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Abstract

Purpose To determine whether histotripsy can create
human-scale transcostal ablations in porcine liver without
causing severe thermal wall injuries along the beam path.
Materials and Methods Histotripsy was applied to the liver
using a preclinical prototype robotic system through a
transcostal window in six female swine. A 3.0 cm spherical
ablation zone was prescribed. Duration of treatment
(75 min) was longer than a prior subcostal treatment study
(24 min, 15 s) to minimize beam path heating. Animals
then underwent contrast-enhanced MRI, necropsy, and
histopathology. Images and tissue were analyzed for
ablation zone size, shape, completeness of necrosis, and
off-target effects.

Results Ablation zones demonstrated complete necrosis
with no viable tissue remaining in 6/6 animals by
histopathology. Ablation zone volume was close to pre-
scribed (13.8 £ 1.8 cm® vs. prescribed 14.1 cm’). Edema
was noted in the body wall overlying the ablation on T2
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MRI in 5/5 (one animal did not receive MRI), though there
was no gross or histologic evidence of injury to the chest
wall at necropsy. At gross inspection, lung discoloration in
the right lower lobe was present in 5/6 animals (mean size:
1 x 2 x 4 cm) with alveolar hemorrhage, preservation of
blood vessels and bronchioles, and minor injuries to
pneumocytes noted at histology.

Conclusion Transcostal hepatic  histotripsy  ablation
appears feasible, effective, and no severe injuries were
identified in an acute porcine model when prolonged
cooling time is added to minimize body wall heating.

Keywords Ultrasound therapy - Ablation techniques -
Histotripsy - Interventional oncology - Animal studies

Introduction

Focal tumor ablation is increasingly accepted for the
treatment of primary and metastatic liver tumors [1].
However, thermal ablation modalities continue to have
limitations including invasiveness, lack of predictability
and precision, and the potential to cause thermal injury to
vulnerable structures such as bile ducts and bowel [2, 3].
Histotripsy is a non-thermal, non-invasive focused ultra-
sound ablation modality [4]. High intensity, low duty cycle
ultrasound pulses are tightly focused to create acoustic
cavitation, destroying targeted tissue at the cellular level
[5, 6]. To date, histotripsy has been used in multiple pre-
clinical models through a subcostal acoustic window,
though never from a fully transcostal approach [7, 8]. It has
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produced ablation zones characterized by a high degree of
precision, complete destruction of targeted tissue, no body
wall damage, and relative preservation of collagen-con-
taining structures with high mechanical strength such as
bile ducts, blood vessels, bowel, and urothelium [4-17].

Treatment of high liver lesions and upper pole kidney
tumors will require a transcostal acoustic window, which
while allowing intermittent intercostal visualization at the
target, will lead to partial treatment beam path blockage by
the ribcage, potentially resulting in body wall thermal
damage [14]. While the treatment site remains non-ther-
mal, the acoustic blockage by the ribs could lead to energy
deposition resulting in thermal damage to overlying tissue
if not accounted for and properly studied. A prior proof-of-
concept study demonstrated limited success in producing a
treatment zone of 5 x 5 x 5 mm3, but this is not adequate
to treat most tumors and a margin [18]. Whether clinical-
scale transcostal ablation zones can be created without
causing severe body wall damage is currently unknown.
Therefore, the purpose of this study is to investigate
transcostal histotripsy using a modified pulse sequence for
creating large ablation zones without causing severe body
wall damage due to beam path heating.

