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Executive summary

This deliverable presents the Journal papers that were published during the first year of the
SOUNDPET project. A scientific paper entitiled “Characterization of a soft tissue-mimicking
agar/wood powder material for MRgFUS application” was published in the Journal of
Ultrasonics (Accepted: January 2021). Another paper entitled “Simple methods to test the
accuracy of MRgFUS robotic systems” was published in the International Journal of Medical
Robotics and Computer Assisted Surgery (Accepted: May 2021).
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ARTICLE INFO ABSTRACT

Keywords: This study describes the development and characterization of an agar-based soft tissue-mimicking material
Tissue-mimicking materials (TMM) doped with wood powder destined for fabricating MRgFUS applications. The main objective of the
Agar following work was to investigate the suitability of wood powder as an inexpensive alternative in replacing other
l'\jll:{r a:z‘;nd added materials that have been suggested in previous studies for controlling the ultrasonic properties of TMMs.
8 The characterization procedure involved a series of experiments designed to estimate the acoustic (attenuation
coefficient, absorption coefficient, propagation speed, and impedance), thermal (conductivity, diffusivity, spe-
cific heat capacity), and MR properties (T; and T; relaxation times) of the wood-powder doped material. The
developed TMM (2% w/v agar and 4% w/v wood powder) as expected demonstrated compatibility with MRI
scanner following images artifacts evaluation. The acoustic attenuation coefficient of the proposed material was
measured over the frequency range of 1.1-3 MHz and found to be nearly proportional to frequency. The
measured attenuation coefficient was 0.48 dB/cm at 1 MHz which was well within the range of soft tissue.
Temperatures over 37 °C proved to increase marginally the attenuation coefficient. Following the transient
thermoelectric method, the acoustic absorption coefficient was estimated at 0.34 dB/cm-MHz. The estimated
propagation speed (1487 m/s) was within the range of soft tissue at room temperature, while it significantly
increased with higher temperature. The material possessed an acoustic impedance of 1.58 MRayl which was
found to be comparable to the corresponding value of muscle tissue. The thermal conductivity of the material
was estimated at 0.51 W/m K. The measured relaxation times T; (844 ms) and T (66 ms) were within the range
of values found in the literature for soft tissue. The phantom was tested for its suitability for evaluating MRgFUS
thermal protocols. High acoustic energy was applied, and temperature change was recorded using thermocouples
and MR thermometry. MR thermal maps were acquired using single-shot Echo Planar Imaging (EPI) gradient
echo sequence. The TMM matched adequately the acoustic and thermal properties of human tissues and through
a series of experiments, it was proven that wood concentration enhances acoustic absorption. Experiments using
MR thermometry demonstrated the usefulness of this phantom to evaluate ultrasonic thermal protocols by
monitoring peak temperatures in real-time. Thermal lesions formed above a thermal dose were observed in high-
resolution MR images and visually in dissections of the proposed TMM.

1. Introduction calibrated for ultrasound (US) imaging applications in the 60 s, there is
still an undeniable need for developing new phantoms to fill the gap of

The need for developing novel diagnostic and therapeutic applica- emerging medical applications. Throughout the years, several efforts
tions that demonstrate improved safety, efficiency, and specificity to- have been made by researchers towards developing anthropomorphic
wards the battle against serious diseases is a matter of ongoing research. phantoms for medical teaching and imaging applications. In the field of
Although phantoms were initially developed, characterized, and High-Intensity Focused Ultrasound (HIFU), a reusable TMM that
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possesses thermal, mechanical, MR, and acoustic properties close to that
of soft tissue is of outermost importance.

There are limited commercial phantom options available such as
those by ONDA (Onda Corporation, 1290 Hammerwood Ave, Sunny-
vale, CA 94089, USA) which are useful for Magnetic Resonance-guided
Focused Ultrasound (MRgFUS) systems. Ideally, TMMs should have
approximately the same ranges of the speed of sound, attenuation, ab-
sorption, and scattering coefficients as soft tissue. These features should
be controllable using appropriate additives and the variability of their
properties should be small at standard operating conditions.

Different types of phantoms can be found in the literature for
reproducing soft tissue using different TMMs. These types of phantoms
can be uniform single-component phantoms and more complex ones that
mimic the specific anatomy of human tissue [1]. TMMs for MRgFUS
applications present different advantages and disadvantages concerning
preparation complexity, cost, and acoustic properties.

Gelatin has been widely used as a material to mimic soft tissue for US
and MR imaging [2]. Gelatin-based TMMs demonstrate thermal
repeatability for low acoustic power, exhibit a nearly linear stress-strain
curve, provide a wide range of stiffness that is easily controllable
whereas its preparation procedure is simple [3]. However, gelatin-based
materials continue to stiffen over time and have a low melting point
(45 °C) making them unsuitable for applications such as HIFU [4]. The
attenuation coefficient of gelatin-based TMMs can be controlled by
varying the amount of gelatin [5]. Amongst their reported disadvantages
is that they are not always homogeneous and are susceptible to micro-
bial and bacterial invasion [6].

Another TMM that is useful for testing MRgFUS applications is
polyacrylamide. Polyacrylamide gels can be transparent thus allowing
visual observation of the coagulated zone by adding some heat-sensitive
contents such as bovine serum albumin (BSA) and egg-white [7-9]. The
acoustic attenuation can be adjusted by using materials such as evapo-
rated milk, intralipid, and corn syrup [10]. However, the addition of
high concentration of these materials might affect the transparency of
polyacrylamide gels. The coagulation temperature of these gels is
comparatively higher than that of biological tissues leading to an inac-
curate simulation of tissue coagulation during thermal therapies [7]. A
serious safety disadvantage of polyacrylamide-based gels is that their
main constituent acrylamide monomer is a known neurotoxin which is
classified as a carcinogen [9]. This type of gels also exhibits a limited
shelf life from several hours when exposed to air to a few weeks when
stored in an airtight container [11]. ONDA Corporation produces
commercially available polyacrylamide-based phantoms for character-
izing ultrasonic protocols. The position and lesion shape evolution in the
gel can be observed since it permanently turns opaque when tempera-
ture surpasses a threshold of 70 °C [12]. Therefore, these phantoms are
used to perform quality assurance tests on HIFU systems and treatment
protocol evaluation. Although polyacrylamide TMMs have a low
attenuation coefficient, the addition of glass beads can be used to in-
crease their attenuation coefficient and match the corresponding value
of the human liver [8].

N-isopropylacrylamide (NIPAM) gels exhibit higher transparency at
room temperature than egg white doped TMMs [13]. A large opacity
change can be achieved even with a small temperature change. The
formation of thermal lesion is a reversible effect making this type of
TMM reusable and ideal to model the therapeutic effects of HIFU. Sun
et al. [13] investigated only the ability of the NIPAM-based gel to form
thermal lesions and it has not been characterized for its acoustical,
thermal, and MR properties.

In a recent study by Eranki et al. [14], an MR-imageable and HIFU-
compatible tissue-mimicking thermochromic acrylamide-based material
was presented. Silicon dioxide and BSA were added to enhance ultra-
sound attenuation and MRI signal changes since the coagulation of BSA
causes changes in T, relaxation time. A thermochromic ink that changes
color based on temperature change after HIFU exposure was also used.
The TMM can permanently change color upon heating, thus providing
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information on ablation volume geometry, spatial targeting accuracy,
and quantification of heating. The thermochromic acrylamide-based
material is potentially useful for testing MRgFUS applications but its
use is hindered by the rather complex and long fabrication procedure.

Poly (vinyl alcohol) (PVA) materials have been also used in MR ap-
plications [15] and to mimic breast tissue [16]. PVA is a widely used
non-toxic industrial material. The main disadvantage of these materials
(in form of pure gel for 1-2 freeze-thaw cycles) is their low acoustic
attenuation coefficient which is far lower than the majority of human
soft tissue’s attenuation coefficient [15]. However, with the addition of
additives (enamel paint) and the increase in the number of freeze-thaw
cycles, the attenuation can be further increased. The attenuation of a
pure PVA-gel with 1 freeze-thaw cycle is stated to be very low at 0.075
dB/cm-MHz and increases to 0.28 dB/cm-MHz when the gel is produced
with 4 freeze-thaw cycles [15]. The procedure to manufacture a pure
PVA-based TMM is very long and can last for many days depending on
the number of freeze-thaw cycles.

Tofu is another material used to develop TMM phantoms. Although
Tofu is cheap and it is readily available, it exhibits a lower nonlinearity
parameter compared to soft tissue [17]. The acoustic properties of Tofu
are not adjustable and vary according to the brand of raw material and
extraction method. It has also been reported that Tofu-based TMMs are
susceptible to microbial invasion and their shelf life is limited [17].
However, Tofu’s absorption and speed characterization replicate
adequately the corresponding of human soft tissue.

