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Abstract

Purpose Robotically assisted sonic therapy (RAST) is a

nonthermal, noninvasive ablation method based on his-

totripsy. Prior animal studies have demonstrated the ability

to create hepatic ablation zones at the focal point of an

ultrasound therapy transducer; however, these treatments

resulted in thermal damage to the body wall within the path

of ultrasound energy delivery. The purpose of this study

was to evaluate the efficacy and safety of a pulse sequence

intended to mitigate prefocal body wall injury.

Materials and Methods Healthy swine (n = 6) underwent

hepatic RAST (VortxRx software version 1.0.1.3,

HistoSonics, Ann Arbor MI) in the right hepatic lobe. A

3.0 cm spherical ablation zone was prescribed for each.

Following treatment, animals underwent MRI which was

utilized for ablation zone measurement, evaluation of pre-

focal injury, and assessment of complications. Each animal

was euthanized, underwent necropsy, and the tissue was

processed for histopathologic analysis of the ablation zone

and any other sites concerning for injury.

Results No prefocal injury was identified by MRI or

necropsy in the body wall or tissues overlying the liver.

Ablation zones demonstrated uniform cell destruction, were

nearly spherical (sphericity index = 0.988), and corre-

sponded closely to the prescribed size (3.0 9 3.1 9 3.4 cm,

p = 0.70, 0.36, and 0.01, respectively). Ablation zones were

associated with portal vein (n = 3, one occlusive) and hep-

atic vein thrombosis (n = 4, one occlusive); however, bile

ducts remained patent within ablation zones (n = 2).

Conclusions Hepatic RAST performed with a modified

ultrasound pulse sequence in a porcine model can mitigate

prefocal body wall injuries while maintaining treatment

efficacy. Further study of hepatic RAST appears warranted,

particularly in tumor models.

Keywords Histotripsy � Ablation � Ultrasound �
RAST � Interventional oncology

Introduction

Liver tumors remain a substantial worldwide health prob-

lem despite recent improvements in surgery, radiation,

ablation, and chemotherapy. Currently, thermal ablation is

first-line therapy for small hepatocellular carcinoma and

second line for patients with inoperable hepatic colorectal
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metastases [1, 2]. Unfortunately, there are significant lim-

itations to thermal ablation techniques including compli-

cations from applicator placement, safety limitations for

treating tumors in central locations and near bile ducts, a

thermal ‘‘penumbra’’ in which sublethal heating may

paradoxically increase the risk of local recurrence and also

promote systemic tumor growth, and substantial procedural

complexity with a dependence on operator expertise lead-

ing to highly variable outcomes [3–6].

Histotripsy is a noninvasive and nonthermal ablation

modality which destroys tissue at the subcellular level by

producing cavitation in the targeted tissue [7]. The tech-

nique is based on high-intensity, low-duty-cycle pulses of

focused ultrasound that converge at a focal point. There is

no increase above body temperature within the ablation

zone since the cellular destruction is mechanically based

and not heat-based. Importantly, histotripsy is a binary

process in which cavitation only occurs when a threshold

has been reached, thus potentially avoiding damage to

nontarget structures [8–11]. When combined with a robotic

arm and software control to deliver a specific ablation size,

shape, and volume, the procedure is termed robotically

assisted sonic therapy (RAST). To date, hepatic RAST has

only been used to create ablation zones in large animal

models in limited proof of concept and safety studies

[12–14]. The results of these investigations which were

recently published have demonstrated the ability of RAST

to create spherical ablation zones up to 3 cm in size with

complete central ablation. In contrast to currently available

thermal ablation modalities, bile ducts within and adjacent

to the ablation zone were spared. This is likely due to the

increased tensile strength of the bile ducts which make

them more resistant to cavitation. One-month follow-up

examinations demonstrated involution of the ablation zone,

and there was no significant surrounding inflammation

evident acutely or at follow-up [14].

