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A High Intensity Focused Ultrasound System for Veterinary
Oncology Applications
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Background: Magnetic resonance-guided focused ultrasound surgery is an incisionless energy-based thermal method that is used for
ablating tumors in the veterinary clinic. Aims and Objectives: In this article we describe a prototype of a veterinary system compatible with
magnetic resonance imaging intended for small-to-medium-sized companion animals that was developed and tested in vivo in adult rabbits.
Methods: Real-time monitoring of the ablation during the experiment was possible with MR thermometry. Experiments involved thermal
monitoring of sonications applied in the thigh of the rabbits. A 38-mm diameter transducer operating at 2.6 MHz was used with a 60-mm-focal
length. The robotic system employed 3 linear axes and one angular axis. For this study, only X and Y axis were enabled. Due to the target
size limitations, motion in Z and ® was not needed. The functionality of the positioning device was evaluated by means of MR thermometry,
demonstrating sufficient heating and accurate motion in both axes of operation. Results: The postmortem findings confirm the ability of the
system to induce thermal ablations in vivo in the absence of adverse effects. Conclusions: The device is a reliable and affordable solution for
companion animal hospitals, offering and additional tool for the veterinary oncology society.
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INTRODUCTION and human trials failed.™ These advancements have been
materialized partially due to the increased availability of
affordable genomic and molecular characterization; bringing
precision cancer medicine a step closer to veterinary clinics.®
The benefits of these studies not only promote the veterinary
oncology field but also benefit humankind, making companion
animals valuable partners for translational science.[” It is worth
noting that taking the example of human clinical trials and
running multicenter, double-blinded trials to compare existing
and novel therapies would enhance the credibility of thereof.
However, the logistics and economics of veterinary medicine
currently preclude this practice in large scale. Nevertheless,
carefully designed studies should be adopted to comply with
the ethical parameters of studies in vivo.®

It is widely accepted among the international veterinary society
that animal oncology care is significantly falling behind human
oncology. While targeted therapies, immunotherapies, and
sophisticated interventional techniques are routinely available
for humans, a fraction of animal oncology cases have access
to the now traditional treatments such as chemotherapy
and radiation therapy, while referral culture is not fully
developed.t"! It is also an undisputable fact that veterinary
medicine adopts therapies, long after they are validated and
established in human medicine, such as immunotherapies® and
small molecule inhibitors.®! Research in the veterinary field
has the potential to change the dynamics of this imbalanced
relationship, which will benefit both animals and humans.
Due to a largely common genetic, molecular and histological
background, studies in dogs have facilitated the translation
of cancer trials to humans./*! Notably, these studies have Address for correspondence: Prof. Christakis Damianou,
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Magnetic resonance-guided focused ultrasound
surgery (MRgFUY) is an incisionless energy-based thermal
method to ablate tumors. Up to date, its use has been
reported for the treatment of prostate,’!'” bone metastases,!'!!
pancreas,!'” liver,['’! and uterine fibroids.!'¥ It is among
the modalities currently investigated for tumor ablation in
veterinary medicine.!"” Currently, only a handful of veterinary
hospitals are utilizing MRgFUs for veterinary medicine
applications. The scarcity of MRgFUs veterinary centers
can be attributed to a number of reasons such as the lack of
affordable devices for treatment, the small number of dedicated
animal magnetic resonance imaging (MRI) imaging centers
where MRI-guidance is an absolute requirement, the limited
evidence-based literature in the field, and the lack of interest
by MRgFUs vendors to invest and expand in the field of
veterinary medicine.

Following prostate treatment advancements in human
oncology, analogous companion animal studies have been
conducted to investigate the potential of the technology
for prostate therapies.l's*?! A study focusing on naturally
occurring solid tumors in canines such as in urinary bladder,
oral cavity, hip, mammary gland, orbits, and abdominal cavity,
demonstrated a significant decrease in tumor size in some and
a noticeable clinical improvement (cessation of bleeding)
in subjects with hemorrhagic tumors.) In another study,
MRgFUS was successful in ablating significant volumes of
hepatocellular adenomas in four canines,.?*! Interestingly,
the technique is also finding application as a part of novel
therapy in combination with advanced therapeutics, such as
an anticancer micelle.”! It is of paramount importance that
MRgFUS is becoming a drug delivery component, where
it can be utilized as a remote switch for targeted delivery of
molecules. These advancements will reveal the full potential of
the technique in the stage of advanced oncology therapeutics.

