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We have designed and built low-cost compact ultrasound imaging-guided robotic HIFU (High-Intensity
Focused Ultrasound) ablation device for thermal damage of solid tumors in small animals. Before this
device is used to treat animals, experimental studies on ex vivo tissues were necessary to assess the accu-
racy of its targeting, ensuring the safety of therapy. The objective of this study was to assess the targeting
accuracy of our device in the focal and axial plane of the HIFU beam using ex vivo tissue embedded in a
reference cylindrical chamber inside which a coaxial cylindrical volume with a smaller diameter was
ablated. HIFU beams with selected acoustic parameters, generated by a singe-element bowl-shaped
64-mm HIFU transducer operating at 1.08 MHz or 3.21 MHz frequency, were propagated in two-layer
media: water-tissue (50 mm-40 mm) and focused at 12.6-mm depth below the tissue surface.
Cylindrical necrotic lesions of various size were created by moving the chamber using a computer-
controlled precise positioning unit. Lesions formed were compared with those intended for treatment
using various visualization methods and displacement between their centers were determined. The tar-
geting accuracy in the focal and axial planes was found to be respectively about 98% and 86% when deter-
mined from photos and about 88% and 76% when determined from MR images. The displacement
between the centers of the necrotic lesion formed and planned for treatment was about 1 mm in the focal
plane and about 2 mm in the axial plane. Our ablation device can be used as an effective and safe tool to
plan, monitor and treat solid tumors in small animals and to test new anti-cancer drugs in preclinical
studies.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Imaging-guided HIFU ablation technique is increasingly used in
clinical practice for the treatment of solid tumors due to its non-
invasive nature (no surgical intervention), lack of ionization, the
ability to repeat treatment and minimal side effects, as compared
to conventional cancer treatment methods (e.g. radio- or
chemotherapy, surgery) [1]. For image-guided HIFU ablation sys-
tems, the accuracy of targeting the HIFU beam focus on the treated
volume inside the tissue is critical to the safety of healthy tissues
surrounding the tumor [2]. In order to deliver the appropriate
energy - concentrated in the focal volume of the HIFU beam - to
the local volume inside tissue planned for treatment, as well as
in order to plan and monitor the treatment, B-mode ultrasound
imaging (USI) or magnetic resonance imaging (MRI) is used [3].
The advantage of MRI-gHIFU systems is better image resolution
and the ability to monitor temperature maps in the targeted area
[4,5]. However, the duration of the treatment procedure using
those systems is much longer than that when using USI-gHIFU sys-
tems. In addition, the price and operating costs of MRI-gHIFU sys-
tems are much higher than those controlled by ultrasound imaging
[6]. An advantage of USI-gHIFU systems is the ability to monitor
the treatment in real-time.

Bowl-shaped phased-array HIFU transducers have become a
standard component in most commercial imaging-guided HIFU
ablation devices because they allow electronic control of the
HIFU beam focus position and simultaneous generation of
multi-focal beams, which reduces treatment time [7]. However,
such multi-element probes are much more expensive than
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single-element probes, and their excitation requires extensive
multi-channel electronics. This leads to further increase in price
of such imaging-guided HIFU ablative devices. The information
obtained from B-mode ultrasound images is two-dimensional,
while the phased-array HIFU transducer allows to adjust the
position of the HIFU beam focus in 3D space. This makes it dif-
ficult to control the HIFU beam focus on image and to plan and
monitor treatment. A simple solution to this problem is to
replace the B-mode imaging probe with a volumetric one. Such
a solution ensures accuracy and reliability, but is quite expensive
and increases the complexity of the device [8]. Another solution
is to track the electronically controlled focus of the HIFU beam
on ultrasound images obtained using B-mode imaging probe
rotated around its axis with a selected step by means of a spe-
cial rotating platform [9]. This approach is also complicated and
quite expensive.

Our goal was to design and build a low-cost robotic USI-gHIFU
ablative device, ensuring the stability and accuracy of positioning
of the HIFU beam focus, and then to estimate its targeting accuracy
to support the planning, real-time monitoring and treatment of
solid tumors implanted in small animals.