Materials and Methods
Animal Care, Anesthesia, and Histotripsy

All procedures were approved by the Institutional Animal
Care and Use Committee. Six female swine (40-55 kg)
were sedated with an intramuscular injection of tiletamine
and zolazepam (Telazol; Zoetis), atropine (Phoenix Phar-
maceutical), and xylazine (AnaSed) and ventilated with
inhaled isoflurane gas (Halocarbon Laboratories). No
specific respiratory compensation strategy was used to
account for breathing motion, but tidal volumes were
reduced to 300-400 mL. Animals were positioned in the
left lateral decubitus position, shaved, and a degassed water
bath placed entirely over the ipsilateral ribcage (Fig. 1).
Histotripsy was performed using a 700 kHz preclinical
research prototype system (HistoSonics, Inc.) as previously
described [8, 10]. In each animal, a single 3 cm spherical
hepatic ablation was prescribed. To initiate treatment, the
acoustic driving voltage of the transducer was increased in
step-wise fashion until a cavitation cloud was observed at
the focal point. The automated robotic treatment parame-
ters were adjusted to allow cooling pauses to minimize
beam path heating in the ultrasound trajectory, resulting in
a total treatment time of 75 min, longer than previously
reported [7]. A comparison of histotripsy pulsing parame-
ters to a previous subcostal liver study is shown in Table 1.
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Fig. 1 Experimental setup. Therapy transducer (red arrow) is placed
in coupling medium (degassed water bath) over the ipsilateral ribcage
with the animal in the left lateral decubitus position

MR Imaging

Immediately following liver ablation, MR imaging of the
abdomen was obtained in 5/6 cases with a single subject
unable to be scanned due to unexpected human clinical use.
Imaging was performed on a 3 T PET/MRI scanner (GE
Signa PET/MR; GE Healthcare) using a dedicated body
coil. A hepatocyte-specific gadolinium contrast agent
(Eovist, Bayer Healthcare LLC) (0.05 mmol/kg at 2 mL/s)
was used for dynamic contrast enhancement and hepato-
biliary phase imaging. Imaging sequences included a
localizing sequence, coronal SSFSE, axial T2-weighted
fat-suppressed fast spin echo, diffusion weighted, and axial
T1 weighted gradient recall echo. Axial T1 scans were
performed pre-contrast and in the arterial, portal venous,
and hepatobiliary phases.

Pathology

Following MRI, animals were euthanized with an intra-
venous injection of pentobarbital sodium and phenytoin
sodium (Beuthanasia-D; Schering-Plough). The abdomen
and thorax were inspected at necropsy by a certified vet-
erinary technician and physician, and the liver, lower lobe
of the right lung, and overlying body wall preserved in 10%
buffered formalin for 8 weeks, sectioned and pho-
tographed. Representative samples from a cut through the
mid ablation zone were placed in cassettes: two per abla-
tion zone (superior and anterior ablation zone-boundary).
One lung sample and one muscle sample from the over-
lying body wall were also taken for each animal. Tissue
was processed in a Sakura Tissue-Tek VIP (Sakura Fine-
tek), embedded with a Leica EG 1160 (Leica Biosystems),
cut to 5 microns thick using a Leica RM2125RT (Leica
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Table 1 Treatment parameters compared to a previous subcostal histotripsy study [7]

Subcostal liver ablation (Smolock et al. [7])

Transcostal liver ablation

Prescribed ablation zone diameter 3.0 cm
Treatment time 24 min 15 s
Duty cycle < 1%
Therapy “ON” time 50%
Therapy transducer
Diameter 20 cm
Focal Length 14 cm
Elements 18
Pulse sequence to generate 17-20 MPa
cavitation
Pulse repetition frequency 600 Hz

3.0 cm
75 min
< 1%
20%

20 cm

14 cm

18

17-20 MPa

600 Hz

Biosystems), and stained with hematoxylin and eosin.
Slides were evaluated by a dedicated GI-hepatopathologist.
The transition region between normal hepatic parenchyma
and ablation zone was measured, qualitative descriptions
provided, and digital microscopic photographs obtained of
representative areas.

Data Analysis and Statistics

MRI findings were determined in consensus by two senior
radiology residents with three and four years of experience
in ablation research (PGY-4 and PGY-5) and a board-
certified abdominal radiologist with 15-year experience.
Technical success was determined by the creation of an
ablation zone not significantly different from prescribed
volume on MRI (n = 5) or pathology (in the single swine
that did not undergo MRI). Three orthogonal measure-
ments (craniocaudal (CC), anteroposterior (AP), and
transverse (trans)) were taken of the ablation zone and
volumes measured in 3D on portal venous phase imaging
(Vitrea, Vital Images). Adjacent organs and structures were
reviewed, with special attention to lung, body wall, ribs,
and liver for any complications such as edema, thrombosis,
and injury along the ultrasound beam path. Body wall
edema and necrosis were classified as subcutaneous or
muscular and then graded on a subjective severity scale
(0 = none, 1 = trace, 2 = moderate, 3 = substantial). Lung
edema/hemorrhage was graded similarly (O = none,
1 = trace, 2 = moderate, and 3 = substantial). Portal and
hepatic veins, bile ducts, and gallbladder were also
inspected for injury.