Agar is also used for the development of phantoms destined for ul-
trasound imaging and HIFU applications. Agar-based TMMs need to be
refrigerated for extending their shelf life and reusability [18]. Agar
possesses a higher melting point and superior fracture toughness
compared to gelatin gels of similar density and during ultrasound im-
aging, its echogenicity is similar to human soft tissue [18]. Amongst the
advantages of agar against other TMMs is their faster production pro-
cedure, and low acoustic scattering coefficient [18,19]. A main limita-
tion of agar is that it tends to be more expensive than gelatin. Agar-based
TMMs doped with homogenized whole milk and bovine milk have an
attenuation coefficient in the range of 0.35-0.4 dB/cm-MHz while the
addition of evaporated milk increases the value to 0.8 dB/cm-MHz [19].
The speed of sound of pure agar-based gel (with 2% w/v agar) was
estimated at 1490 m/s. According to this study [19], more agar per-
centage results in a higher speed of sound (1512 m/s for 7.5% w/v agar).
An agar-based breast-mimicking material with the addition of silicon
dioxide and evaporated milk was proposed for evaluation of focused US
systems on patients with breast cancer [20]. Lately, Menikou et al. [21]
introduced an agar-based head phantom with an attenuation coefficient
close to the corresponding human attenuation value for HIFU
applications.

There is limited literature on the effects of thermal, acoustic, me-
chanical, and MR properties of wood powder. The propagation speed
and attenuation coefficient of various kinds of wood have been previ-
ously measured [22-24]. It has been shown that absorption linearly
increases with frequency up to 4 MHz while the propagation speed is
dependent on the moisture content of wood [25]. The density of wood
powder and water absorption of wood powder composited with bagasse
was calculated and compared to other materials [26]. The density of
wood powder was found to be 0.42 gr/cm® and the water absorption in
composite wood powder and bagasse was found to be 13.5% [26]. In a
study by Ababneh [27], it was found that wood blocks (Rhizophora spp)
are low-cost, stable over time and possible human breast tissue repli-
cating material for MRI purposes. T; and T, relaxation times of wood
were found to match closely the ones of breast tissue.

The purpose of this study aims to describe the development of a novel
agar-based TMM doped with wood powder and test its suitability as such
by characterizing its acoustic, thermal, and MR properties. The idea of
using wood powder is to increase the absorption coefficient in a
controllable manner with thermal properties similar to soft tissue. The
associated Ty and T relaxation times control the image contrast of the
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Fig. 1. (a) Photo of the developed agar/wood powder-based TMM, (b) schematic diagram of the experimental setup to measure the absorption coefficient of the

TMM, and (c) photo of the experimental setup.

material in conventional MRI sequences. Wood powder is a very
attractive additive since it is an abundant industrial furniture waste and
most likely free of cost unlike other materials (silicon dioxide, BSA)
which are more expensive and require difficult and long production
procedures by the manufacturers.

Following test and trial, an appropriate agar concentration was
selected to provide moderate strength to the final material in order to
resist HIFU forces without cracking. The percentage of agar (2% w/v)
was sufficient to create a compact material. It was chosen to avoid
adding preservatives to the recipe to prolong the material’s shelf-life
since many of them are known of being toxic [28].

2. Materials and methods
2.1. Soft tissue-mimicking material preparation

The agar was in granular form with a particle size of 1400 pm stated
in the manufacturer’s datasheet (Merck KGaA, EMD Millipore Corpo-
ration, Darmstadt, Germany). The agar was initially ground to powder
using a blender machine to aid mixing in water and result in a homo-
geneous gel. Ultrapure degassed/deionized water was slowly heated and
continuously stirred using a magnetic stirrer (SBS, A160, Steinberg
Systems, Germany) over a period of 10 min. The temperature increase
was monitored using an electronic thermometer (Omega Thermometer,
HH806AU, Omega Engineering, Norwalk, Connecticut, USA). Once the
degassed/deionized water reached 50 °C, 2% w/v agar was slowly
added to mitigate aggregation of the agar in the degassed/deionized
water. A certain amount of agar was added to the mixture to achieve a
2% w/v agar concentration. The wood powder (Swedish pine) was
further ground with an average particle size of approximately 150 pm.
The average particle size was estimated by quantitative analyzing

images collected on a Scanning Electron Microscope (SEM) image (FEI,
Quanta 200, Hillsboro, Oregon, United States), using the open-source
software Gwyddion [29]. Prior to the SEM investigation, all samples
were sputter-coated with a thin (<10 nm) silver layer to reduce electron
charging effects. Images were collected at 5 kV to 20 kV accelerating
voltages in various magnifications.

When agar was completely dissolved in water, a proportionate
amount of wood powder (Swedish pine) was added to the mixture so
that the w/v concentration of wood powder to be 4%. The mixture was
stirred until the temperature reached 85 °C. The mixture began to so-
lidify once the temperature dropped (at around 50 °C). The amount of
evaporated water added to equate the initial mixture volume prior to
boiling initial volume. The solution was stirred with a low-speed setting
to avoid trapping air bubbles in the mixture that would cause serious
reflections of the HIFU beam. The whole preparation and development
procedure was simple, fast, and it lasted around 20-25 min for a volume
of 300 cm®. The solution was then poured into a mold (6 x 6 x 8 em®)
and was let to jellify overnight at room temperature. The prepared
phantom was tested in ablation experiments within 24 h after its
fabrication.

The wood powder obtained from a carpentry company contained
large pieces of particles that may have affected the acoustic properties of
the developed TMM and induced susceptibility artifacts in MRI images.
It was expected that since wood powder is poor in hydrogen it would
appear hypointense in MRI images. The agar/wood powder TMM pre-
sented a moderate hardness along with a light brown color as shown in
Fig. 1a.

2.2. Estimation of the attenuation coefficient

Attenuation measurements were conducted using the through-
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Fig. 2. Schematic diagram of the experimental setup to measure the ultrasonic propagation speed of the TMM.

transmission technique previously described by Madsen et al. [30]. The
through-transmission technique involved two planar transducers; one
for transmitting a pulsed US signal and one for receiving it. A special
acrylonitrile butadiene styrene (ABS) plastic holder that hosts the two
transducers, was designed (Inventor Professional 2018, Autodesk, Cal-
ifornia, USA) and printed using a 3D printer (F270, Stratasys Ltd.,
Minessota, USA). The ABS holder retained the planar transducers in
cylindrical cavities with their active elements facing each other and the
sample at fixed positions. Three pairs of planar immersion transducers
(12 mm diameter, nominal frequency at 1.1, 2 and 3 MHz, Piezo-
technologies, Indianapolis, IN, USA) were used. All pairs of transducers
have an approximate + 0.5 MHz bandwidth, thus covering a 1-3 MHz
span of frequencies. A pulsed signal was transmitted using a pulser/
receiver system (Panametrics SO0OPR, Olympus Corp, Tokyo, Japan),
propagated through a 26 mm sample and received by the receiving
transducer which was located 65 mm from the transmitter. The atten-
uated resulting signal was recorded by the receiver and displayed on a
digital oscilloscope (TDS 2012, Tektronix, Inc., Karl Braun Drive, United
States). The sample was positioned in the near field of the emitting
transducer. The attenuation coefficient was measured over a frequency
range of 1.1-3 MHz at room temperature (25 °C) for five batches of gels.
The following equation was used to calculate the attenuation coefficient
for each frequency using the through-transmission method and it was
modified into Eq. (1) in units of dB/cm [31].

()
20*log,, (ﬁ;)

A, +a, m

a(f) =

where A is the reference peak-to-peak voltage without the material, A,
is the resulting peak-to-peak voltage at the receiver side with the addi-
tion of the material between the two planar transducers, a,, is the
attenuation of water, A, is the sample’s thickness in cm, and f is the
transmitting frequency. The attenuation coefficient can be frequency-
dependent according to @ = a,*f", where « is the attenuation coeffi-
cient parameter, a, is the attenuation coefficient at 1 MHz, and n is the
power to which frequency is raised in MHz. The impact of temperature
on the attenuation coefficient was examined in a temperature range
from 25 to 55 °C for the tested frequency of 1.1 MHz.

2.3. Estimation of the absorption coefficient

A method to estimate fast and accurately the absorption coefficient
of the material using a novel experimental setup was previously
described by our group [32]. According to this methodology, the ma-
terial was exposed to a focused US beam and the absorption coefficient
was determined by measuring the rate of temperature rise using a
thermocouple (5SC-TT-K-30-36, type K insulated beaded wire, 100 pm
thick, Omega Engineering, Norwalk, Connecticut, USA). For the ab-
sorption coefficient measurement, a signal generator (HP 33120A,
Agilent technologies, Englewood, CO, USA), an RF amplifier (AG1012, T
& C Power Conversion, Inc.,, Humboldt St., Rochester, NY) and a
spherically focused transducer (Sonic Concepts, Inc., Seattle, USA)
operating at 0.4 MHz (focal length of 70 mm and diameter of 40 mm)
were utilized in the experimental setup as described by Drakos et al.
[32]. A temperature reader (HH806AU, Omega Engineering) was used
to record the temperature over time in the TMM. The thermocouple was
placed at the focal position which was located 3.5 cm deep from the
bottom face of the TMM (the transducer was 3.5 cm below the front
surface of the TMM facing upwards). Fig. 1 illustrates the schematic
diagram (b) and a photo (c) of the experimental setup to estimate the
absorption coefficient.