Before assessing the safety and efficacy of our experimental
system on animals, an assessment of its targeting accuracy is
required. Most published methods for assessing the accuracy of
targeting of the existing HIFU ablation systems relate to those
guided by MRI [10–12]. There are only a few publications on
the accuracy of targeting of HIFU ablative devices guided by
ultrasound imaging [9,13,14]. Since the size of the tumor
planned to be treated is much larger than the size of the focal
volume of the HIFU beam, precision positioning of the HIFU
focus in the nodes of the spatial grid covering the tumor is
required to ensure thermal destruction of the entire tumor. To
ensure the stability and accuracy of targeting, the existing HIFU
ablation systems are connected with a robotic arm whose posi-
tioning errors were found to be within 0.5 mm [15–17]. How-
ever their accuracy of targeting published so far concern only
HIFU beam focal plane [9,13]. In this study, we assess the accu-
racy of targeting of our device both in the axial and focal planes
of the HIFU beam.

We have developed, designed and built a low-cost, compact
robotic USI-gHIFU ablative device for preclinical trials on small
animals. Our device integrates the HIFU ablative system, ultra-
sound imaging system, computer-controlled precise positioning
system and computer with custom software. Before this device
is used to treat animals, a number of studies on ex vivo tissues
were needed to evaluate the accuracy of its targeting. The objec-
tive of these studies was to evaluate experimentally the accuracy
of targeting of our device using ex vivo pork loin samples
embedded in a cylindrical reference chamber. The volume to
be treated was pre-determined to be a cylinder much smaller
than the chamber and coaxially located at a selected depth
below the tissue surface. The ultrasound imaging probe was
mounted coaxially with the HIFU transducer in its central hole.
Therefore, the HIFU beam focus has always been on the central
axis of the ultrasound image of the tissue chamber at a selected
depth below the tissue surface. The developed device allowed
the mechanical movement of the tissue chamber in both, the
parallel and perpendicular directions to the imaging plane. This
provided the ability to outline the treated area on the axial B-
mode image of the tissue chamber and to plan the treatment
by programming the targeted ablation volume. The appearance
of a hyper-echoic area on the central axis of the axial ultrasound
image was an indicator of successful ablation. The cross-sections
of the created necrotic lesion visualized after sonication were
compared with those planned for treatment.
2

2. Materials and methods

2.1. USI-gHIFU experimental setup

As mentioned above, our ablative device integrated the follow-
ing units: USI-gHIFU system, HIFU driving system, diagnostic ultra-
sound scanner, 4D positioning control system and computer with
custom software as a user interface console. Block-diagram of
our device is shown in Fig. 1.

The USI-gHIFU system included a single-element bowl-shaped
H102 HIFU probe (Sonic Concepts Inc, Bothell, WA, USA) integrated
coaxially with a Zonare P10-4 imaging probe mounted in its 20-
mm central hole and connected with a Zonare ultrasound scanner
(Zonare Medical Systems Inc., Mountain View, CA, USA). The HIFU
transducer with an effective diameter of 64 mm and focal length of
62.6 mm could operate at a 1.08 MHz or 3.21 MHz frequency. The
USI-gHIFU systemwas mounted in the bottom of the water tank. In
order to excite the HIFU transducer with electric sinusoidal pulses
of the selected amplitude, duration and duty-factor, the electronic
system including an Agilent 33250A function generator (Colorado
Springs, USA) and ENI 3100LA power amplifier (55 dB) (Rochester,
New York, USA) was used. To ensure that the same number of
pulses was delivered to each ablated tissue volume induced by a
single 3-second sonication, the AFG 3102 function generator (Tek-
tronix Inc., Beaverton, OR USA) was used. The waveforms of gener-
ated pulses were displayed using an MSO6052A mixed signal
oscilloscope (Agilent Technologies, Santa Clara, CA USA). The
amplifier output signal excited the HIFU transducer to produce
the pulsed HIFU beam with an average acoustic power of 108 W,
pulse duration of 0.3 s and duty-factor of 0.6. The values of these
parameters result from the HIFU beam properties optimization
described in our previous publications [18,19]. The voltage applied
to the transducer was 371 Vpp. The average acoustic power for the
beams used was measured using an UPM-DT-1E ultrasound power
meter (Ohmic Instruments, St. Charles, MO, USA).