Data analysis was performed using R version 3.4.4
(http://www.r-project.org). Given the small sample size,
results would be underpowered with a t-test. Confidence
intervals were therefore computed to estimate the true
mean for ablation diameter and volume. Results outside of
a 95% confidence interval were considered statistically

significant. Accelerated bootstrap confidence intervals with
5000 replicates are given for the mean diameter and
volume.

Results

Histotripsy was technically successful in 6/6 animals with
no deaths, complications, or signs of distress. Visualization
of the echogenic bubble cloud throughout treatment was
intermittent due to rib blockage of the diagnostic ultra-
sound (Fig. 2). When the bubble cloud was visible (i.e., the
imaging probe was not blocked by ribs), it was observed at
the expected focal location.

Ablation Zone (Fig. 3, Tables 2 and 3)

Ablation zones were within the confidence intervals of the
prescribed volume (13.8 £ 1.8 cm® vs. 14.1 cm3). The
95% confidence interval to estimate true volume was
(12.41, 15.20, not different from prescribed). The ablation
zone diameters were within the measurement error of the
prescribed size (AP: 2.9 £ 0.2 cm, CC: 3.1 £ 0.3 cm,
Trans: 3.0 & 0.1 cm vs. prescribed 3.0 cm in all dimen-
sions). The 95% ClIs for mean diameter, AP (2.68, 3.20),
CC (2.82, 3.29), and trans (2.94, 3.04), were not signifi-
cantly different from the prescribed diameter. The average
ablation zone depth was 5.8 cm, measured from the
external abdominal wall to the center of the ablation zone.
Ablation zones appeared similar to previous studies:
hyperintense on T1 and T2WI with no internal enhance-
ment, decreased peripheral perfusion, non-occlusive portal
vein thrombus, and patent bile ducts within the ablation
zone on delayed phase imaging [7, 8].

Histopathology was similar to previous studies as well
with ablation zones near-completely necrotic and non-vi-
able, narrow transition zones between central ablation and
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Fig. 2 Targeting and visualization of the echogenic bubble cloud.
The red circle represents the target treatment volume. a Diagnostic
US shows rib shadows (green arrows) during treatment planning.
b Real-time tracking of the echogenic bubble cloud during transcostal
ablation (blue arrow). At any point in time, the red “ 4 ” sign

Fig. 3 Ablation zones. a Coronal post-contrast portal venous phase
MRI image demonstrating a well demarcated ablation zone (red
arrow). b Coronal post-contrast 20 min delayed image with Eovist
demonstrating an intact bile duct (green arrow) traveling through the

Table 2 Mean ablation sizes

Diameter (prescribed = 3.0 cm) n=>5
Anteroposterior (cm) 29+ 02cm
Craniocaudal (cm) 3.1 £ 0.3 cm
Transverse (cm) 3.0+ 0.1 cm
Volume (cm?; prescribed = 14.1 cm?) 13.8 + 1.8 cm?
Transition zone n==6
Anterior (cm) 0.3 £ 0.1 cm
Superior (cm) 0.2 £ 0.2 cm

normal background liver (0.1-0.5 cm), and small arteries
and bile ducts present within the ablation and transition
zones (Fig. 4). The mean transition width on the anterior
and superior aspects of the ablation was 0.3 £ 0.2 cm and
0.2 £ 0.2 cm, respectively.
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indicated where the center of the bubble cloud is targeted. ¢ Post-
treatment ablation zone (yellow arrows) between rib shadows (green
arrows; red circle is an artifact of image acquisition and does not
represent treatment volume)

ablation zone (red arrow). ¢ Pathologic specimen demonstrating a
sharp transition from the ablation zone (red arrow) to normal tissue. d
Microscopic specimen (10x) of the center of the ablation zone
demonstrates no residual viable tissue

Body Wall Edema (Fig. 5)

Intercostal muscle edema was seen in all 5 imaged subjects
overlying the ablation zone (mean severity score = 1.6 +
0.8). All 5 subjects displayed findings of T2 hyperintensity
and enhancement consistent with muscle edema, but none
of the subjects displayed additional edema within the
subcutaneous soft tissues or skin. There was no evidence of
body wall hemorrhage or necrosis. The ribs appeared
normal.