2.4. Estimation of acoustic propagation speed in soft tissue-mimicking
material using the pulse-echo technique

A pulse-echo measurement immersion technique was employed for
estimating the ultrasonic propagation speed of the TMM. The propaga-
tion speed was measured in a temperature range from 25 to 55 °C for the
tested frequency of 1.1 MHz. The samples were immersed in a tank filled
with degassed/deionized water. This technique involved a single unfo-
cused transducer (the same transmitting transducer that was used for the
attenuation measurements) to transmit and receive the reflected ultra-
sonic signal. The transducer transmitted pulses driven by a Panametrics
pulser/receiver system (Panametrics 500PR, Olympus Corp). A digital
oscilloscope (TDS 2012, Tektronix, Inc.) was connected to the pulser/
receiver for observing the received signal. A thick sample of 5.8 cm was
chosen to increase echoes time difference and derive a more accurate
estimation of the ultrasonic propagation speed in the sample. As shown
in Fig. 2, the signal was transmitted directly in the sample and reflected
using a metal reflector. The propagation speed in the sample was esti-
mated by measuring the time difference (4,) between the echoes



T. Drakos et al.

returning from the interfaces of the sample. Eq. (2) was used to estimate
the ultrasonic propagation speed (C;) of the TMM, where d represents
the thickness of the sample.

_

C,
A

(2)

2.5. Mass density measurement using water volume displacement method

Mass density was estimated by measuring the mass and volume of the
samples. A 50 mL TMM was prepared and sliced in equal volumes to be
placed inside a volumetric tube. Each piece was first weighed with a
high precision (+0.01 g) digital scale (1479 V, Tanita Corporation of
America, Inc, USA) and then its volume was extracted by measuring
water displacement in a volumetric tube. The accuracy of the volumetric
tube (0.1 mL) played an important role in the error of the measure-
ments, therefore large specimens were tested to minimize the fractional
error in volume measurements. Five specimens from the same batch
were obtained and the average mass density in g/cm® was calculated.

2.6. Estimation of soft tissue-mimicking material thermal properties

The thermal properties of the aforementioned TMM were measured
using the instrument Isomet (model 2104, Applied Precision, Ltd., Bra-
tislava, Slovakia). The instrument was used according to the manufac-
turer’s recommendation for estimating thermal conductivity (W/m K),
thermal diffusivity (mm?/s), and specific heat capacity (kJ/kg K). The
transient method was used to perform the thermal conductivity mea-
surements, which were carried out automatically by a needle sensor. The
selected sensor was able to accurately measure in the range of 0.2-1 W/
m K. According to the manufacturer, the accuracy of the device for
thermal conductivity measurements was 5% of reading +0.001 W/m K.
Thermal diffusivity is derived by dividing conductivity with density
whereas specific heat capacity describes how quickly a material reacts to
a change in temperature. A spherical volume of the material around the
needle probe with a minimum diameter of 5 cm was needed for accurate
measurement. Due to this limitation of the system, a specimen of
appropriate dimensions (5 cm height, 7 cm wide, and 15 cm long) was
prepared. The needle probe was inserted in the TMM and the 3 thermal
properties (thermal conductivity, thermal diffusivity, and specific heat
capacity) were calculated simultaneously by the device. The procedure
was repeated five times and the mean and standard deviation values of
each thermal property were deduced.

2.7. Experimental setup and HIFU sonication parameters

The absorption experimental setup described previously was used to
apply high-power sonication in the phantom. The scope of the high-
power sonication was to test the ability of the phantom to reach high
temperatures and create lesions. The phantom was fitted tightly into the
holder and a transducer (frequency 2.6 MHz, diameter: 38 mm, focal
length: 61 mm, MEDSONIC LTD, Limassol, Cyprus) was positioned
below the phantom facing upwards for a bottom to top sonication inside
an acrylic water tank filled with degassed/deionized water. The exper-
imental HIFU system included a signal generator (HP 33120A, Agilent
Technologies), a radio-frequency power amplifier (AG1012, T & C
Power Conversion, Inc.), and the spherically-focused transducer.

Prior to sonication, the phantom was allowed to reach thermal
equilibrium with the degassed/deionized water to minimize conduction
effects. During the high-power sonication, a continuous-wave mode of
acoustic power of 44 W was applied. The duration of the sonication was
30 s. The transducer position was adjusted in order to focus at 2 cm deep
inside the phantom. Post-HIFU, the phantom was dissected to look for a
thermal lesion. Multiple lesions were also created in an identical
phantom for repeatability purposes.

Ultrasonics 113 (2021) 106357

2.8. Temperature measurement using a thermocouple

During a high-power sonication, the temperature change at the focal
point of the phantom was recorded. The temperature reader (HH806AU,
Omega Engineering) was used to record the temperature change in the
phantom. The thermocouple (5SC-TT-K-30-36, type K insulated beaded
wire, 100 pm thick, Omega Engineering) was inserted in the sample at
the focus which was 2 cm deep. The thermocouple tip was rigid enough
and it was inserted from one end of the phantom, all the way to the
target with the phantom immersed in degassed/deionized water. The
thermocouple tip was selected to be sufficiently thin to reduce possible
artifacts. MRI artifacts were also avoided due to the size of the ther-
mocouple. The thermocouple did not carry any electricity and therefore
was considered as a passive object in the MR imaging volume. Although
the focal length was known, precise localization of the focal point was
achieved by changing the position of the thermocouple at low power
until the highest temperature change was achieved.

2.9. Ultrasound and X-ray imaging

A diagnostic US imaging system (UMT-150, Shenzhen Mindray Bio-
Medical Electronics Co., Ltd., Shenzhen, P.R. China) was used to image
the TMM in order to check its echogenicity and homogeneity. A ho-
mogeneous piece of swine meat was US scanned with the same ultra-
sonic parameters to be compared with the US image of the TMM. An X-
ray image was also acquired using a portable X-ray system (IMS001,
Shenzhen Browiner Tech Co., Ltd., Shenzhen, P.R. China). A computed
radiography (CR) reader (Vita Flex, Carestream Health, Inc., 150 Verona
Street, Rochester, NY, USA) was used to digitize the latent image from
the CR cassette to the computer for X-ray image reconstruction. The X-
ray exposure parameters were as follows: tube current = 50 mA, tube
voltage = 60 kV, and an exposure time of 320 ms.

2.10. MR imaging and thermometry

High-resolution MR images of the phantom were acquired after HIFU
sonication ina 1.5 T MR system (Signa Excite, General Electric, Fairfield,
CT, USA) using a GPFLEX coil (USA instruments, Cleveland, OH, USA).
Proton density (PD) MR images were acquired with the following pa-
rameters: repetition time (TR) = 2420 ms, echo time (TE) = 41 ms,
receiver bandwidth (rBW) = 15 kHz, matrix = 256 x 256 pixels, slice
thickness = 3 mm, number of excitations (NEX) = 7, and displayed field
of view (DFOV) = 25 x 25 cm

The temperature change in the phantom under HIFU sonication was
assessed with MR thermometry. MR thermometry data was produced
using single-shot EPI with the following parameters: TR = 80 ms, TE =
25.1 ms, rBW = 15 kHz, matrix = 64 x 64 pixels, slice thickness = 3 mm,
NEX = 1, flip angle = 25°, and DFOV = 25 x 25 em?.

The phantom was sonicated with the same transducer used during
the thermocouple’s temperature change recordings. Temperature
changes were calculated using the proton resonance frequency shift
method [33]. The thermometry slice was selected in a plane parallel to
the propagation direction. Coronal thermal maps were initially obtained
by applying low acoustical power to observe the temperature increase in
the phantom and to detect the focal spot of the transducer. When the
focal spot was detected, axial thermal maps were recorded to estimate
the temperature change and observe the focal beam in the axial plane
(parallel to the ultrasonic beam). Following analysis, a single thermal
map was produced every 1.65 s. The applied acoustical power was 44 W
for a sonication time of 30 s using the 2.6 MHz spherical transducer.

2.11. T; and T3 relaxometry
The TMM was scanned in the MRI using the GPFLEX coil (USA in-

struments) to estimate the relaxation times. The methods to estimate the
T; and T, relaxation times have been previously described in detail by
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(c)

Fig. 3. (a) US image of the TMM with 2% w/v agar and 4% w/v wood powder, (b) US image of a soft tissue (swine meat), and (c) X-ray image of the TMM.
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Fig. 4. SEM images of the (a) wood powder (a histogram of 92 particle length measurements is shown in inset) and, (b) agar/wood powder TMM (WP = wood

powder particles, AM = agar matrix).