Above the USI-gHIFU system, at a selected distance from it,
there was a frame - with a removable plate for placing an animal
or tissue chamber - connected to a slider of the mechanical system
of its precise positioning both in the x, y, z directions and at the
selected angle of inclination. During experiments with the ex vivo
tissue samples, this angle was 0�. The precise positioning system
was located on the top of the water tank. The removable plate
had a circular hole - located coaxially with the integrated heating
and imaging probes through which the HIFU beam penetrated
the animal body/tissue sample, concentrating its energy in a small
volume (focal volume of the HIFU beam) and inducing an increase
in temperature leading to local coagulation necrosis. Due to the
coaxiality of the imaging and HIFU probes, the focus of the HIFU
beam in the initial position was always located on the central axis
of the B-mode image of the axial section of the tissue chamber at a
selected depth resulting from the geometry of the HIFU transducer
and the two-layer media of propagation: water - tissue. The devel-
opment of the treatment plan consisted in selecting the targeted
area on the axial B-mode image and programming the movement
of the tissue chamber in the xy plane, perpendicular to the ultra-
sound imaging plane (xz), ensuring necrosis covering the entire
intended cylindrical volume inside the tissue without damaging
the surrounding structures. The appearance of a hyper-echoic area
on the axial B-mode image was considered as an indicator of suc-
cessful ablation. The scanning of the entire targeted tissue volume
by the HIFU beam focus was performed automatically using the
positioning control system after programming the trajectory of
the slider movement and the time and distance intervals between
exposures. The movement of the slider was computer-controlled
via the custom software with input parameters determined from



Fig. 1. Block-diagram of the experimental setup for creating necrotic lesions inside ex vivo tissue samples by HIFU beams.
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the location and size of the necrotic lesions formed in the exam-
ined tissue after its single exposures and visualized by various
imaging methods [19].

Prior to ablation of the entire intended volume inside the tissue,
a B-mode image of the axial section of the cylindrical tissue cham-
ber was recorded. This allowed for the treatment planning by pro-
gramming the coordinates of the volume planned for ablation and
its center, as well as for the identification of the necrotic lesion
formed after sonication. The appearance of a hyper-echoic area
on the central axis of the axial ultrasound image of the tissue after
several sonications in its initial position was considered as an indi-
cator of hitting the center of the planned ablation volume. Axial
and radial sections of each necrotic lesion formed after sonication
were compared with those planned for treatment by visualizing
them using ultrasound imaging, magnetic resonance imaging,
and photos taken after cutting each sample along or across its axis.

As was mentioned above the design of our ablative device pro-
vided the initial position of the tissue chamber coaxially with both,
the HIFU and ultrasound imaging probes. The axial distance
between the HIFU transducer and tissue surface was determined
from the non-linear propagation model [20] in water as the axial
distance from the HIFU transducer, at which the amplitude of the
second harmonic begins to rise rapidly. For the transducer used
this distance amounted to 50 mm. Then each HIFU beam was
focused inside the tissue at a depth of 12.6 mm below its surface.
The tissue chamber was immersed in water. The temperature of
the water was controlled using an Aquael 100 electric heater
3

(Aquael Sp. z o.o. Warsaw, Poland) placed in the water tank. All
experiments were carried out at the 36 �C temperature of the tis-
sue and water. Fig. 2 illustrates the two-layer media of propagation
containing a layer of water (50 mm) and tissue (40 mm).

In order to rationally use tissue samples and to maximize the
collected statistical data from measurements, each sample was
sonicated on both sides.

2.2. Preparation of tissue samples

Tissue samples were prepared from ex vivo pork loin pieces.
They were cut with a cylindrical knife into blocks, then degassed
and inserted into a cylindrical reference chamber with an internal
diameter of 43.5 mm and height of 40 mm. To prevent the water -
tissue surface from folding, the chamber had sound-transparent
windows made of 20-lm thick Mylar film stretched tightly at each
its end.

2.3. Ablation planning

As mentioned above, the ablation plan was prepared from the
ultrasound images of the axial and radial cross-sections of the ref-
erence tissue chamber, made before sonication. In the initial cen-
tral position of the HIFU beam, the central axis of the ultrasound
image overlaps the axis of the cylindrical chamber. Therefore, the
focal spot of the HIFU beam in this position is always on the central
axis of the B-mode image at a selected depth below the tissue



Fig. 2. Scheme of the two-layer media of propagation for the HIFU beam.
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surface. The indicator of hitting the target with ablation was the
appearance of the hyper-echoic area on the central axis of the
ultrasound image after several central sonications.