At gross inspection, the edema/injury seen by MRI was
not visible, and there was no histological evidence of
injury.

Lung Injury (Fig. 6)

Four of the five subjects had imaging findings consistent
with injury to the right lower lobe (mean of
1 x 2 x 4 cm) (mean severity score = 1.0 & 0.7). The
imaging appearance was similar to atelectatic enhancing
lung along the path of the histotripsy beam. By imaging,
one of the subjects had a moderate injury (severity
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Table 3 Ablation imaging characteristics

n=>5 Severity Score (0 = none, 1 = trace, 2 = moderate, and 3 = substantial)

Non-occlusive branch portal vein thrombus 4 n/a
Hepatic vein clot 0 n/a
Patent bile ducts in ablation zone 5 n/a
Body Wall Injury

Subcutaneous edema 0 0.0

Muscle edema 5 1.6 £ 0.8

Muscle necrosis 0 0.0

Body wall hemorrhage 0 0.0
Lung Injury 4 1.0 £ 0.7

Fig. 4 Transition zone. a Microscopic image of transition zone (10x)
demonstrates congestion, hemorrhage and some viable hepatocytes.
b Transition zone (20xx) with an intact artery (A) and nerve (N).

score = 2), while the remaining three had mild areas of
injury (severity score = 1). In the subject with moderate
lung injury, there was sharp demarcation between injured
and normal lung. There was no evidence of post-proce-
dure pneumothorax, or hemothorax in any of the subjects.

At gross inspection, 5/6 subjects had a wedge-shaped
visually red area of lung injury surrounded by normal
appearing lung which corresponded to the MRI findings.
Histopathology demonstrated hemorrhage in the alveolar
space with bronchioles and blood vessels well-preserved.
Pneumocytes lining alveoli within the areas of gross dis-
coloration showed mild signs of injury. One animal did not
have a lung lesion.

¢ Transition zone (40xx) with an intact bile duct (BD) next to a
necrotic vein (V)

Discussion

Performing transcostal therapeutic ultrasound is challeng-
ing as the transducer and arrangement of piezoelectric
elements is larger than a single interspace. Thus, some
proportion of delivered ultrasound energy will inevitably
be blocked by ribs, causing undesirable heating, reducing
the energy that reaches the focus, and creating beam dis-
tortions and grating lobes. In previous studies, this has been
avoided by using a subcostal approach [7, 8]. In this
transcostal histotripsy study, we were able to use existing
histotripsy parameters with minimal modification to
achieve complete necrosis within the targeted tissue.
Specific changes to previously described protocols inclu-
ded: (1) adjusting robotic treatment path algorithms to
allow more cooling time, and (2) performing the treatment
at a pressure level just above the cavitation threshold to
ensure cavitation is only generated at the focus.
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Fig. 5 Body wall edema post-histotripsy. Axial STIR images from three separate animals demonstrating body wall edema within the beam path
(blue arrows). Body wall injury was not visible at necropsy and microscopic specimens demonstrated no histologic signs of damage

Fig. 6 Lung injury post-histotripsy. a Axial post-contrast portal
venous phase MRI demonstrates an ablation zone within the right
hepatic lobe (red arrow). b Axial T2 MRI superior to the ablation
zone shows edema within the anterior aspect of the right lower lobe
(blue arrow). ¢ Gross pathology specimen of the right lower lobe

Using this approach, clinically relevant (3 x 3 x 3 cm
prescription) transcostal ablation zones were created that
had an equivalent size, precision, and imaging appearance
when compared to subcostal ablations [7, 8]. Besides
lengthening cooling intervals, the system was otherwise not
specifically optimized for transcostal treatments, and
therefore, minor body wall edema without pathologic
correlate [7], and low-grade alveolar hemorrhage along the
beam path were expected. The body wall edema was likely
a reaction to sub-lethal elevations in temperature and only
apparent on highly fluid-sensitive MRI pulse sequences.