Menikou et al. [33]. For measuring the spin-lattice relaxation time (T;),
an Inversion Recovery Fast Spin Echo (IR-FSE) sequence with the
following acquisition parameters were used: TR = 3000 ms, TE = 45 ms,
slice thickness = 5 mm, NEX = 4, matrix = 256 x 256 pixels, and var-
iable Inversion Time (TI) = 200, 400, 800, 1200, and 1600 ms.

The T, relaxation time was estimated by obtaining a series of Fast
Spin Echo (FSE) sequences for different effective echo times (23, 34, 45,

68, and 101 ms) and by calculating the inverse exponent of the expo-
nential fit. The other MR parameters were: TR = 2500 ms, slice thick-
ness = 5 mm, matrix = 256 x 256 pixels, FOV = 16 cm, NEX = 1, and
echo train length (ETL) = 4.
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3. Results

An agar-based doped with wood powder TMM was prepared
following a simple and fast procedure. The gel with 2% w/v agar and 4%
w/v wood powder was scanned with a US imaging system (UMT-150,
Shenzhen Mindray Bio-Medical Electronics Co., Ltd.) in order to
demonstrate that wood powder contributes to US scattering. The scat-
tering of the wood powder has been shown to contribute to the ab-
sorption and therefore to a total attenuation increase. The TMM
appeared homogeneous with increased echogenicity as shown in Fig. 3a.
Fig. 3b shows the US image of a homogeneous soft tissue (swine meat).
The grey texture of the TMM resembled the sonographic appearance of
normal soft tissue. Fig. 3c shows the X-ray image of the TMM.

SEM images of the wood powder and agar/wood powder TMM are
illustrated in Fig. 4a and b, respectively. The wood powder particles
appear elongated with aspect ratios in the range of 1-5. Statistics on the
particle size were extracted by performing line measurements using the
open-source software Gwyddion on the long direction of approximately
90 particles (Fig. 4a). A range of 20-350 pm was recorded with an
average particle size in the ~140 pm range and a standard deviation of

~70 pm.

A least mean square fitting was fitted on the attenuation coefficient
measurements of various frequencies between 1.1 and 3 MHz. The
measured attenuation coefficient (a,) was 0.48 + 0.044 dB/cm at 1 MHz
which was well within the range of equivalent values of soft tissue
[34,35]. A power-law fit was determined on the data and the parameter
n was found to be 1.059, which for the range of frequencies used in HIFU
it is safe to assume that the attenuation coefficient of the TMM depends
linearly on frequency. Fig. 5 shows the attenuation coefficient as a
function of frequency. It was thought that the size of the wood powder
particles (<350 pm) played a significant role in the value of the scat-
tering coefficient. Wood powder particles with dimensions of the order
of one wavelength of the sound wave or larger (~0.6 mm) are expected
to diffract (beam spreading) the acoustic wave rather than scatter the
wave in all directions. The attenuation coefficient for a frequency of 1.1
MHz at room temperature was found to be 0.53 dB/cm and the value
remained almost unaffected at 37 °C. At higher temperatures, the
attenuation coefficient slightly increased by reaching a value of 0.67 dB/
cm at 55 °C. The effect of temperature on the attenuation coefficient is
shown in Fig. 6.
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Fig. 8. Temperature change versus time that was recorded using the thermocouple by applying an acoustic power of 44 W for 30 s at a focal depth of 2 cm with the

2.6 MHz spherically-focused transducer.

Acoustic propagation speed and mass density were also assessed. The
propagation speed was 1487 + 5 m/s at room temperature which is a
value between the speed of sound of intra-vitam fat (~1480 m/s) [34]
and soft tissue (—~1540 m/s) [35]. The propagation speed increased from
1487 m/s to 1533 m/s in a temperature range between 25 and 55 °C as
shown in Fig. 7. Density was calculated to be 1060 + 10 kg/m? using the
water volume displacement method. Therefore, the acoustic impedance
of the TMM was 1.58 + 0.03 MRayl. This result indicated an acoustic
impedance close to that of muscle (1.62 MRayl) [34]|. Water has an
acoustic impedance of 1.54 MRayl, therefore the reflected intensity in
the water/TMM interface was 0.016%.

The absorption coefficient was estimated by applying an ultrasonic
protocol that produces a low-temperature change between 2 and 3 °C,
which corresponded to an acoustic power of 1 W. During the sonication,
the temperature increased linearly with time as expected after elimi-
nating conduction effects. The temperature maintained its linearity
(with R-squared of 0.9262) for a long sonication (30 s), which is
representative of low conductivity. The maximum temperature recorded
was 2.7 °C, and the rate of temperature increase was 0.045 °C/s. Based

on the temperature-time gradient, the absorption coefficient was 0.34
+ 0.02 dB/cm-MHz. By subtracting the estimated absorption coefficient
from the attenuation coefficient, the remaining value coefficient which
is attributed to non-thermal losses is found to be 0.14 dB/cm-MHz
(mostly scattering). The reflection coefficient was 0.016% based on the
acoustic impedance measurement.

Thermal properties (thermal conductivity, thermal diffusivity, and
specific heat capacity) were assessed by inserting a needle probe in the
TMM and allow the appropriate area around the needle probe for ac-
curate measurement. The thermal conductivity, thermal diffusivity, and
specific heat capacity were estimated at 0.51 + 0.005 W/m K, 0.29 +
0.0015 mm?/s, and 1.76 + 0.001 kJ/(kg K) respectively.

Temperature change measurements were performed in the phantom
using thermocouples. A temperature rise of 63 °C was achieved with a
HIFU duration of 30 s and 44 W as shown in Fig. 8. After the HIFU
exposure, the sonicated area showed some deterioration indicating the
extent of the sonicated region. Maximum HIFU temperature changes are
far less than the minimum ignition temperature of wood and therefore
wood powder is considered a safe material to be used in MRgFUS
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Fig. 9. (a) IR-FSE image of the TMM with TR: 3000 ms, TI: 1200 ms, and (b) T-weighted FSE image with TR: 2500 ms, TE: 68 ms. IR-FSE and T,-weighted FSE
images were acquired with various TI and TE times in order to estimate the T; and T, relaxation times respectively.

phantom area

transducer

Temperature (°C)

Fig. 10. MR thermal maps obtained in a plane parallel to the beam at a focal depth of 2 cm for sonication time of (a) 5 s, (b) 155, (¢) 25 s, and (d) 30 s and for a
cooling time of (e) 10 s, and (f) 18 s, respectively. The plane of the MR thermometry maps taken in relation to the direction inside the MRI is indicated.

applications. parameters respectively. There were no severe artifacts in the vicinity of
The TMM was MR imaged using IR-T; FSE and Ty-weighted FSE the TMM as expected. The best quality images, in terms of signal-to-
sequences (Fig. 9a and b) in order to estimate the T; and T relaxation noise ratio were taken and provided strong evidence that the TMM
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Table 1

Summary of the acoustic, MR, and thermal properties of the agar/wood powder-
based TMM along with the corresponding values of soft tissues and other TMMs
that were found in the literature.

Property Value

Agar/wood Soft tissues/other TMMs

powder-based

Attenuation coefficient 0.48 + 0.044 Fat: 0.48 dB/cm-MHz [34]
dB/cm-MHz Liver: 0.5 dB/cm-MHz [35]
Pure agar-based phantom (2% w/v):
0.18 [34]
Pure PVA-based phantoms:
0.075-0.28 dB/cm-MHz [15]
Absorption coefficient 0.34 + 0.02 Agar (4%)/silica (4%)/milk (30%)-
dB/cm-MHz based TMM: 0.22 dB/cm-MHz [32]
Propagation speed at 1487 + 5 m/s Soft tissues: 1478-1595 m/s [1]

Intra-vitam fat: 1480 m/s [34]
Pure agar-based phantom (2% w/v):
1490 m/s [19]
1060 + 10 kg/  Brain, liver, breast: 1040-1060 kg/m?
m? [39]
Muscle: 1090 kg/m? [39]
Agar-based phantoms: 1030 kg/m®
[19]

room temperature

Mass density

Acoustic impedance 1.58 + 0.03 Muscle: 1.62 MRayl [34]
kg/m?s Agar- and polyacrylamide-based
phantoms: 1.5-1.66 MRayl [41,43]
Thermal conductivity 0.51 + 0.005 Non-perfused muscle: 0.5-0.6 W/m.K
W/m K [44]
Thermal diffusivity 0.29 £ 0.0015 Agar/silica phantom: 0.12-0.16 mm?/
mm?/s s [33,45]
Acrylamide-based phantom:
0.13-0.14 mm?/s [14,41]
Specific heat capacity 1.76 + 0.001 Human and animal fat: 1.6-3 kJ/(kg K)
kJ/(kg K) [47]
T1 relaxation time at 844 ms Skeletal muscle: 868 ms, heart: 866 ms,
15T liver: 492 ms, kidney: 652 ms [48]
T2 relaxation time at 66 ms Skeletal muscle: 47 ms, heart: 57 ms,
15T liver: 43 ms, kidney: 58 ms [48]

contained only MR compatible materials.

