, Pfizer, NY, USA) analgesic (5 mg/kg)
subcutaneously prior to histotripsy therapy and once every
24 hours for 2 days after histotripsy therapy. The tumors

Figure 1. Experiment setup for therapy and imaging transducer
mounted on the motorized positioning system and submerged in a tank
of degassed water. (A) The animal is placed on the treatment board (B)
1 MHz therapeutic transducer with imaging probe coaxially mounted
(C) Generation of echogenic bubble cloud in the target volume

were monitored for a week following treatment and then
twice weekly for the duration of the experiment. All
procedures were approved by the Committee on Use and
Care of Animals at the University of Michigan.
C. Experiment Setup
A 1 MHz custom-built 8 element focused transducer
designed for rodent experiments was used to generate
histotripsy pulses, driven by a custom high-voltage pulser
developed in-house. A field-programmable gate array
(FPGA)
development
board
(DE0-Nano
Terasic
Technology, HsinChu, Taiwan) specifically programmed for
histotripsy therapy pulsing was connected to the pulser,
allowing the therapy transducer to output 1-2 cycle
histotripsy pulses. A 20 MHz probe (L40-8/12, Ultrasonix,
Vancouver, Canada) was coaxially positioned with the
therapy transducer for real time targeting feedback. The
transducer and imaging probe were submerged in a tank of
degassed water while mounted to a motorized 3-axis
positioning system (Fig. 1A, Fig. 1B). A coil heater was
placed into the water tank for continuous maintenance of the
water temperature at 35–37°C.
C. Histotripsy Treatment
Prior to applying histotripsy, the focal position of the
therapy transducer in the imaging field of view was
determined by delivering test pulses to generate a bubble
cloud in degassed water and marking the location of the
hyperechoic region on the ultrasound imaging screen to
indicate the transducer focal position in free field.
Ultrasound coupling to the targeted tumor was achieved
by positioning the mice on the custom-built animal platform
placed over the water tank (Fig. 1A). Tumor boundaries
were manually marked on the imaging screen and input to a
custom MATLAB script which generated a treatment
ellipsoid with uniformly spaced treatment locations
(between 0.5 mm – 0.75 mm along 3 orthogonal axes) to
envelop the defined target volume. 50 histotripsy pulses at
100 Hz PRF (p- >30 MPa) were delivered each location by
scanning the transducer focus using the motor positioning
system. Group A was sacrificed within 3 days post
treatment. Groups B and C were monitored weekly after
treatment using caliper measurements and MRI for 3 months
or until tumors reached ~1.8 cm.
C. Magnetic Resonance Imaging
Tumor ablation was assessed by obtaining MRI prior to
histotripsy and after histotripsy, followed by weekly
imaging. MRI was performed at 7.0 T using a Direct Drive
console (Agilent Technologies, Santa Clara, CA, USA) with
a 40 mm inner-diameter transmit-receive radiofrequency
(RF) volume coil (Morris Instruments, Ontario, Canada).
After pilot scans to confirm positioning, T2 and T1-weighted
fast spin-echo sequences and a T2*-weighted gradient spinecho sequence were used to visualize the tumor in the axial
plane.
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when the target location point
was close to the skin. Post
histotripsy, the targeted region
appeared as a hypoechoic zone
on ultrasound imaging due to
the decreased size and density
of the sound scatterers.
B. Tumor Ablation
Assessment
Caliper
measurements
demonstrated
the
tumor
progression
and
post
histotripsy targeted volume
reduction effects in groups B
and C. MRI monitoring
revealed
effective
tumor
volume reduction over time
(Fig. 2A, Fig. 2B). Treated
mice in group B survived
Figure 2. Tumor volume reduction effects are evidenced by caliper measurements of average treated tumor
longer than the control mice.
diameter following histotripsy therapy on week 0 for chronic (A) group B NSG mice and (B) group C NODMRI provided immediate as
SCID mice. Histotripsy ablation assessed using T2-weighted image in chronic (C) group B and (D) group C
well as long term ablation
chronic mice respectively. The treated volume appears as homogeneous, bright area, compared to the
heterogenous tumor volume with mottled signal. The yellow dashed lines show the tumor and the targeted
feedback post histotripsy. On
homogenate regions
T2 weighted images, the
targeted volume appeared
homogeneous and brighter on the post-treatment image as
D. Histological Analysis
compared to the pre-treatment image which showed a
Post euthanasia, treated tumor, brain, and lung tissue heterogeneous tumor with mottled signal (Fig. 2C, 2D). The
samples were harvested for histopathology. Harvested homogenized tumor volume and edema resulting from the
samples were stained with hematoxylin and eosin (H&E) treatment were mostly resorbed in 2 weeks post treatment.
However, any residual viable tumor cells eventually
and examined under a microscope (Nikon Eclipse 50i).
developed into tumor regrowth at 3-9 weeks after
III. RESULTS
histotripsy.
A. Ultrasound Imaging
B. Histological Analysis
Histotripsy generated a bubble cloud and fractionated the
In group A, pathology revealed fractionated tumor cells in
targeted tumor regions guided by real-time ultrasound B- the original sites at Day 3 post treatment (Fig. 3B). The
mode imaging. The bubble cloud was observed as treated region was completely fractionated into acellular
hyperechoic (Fig. 1C) and primarily remained confined
debris with a sharp boundary in partially targeted tumors,
within the tumor boundaries, with transient pre-focal
though some tumor cells remained at the original site (Fig.
cavitation observed on the water-skin interface in instances
3C). In the chronic subset B, histology showed
tumor regrowth (Fig. 3D). No metastasis was
observed in the harvested distant organs in the
chronic group B (Fig. 3E, Fig. 3F).
IV. DISCUSSION