@ Springer

demonstrates discoloration of the lung corresponding to the MRI
findings (yellow arrow). d Corresponding histopathologic specimen
(20x) demonstrates an intact artery (green arrow) and intact
bronchioles (black arrows) with alveolar congestion (C)

The alveolar hemorrhage, similar to that encountered dur-
ing lung biopsy [19], may be due more to the sensitivity of
the lung to mechanical effects intrinsic to histotripsy than a
thermal effect in which hemorrhage would not be expected
to be a prominent feature [13].

Compared to thermal HIFU, histotripsy is less likely to
cause body wall heating due to the extremely low duty
cycle (< 1% for histotripsy compared to near continuous
pulses for HIFU) and the threshold nature of tissue cavi-
tation [20, 21]. However, body wall injury (thermal, not
cavitation induced injury) can still occur with histotripsy
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under certain conditions, such as in this study where large
volume ablations were created through bone-containing
acoustic windows [18, 22]. Unlike histotripsy, with thermal
HIFU, there is no threshold effect, and tissue is heated
along the entire beam path. However, any method that
decreases HIFU thermal damage along the beam path will
also result in reduction of focal temperatures. Due to this
fundamental limitation, unintended injuries have been
observed with thermal HIFU with reported cases of skin
and muscle injuries, pain, rib necrosis and fractures
[22-25]. More severe complications with HIFU include
diaphragmatic rupture, biliary obstruction, pneumothorax,
and pancreatico-duodenal fistulas, all suggesting that there
is substantial pre-focal energy deposition [23, 25]. While
these complications are likely to be less severe with his-
totripsy, this study was not a direct comparison of thermal
HIFU and histotripsy.

Improved device features and strategies currently in
development are expected to substantially shorten treat-
ment duration. For instance, aberration correction to min-
imize beam distortion is being actively investigated
[26, 27], as is the development of array transducers in
which elements that are obstructed by ribs or air could be
turned off, thus reducing delivery of thermal energy that is
not contributing to cavitation at the focus [28]. By way of
comparison, thermal HIFU is associated with prolonged
treatment times depending on ablation zone size, patient
factors, ultrasound window, etc., with times as long as 5 h
(range 8-685 min) reported in the literature [23, 24, 29].

A limitation of transcostal histotripsy procedures is the
limited visualization of the bubble cloud throughout the
ablation, due to the ultrasound window for the diagnostic
transducer being intermittently blocked by ribs [7, 15].
Importantly, even without direct visualization of the bubble
cloud for the entirety of the treatment, the ablation zones
maintained fidelity to prescribed size and shape, likely due
to the robotic control of the treatment path. Additional
future developments including CT or MR fusion to the
diagnostic US and cavitation mapping using passive cavi-
tation detection may be helpful to aid in targeting and real-
time treatment feedback [30, 31].

This study had additional limitations, including the use
of a non-tumor bearing animal model. Large animal tumor
models are scarce and difficult to obtain, thus, to date,
domestic pigs have served successfully as a preclinical
model in multiple prior ablation studies [32, 33]. Other
limitations include the lack of any type of respiratory
compensation which could result in elongated ablation
zones in the craniocaudal dimension, and the limited
intercostal spaces using the transcostal ultrasound window
in pigs as compared to humans. This study was also an
acute non-survival study but appears appropriate to deter-
mine the safety and efficacy of transcostal histotripsy

ablation, similar to prior studies [7, 8, 10]. Lastly, only one
modified treatment protocol was studied without tempera-
ture data. Optimizing the method used in this study and
comparing to other treatment protocols using thermal data
may be warranted.

Conclusion

Transcostal hepatic histotripsy appears feasible, effective,
and no severe injuries were identified in this acute pre-
clinical study performed with a non-optimized, prototype
system. In the future, aberration correction and multi-ele-
ment arrays are expected to reduce treatment time and,
along with optimization of treatment protocols, are
expected to further decrease the minor tissue injuries along
the beam path found in this study.
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