The treatment plane in the form of a concentric circle in the
beam focal plane and a rectangle in the axial plane was made on
ultrasound images of both, the axial and radial cross-sections of
the tissue chamber, as shown in Fig. 3.

The center of the chamber was determined and marked as the
intersection of the two diagonals of the square circumscribed on
the circle of the radial section of the chamber. The targeted tissue
volume planned for ablation was a coaxial cylinder with a given
diameter, much smaller than the inner diameter of the chamber.
The center of this cylinder was located on the axis of the tissue
chamber at a depth of 12.6 mm below the tissue surface.

According to the results of the experiments published in our
previous work [19], the length of the ellipsoidal necrotic lesion cre-
ated in the examined tissue by a single HIFU beam with acoustic
Fig. 3. Ultrasound image of the axial (left) and radial (right) cross-section of the tissue ch
axial and radial cross-section of the 9 mm tissue volume planned for ablation by 1.08-M
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parameters used here was about 10.3 mm and a diameter of about
1.9 mm for 1.08 MHz beams. For 3.21 MHz beams, these values
were about 5.2 mm and 1.7 mm, respectively.

To cover the entire tissue volume planned for treatment with
necrosis, multiple necrotic lesions were created by moving the tis-
sue chamber between exposures along the programmed trajectory
with the selected time and distance intervals using a computer-
controlled precision positioning system. As mentioned above,
1.08 MHz or 3.21 MHz HIFU beams with 0.3 s pulse duration and
0.6 duty-cycle, propagating in two-layer media: water - tissue
(50 mm � 40 mm) were used. The duration of a single exposure
with the same number of pulses was 3 s.

Four cylindrical volumes of different diameters (5 mm and
9 mm for 1.08-MHz HIFU beams as well as 5 mm and 8 mm for
3.21 MHz beams) centered on the axis of the tissue chamber at a
depth of 12.6 mm below the tissue surface were selected for abla-
tion. The positions and sequence of individual ablations - in the
focal plane of the HIFU beam used - in order to create a necrotic
lesion of a selected size are shown in Fig. 4.

For each HIFU beam with a selected frequency, two cylindrical
necrotic lesions of a selected diameter were created, one on each
side of the tissue sample. A 2-minute cooling time intervals between
exposures, resulting from the tissue relaxation time, was applied to
minimize the effect of a secondary temperature, remaining at the
site of the previous ablation, on the extent of the lesion induced by
the neighboring ablation. Additionally, for the same purpose, the
trajectory of the beammotionwas selected in such away as tomax-
imize the distance between consecutive exposures.

After sonication, the axial and focal cross-sections of created
necrotic lesions were compared with those intended for treatment
using various methods of their visualization (ultrasound, magnetic
resonance and optical imaging). The displacement between them
was assessed. Comparison was done for each tissue volume
planned for treatment.

2.4. Ultrasound imaging

After sonication, the ultrasound images of the axial and radial
cross-sections of each necrotic lesion created inside the tissue sam-
ple were recorded. The hyper-echoic area on the B-mode image
was identified and analyzed in terms of its location and size.

2.5. MR imaging

After sonication, the necrotic lesion formed in each tissue sam-
ple was visualized by MR imaging using Bruker Biospec 70/30USR
magnetic resonance scanner with 7 T induction of magnetic field
amber. The inner rectangle and circle indicate the targeted area corresponding to the
Hz HIFU beams.