MR thermometry was used to calculate the maximum temperature at
the focus for the same sonication protocol that was used to measure the
temperature change with the thermocouple (acoustic power of 44 W for
30 s). Fig. 10 shows the estimated MR thermal maps obtained in a plane
parallel to the focal beam at a depth of 2 cm. The sonication was 30 s and
MR images were also acquired during the deactivation of the transducer
to confirm the temperature drop. EPI sequence was used to obtain 29 MR
images within a total MR scanning time of 48 s (1.65 s for each image).
However, only 6 out of 29 MR images are presented in the MR ther-
mometry results (4 during sonication and 2 during the cooling-off
period). The temperature change as calculated from the thermal map
at sonication of 30 s reached a value of 66.4 °C.

Following image post-processing, the nulling TI was interpolated at
585 ms and the T, was estimated at 844 ms. The T, relaxation time was
found to be 66 ms. The acoustic, MR, and thermal properties of the agar-
based doped with wood powder material are summarized in Table 1
along with the corresponding values of soft tissues and some TMMs. A
high-resolution PD MR image was obtained after the sonication
(Fig. 11a) and the sonicated area appeared brighter than the non-
sonicated area. The TMM was cross-sectioned after the sonication and
the sonicated brighter area was visually confirmed (Fig. 11b). The
created lesion as well as its dimensions (length and diameter) are indi-
cated in Fig. 11b. The length and diameter of the lesion were 14.5 mm
and 7.8 mm respectively resulting in a ratio (length to diameter) of 1.85.
Six lesions of the same HIFU parameters (44 W acoustic power for 30 s)
were created as shown in Fig. 11c. The mean diameter and length of the
lesions were 6.8 + 0.5 mm and 14.4 + 1.9 mm respectively.

A focused transducer with a lower frequency (1.1 MHz, diameter: 64
mm, focal length: 63 mm, MEDSONIC LTD) was used to produce a lesion
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to a greater depth within the phantom. An acoustic power of 37.5 W was
applied for 30 s sonication time at a focal depth of 2.5 cm. After the
sonication, the phantom was cross-sectioned at 25 mm and a lesion of
18.8 mm length was observed as shown in Fig. 12.

4. Discussion

In this study, a TMM destined to be used for MRgFUS applications
has been characterized for its acoustical, MR, and thermal properties.
The TMM was agar-based with the addition of a single material to
control both acoustic energy loss mechanisms (absorption and scat-
tering). This easy-to-make agar-based gel with the addition of wood
powder is non-toxic, simple and quick to prepare, inexpensive cost, and
possesses a high melting temperature point.

The MRI compatibility of the TMM is especially valuable since HIFU
treatments are lately performed under MRI guidance [36-38]. Powdered
wood with low water content produces an MRI signal with an acceptable
signal-to-noise ratio. Additionally, changes in magnetic susceptibility at
agar gel/wood interfaces, perturb the homogeneity of the local field and
may induce artifacts capable of disturbing MR thermometry results. The
issues addressed can be avoided by developing in the future a TMM of
even smaller wood particles. The particle size of a sample of the wood
powder was evaluated using SEM and it was estimated to be 139 + 69
pm with a particle maximum size of 354 pm and a minimum of 22 pm.

Even though Onda Corporation produces phantoms for HIFU appli-
cations, the phantoms are expensive and a complex procedure is fol-
lowed for their production. In addition, these commercial phantoms lack
stability when submerged in water because they exhibit reduced rigid-
ity. These disadvantages make them less suitable for some applications.
Herein, the proposed MRgFUS TMM has good rigidity, lasts around 10
days stored in the refrigerator at a constant temperature of 4 °C, where
at the end of this period it begins to dry out. However, the life of the
TMM can be prolonged by the addition of preservative materials
(Thimerosal or Germall-plus). The production cost of the TMM was low,
therefore at the end of experimental sessions it was disposed.

The measured attenuation coefficient at 1 MHz was found to be close
to fat (0.48 dB/cm-MHz) [34] and liver (0.5 dB/cm-MHz) [35]. A nearly
linear frequency dependency of the attenuation coefficient has been
demonstrated in a frequency range used mainly in MRgFUS applications.
At body temperatures, the attenuation coefficient of the material
remained almost constant relative to the same parameter at room tem-
perature. Nevertheless, at higher temperatures, this value has shown a
slightly increasing trend. The agar/wood powder TMM (manufactured
with only two materials) has higher attenuation than other more
complicated TMMs which have been developed and characterized over
time such as agar, gelatin with the inclusion of glass bead scatterers
(0.35-0.46 dB/cm-MHz) [28] and pure polyacrylamide gels (0.17-0.25
dB/cm-MHz) [34].

The measured absorption coefficient of the prescribed TMM was
found to be higher by 0.12 dB/cm-MHz than an optimum recipe (4% w/
v agar, 30% volume per volume evaporated milk, and 4% w/v silica)
that was proposed in a previous study [32]. The goal was to increase the
absorption coefficient as close as possible to 0.5 dB/cm-MHz. It was
previously evidenced [32] that the absorption coefficient increases with
the increase of agar concentration, evaporated milk, and silicon dioxide
(until 4%). In order to observe the effect of wood powder on the ab-
sorption coefficient, a comparison between a TMM with only 2% agar
and one with 2% agar and 4% wood powder was performed. The
addition of 4% of wood powder increases the absorption coefficient by
0.11 dB/cm-MHz.

Measurement of the acoustic speed of the soft tissue recipe was in the
lower range of biological soft tissues (1478-1595 m/s) [1] and near the
value of a head-mimicking phantom that was previously proposed by
our group [21]. There has been an increasing trend in the propagation
speed relative to the increase in temperature. At high temperatures, the
propagation speed was close to the value of soft tissue. If values closer to
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Fig. 11. (a) PD MR image of the TMM that was obtained after the sonication of acoustic power of 44 W for 30 s using the 2.6 MHz spherically focused transducer, and
(b) Photo of the sonicated area. The TMM was vertically sliced in the middle of the focal spot. A zoomed image of the sonicated area shows the created lesion and its
dimensions are indicated, and (c) Multiple lesions created in the TMM. The red arrows indicate the lesions.

1540 m/s are desired in low room temperatures, an appropriate con-
centration of an additive (glycerol or milk) can be added.

The mass density of the TMM (1060 + 10 kg/m3) was found to be
similar to that of the brain, liver, and breast (1040-1060 kg/ms) [39]
while it approximated the mass density of muscle (1090 Kg/m?'). Gelatin
and polyacrylamide gel TMMs demonstrated mass density values within
the range of soft tissues [40-42] and closed values to the proposed TMM.
The acoustic impedance was in the range of other agar-based and
polyacrylamide-based materials (1.5-1.66 MRayl) [41,43].

The thermal conductivity (0.51 + 0.005 W/m K) of the TMM mimics
published values for non-perfused soft tissues with the value of non-
perfused muscle to be in the range of 0.5-0.6 W/m K [44]. The ther-
mal diffusivity (0.2935 + 0.0015 mm?/s) was more than double
compared to agar/silica recipe (0.12-0.16 mm?/s) [33,45] and
acrylamide-based (0.13-0.14 mm?2/s) [14,41] which are similar to the
value of water (0.143 mm?/s) [46]. It is concluded that wood powder
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also contributes to the increase of the TMM's thermal diffusivity. The
high thermal diffusivity shows how quickly the material transfers heat
across HIFU temperatures. Specific heat capacity was in the range of the
values of human and animal fat [47].

From the US images, it was shown that the addition of wood powder
increased the echogenicity of the TMM, such that it closely resembled
the US signal generated by real tissues. Additionally, the TMM fulfilled
the requirement of being compatible with an MRI scanner. The
measured relaxation times T and T, were within the range of values
found in the literature for soft tissue [48].

MRI and optical images of the TMM indicate that HIFU ablation at
high power levels can lead to the formation of focal lesion. The forma-
tion of focal lesion in MRI images appears to be hyperintense. The TMM
allows the lesions to be optically observed and measured. However, high
power sonications cause irreversible damage to the phantom, whilst in
low power settings the absence of any material deterioration
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Fig. 12. A lesion was formed on a plane parallel to the ultrasound beam after
HIFU exposure at acoustic power of 37.5 W for a sonication time of 30 s using a
1.1 MHz focused transducer at 2.5 cm focal depth. The yellow arrow indicates
the lesion and the blue arrow indicates the beam direction.

demonstrated its suitability of being used repeatedly. Additionally, the
possibility of inserting thermocouples to measure temperature rise and
check transducers’ performance without affecting its structural integrity
was another feature of the phantom. The temperature rise measured
with the thermocouple was confirmed with MR thermometry. Both
thermocouple and MR thermometry yielded almost identical tempera-
ture change readings for a specific ultrasonic protocol (63 and 66.4 °C
respectively). There is always a possibility that the acoustic field is
distorted by the metal-base thermocouple wire, which can induce a
focus shift observed as a peak temperature decrease. Positioning of the
thermocouple is done manually and although all possible measures are
followed to target the nominal focal region, the procedure is always
prone to mispositioning errors. The main advantage of using this method
is the relatively low noise of the temperature-time profile compared to
MR thermometry. On the other hand, the reliability of MR thermometry
results is related to the signal-to-noise ratio of the phase images which is
usually limiting since the imaging coils are not optimized for the
phantom’s geometry. External interferences that induce in-
homogeneities to the MR static field are also sources of error in MR
thermometry. Mispositioning of single slice MR thermometry especially
in the long axis and partial volume effect are also factors that can un-
derestimate peak temperature.