The main limitation identified in the prior proof of

concept hepatic RAST study was variably occurring, lim-

ited thermal damage to the body wall overlying the hepatic

ablation [14]. Although histotripsy destroys tissue via

mechanical effects at the focal point, energy deposition

along the ultrasound delivery path can lead to heat creation.

This damage was generally seen in cases where the ultra-

sound window was substantially limited due to overlying

rib coverage and/or an air-filled stomach, necessitating an

increase in amplitude to create a cavitation bubble cloud.

This increased amplitude combined with a pulse sequence

which was not specifically designed to limit thermal energy

deposition was the likely etiology for the body wall thermal

injuries. Following the proof of concept RAST study, a

software upgrade with an improved thermal profile was

made available. Thus, the purpose of this study was to

evaluate whether hepatic RAST performed with this

improved thermal profile can produce uniform cell

destruction within the targeted ablation zone while avoid-

ing prefocal thermal body wall injury.

Methods

Experimental Design

Six healthy female swine (mean weight 55 kg, Arlington,

WI) underwent hepatic RAST followed by MRI without

and with intravenous contrast. Animals were then imme-

diately killed for necropsy and tissue harvesting for

histopathology.

Animal Handling and Anesthesia

All animal care and procedures were approved by the

Institutional Animal Care and Use Committee. There were

no techniques used to control for respiratory motion during

the ablation. Prior to treatment, the animals were pre-

medicated with 325 mg aspirin orally the evening prior to

the procedure and 40 mg enoxaparin subcutaneously

immediately before RAST. Animals were positioned dorsal

recumbent on a surgical table throughout the procedure.

RAST

All RAST ablations were performed with a prototype

system using a custom 700 kHz multi-element therapy

transducer powered by a therapeutic ultrasound signal

generator and amplifier (VortxRx, HistoSonics, Inc., Ann

Arbor, MI). The system also utilized a 3 MHz curvilinear

array ultrasound transducer (Model C5-2, Analogic Corp.,

Peabody, MA) which is co-axially aligned through a cen-

tral aperture in the therapy transducer, allowing real-time

ultrasound guidance for targeting and monitoring. The

therapy and imaging transducers are attached to a robotic

arm and driven by micro-positioning motors capable of

movement in the x, y, and z planes. The transducer position

is controlled by a proprietary software package through

which the operator can prescribe virtually any size, shape,

and volume of ablation [14].

Treatments were delivered using the VortxRx software

version 1.0.1.3 (HistoSonics, Inc., Ann Arbor, MI). This

version reduced the time-average intensity of energy

delivery by greater than 60% compared to the prior version

that produced body wall injuries in some subjects [14]. A

3 cm spherical treatment volume was prescribed in the

right lobe of the liver in the planning phase of the proce-

dure. Ultrasound energy was delivered to generate a bubble

cloud within the planned ablation zone, controlled by the

proprietary software, with the treating physician
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monitoring the bubble cloud in real time using the co-

axially aligned diagnostic ultrasound transducer. This real-

time bubble cloud tracking enabled the treating physician

to verify treatment delivery to the entire planned ablation

zone.

Magnetic Resonance Imaging

Following completion of the ablation, the animals were

imaged on a 3T MRI (GE Signa Pet MR or GE Healthcare

Discovery MR 750/750 W, Waukesha, WI). Prior to con-

trast administration, coronal SSFSE, axial STIR, in-/out-of-

phase T1, axial T2, and axial GRE T1 sequences of the

abdomen were obtained. Following the administration of

0.06 mmol/kg body weight of gadoxetate disodium (Eo-

vist, Bayer Healthcare, Whippany, NJ) injected at a rate of

2 mL/s, axial GRE T1 sequences of the abdomen were

obtained in the late arterial, portal venous, 5-min delay, and

20-min delay (hepatobiliary) phases. Coronal T1 GRE and

LAVA FLEX axial sequences were also obtained approx-

imately 20 min post-contrast injection.