Fig. 4. Positions and sequence of the individual ablations to create a 5-mm (A)) and 9-mm (B) cylindrical necrotic lesion by 1.08-MHz beams.
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(Bruker Polska Sp. z o.o., Poznań, Poland) and analyzed. The MR
images obtained were pre-processed with OsiriX Lite software
(Pixmeo SARL, Switzerland) to create a single image with
minimum-intensity projection (MinIP) area (corresponding to the
necrotic lesion) from the sequence of MR images covering the
entire volume of the lesion. The extent and location of each lesion
was assessed with the ImageJ software [21] and Matlab toolboxes
(MathWorks Inc., Natick, MA, USA) using a single MR image cre-
ated after processing all sliced images by means of the Minimum
Intensity Projection (MinIP) method. This allowed firstly to rescale
each image (by specifying the number of pixels in 1 mm of the real
scale), and then to determine the center of the planned necrosis
and the average value of the brightness intensity both in the area
of the necrotic lesion and the surrounding tissue. The obtained val-
ues allowed to normalize the brightness intensity in grayscale for
each image. Then the section of the created lesion was moved to
the center of the section planned for ablation. This made it possible
to obtain information about the displacement between them and
to assess the accuracy of targeting for our device.

Percentages determining what part of the cross-sectional area
of the tissue volume planned for ablation was not covered with
necrosis (a), what part of the cross-sectional area of the created
lesion exceeds the area planned for ablation (b), and what part of
the cross-sectional area of the tissue volume planned for ablation
was covered with necrosis (c), were calculated from the following
formulas:

a ¼ S P�Cð Þ
S Pð Þ 100%; ð1Þ

b ¼ S C{ð Þ
S Cð Þ 100%; ð2Þ

c ¼ S P \ Cð Þ
S Pð Þ 100%: ð3Þ

where S is the axial or radial cross-sectional area, P is a set of pixels
in the section of the tissue volume planned for ablation and C is a
set of pixels in the section of the necrotic lesion created.

2.6. Optical imaging

After visualization of the created lesions using the ultrasound
and magnetic resonance imaging, each tissue chamber was frozen
5

for about 2 h at the temperature of –18 �C. Next, each hardened tis-
sue sample was removed from the chamber and sectioned to make
the necrotic lesions visible at their axial or radial (in the focal
plane) sections. The location and extent of each lesion was
assessed from grayscale-converted photographs processed using
the same methods as for MR images. Percentages a, b and c were
calculated from the formulas (1), (2) and (3), respectively.

2.7. Statistical analysis of results

As mentioned above, to maximize the use of each tissue sample
and the amount of statistical data collected, each sample was son-
icated on both sides. 9 exposures were used to create a cylindrical
necrotic lesion with a diameter of 5 mm by 1.08-MHz HIFU beams
(Fig. 4A) and 13 exposures when using 3.21-MHz beams. In order
to create a 9-mm lesion by 1.08-MHz HIFU beams 25 exposures
(Fig. 4B) were used. For 3.21 MHz beams a 8-mm lesion was
formed using 33 sonications. Two samples were used in the exper-
iments with HIFU beams of the same frequency to create a cylin-
drical lesion of the same diameter. In total, 16 lesions were
included in the experiments. The mean value of the position of
the center of the necrotic lesions and their size was determined
along with the standard deviations.

3. Results and discussion

The targeting accuracy of our robotic USI-gHIFU ablative device
in the axial and focal planes was evaluated experimentally using
various methods of visualizing necrotic lesions formed inside the
pork loin tissue ex vivo after its multiple sonications by a HIFU
beam moved with a selected step along a programmed trajectory
leading to necrosis the entire treated volume inside the tissue.
Then the visualized sections of the necrotic lesions formed were
compared with those planned for treatment.

Fig. 5 shows exemplary photos of a radial section of a necrotic
lesion of different diameter, formed in an ex vivo pork loin tissue
sample by a HIFU beam of the same frequency. Photos were taken
after cutting the frozen sample in the focal plane of the HIFU beam.
Sample photos of the axial section of these lesions are shown in
Fig. 6.

As can be seen from the above photos, each necrotic lesion was
easy to detect due to the clearly outlined boundary between the
necrotic tissue and the surrounding non-discolored tissue. The



Fig. 5. Photos of the radial section of a 5-mm (left) and 9-mm (right) cylindrical
necrotic lesion formed in the examined tissue by the 1.08 MHz HIFU beams.