In ophthalmology, the hypotensive effect of high-intensity
focused ultrasound (HIFU) in managing intraocular pressure
in dogs with primary glaucoma was demonstrated successfully
without observing intra-operative complications.?*! The
technique has also been tested with promising results in
interventional cardiology strategies such as for managing
ventricular arrhythmia,??* cardiac ablation,- and atrial
fibrillation treatment.'*? The effectiveness of HIFU in treating
drug-resistant hypertension via bilateral renal nerves ablation
was investigated in canine models.?¥ The study reported an
effective renal sympathetic denervation confirmed by histology
that resulted in an improvement in renal function. Another
study initially utilized a model of hypersplenism and was tested
in secondary cases of splenomegaly.’*) Apart from medical
and surgical pathologies, the technique has been proposed as
a noninvasive neutering method for male contraception. >3

In our work, a novel MRgFUS system for veterinary
applications was presented. The proposed system is
nonmagnetic and thus fully compatible with any commercial
1.5T MRI. The robotic system is highly customizable offering

up to 4 degrees of freedom (X, Y, Z, and © axes) depending
on the intended use of the device. A custom-made platform is
designed to controls the positioning device and the sonication
parameters of the ultrasound system. The robotic device is
compact (44 cm in length, 14.7 cm in width, and 6.15 cm in
height) and ergonomic. The device is carrying a single element
transducer, which translates into a cost-effective solution for the
veterinary market. In this in vivo feasibility study with rabbits,
the following aspects of the device were investigated: (1) The
coupling efficiency to allow safe and efficient ablation, (2) The
positioning device’s movement accuracy in standard operating
conditions, (3) Animal placement and immobilization for the
procedure, (4) The transducer efficiency to create both discrete
and overlapping lesions.

MareriaLs AND METHODS

Mechanical design of the positioning device

The positioning device includes four computer-controlled
axes (X, Y, Z and ©). Figure 1 shows the CAD drawings of
the robotic system. The moving plate of each axis is coupled
to a threaded plastic screw which was attached directly to the
shaft of a piezoelectric motor (USR 30-S3, Shinsei Kogyo
Corp., Tokyo, Japan). The rotation of the shaft converts the
angular motion to the linear translation of the plate. An encoder
plastic strip is attached on the axis frame and scanned by an
encoder module (US Digital Corporation, Vancouver, WA
98684, USA) provides in real-time displacement feedback to
the control platform. The encoder module EM1-0-500-1 (US
Digital Corporation, Vancouver, WA 98684, USA) was used for
all three linear axes. For the theta axis, which is coupled directly
on the motor’s shaft, an EM1-2-2500-1 (US Digital Corporation,
Vancouver, WA 98684, USA) encoder was used. The encoder
output is connected to the counter input of a data acquisition
board USB 6251 (National instruments, Austin, Texas, USA).
Images of the developed robotic system are shown in Figure 2.

Compared to our previous animal positioning device,*" the
main difference is the size of the motors, which is significantly
smaller in the new design (almost 50% smaller), allowing
the development of a more compact positioning device. The
transducer is immersed in a separate watertight compartment
of the device, which is filled with degassed water.

The transducer’s active element consisted of a P762-type
piezoceramic crystal (Piezohannas Tech. Co., Wuhan, China).
Epoxy capable of withstanding temperatures up to 100°C without
losing its integrity was used as a backing material of the transducer
element. The transducer’s impedance was matched to 50 Q. To
reduce the transmission of high-frequency harmonics, a custom
made low-pass filter was used (10 MHz cut-off frequency).