Imaging Analysis

MR images were analyzed in consensus on an institutional

PACS station (McKesson, San Francisco, CA) by radiol-

ogists with 2–12 years of image interpretation experience.

All measurements were made in the portal venous phase.

Orthogonal AP and transverse measurements were made in

the axial plane, and one craniocaudal measurement was

made in the coronal plane. These measurements were used

to calculate sphericity index as described below. Ablation

zone volumes were directly measured using a volume

rendering software package (Vitrea, Vital Images, Min-

netonka, MN).

Pathology

After euthanasia, necropsy was performed and adjacent

structures were inspected for gross signs of injury. The

livers were harvested, and microscopic pathology was

analyzed by a dedicated liver pathologist. Measurements

were obtained from eight separate sites around the

periphery of each ablation zone to determine a mean

thickness of the zone of partial tissue disruption.

Statistical Analysis

Statistical analysis was performed using R version 3.3.2 (R

Core Team, 2014, R Foundation for Statistical Computing,

Vienna, Austria; available at: http://www.R-project.org/).

Measurements of volume and sizes (trans, AP, CC) of the

ablation zone were summarized by mean ± standard

deviation. The means were compared with the prescribed

values using two-sided t tests. The sphericity index for each

subject was calculated using the formula:

W ¼ p1=3 6Vð Þ2=3=SA

where V represents volume and SA surface area [15]. The

volume and the surface area were calculated assuming that

the ablation zone is a spheroid with equatorial radius

approximated by the average of the more similar mea-

surements and polar radius approximated by the most

extreme measurement [15]. The mean (± standard devia-

tion) of the resulting sphericity indices was compared to 1

using a one-sided t test.

Results

Off-Target Injury

There was no MR evidence of edema, hemorrhage, or

enhancement within the body wall to suggest body wall

injury in any of the subjects, and there was no evidence of

body wall injury at necropsy (Fig. 1). In one subject, the

ablation zone abutted the cranial aspect of the gallbladder.

A trace amount of inherently T1 hyperintense fluid was

seen layering dependently within the gallbladder lumen

consistent with blood products. The gallbladder wall was

intact and there was no evidence of gallbladder rupture

(Fig. 2).

At necropsy, the peritoneum, body wall, and adjacent

organs demonstrated no evidence of bleeding, contusion or

thermal injuries with the exception of one case in which the

ablation zone abutted the diaphragm. In that case, the

ablation zone appeared to extend into the diaphragm and

lower lung, therefore both organs were excised and sub-

mitted for histopathologic examination.

Ablation Zone

All ablations were created within the right lobe of the liver.

The overall mean depth measured from the skin surface to

the center of the ablation zone was 8.2 cm (6.7–10.0).

Mean ablation zone size was 3.0 (trans) 9 3.1 (AP) 9

3.4 cm (CC) with a mean sphericity index of 0.988

(Table 1). The ablation zone appearance was similar in

appearance to previous descriptions: inherently T1 hyper-

intense, minimally hyperintense on T2WI, no appreciable

enhancement or surrounding hyperemia after contrast

administration, and without diffusion restriction [14]. On

gross pathology, the hepatic ablation zones were well

demarcated with a red central region surrounded by a thin
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zone of transition to normal appearing liver (Fig. 1). The

mean transition diameter was 3.9 mm (SD 2.5 mm).

Vessels and Bile Ducts

Three animals had portal vein thrombus and four animals

had hepatic vein thrombus following RAST (Fig. 3). In all

cases, the ablation zones overlapped the vessels containing

thrombus with propagation of thrombus outside of the

ablation zone. Two of the three portal vein thromboses

were in the main portal vein, and one was in a peripheral

portal vein distal to the ablation zone. The two cases of

main portal vein thrombus were nonocclusive. The one

case of thrombus in a peripheral portal vein branch was

occlusive. All four cases of hepatic vein thrombus were

central to the ablation zone. One of the four cases was

occlusive while the remaining three cases were nonocclu-

sive (Table 1). Four ablations were associated with a zone

of hypoperfusion peripheral to the ablation zone due to

portal and/or hepatic vein thrombus.