Fig. 6. Photos of the axial section of a 5 mm (left) and 9 mm (right) cylindrical
necrotic lesion formed in the examined tissue by the 3.21-MHz HIFU beams on both
sides (left) and 1.08-MHz HIFU beams on one side (right), respectively.
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location and size of the tissue volume planned for treatment in the
radial section photos was marked as a circle of a given diameter
with the center at the intersection of the diagonals of the square
circumscribed on the circle with a diameter equal to the inner
diameter of the tissue chamber. In the photos of the axial sections
of the tissue area planned for ablation was marked as a rectangle
with sides equal to the diameter and length of the planned cylin-
drical necrotic volume. The center of the rectangle was on the axis
of the chamber at 12.6 mm below the tissue surface. Therefore, on
the basis of cross-sectional photos of the necrotic lesion, its loca-
tion, size and displacement in relation to the lesion planned for
treatment were determined.

In Fig. 7 exemplary MR images of the radial section of the necro-
tic lesion of various diameter formed in the tested tissue by the
HIFU beams with given acoustic properties are displayed. This fig-
ure shows the MR images from the focal plane of the HIFU beam.
The area of the necrotic lesion planned to be treated is displayed
as a circle, the area created is shown as a dark region. Exemplary
MR images of the axial cross-section of the created lesions are
shown in Fig. 8.

Fig. 9 shows how the size of the hyper-echoic area on the ultra-
sound image of the axial section of the tissue sample increases
with the increase in the number of sonications needed to create
6

a necrotic lesion of the intended diameter by the applied HIFU
beam. As can be seen from this figure, the hyper-echoic area first
appeared in the center of the pre-determined targeted area
planned for ablation and marked with a rectangle. The appearance
of this area directly confirmed the formation of a necrotic lesion on
the axis of the tissue chamber at a given depth. However, after son-
ication of the entire intended volume inside the tissue sample, it
was difficult to assess the extent of the necrotic lesion formed from
the obtained ultrasound images of its cross-sections due to their
indistinctly outlined boundaries.

Fig. 10 presents exemplary ultrasound images of the radial sec-
tion of the examined tissue sample before, during and after sonica-
tion by the HIFU beam of a given frequency, leading to the
formation of a cylindrical necrotic lesion of the planned diameter.
As can be seen from these images, the necrotic lesion was formed
in the right place, in the center of the marked area, however, on the
basis of these images, it was difficult to clearly determine its size
due to the blurred boundaries of the hyper-echoic area.

The obtained results showed that the necrotic lesions induced
inside the examined tissue by the HIFU beams used arises exactly
in the targeted tissue volume predetermined on the ultrasound
images and marked with a circle or rectangle. The accuracy of tar-
geting of our device was evaluated by the ratios a, b and c calcu-
lated from photos and MR images and specified in Table 1 and
Table 2, respectively.

Fig. 11 shows the exemplary contours of the cross-sectional
area of the necrotic lesion planned for ablation and that created
inside the tested tissue sample after its sonication by HIFU beams
of the given frequency.

The circle and jagged contours reflecting cross-sectional bound-
aries of the treated tissue volume outlined the area planned for
ablation and that created, respectively. The cross-sectional area
of the tissue volume planned for ablation and created as well as
the displacement between their centers and the maximum exceed-
ing of the lesion borders outside or inside the planned area was cal-
culated from the photos and MR images and are presented in
Table 1 and Table 2, respectively.

According to the results presented in Table 1 and Table 2, the
mean ratio of the cross-sectional area of the tissue volume covered
with necrosis to that planned for ablation (c) was approximately
97.95% when determined from the photos and approximately
87.6% when determined from the MR images. The mean ratio of
the axial section area of the tissue volume covered with necrosis
to that planned for ablation was about 86.2% when calculated from
the photos and about 76.1% when calculated from the MR images.
The mean value of the displacement between the centers of the
radial sections was found to be about 1 mm when calculated from
the photos and about 0.74 mm when determined from the MR
images. The mean value of the displacement between the centers
of the axial sections was found to be about 1.38 mm and
1.08 mm when calculated from the photos and MR images, respec-
tively. The obtained values indicate that both the size and location
of the created lesions agree fairly well with those planned for treat-
ment. The mean value of the ratio determining what fraction of the
necrotic lesion formed exceeds the boundaries planned for ablation
(b) amounted to about 18.47% and 7.8% for the radial sections and
17.07% and 8.8% for the axial sections when calculated from the
photos and the MR images, respectively. The mean value of the
ratio determining what fraction of the necrotic lesion planned for
ablation was not covered with necrosis (a) was about 2.25% and
12.4% for the radial sections and 13.8% and 23.9% for the axial sec-
tions when calculated from the photos and MR images,
respectively.