The positioning device was modeled using CAD
software (Microstation V8, Bentley Systems, Inc., Beijing,
China). The positioning device’s parts were fabricated using
fusion deposition modelling technology (FDM400, Stratasys,
Eden Pairie, Minnesota, USA) that employed acrylonitrile
butadiene styrene filament.
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Figure 1: (a) External CAD drawing of the robotic system. (b) Internal
CAD drawing of the robotic system

Software

The positioning device is controlled via an in-house developed
user-friendly program developed in C # (Visual Studio 2010
Express, Microsoft Corporation, Redmond, USA). The software
holds the following functionalities: (a) Communication with
MRI, (b) 2 axes movement either manually or automatically by
specifying the algorithm,® the step and the number of steps,
(c) MR thermometry, and (d) Ultrasound control (frequency,
power, sonication time, and cooling time).

Electronic system

The motor drivers were hosted in a metallic enclosure
placed outside the MRI room. The enclosure includes a DC
supply (24 V, 2 A), which drives the Shinsei motors. Wires
connect the motor drivers and a data acquisition interface
card (USB 6251, NI) via a connecting block. The USB 6251
interface card includes the timing and digital I/O modules.
The motors are driven in clockwise rotation when the ground
and clockwise terminals of the motor drivers are connected to
the same potential or in the anti-clockwise rotation when the
ground and anti-clockwise terminals of the motor drivers are
connected to the same potential.

Magnetic resonance-guided-focused ultrasound surgery
system

The proposed MRgFUS system is modular system composed of
the positioning device described above, a signal generator (HP
33220A, Agilent technologies, Englewood, CO, USA),
an RF amplifier (Model: BT00250-AlphaS-CW, Tomco
Technologies, Stepney, Australia) and a spherical transducer
made from piezoelectric ceramic (Ferroperm). The transducer
operates at 2.578 MHz, has focal length of 60 mm and diameter
of 38 mm.

In vivo study

The experimental protocol was approved by the Animal
Welfare Committee of the Veterinary Services, Ministry of
Agriculture, Republic of Cyprus (CY/EXP/PR.L6/2019). Ten
female locally bred rabbits provided by an approved vendor
were included in the study. A qualified veterinary surgeon

Figure 2: (a) Photo of the developed robotic system. (b) Photo of the
rabbit placement for procedure on the robotic system

was assigned to continuously monitor the vital signs of the
animals throughout the experiment. The rabbits underwent
injectable anesthesia with the combined intramuscular
administration of 0.5 mg/kg medetomidine (Medeson, Invesa
SA, Barcelona, Spain) and 0.15 mg/kg Ketamine (Narketan-10,
Vetoquinol LTD, Towcester, UK). The thighs of the rabbit
were depilated (VEET, Reckitt Benkiser, Slough, UK), and
the rabbit was placed on the platform with its thigh immersed
in the degassed water above the transducer. Upon completion
of the experimental procedure, the animals were humanely
euthanized with intracardial injection of an agent containing
embutramide, mebezonium, and tetracaine (T61, MSD
Animal Health, Madison, USA). The tissues of the animals
were dissected postmortem for macroscopic observation and
measurements.

X-ray imaging

X-rays were taken prior treatment with an X-ray
system (IMS001, Shenzhen Browiner Tech Co., Ltd,
Shenzhen, China). The animal was set on left recumbency
above a CR (Computed Radiography) cassette. On taking
the X-ray, the latent image of the cassette was digitized with
a CR reader (Vita Flex, Carestream Health, Inc., NY, USA).
The purpose of the X-ray taken was to estimate the available
muscle area for ablation with dedicated software (Carestream
image suite, Carestream Health, Inc., NY, USA).

Magnetic resonance imaging

For the real-time assessment of tissue ablation in situ, the full
procedure was run on the anesthetized rabbit while being tested
ina 1.5 T MR system (Signa Excite 1.5 T, by General Electric,
Fairfield, CT, USA). High-resolution MRI was performed to
visualize the animal/transducer setup. Thus, a T2-weighted fast
spin-echo sequence was used with the following parameters:
Repetition time (TR) was 2500 ms, echo time (TE) was 60 ms,
slice thickness was 3 mm (gap 0.3 mm), matrix 256 x 256, field
of view (FOV) was 16 cm, the number of excitations (NEX)
was 3, while echo train length (ETL) was 8.
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Magnetic resonance thermometry

Temperature maps were reconstructed in quasi real time after
data processing. Image data were acquired in the coronal
plane using echo-planar imaging (EPI) single-shot sequences
for monitoring sonications of 23 W acoustic power. The
main scanning parameters used to obtain these images were:
TE: 24 ms, TR: 80 ms, NEX: 8, ETL: 1, FOV: 20 cm, slice
thickness: 3 mm, while flip angle was 25°.