On hepatobiliary phase imaging of two subjects, a patent

bile duct containing Eovist was seen traversing the

periphery of the ablation zone (Fig. 4).

Fig. 1 A Intra-procedural

ultrasound image demonstrating

the bubble cloud (arrow) within

the right hepatic lobe.

B Corresponding immediate

post-procedure image shows the

hypoechoic ablation zone

(arrow). C Axial T1 pre-contrast

images demonstrate a well-

demarcated ablation zone

(arrow) containing high-signal-

intensity blood products.

D Axial T1 post-contrast portal

venous phase MRI image with

no enhancement. E Axial STIR

image demonstrates no evidence

of body wall edema or injury.

F Corresponding gross

pathologic specimen of the liver

with a well-demarcated ablation

zone without damage to the

surrounding liver. The thin area

of light red tissue surrounding

the ablation zone corresponds to

the transition zone

Fig. 2 A Coronal 20-min delay

MRI image demonstrating the

close proximity of the ablation

zone to the cranial aspect of the

gallbladder. B Gross pathologic

specimen demonstrates

extension of the ablation zone to

involve the gallbladder fossa.

C Histology (9 100)

demonstrates hemorrhage

within the gallbladder wall with

intact mucosa
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Pathology

All ablation zones demonstrated a well-circumscribed zone

of complete tissue destruction. Within the central ablation

zone, there was a small amount of residual fibrinous

material, blood, and scattered nuclear fragments. There

were a few small clusters of hepatocytes present, but they

are not deemed as viable as they were entirely detached

from the normal sinusoidal framework and portal vascu-

lature. There was a thin transition zone of partial ablation

with a mean diameter of 3.9 mm (SD 2.5 mm), ranging

from 0.1 to 0.9 mm (Fig. 5). The uninvolved hepatic

tissues adjacent to the ablation zone (within * 1 cm)

showed patchy sinusoidal dilation with congestion and

edema. There was no unexpected hemorrhage within the

liver. Within one of the ablation zones, viably large bile

ducts were present at the periphery (Fig. 4).

In the animal where the ablation zone extended into the

diaphragm, there were findings suggestive of ablation

effect within the adjacent diaphragm and lung parenchyma,

though the collagenous architecture of these structures was

maintained. In the animal where the ablation zone extended

to involve the gallbladder fossa, the gallbladder bed

showed hemorrhage that extended into the gallbladder

Table 1 Description of RAST ablations

Subject

number

Trans

(cm)

AP

(cm)

CC

(cm)

Volume Sphericity

index

Mean

transition

zone (SD)

(mm)

Main portal

vein thrombus

Peripheral

portal vein

thrombus

Main hepatic

vein thrombus

Peripheral

hepatic

vein

thrombus

Body

wall

injury

3135 2.9 3.0 3.4 20 0.997 2.8 (1.6) N Y occlusive

distally

N N N

3137 3.2 3.2 3.3 17.2 1.000 5.3 (3.4) Y nonocclusive N Y nonocclusive N N

3138 3.1 3.2 3.7 19.3 0.996 3.8 (2.8) N N N N N

3139 2.7 2.9 3.6 13.3 0.989 0.5 (0.2) N N Y nonocclusive N N

3148 3.2 3.0 3.3 17 0.961 4.3 (2.9) N N Y occlusive N N

3149 3.1 3.0 3.1 16.7 0.984 2.5 (1.4) Y nonocclusive N Y nonocclusive N N

Fig. 3 A Axial portal venous phase MRI demonstrates an occlusive

portal vein thrombus (yellow arrow) distal to the ablation zone (red

arrow). B Axial portal venous phase imaging of a different subject

demonstrates nonocclusive proximal portal vein thrombus (yellow

arrow) The gallbladder is also in view (green arrow). C Axial portal

venous phase image of a third subject demonstrates nonocclusive

hepatic vein thrombus (yellow arrow) adjacent to the ablation zone

(red arrow)