Finally, the length to diameter ratio showed that a good-shaped
lesion was created and cavitation was not affecting. The expected
focal beam was at a depth of 20 mm. However, the focal beam shifted 10
mm to the front surface of the TMM. Higher penetration of the US beam
can be achieved using a transducer with a lower frequency (0.5-1 MHz).
This was achieved by using a transducer with lower frequency and lesion
was created to a greater depth in the phantom. Multiple lesions were
produced indicating repeatability of the lesions’ dimensions.

5. Conclusions

A complete characterization of an agar-based TMM doped with wood
powder destined for evaluation of MRgFUS protocols was presented. The
characterization included measurements of the acoustical, MR, and
thermal properties of the TMM. The goal of this work was to develop an
agar-based TMM doped with a single material in order to achieve a
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higher absorption coefficient than other agar-based TMMs doped with
various additives. However, the effect of the particle size of the wood
powder on the acoustical, MR, and thermal properties of the TMM
should be investigated further in upcoming studies. Finally, the TMM
has the ability to model the formation of thermal lesions above the
temperature threshold which is still unknown. In the future, when the
threshold is determined it will be possible to estimate the ultrasonic
energy that is needed to produce a lesion in the TMM. Future studies will
entail adding materials to change the agar/wood powder TMM prop-
erties to match the properties of specific tissues of interest.
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1 | INTRODUCTION

Abstract

Background: Robotic-assisted diagnostic and therapeutic modalities require a
highly accurate performance to be certified for clinical application. In this paper,
three simple methods for assessing the accuracy of motion of magnetic resonance-
guided focused ultrasound (MRgFUS) robotic systems are presented.

Methods: The accuracy of motion of a 4 degrees of freedom robotic system
intended for preclinical use of MRgFUS was evaluated by calliper-based and mag-
netic resonance imaging (MRI) methods, as well as visually by performing multiple
ablations on a plastic film.

Results: The benchtop results confirmed a highly accurate motion in all axes of
operation. The spatial positioning errors estimated by MRI evaluation were defined
by the size of the imaging pixels. Lesions arrangement in discrete and overlapping
patterns confirmed satisfactory alignment of motion trajectories.

Conclusions: We believe the methods presented here should serve as a standard for
evaluating the accuracy of motion of MRgFUS robotic systems.

KEYWORDS
motion accuracy, MRgFUS robotic devices, simple evaluation methods

accuracy data are essential for establishing safety guidelines for

clinical applications.

The introduction of robots in medicine has been essential for
establishing minimally invasive diagnostic and therapeutic modal-
ities by extending their benefits to most surgical specialties.®
Robotic devices are continuously being invented to aid in the
positioning and manipulation of surgical instruments and energy
sources. Such robotic-assisted procedures require a highly accu-
rate operation to approach a target in a minimally invasive
manner and meet the clinical requirement. Simultaneously, the

All the techniques used to test the mechanical accuracy of a robot
are based on the idea of comparing the commanded motion step with
the actual displacement as estimated by a distance-measuring tech-
nique. Mechanical accuracy refers to both the positioning and
repeatability accuracy of motion. Before the procedure is applied and
evaluated in vivo, accuracy assessment is typically carried out in free
space, sometimes referred to as intrinsic system accuracy, meaning not
under real conditions. Most commonly, after acquiring evidence of
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evaluated in the environment that is intended to be clinically used, such
as the bore of a magnetic resonance imaging (MRI) system. This is
essential for ensuring that the system maintains a high degree of ac-
curacy in real-like scenarios. Even a minimal magnetic shift of the
system's components in the MRI could affect the accuracy and
compromise the patient's safety in highly sensitive procedures.

Regarding benchtop evaluation, several motion-tracking tech-
niques were proposed for assessing the accuracy of motion in a free
robot workspace.?”” Optical tracking systems have been widely used
for confirming adequate targeting accuracy for needle-related in-
terventions, where the placement error is defined by the deviation of
the actual tooltip position from the desired location.?® The accuracy
of an automated robot intended for breast biopsy in precisely reaching
a target was evaluated using a rigid test tool, which was driven to
target positions through straight and angled paths and monitored with
an optical tracker.? Similarly, Patriciu et al.® investigated the motion
accuracy of a system for automated brachytherapy seed placement
using an optical tracking system. An active marker was mounted on
the end-effector of the robotic arm allowing continuous tracking of its
position. An optical tracking system was also used by Patel et al.* who
evaluated a robotic system intended to perform shoulder arthrog-
raphy. A specially designed frame with optical markers served as the
reference, while a tracking structure was also integrated on the needle
guide so that its position can be tracked relative to the reference
frame.* A different tracking method was chosen by Dou et al.”> who
measured the positioning accuracy of a brachytherapy system using a
3D laser tracker, as well as an inertial measurement unit.” An optical
measuring microscope has also been proposed for estimating the
actual displacement of a linear motion stage after the execution of
commanded movements of varying distance.® In another study,” the
displacement of an endoscope manipulator was measured with two
charge-coupled device laser micrometres.

More straightforward methods involving the use of digital calli-
pers and special structures have also been carried out in the labo-
ratory environment for accuracy evaluation purposes. The needle tip
accuracy of a breast biopsy robot was evaluated in free air by tar-
geting crosshairs drawn on a board.® The needle tip was commanded
to puncture these targets, and the error was estimated by the dis-
tance from the centre of each target to the corresponding pierced
hole. Similarly, in the framework of evaluating the motion accuracy
of a robot intended for transcranial focussed ultrasound (FUS) sur-
gery, the FUS transducer was replaced by a felt-tipped pen, which
was commanded to touch multiple resolution points distributed on
three perpendicular planes demonstrating the entire robot's work-
place.? Each created mark was assigned in resolution circles having
radial and angular approximation zones for facilitating targeting error
measurement.” Another simplified method involves mounting digital
callipers on the motion stages of a robot such that their actual
displacement after motion execution can be directly measured by the
incremental distance of the calliper.’®1!

After assessing the accuracy of needle-related interventions in
free space, experiments under more realistic conditions are typically

18

ANTONIOU ET AL

performed. Initial experiments are predominantly performed in
phantoms in an imaging environment, involving the use of fiducial
markers for visualizing and registering the system in the imaging co-
ordinates. A first planning scan is typically acquired for selecting the
target locations in the phantom and calculating the insertion parame-
ters.’?" Following targeting according to the estimated coordinates
exported to a motor controller software, confirmation images are
collected for assessing the accuracy of needle placement relative to the
prescribed locations.'?"** In a phantom study performed by Patel

.12 under real-time MRI guidance, a needle-based therapeutic ul-

eta
trasound applicator was robotically inserted in a gelatine phantom in
locations predefined in 3D slicer. The intended probe tip position was
compared to the actual position as visualized in 3D-fast field echo
images. Likewise, Krieger et al.'® assessed the accuracy of motion of a
system for prostate interventions in a tissue-mimicking phantom. The
rectal sheath was automatically aligned with the desired insertion
point and then manually inserted in the phantom. The void caused by
the needle tip was visualized in axial turbo spin echo proton density
images enabling calculation of the in-plane error of targeting.’® Tar-
geting accuracy assessment in MRI was also performed in air with the
use of a gadolinium filled virtual needle, which was tracked and visu-
alized using T1-weighted Isotropic Volume Examination sequence.**

Robotic devices intended for non-invasive FUS applications are
constantly being developed®® and extensively evaluated by performing
ablation studies, in which the separation precision of multiple ablations
constitutes an indication of the positioning error. Tao Wu et al.*®
performed quality control of a FUS system, where the focus positioning
accuracy was tested by performing multiple sonications on a Lucite
cart. The transducer was accommodated in a water tank to be acous-
tically coupled to the target. Left-right and superior-inferior move-
ments by specific distance were commanded by a treatment planning
software, resulting in numerous sets of melted spots arranged in
discrete patterns. The actual distance between adjacent spots was
measured with a digital calliper.® In other phantom experiments
conducted in a benchtop setting,'® the linear motion stages were
commanded to create discrete ablations of specific spacing in a gel
phantom. White coagulation lesions were clearly visible, being spaced
by the desired step, thus confirming the accuracy of positioning.