Temperature increment during thermal ablation was estimated
using the proton resonance frequency shift equation as
described in detail.® The equation relates to the measured
MR signal’s phase shift with temperature elevation (AT). This
relationship is given by:

¢ (T)-o(T,)
yaB, TE

AT =

where ¢(T,) and ¢(T) are the phases at a starting and final
temperature T and T, respectively, y is the gyromagnetic ratio

]

Figure 3: Radiography of a rabbit thigh and calculation of the muscle
area reveals the tissue available for ablation

First point 4

v

Figure 5: Pathway of the grid pattern that was performed on the rabbit’s
thigh. A 3 x 3 grid pattern with 5 mm spacing and a cooling time of
140 s. Between ablations was followed. Ablation settings: f = 2.578 MHz,
Acoustic Power = 27 W, focal depth = 10 mm, sonication time = 60 s)

in MHz/T, a is the PRF change coefficient in ppm/°C, B is the
magnetic field strength in T and TE is the echo time.

ResuLts

As shown in Figure 3, X-ray imaging of the rabbit thigh, and
demarcation of the muscle tissue, supported calculation of
area available for thermal ablation. The thigh area ranged from
21 cm? to 30 cm? with an average of 25.57 ¢cm? and standard
deviation of 3.16 cm?.

High-intensity sonications were able to produce 5-mm
diamater discrete lesions, as shown in Figure 4a. These lesions
are shown in a plane perpendicular to the ultrasound beam.
Settings: Acoustic Power was set at 15.64 W, focal depth
at 10 mm and sonication time was 30 s. The lesion length
varied from 12 mm to 15 mm with an average of 13.5 mm
and a standard deviation of 1.5 mm. Figure 4b shows the same
discrete lesions after dissection. These lesions are shown in a
plane parallel to the ultrasound beam. Settings: Acoustic Power
was set at 15.64 W, focal depth at10 mm and sonication time
was 30 s. The lesion length varied from 12 mm to 15 mm with
an average of 13.5 mm and standard deviation of 1.5 mm.

The designed pathway of the grid pattern is shown in Figure 5.
Each numbered point corresponds to an ablation site, 5 mm
apart. Sonication time was 30 s and cooling time was 60 s.

Figure 4: (a) Macroscopic appearance of discrete lesions inflicted by
ablation with the system demonstrating: (a) The lesion size in a plane
perpendicular to the transducer. (b) The lesion after dissection in a plane
parallel to the transducer (f = 2.578 MHz, Acoustic Power = 15.64 W,
focal depth = 10 mm, sonication time = 30 s) Red arrows indicate lesions

Figure 6: (2) Macroscopic appearance of overlapping lesions inflicted
by ablation with the FUSROBOT system demonstrating the lesion size in
a plane perpendicular to the transducer. (b) The lesions after dissection
in a plane parallel to the transducer. Ablation settings: f = 2.578 MHz,
acoustic power = 29.9 W, focal depth = 20 mm, sonication time = 30s.
A 3 x 3 grid pattern with 5 mm spacing and a cooling time of 140 s.
Between ablations was followed. Red arrow indicates lesions
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Figure 6a shows overlapping lesions created with a series of
high intensity sonications. These lesions are shown in a plane
perpendicular to the ultrasound beam. Settings: Acoustic
Power was set at 29.9 W, focal depth was 10 mm, sonication
time at 30 s. A 3 x 3-point grid with 60 s cooling time between
successive ablations was followed. Figure 6b shows the same
overlapping lesions after dissection. These lesions are shown
in a plane parallel to the ultrasound beam. Settings: Acoustic

Power was set at 29.9 W, focal depth was 10 mm, sonication
time at 30 s. A 3 x 3-point grid with 60 s. Cooling time between
ablations was followed. The overall diameter of the overlapping
lesions was 20 mm, while the lesion length was 14 mm.