Fig. 4 A Axial post-contrast

20 min delayed image

demonstrates a patent bile duct

containing Eovist within the

ablation zone (blue arrow). B,
C Histology (9 100)

demonstrating the intact bile

duct at the periphery of the

ablation zone (green arrows)

1020 K. C. Longo et al.: Robotically Assisted Sonic Therapy (RAST) for Noninvasive Hepatic…

123



muscular wall; however, the mucosal epithelium was not

involved and showed no evidence of necrosis (Fig. 2).

Discussion

RAST is a noninvasive and nonthermal ablation modality

based on histotripsy that is currently being evaluated for

use in the treatment of human liver tumors. The results of

this study demonstrated that RAST performed using a

modified pulse sequence produced effective ablation zones

in the porcine liver without causing thermal body wall

injuries, an important advance compared to an earlier proof

of concept study [14]. As before, the ablation zones cor-

responded closely to the prescribed values in size and

shape with a slightly larger CC measurement due to res-

piratory motion which was not controlled for (Table 2).

Mean ablation zone size in the current study was 3.0

(trans) 9 3.1 (AP) 9 3.4 cm (CC) with a mean sphericity

index of 0.988 (Table 1). This is similar to the previous

proof of concept study which showed a mean ablation size

of 3.2 (trans) 9 3.0 (AP) and 3.8 (CC) with a mean

sphericity index of 0.986. There was no change in efficacy

with the modified pulse sequence demonstrating thorough

destruction of tissue within the ablation zone.

Histotripsy is applied in a similar fashion to thermal

high-intensity focused ultrasound (thermal HIFU) in that

both methods use externally applied focused ultrasound to

destroy tissue, but unlike thermal HIFU, the mechanism of

ablation with histotripsy is mechanical cavitation, not heat.

Histotripsy uses high-intensity ultrasound pulses at low

duty cycles (\ 1%) to create cavitation and mechanical

tissue destruction at the subcellular level without signifi-

cant heating [8–11]. In contrast, thermal HIFU heats tissue

through the application of continuous or near-continuous

lower energy ultrasound. As a result, thermal HIFU is

susceptible to all of the known limitations of thermal

ablation modalities including the heat sink effect near large

blood vessels, a thermal penumbra of sublethal heating

surrounding the ablation zone which may have negative

local and systemic effects, and damage to thermally sen-

sitive structures such as bowel and bile ducts [16–19].

One interesting aspect of histotripsy is the binary nature

of tissue destruction which only occurs once a cavitation

threshold has been reached. High tensile strength structures

such as bile ducts and blood vessels are more resistant to

cavitation-induced tissue damage due to higher mechanical

strength [20]. This tissue selectivity is potentially important

when translating to clinical human use due to the possi-

bility of safer treatments for central hepatic tumors, a

current weakness of thermal ablation devices [3–6].