Price et al.” followed a similar approach but in an MRI setting. An
MR conditional robot for transcranial FUS interventions was used to
perform multiple sonications in a 2 x 3 pattern in a heat-sensitive gel
phantom located in a water tank. The thermal images acquired after
each sonication were superimposed onto one image, and the posi-
tioning accuracy was defined as the spacing between the centres of
adjacent ablated areas.’ This technique was also selected for evalu-
ating the accuracy of motion of an MR-compatible FUS device
intended for brain diseases treatment.’” A four-point ablation
pattern was performed in vitro, in lamb brain, with different motion
steps of 1-10 mm, and the formed lesions were visualized in T1-
weighted fast spin echo (FSE) images. The ablated areas appeared
as spots of increased signal intensity, and the distance between
neighbouring ablations was calculated from the centre of each spot.

Notably, smaller errors were estimated with increasing step
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distance.'” Similarly, Yiallouras et al.**

performed phantom experi-
ments where T2-weighted FSE images revealed areas of reduced
signal formed in a discrete pattern. It is notable that Sagias et al.®
developed a motion phantom for evaluating FUS protocols specif-
ically for moving targets in the MRI environment. In another study
carried out in a gel phantom,? the robotic arm of an US-guided FUS
ablation system was commanded to move the focal point to ablate
the four corners of the phantom, and the targeting accuracy was
assessed by visualizing the sonicated areas on US images.

Herein, we present three simple methods that were used for
assessing the accuracy of motion of a magnetic resonance-guided
focused ultrasound (MRgFUS) robotic system in both benchtop and
MRI environments. The system is intended for ex vivo and in vivo
preclinical use, including studies in companion animals of all sizes
with naturally occurring tumours. In the first method, a digital calliper
is mounted on the motion stage under evaluation with the assistance
of specially designed 3D-printed parts, having its one edge fixed on a
stationary part and the other on a movable part. In that way, a
specific step movement of the stage results in an analogous incre-
ment in the calliper. The second evaluation procedure relates to ac-
curacy assessment in the MRI setting. The robotic device is sited on
the MRI couch, and a plastic marker is mounted on the top of the FUS
transducer so that it can be visualized in MR images. The third
method involves performing multiple ablations in a transparent

plastic film by robotic movement of the transducer.

2 | MATERIALS AND METHODS

2.1 | Robotic system
A robotic system featuring 4 degrees of freedom (DOF) was devel-
oped to be used in the preclinical setting for ex vivo and in vivo
applications of the MRgFUS technology. It is particularly intended to
treat cancer in small and large companion animals with naturally
occurring tumours.

The positioning device was designed (Inventor Professional
2018; Autodesk) and 3D-printed (F270; Stratasys Ltd.) with acrylo-
nitrile butadiene styrene thermoplastic material. Some of the design

The International Journal of Medical Robotics
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criteria included reduction of the total size of the device as much as
possible while maintaining sufficient motion range. This compact
design allows for easy incorporation of the device in the table of any
conventional MRI scanner. A specially designed mattress is adapted
around the protruding part of the device to raise the table to the
exact height of the device.

The positioning mechanism features motion in 4 DOF, which is
adequate to ablate a tissue volume of any shape and size. Specifically,
the device allows the user to linearly navigate the focussed trans-
ducer in three axes (X, Y and Z), whereas angular rotation about a
single axis is also available. The X and Y motion stages allow move-
ment in two orthogonal horizontal axes, while the Z stage provides
motion in a vertical axis. Accordingly, the © stage enables rotation of
the transducer about its shaft. All motion stages are computer-
controlled through a customized software. Due to the constrain of
the MRI bore, there are some spatial limits, and therefore, motion
restrictions. The maximum travel of the transducer is 60 mm in the X
axis (forward and reverse), 75 mm in the Y axis (left and right) and
26 mm in the Z axis (up and down). The rotation limit is 90°: 45°
clockwise (CW) and 45° counter-clockwise (CCW). Piezoelectric
motors (USR60-S3; Shinsei Corporation) and dual digital encoders
(US Digital Corporation) were incorporated in all motion stages, thus
providing a highly accurate motion. More precisely, the system is
characterized by a high resolution of 500 lines per inch for the linear
strip and 2500 lines for a full rotation of the plastic disk. The
computer-aided design (CAD) drawing of the fully assembled robotic
device is shown in Figure 1.

2.2 | Digital callipers method

The motion accuracy of the positioning mechanism was evaluated
using digital callipers with a measuring accuracy of 0.01 mm. The
digital callipers (one for the linear stages and one for the angular
stage) were mounted and stabilized on 3D-printed structures. The
structures were easily attached to the robotic device, as illustrated in
Figure 2. In that way, the calliper was perfectly aligned with the axis
under evaluation, thus providing accurate distance estimation. The
one edge of the calliper was securely mounted on a stationary part of

FIGURE 1 Computer-aided design drawing of the 4 degrees of freedom robotic system (A) without the cover (components are visualized)

and (B) with the cover
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FIGURE 2

(A) Stationary (1, 2, 4) and moveable (3) 3D-printed structures that were used for the X and Y axes distance measurements and

(B) computer-aided design drawing of the setup that was used for the X axis motion accuracy estimation

the device, while the other part was attached to the movable part
(Figure 2). A different structure was used for the measurement of the
angular motion, as shown in Figure 3. Note that this stage was
evaluated separately, outside of the mechanism enclosure. In each
case, the motion stage was moved through the designed software at a
certain distance (or degrees), and the actual displacement was
measured by the incremental distance in the calliper. Both directions
of each linear axis were evaluated at step movements of 1, 5 and
10 mm. Accordingly, the angular motion accuracy was evaluated for
CW and CCW directions at step angles of 1°, 5° and 10°.
Moreover, the speed of motion of the robotic device in all axes
(X, Y, Z and ©) and directions was calculated by the time required for
the stage to cover specific step movements, which was equal to the
activation time of the piezoelectric motors as provided by the

software.

2.3 | MRI method

Another simple method for estimating the motion accuracy of a ro-
botic system is through MRI. This method is limited to MR-
compatible robotic devices. The concept of the proposed technique
is based on the fact that structures without protons appear dark in
MR images. The focused transducer was replaced by a 3D-printed
plastic structure with a tip of 2 mm thickness, which served as a
marker, and the water enclosure was filled with degassed water. The
robotic device was placed inside an MRI scanner (1.5 T, GE Signa
HD16; General Electric Healthcare) and covered with a Signa 1.5 T
General Purpose flex surface coil (General Electric Medical Systems).
Figure 4A illustrates the experimental setup as placed on the MRI
table, while Figure 4B shows a CAD drawing of the plastic marker.
MR scanning was performed using an FSE sequence in coronal plane.
The main MRI parameters were: repetition time = 800 ms, echo
time = 19 ms, flip angle = 90°, echo train length = 3, pixel band-
width = 65.1 and field of view = 280 x 280 x 10 mm®.

The accuracy of linear motion was assessed in the X and Y axes.
The initial position of the tip was located, and then the transducer
was moved by a certain distance. Bidirectional movements with a
step of 3 and 5 mm in both axes were tested. An MR image was
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acquired after each step movement to detect the tip location. A
special approach was followed for locating the position of the 2 mm
thick tip of the plastic marker. First, the image zoom was enhanced to
focus on the plastic marker. Then, the corresponding pixels were
scanned to identify the x and y coordinates of the pixel with the
lowest signal intensity (this was assumed to be the centre of the
marker in the image). The change in pixel number after a step
movement reflected the shift in position of the transducer in the
tested direction. The pixel difference was then multiplied by the
pixel size (0.5469 mm) of the acquisition matrix so as to measure
the shift in millimetres. This technique had an inherent error of +1
pixel, which translated to +0.5469 mm. Finally, the series of im-
ages were superimposed onto one image for visualizing the motion

patterns.