Temperature maps reconstructed after data processing and
which were obtained in the coronal plane are demonstrated
in Figure 7a. Settings: Acoustic power was set at 27 W, focal
depth was 20 mm sonication time of 10 s, 20 s, 30 s, 40 s,

Figure 7: () Temperature maps (coronal plane) recorded using single shot echo-planar imaging sequence for sonication of 10°s, 20's, 30 s, 40 s,
50 s and 60 s. MR parameters: Number of excitations = 8, TR = 80 ms, TE = 24 m. Yellow circle indicates the rabbit thigh. Red arrow indicates
lesion. (b) Temperature maps (sagittal plane) recorded using single shot echo-planar imaging sequence and the transducer. Acquisition time of each
image = 1.64. Ablation settings: f = 2.578 MHz, Acoustic Power = 27 W, focal depth = 20 mm) for sonication of 10's,20's, 30 s, 40 s, 50 s and

60 s. s. Yellow circle indicates the rabbit thigh. Red arrow indicates lesion
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50 s, and 60 s using single-shot EPI gradient echosequence.
MR parameters: NEX: 8, TR: 80 ms, TE: 24 ms, temporal
resolution of the sequence was 1.64 s/image. The temperature
change recorded at 60 s was 17.06°C. Figure 7b shows the
temperature maps reconstructed after data processing and
which were obtained in the sagittal plane. Settings: Acoustic
power was set at 27 W, focal depth was 20 mm sonication
time of 105,20 s, 30,40 s, 50 s, and 60 s. Within the rabbit
using EPI single-shot sequence. MR parameters: NEX: 8, TR:
80 ms, TE: 24 ms, was temporal resolution of the sequence
was 1.64 s/image. The temperature change recorded at 60 s
was 39.59°C.

Coronal MR images with T2-weighted fast spin-echo sequence
with the following parameters: TR: 2500 ms, TE: 60 ms, slice
thickness: 3 mm (gap 0.3 mm), matrix 256 x 256, FOV: 16 cm,
NEX: 3, and ETL: 8. Settings: Acoustic Power was setat 27 W,
focal depth was 20 mm, sonication time at 60 s. A 3 x 3-point
grid with 140 s cooling time between successive ablations was
followed. The lesions appear in a plane perpendicular to the

beam. The dimensions of the ablated area were 20 x 25 mm,
while the lesion length was 24 mm [Figure 8].

A T2-weighted fast relaxation fast spin-echo (T2W-FRFSE)
coronal image with fat suppression was acquired after the
grid pattern to observe the ablated area [Figure 9a]. The
dimensions of the ablated area were 2.17 cm x 1.84 cm.
Settings: Acoustic power was set at 27 W, focal depth was
20 mm, sonication time at 60 s. A 3 x 3-point grid with
140 s. Cooling time between successive ablations was
followed. Figure 9b shows a T2W-FRFSE axial image with
fat suppression was acquired after the grid pattern to observe
the ablated area. Settings: Acoustic Power was set at 27 W,
focal depth was 20 mm, sonication time at 60 s. A 3 x 3-point
grid with 140 s. Cooling time between successive ablations
was followed. The dimensions of the ablated area are
26.8 mm x 29.8 mm.

Figure 10a demonstrates the corresponding tissue damage
induced by ablation under MR imaging, as described in
Figure 8. Settings: Acoustic Power was 27 W, focal depth