In clinical practice, a 10-mm margin around the tumor contour
is usually assumed to ensure treatment safety [1]. In our experi-
ments, the maximum exceeding of the necrotic lesion beyond the



Fig. 7. T1-weighted MR image of the focal cross-section of a 5-mm and 9-mm cylindrical necrotic lesion created by 3.21-MHz (left) and 1.08-MHz (right) HIFU beams,
respectively.

Fig. 8. T1-weighted MR images of the axial cross-sections of the 9 mm and 8 mm (left) as well as 5 mm (right) necrotic lesions created in the tissue sample respectively by
1.08-MHz (bottom lesions) and 3.21-MHz (top lesions) HIFU beams, respectively.

Fig. 9. Ultrasound image of the axial section of a tissue sample before (left), during - after 3 central exposures - (center) and after sonication (right) by 3.21-MHz HIFU beams
leading to necrosis covering the entire 8-mm cylindrical volume inside the tissue.
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boundaries of the tissue volume planned for treatment was less
than 2 mm, when determined from the cross-sectional images
which meets the requirements for the use of our ablation device
in preclinical trials on small animals.

The obtained results showed that our robotic ablative device is
capable of creating necrotic lesions exactly in the targeted tissue
volume, intended for the treatment and determined on the
7

ultrasound images before the therapy. According to the data pre-
sented in Table 1 and Table 2, its accuracy of targeting was about
2 mm in the B-mode imaging plane and about 1 mm in the focal
plane of the HIFU beam used, which is comparable to the accuracy
of targeting of other imaging-guided HIFU ablative devices [11,22].
Therefore, our device guided by ultrasound imaging can be used as
an effective tool for planning, monitoring and conducting thermal



Fig. 10. Ultrasound image of a focal cross-section of a tissue sample before (left), during - after 3 central exposures - (center), and after sonication (right) by 1.08-MHz HIFU
beams leading to necrosis covering the entire 5-mm cylindrical volume inside the tissue. The images show tissue cross-sections in the focal plane of the HIFU beams.

Table 1
Mean value and standard deviation of the size of the necrotic lesion formed and
planned for ablation and displacement between their centers when calculated from
photos.

Mean ± standard deviation

Radial section
area

Axial section
area

Displacement between centers Dl
[mm]

1.01 ± 0.18 1.38 ± 0.37

a [%] 2.25 ± 2.01 13.80 ± 2.69
b [%] 18.47 ± 9.55 17.07 ± 5.49
c [%] 97.75 ± 2.01 86.20 ± 2.69

Table 2
Mean value and standard deviation of the size of the necrotic lesion formed and
planned for ablation and displacement between their centers when calculated from
MR images.

Mean ± standard deviation

Radial section
area

Axial section
area

Displacement between centers Dl
[mm]

0.74 ± 0.59 1.08 ± 0.26

a [%] 12.4 ± 6.4 23.9 ± 4.2
b [%] 7.8 ± 4.2 8.8 ± 2.0
c [%] 87.6 ± 6.4 76.1 ± 4.2

Fig. 11. A binary cross-sectional map of a 5-mm necrotic lesion, appropriately
planned for ablation (circle boundaries) and formed (jagged boundaries) inside the
tissue sample after its multiple sonications by the 3.21-MHz HIFU beam. Necrosis
extending outside the circle is colored blue, and the area inside the circle not
covered by necrosis is green. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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damage to solid tumors in small animals. We have proved that the
treatment planning with our device, consisting in recording the B-
mode images from treatment planes, selecting the target area on
them and programming the trajectory of the HIFU beam move-
ment leading to necrosis covering the entire treated tissue volume
is effective.