2.4 | Visual method

The motion accuracy was also assessed through visual observations
of multiple ablations produced on a transparent plastic film (0.9 mm
thickness, FDM400mc print plate; Stratasys Ltd.). The acoustic
attenuation of the plastic film at the frequency of 2.1 MHz was
8.5+0.2 dB/cm-MHz based on a standard transmission through
immersion technique.?® The water enclosure containing the trans-
ducer (spherically focused, frequency: 1.1 MHz, diameter: 50 mm,
focal length: 70 mm; Medsonic Ltd.) was filled with degassed water
up to the plastic film. The robotic device was moved to sonicate the
film in square grid patterns for evaluating the accuracy of motion, as
well as the linear motion alignment in the X and Y axes. An acoustic
power of 10 W was applied at each grid point using an RF amplifier
(AG1012; T & C Power Conversion, Inc.). The sonication time varied
from 1-4 s so as to control the lesion size. Subsequently, sonications
were performed with varying motion step and sonication time, with
the time delay between the successive sonications set at 30 s. Also,
the maximum motion range of the positioning mechanism in the
horizontal plane was estimated by applying sonications at the
extreme points of movement in the X and Y axes. It is noted that
lesion formation was a result of reflection from the plastic/air
interface.
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(B)

stationary part

moveable
part

digital angle caliper

FIGURE 3 Experimental setup used for estimating the angular motion accuracy using the digital angle calliper; (A) computer-aided design

drawing and (B) photo

FIGURE 4

(B)

2mm

(A) The robotic device (i) as placed on the magnetic resonance imaging table, showing the location of the plastic marker (ii) and

the flex surface coil (i), and (B) computer-aided design drawing of the plastic marker used for accuracy measurements

3 | RESULTS

The motion accuracy of the robotic device in both linear and angular
axes was evaluated using digital callipers. Linear motion steps of 1, 5
and 10 mm and angular steps of 1°, 5° and 10° were performed for
20 repetitions in bidirectional movements. Figure 5 shows a bar chart
that displays the actual distance measured at a commanded step
movement of 5 mm in both X axis directions for each repetition
measurement. The range of actual displacement measured at each
commanded step, as well as the mean motion error and standard
deviation for all the axes (X, Y, Z and ©) are listed in Table 1.
Furthermore, the speed of motion of all stages in bidirectional
movements was calculated according to the motors' activation time
during movement execution. The corresponding results are also lis-
ted in Table 1.

MRI was also used to examine the accuracy of motion in the X
and Y axes. The MR images acquired after execution of each 3 mm
motion step in the X axis reverse and Y axis right directions were
superimposed onto the images shown in Figure 6A,B, respectively.
Table 2 lists the range of actual distance measured for each
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commanded motion step (3 and 5 mm) and each direction, as well as
the corresponding mean motion error and standard deviation.

The motion accuracy was visually observed by sonicating
plastic films. Sonications at the extreme points of movement in the
horizontal plane revealed a maximum motion range equal to 6 and
7 cm in the X and Y axes, respectively. The effect of lesion for-
mation on the plastic film was originally examined by varying the
sonication time while keeping constant the acoustic power as
shown in Figure 7. The appropriate selection of sonication time
and grid step allowed formation of discrete and overlapping lesions
and visual evaluation of the accuracy of motion and alignment.
Figure 8 shows discrete lesions formed after applying sonications
at acoustical power of 10 W for 1's,in a 6 x 5 grid pattern with a
step distance of 5 mm. The formed lesions show satisfactory
alignment in both axes. Sonications at the same acoustical power
for a longer time of 3 s in a 15 x 15 grid pattern with the same
time delay of 30 s, but a smaller spatial step of 2 mm, resulted in
overlapping lesions as illustrated in Figure 9. The ablated area was
well defined in a square of about 3.3 x 3.3 cm? without any
significant protrusions.
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FIGURE 5 Distance measurements for 20 repetitions in the X-axis with step movement of 5 mm in bidirectional movements. The black

straight line indicates the commanded distance

4 | DISCUSSION

In this paper, three simple and practical methods for assessing the
accuracy of motion of a robotic device are described. It is emphasized
that the calliper and MRI methods are suitable for evaluating any
robotic system, while ablation of the plastic film is intended specif-
ically for FUS systems. It is also noted that the device should be MR-
compatible in order to be properly evaluated in an MRI environment.
All these methods are based on the idea of evaluating the perfor-
mance of the device in accurately executing commanded movements.

First, the motion accuracy of an MRgFUS robotic device was
evaluated using digital callipers integrated on the motion stages
under evaluation using specially designed 3D-printed structures. The
mean error of linear motion varied from 0.042 + 0.032 mm for the
1 mm step in the X axis forward direction to 0.123 + 0.082 mm for
the 10 mm step in the Y axis right direction. Accordingly, the mean
error of angular motion varied from a minimum value of
0.100 + 0.077° for the 1° step to a maximum value of 0.320 + 0.225°
for the 10° step (CW rotation). Contrary to the findings of a previous
study,” the mean error was found to be increasing with increasing
motion step for all four axes.

The speed of motion was estimated by the time activation of the
robot's motors as provided by the controlling software during motion
execution. The results revealed no significant difference in speed of
motion for bidirectional movements. A mean motion speed of
approximately 10 mm/s was estimated for both the X and Z axes,
while a higher value of about 14 mm/s was found for the Y axis.

In comparison with previous designs,'®**1721 the principle of
movement of the proposed one was significantly improved by the
dual encoder positioning control that guarantees a smooth, reliable
and highly accurate motion in all stages. Additionally, the problem of
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reduced accuracy for small steps previously observed'’ seems to be
solved by using faster software commands that makes the encoder's
reading more accurate.

The system was then evaluated in the MRI environment that is
intended to be used. The accuracy of motion remains satisfactory
during full operation of the system in the MRI environment. Addi-
tionally, there was no evidence of any magnetically induced shift of
the mechanical components that could compromise the accuracy of
ultrasound delivery to the target, and therefore the patient's safety.

The spatial positioning errors estimated by the benchtop setting
using digital callipers are significantly smaller than those obtained in
the MRI setting. This is attributed to the size of voxels of the MR
images that determine the finest possible accuracy. Given the MRI
resolution of about 0.55 mm per pixel, the estimated motion errors
are within a reasonable range. Although this approach suffers from
imaging resolution limitations, a smaller pixel could provide more
precise distance estimates, but at the cost of increased image
acquisition time and reduced signal to noise ratio.

The high degree of accuracy evidenced by benchtop testing with
callipers was also confirmed by multiple ablations on a transparent
plastic film. The melted spots formed after grid ablation were ar-
ranged in a discrete pattern, in a highly accurate manner, clearly
demonstrating that the linear stages were moved by the commanded
step. As observed, the centres of almost all the spots were equally
spaced, demonstrating excellent repeatability. Multiple ablations in a
grid with a smaller spatial step between adjacent sonications and
three times longer sonication time resulted in a well-defined square
area of overlapping lesion. The results suggest that the system can
precisely ablate a large tissue volume by overlapping lesions.

The aforementioned ablation method is intended specifically for
testing the accuracy of FUS systems and is essential for assessing
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FIGURE 6 Minimum intensity
projection from a combination of fast spin
echo coronal images that shows a

(A) reverse step movement of 3 mm in the
X direction and (B) right step movement of
3 mm in the Y direction

TABLE 2 The range of distance measurements as estimated by MRI at commanded spatial steps of 3 and 5 mm in X and Y axes
bidirectional movements, and the corresponding mean motion error and standard deviation

Linear axis Commanded step (mm) Range of actual displacement (mm) Mean error + SD forward (mm) Mean error + SD reverse (mm)
X 3 2.73-3.83 0.277 + 0.007 0.342 + 0.172

5 4.92-5.47 0.339 + 0.184 0.352 + 0.179

Commanded step (mm) Range of actual displacement (mm) Mean error + SD right (mm) Mean error + SD left (mm)
Y 3 2.73-3.83 0.330 + 0.166 0.278 + 0.007

5 4.37-5.47 0.171 + 0.191 0.286 + 0.239

FIGURE 7 Effect of varying sonication time on lesion formation
on the plastic film, using low power and a spatial step of 10 mm
(transducer specifications: 1.1 MHz frequency, 50 mm diameter and
70 mm focal length)

their ability to precisely deliver heating spots along the desired
pattern. It is notable that in such systems, the accuracy in free robot
workspace is representative of that in more realistic scenarios
(phantom and in vivo experiments), whereas, for instance, in needle-
based interventions is not. This is consistent with what has been
previously reported by Price et al.” who found that the intrinsic
accuracy of a FUS system as estimated in the air was similar to that
obtained by phantom experiments in the MRI setting.

The proposed methods were greatly improved in terms of ac-
curacy compared to those we have previously used.'%1%%22% The
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FIGURE 8 Discrete lesions as formed on the plastic film for
sonications in a 6 x 5 grid pattern, with acoustical power of 10 W
for 1 s and a step distance of 5 mm

quality of benchtop evaluation was enhanced by using 3D-printed
structures specially designed for each individual axis, which pro-
vided perfect alignment of the calliper with each axis of measurement
and reduced systematic errors.'® Regarding the MRI evaluation, the
accuracy of step movement has been previously estimated by
locating the transducer on MR images.?® Advantageously, a more
accurate method is proposed herein, involving the use of a 2 mm
plastic marker, which is clearly visible on MRI images using the
appropriate sequence.
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FIGURE 9 Overlapping lesions as formed on the plastic film for
sonications in a 15 x 15 grid pattern, with acoustical power of
10 W for 3 s and a step distance of 2 mm

Overall, the accuracy of the tested robotic device, as proven
from all three methods, is sufficient to guarantee an efficient per-
formance of the system in terms of precise ablation in both labora-
tory and MRI environments. We believe the proposed methods
should serve as the standard methods for evaluating FUS robotic

systems.
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