RAST has only recently been applied to human-scale

porcine livers, the most widely used preclinical model for

evaluating ablation devices [12–14, 21, 22]. There is a

large body of histotripsy literature in small animal models,

including treatment of implanted tumors in which his-

totripsy was able to completely destroy targeted tissue; the

homogenate was rapidly resorbed, and animals demon-

strated prolonged survival [9, 23–25]. However, the use of

a small animal system and small animal implanted tumor

models raises questions as to the applicability for human

tumors in terms of both scale and biologic response. More

recent studies in a porcine model were performed using

hardware and software that is being evaluated for potential

human clinical use. The results of these studies have

demonstrated the safety of applying histotripsy in

perivascular territories, the ability to create larger spherical

ablation zones appropriate for human use, and the effect of

histotripsy on major bile ducts [12–14]. This study also

demonstrated resolution of associated vascular thrombus

and significant involution of the ablation zone over

30 days. Given the body wall injuries previously noted on

fluid sensitive MRI sequences and a desire to minimize

side effects of this noninvasive treatment, a software

upgrade was performed which modified the pulse

sequence, intending to minimize thermal dose delivery to

the abdominal wall. In the current study, the pulse

sequence was evaluated and noted to avoid the thermal

Fig. 5 A Microscopic image (9 100) of the center of the ablation

zone demonstrates a few small clusters of detached non-viable

hepatocytes (H) and fibrinous debris (F) present. B Microscopic

image (9 100) of the periphery of the ablation shows viable liver

(L) liver with complete ablation effect (C) and a thin zone of

transition (Z)

Table 2 Actual ablation zone sizes versus prescribed (n = 6)

Prescribed Actual p

Volume (mL) 14 17.25 ± 2.35 0.020

Anteroposterior (cm) 3.0 3.03 ± 0.20 0.696

Transverse (cm) 3.0 3.05 ± 0.12 0.363

Craniocaudal (cm) 3.0 3.40 ± 0.22 0.007

Sphericity index 1 0.988 ± 0.014 0.043
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damage along the beam path seen previously on MRI

images while still producing effective ablation zones.

An interesting finding in this study was the thin transi-

tion zone between ablated and normal parenchyma of

3.9 mm despite not controlling for respiratory motion. This

transition zone is similar to the tightest of those identified

by Cornelis, et al. [26] when studying currently available

ablation modalities, with a 3.2 mm and 4.5 mm average

transition zone identified for microwave and cryoablation,

respectively. This similarity occurs despite the energy

being delivered from an external source rather than an

internal needle-based source which is ‘‘locked’’ in place

during treatment. As the ablation zones are elongated in the

craniocaudal dimension, it could be postulated that this

accounted for the larger transition zones (up to 0.9 mm),

while the smaller (as low as 0.1 mm) were in the axial

plane. The study was not designed to control for this and

this is a potential area for future evaluation, particularly as

the procedure may benefit from being performed with

compensatory measures, such as electronic beam-steering

or jet ventilation [27]. An additional strategy to overcome

respiratory motion would be respiratory gating and inter-

mittent application of RAST. However, this is associated

with a substantial time penalty.

This study has several limitations. All experiments were

performed in a normal porcine model due to the lack of

available pig tumor models. Pigs have major anatomical

differences in hepatic anatomy compared to humans with a

thin, flat, multilobar, cranially positioned liver which is

often underlying a large gas-filled stomach and closely

spaced ribs that can limit the acoustic window [28]. Based

on our prior experience with thermal ablation and his-

totripsy in pigs, a 3 cm ablation is the largest ablation that

could consistently fit into a porcine liver. Even with this

limitation in ablation zone size, in one subject the ablation

extended into the diaphragm and lung base, and in another

subject the ablation zone extended into the gallbladder,

likely a result of both the flat pig liver and respiratory

motion which is most pronounced in the craniocaudal

direction. Human livers are larger and more caudally

positioned with a better ultrasound window, aided by a

smaller (presumably less gas-filled) stomach due to better

control of ingested materials. Other limitations to this study

included lack of chronic follow-up to evaluate the evolu-

tion of the ablation zone and vascular thrombus. However,

a previous study by Smolock et al. [14] included a 1-month

survival arm, and thus, reconfirmation of the chronic

findings of that study was not felt to be necessary in this

study that focused on reducing the potential for prefocal

thermal injury.

In summary, hepatic RAST performed using software

optimized to produce less prefocal heating created well

circumscribed, near-spherical ablation zones with uniform

central necrosis that closely adhered to the prescribed size

and shape without the undesirable side effect of body wall

injury. Continued study of RAST, particularly in tumor

models, appears warranted.

All applicable international, national, and/or institu-

tional guidelines for the care and use of animals were

followed. All procedures performed in studies involving

animals were in accordance with the ethical standards of

the institution or practice at which the studies were

conducted.
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