Figure 8: Coronal magnetic resonance images showing lesions with T2W-weighted fast spin echo sequence was used with the following parameters:
TR = 2500 ms, TE = 60 ms, slice thickness = 3 mm (gap 0.3 mm), matrix = 256 x 256, field of view = 16 cm, number of excitations = 3, echo
train length = 8. Ablation settings: Frequency = 2.578 Mhz, acoustic power = 27 W, focal depth = 20 mm, sonication time = 60 s. A3 x 3 grid
pattern with 5 mm spacing and a cooling time of 140 s. Between ablations was followed. The lesions appear in a plane perpendicular to the beam
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Figure 9: (a) Coronal T2-weighted fast relaxation fast spin-echo image
with fat suppression that was obtained after the completion of the ablation
plan. (b) Axial T2-weighted fast relaxation fast spin-echo image with fat
suppression that was obtained after the completion of the ablation plan

was 20 mm, sonication time was 60 s. with 140 s. The
cooling time between ablations. The lesions appear in a plane
perpendicular to the beam. The dimensions of the ablated
area were 20 mm x 25 mm. Figure 10b demonstrates the
same lesions after dissection. These lesions are shown in
a plane parallel to the ultrasound beam. The lesion length
was 24 mm.

Discussion

The proposed device is capable of producing both discrete and
overlapping lesions in the healthy muscle tissue of rabbits.
The software and the positioning apparatus are moving the
transducer with accuracy to the location selected by the user.
The depth of the lesion corresponds with the focal depth of the
transducer element. The accuracy of the device to ablate tissue
is confirmed both by real-time MR imaging and postmortem
dissection. A reliable MRgFUs system, compatible with
multiple MR systems, will offer a solution for incisionless
intervention for tumor ablation in veterinary hospitals. Its
utilization can be of therapeutic or palliative intent. Tumors of
superficial tissues such as the integumentary system, skeletal
structures, mammary and testicular glands can be ablated
with precision with minimal animal discomfort in the clinic.
Such tumors can be ablated under ultrasound guidance from
skilled surgeons without the need of MRI guidance. Tumors
of the alimentary, reproductive, lymphatic, circulatory system
require MRI guidance; however, general anesthesia for such
a procedure does not exceed the time of surgery and does not
carry the risks associated with surgery complications (i.e.,
hemorrhage, infection, and thrombosis).

Contrary to human medicine, the treatment cost is a major
factor that drives decision-making in Veterinary medicine.
It is, therefore, important that a newly launched technology
will be affordable to become available in companion animal
hospitals. The proposed system has been designed with the
intention to be affordable for most referral veterinary hospitals
with an existing MRI system in place. The investment required
is reduced not only due to its compatibility with multiple
MRI systems but also because it carries a single-element
transducer. More specifically, the system requires a laptop
computer to carry the software, a bed modification to host

b

Figure 10: (a) Macroscopic appearance of discrete lesions after
dissection inflicted by ablation with the system in a plane perpendicular
to the transducer. (b) Dissected tissue of the ablated area that was
created. Ablation settings: /=2.578 MHz, acoustic power of 27 W focal
depth 20 mm, sonication time was 60 s. A 3x3 grid pattern with 5 mm
spacing and a cooling time of 140 s. between ablations was followed.
The lesions appear in a plane parallel to the transducer. Red square
indicated area of lesions; Red arrow indicates lesion

the robotic system, while no upgrade is required for the MRI
system. In a future study, we will assess the efficacy of the
system to ablate naturally occurring tumors of companion
animals. The disease recurrence and patient survival of
treated patients need to be compared to those achieved with
chemotherapy and radiation. In addition, the system can be
tested not only as a stand-alone option but also in combination
with other modalities (chemotherapy, targeted therapies, and
immunotherapies). The technology is also expected to play a
major role in drug delivery applications for cancer. Overall,
MRgFUs is a promising technology that will be influencing
cancer therapeutics for the years to come.

CoNCLUSIONS

This study demonstrated the capability of the proposed system
of thermally ablating in a controllable and reproducible
manner. Tissue ablation remained within the targeted zone,
sparing normal surrounding tissue in the absence of adverse
effects. In accordance with the designed focal depth of the
device, no major cutaneous tissue lesion was observed during
the procedure. MRgFUs is designed to target tumors avoiding
bone structures in the path of the beam. In addition, during the
procedure, there was neither evidence of animal distress nor
reaction, suggesting that under the proper anesthetic regime,
the welfare of the animal is not compromised.

The system used in this experiment has shown to be capable
of producing ablations in healthy tissue in vivo. Under MR
guidance, the system can ablate tissues in depth with precision
and efficiency. MRI enabled near real-time temperature
monitoring of the treatment.
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