The assessment of the accuracy of targeting of our device may
be affected by errors from the following sources: inaccuracies in
the construction of the device or tissue chamber and inaccuracies
in measurements. When the errors come from the inaccuracy in
the construction of the device, the central axis on the axial B-
mode image may be slightly deflected from the axis of the HIFU
beam. This can lead to misalignment between the cross-sections
of the necrotic lesion planned for treatment and those created. In
order to minimize such an error, the device was calibrated (using
a hydrophone moved in the plane of the removable plate opening)
by mechanically adjusting the position of the HIFU transducer in
relation to the imaging probe. During the procedure, the cylindrical
chamber containing the tissue sample was moved horizontally (in
the xy plane) so that its walls (as reference markers) could be easily
identified on ultrasound images of its sections in the yz-planes par-
allel to the axial plane. The B-mode image of the tissue sample in
8

the focal plane of the HIFU beam was recorded before and after
ablation by means of a linear phased array probe with which the
ultrasonic scanner used was equipped. Errors resulting from inac-
curacies in measurements and the variety of tissue samples were
minimized by repeating the experiments several times. Therefore,
the averaged results presented in Table 1 and Table 2 contain a
stable and repeatable error characterizing the targeting accuracy
of our device.

The size of the tissue volume that can be effectively treated
with our device is limited by the size of the animal, the duration
of one-time anesthesia and the standards specifying the permissi-
ble thermal dose for small animals. It is usually a compromise
between the typical duration of anesthesia and the exposure time
needed to cover the entire tumor volume with necrosis. The max-
imum diameter of tumors to be treated with this device is 10 mm.
The maximum depth of their seating under the skin is 15 mm. The
trajectory of the HIFU beam movement, determining the position
and sequence of individual exposures (see Fig. 5), was selected to
minimize the effect of the secondary temperature increase induced
in the tissue at the site of the next sonication by the previous abla-
tion, when the time interval between exposures is shorter than the
tissue temperature relaxation time. The experimental results
showed that the automated procedure for targeting of the HIFU
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beam focus at the intended tissue volume and monitoring local
ablation is effective. Nevertheless, the tissue volume subjected to
ablation in our experiments was limited to a cylinder with a max-
imum diameter of 9 mm and a height of approximately 11 mm.
This volume resulted from the size of the tumors implanted in
the rats planned for treatment (with a maximum diameter of
approx. 10 mm) and the maximum possible duration of single
anesthesia during therapy, without supplementation that could
lead to repositioning of the rat. As with most existing HIFU ablative
devices guided by ultrasound imaging, the appearance of a hyper-
echoic area on the B-mode image was an indicator of successful
local ablation of the intended volume inside the treated tissue.

The appearance of a hyper-echoic area on the ultrasound image
is conditioned largely on the acoustic intensity level in the focal
plane of the HIFU beam used. The average acoustic power of the
1.08 MHz and 3.21 MHz HIFU beams used generated in water
was 108 W and 51.3 W, respectively. In our experiments, the HIFU
beams were propagated in a two-layer system of media: water -
tissue (50 mm � 40 mm). The focal ISATA intensity of the applied
HIFU beams inside the examined tissue was calculated using the
k-Wave non-linear propagation model described in [20] and was
equal to 9.6 kW/cm2 and 17.7 kW/cm2 for 1.08 MHz and
3.21 MHz beams, respectively.
4. Conclusions

The obtained results of our experiments proved that the refer-
ence cylindrical chamber containing the sample of the ex vivo tis-
sue examined is suitable for assessing the accuracy of targeting
of our robotic ultrasound imaging-guided HIFU ablative device.
The targeting accuracy of our device was found to be about
2 mm in the imaging plane and about 1 mm in the focal plane of
the HIFU beam. These values are within the 10-mm margins
assumed in clinical practice for therapeutic safety and are compa-
rable to the targeting accuracy of other imaging-guided HIFU abla-
tion devices. Therefore, our robotic HIFU ablation device can be
useful in preclinical studies for planning, monitoring and ablating
solid tumors implanted in small animals, as well as for testing
novel anticancer drugs. Our future research will focus on the use
of our HIFU device both for the ablative treatment of solid tumors
implanted in small animals and for the development of a new
treatment strategy based on tumor hyperthermia induced by
ultra-short, time-fractionated Low-Intensity Focused Ultrasound
and combined with the delivery of a test cytotoxic drug in
thermo-sensitive liposomal carriers.

In addition, the basic advantage of the developed device, espe-
cially over devices guided by MR imaging, is its simple and easy-to-
use design, as well as low manufacturing and operating costs.
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