Figure 3. Histological examination revealed (A) untreated tumor in a control mouse B)
absorption of homogenized tumor debris, with no tumor cells observed within or near the
treatment zone at 3 days post treatment C) complete fractionation of tumor with no intact
cells within the treated region in an acute mouse (D) tumors cells in post-histotripsy
tumor regrowth (E) benign brain parenchyma and (F) lung parenchyma

Our study investigated the effects of
histotripsy tumor ablation in an acute and
chronic xenograft murine model. Histotripsy
generated well-confined bubble clouds resulting
in the formation of completely fractionated
histotripsy lesions with sharply demarcated
boundaries between the surrounding healthy
liver tissue and the lesion. In the weeks
following histotripsy treatment, a steady
reduction in the volume of the treated
homogenate was observed. However, as this
subcutaneous tumor model did not allow
sufficient treatment margin and the mice were
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immune-compromised, any post-treatment residual viable
tumor cells eventually developed into tumor regrowth at 3-9
weeks after histotripsy. In instances where we attempted to
define a margin outside the tumor region, post-treatment and
weekly follow-up MRI revealed surrounding leg muscle
damage and edema near the treatment region. However, this
healed completely within 1-2 weeks and no further evidence
of damage was observed. The immunocompromised nature
of the murine hosts did not allow us to examine the role of
the immune system in tumor progression in this model.
Future work is ongoing to investigate the long-term effects of
histotripsy liver cancer ablation in immunocompetent
orthotopic rodent liver tumor model.
MRI successfully enabled immediate assessment of post
histotripsy ablation of tumor which may be a significant
clinical benefit for histotripsy over other thermal ablation
therapies, in which the treatment effectiveness can only be
assessed after a few weeks of therapy [15, 31]. Future work is
ongoing to quantitatively characterize the MRI observations
and investigate the use of alternative imaging sequences or
contrast agents in order to optimally distinguish healthy
tissue, residual tumor tissue, and the fractionated histotripsy
tissue homogenate on post histotripsy scans. This will be
useful in planning follow-up histotripsy treatments to target
any detected residual tumor and improve survival rates by
preventing recurrence.
V. CONCLUSION
This study demonstrates the potential of histotripsy for
non-invasive HCC ablation and subsequent tumor volume
reduction in a subcutaneous murine model. Further work is
ongoing to study the biological response of histotripsy in
immune-competent orthotopic liver tumor rodent models.
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