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Executive summary

This deliverable presents the Journal papers that were published during the second year of the
SOUNDPET project. Below, we provide a list of the published papers, including their title, the
corresponding scientific journal and DOI.
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ARTICLE INFO ABSTRACT

Keywords: High quality tissue-mimicking phantoms (TMPs) have a critical role in the preclinical testing of emerging mo-
Relaxation times dalities for diagnosis and therapy. TMPs capable of accurately mimicking real tissue in Magnetic Resonance
T guided Focused Ultrasound (MRgFUS) applications should be fabricated with precise T1 and T2 relaxation times.
iiar Given the current popularity of the MRgFUS technology, we herein performed a systematic review on the MR
Tissue mimicking phantom relaxation properties of different phantoms types. Polyacrylamide (PAA) and agar based phantoms were proven
MRgFUS capable of accurately replicating critical thermal, acoustical, and MR relaxation properties of various body tis-

sues. Although gelatin phantoms were also proven factional in this regard, they lack the capacity to withstand
ablation temperatures, and thus, are only recommended for hyperthermia applications. Other gelling agents
identified in the literature are Poly-vinyl alcohol (PVA), Polyvinyl Chloride (PVC), silicone, and TX-150/ TX-151;
however, their efficacy in thermal studies is yet to be established. PAA gels are favorable in that they offer optical
transparency enabling direct visualization of coagulative lesions. On the other hand, agar phantoms have lower
preparation costs and were proven very promising for use with the MRgFUS technology, without the toxicity
issues related to the preparation and storage of PAA materials. Remarkably, agar turned out to be the prominent
modifier of the T2 relaxation time even for phantoms containing other types of gelling agents instead of agar.
This review could be useful in manufacturing realistic MRgFUS phantoms while simultaneously indicating an
opportunity for further research in the field with a particular focus on the MR behavior of agar-based TMPs.

1. Introduction Extracorporeal US can be precisely delivered into a millimeter-sized area

of malignant tissue in a totally non-invasive manner [4]. Temperature

Tissue Mimicking Phantoms (TMPs) serve as a valuable tool in the
process of evaluating diagnostic and therapeutic modalities both in the
preclinical setting and clinical routine [1]. Gel phantoms enable ergo-
nomic and cost-effective biomedical research simultaneously contrib-
uting to the minimization of animal testing, as well as quality assurance
(QA) practices in medicine [1,2]. In the last decade, the increasing uti-
lization of Magnetic Resonance guided Focused Ultrasound (MRgFUS)
[3] has resulted in an increased need for high quality TMPs suitable for
use with this emerging technology, thus accelerating its clinical adap-
tion. Remarkably, the methods and tools for QA of FUS are still to be
standardized. Thereby, gel phantoms with tissue-like behavior could
serve as a handy tool in the preclinical validation of emerging applica-
tions and quality control of clinical systems while concurrently
contributing to establish reliable QA standards in the field of MRgFUS.

FUS induces thermal and mechanical effects in tissue that were
proven to be essential in many therapeutic applications [4].

elevations of up to 90 °C can be produced at the focal point within a few
seconds of sonication, causing instant coagulative death of cells [5].
Hence, FUS has emerged as an alternative option to surgical in-
terventions for several oncological applications [6]. The technology has
also proven remarkably effective in neurological applications [6].

Thermal ablation with FUS is typically performed under US or
Magnetic Resonance Imaging (MRI) guidance [6]. MRI guidance is su-
perior in terms of imaging resolution and soft tissue contrast, thereby
offering more accurate delineation of tumour margins [7]. Besides its
excellent imaging capabilities, monitoring of the temperature changes
during FUS heating is feasible through MR thermometry [8].

The contrast in MR images arises from variability in the proton
density (p) and longitudinal (T1) and transverse T2 (and T2*) magnetic
relaxation times of tissues [8]. Accordingly, temperature monitoring in
the MRI setting is based on these temperature-sensitive parameters [8],
especially for lipid-rich tissues [9]. In this regard, Waspe et al. [10]
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assessed the feasibility of monitoring temperature changes during FUS
by dynamic T2 mapping.

MR parameters have also been shown to greatly affect the contrast
between normal soft tissue and FUS lesions. There is a limited number of
preclinical animal studies reporting post-sonication relaxation times of
FUS lesions [11-13]. In vivo experiments in rabbit tissues proved that the
T1 and T2 values of thermal lesions depend greatly on the tissue type
[11]. Similarly, lesions inflicted in ex vive porcine tissue exhibited
different MR appearance depending on the tissue type despite the use of
similar acoustic parameters [12], thus confirming that the host tissue
properties define the MR appearance of lesions. All inflicted lesions
presented T2 values significantly higher than the surrounding untreated
tissue and appeared hyperintense in T2-weighted images [12]. A further
remarkable finding is that vacuolated and paste-like lesions were esti-
mated to possess higher T2 values compared to thermal lesions [12]. A
similar conclusion was reached by Kholmovski et al. [13], who per-
formed radiofrequency ablation in 6 canines, with the acute results
revealing higher T2* relaxation times within lesions in normal
myocardium. In long-term examination, opposite results were obtained,
with the lesions presenting a gradual decrease of the T2* value [13].

Regarding the longitudinal relaxation time T1, various studies
[14-16] suggest a trend towards higher T1 values in FUS lesions
compared to the surrounding normal tissues. In animal studies per-
formed by Walker et al. [14], the ablated areas appeared hypointense in
T1 images in the acute phase post-treatment. Notably, a clinical study
that investigated the feasibility of transcranial MRgFUS to treat essential
tremor reported T1 gradual shortening at the lesion site, typically
beginning at 1-month post-treatment [16].

A tissue like thermal behavior is of paramount importance for
phantoms intended for MRgFUS applications since the therapeutic result
is evaluated via thermometry based feedback [17]. However, the pre-
viously reported data suggest that besides thermal properties, TMPs
should also be able to replicate critical MR properties of biological tis-
sues in order to be qualified for use with MRgFUS. So far, studies have
predominantly examined the thermal and acoustical properties of FUS
phantoms, whereas much less effort was devoted to the investigation of
their MR properties [17,18]. At this point, it should be noted that
phantom materials that are currently used for imaging purposes might
also exhibit potential for use with ablation procedures. Thereby, state-
of-the-art research in MR properties of gel phantoms intended for
various applications, including those for medical applications and
quality assessment purposes, was carried out. Herein, we briefly sum-
marize the collected data, with special emphasis on the materials most
widely used for phantom development and their MR relaxation
properties.

2. Methodology

The PubMed database was mainly used since it includes a wide va-
riety of sources in the specific field of biomedical sciences covering all
time periods, with 7.1 million articles archived. A systematic search of
the PubMed papers was carried out using specific vocabulary. The
keywords {T1, MRI, US, phantom} were applied without any year range
filter, thus not limiting the amount of data and resulted in a total of 608
results. Additional exclusion criteria were not applied, and all articles
were considered to eliminate the possibility of missing articles of irrel-
evant titles which may actually include useful information. A scientific
staff member with experience in therapeutic US and TMPs fabrication
evaluated the results to ensure all criteria were applied properly and
select the relevant articles for inclusion. A total of 39 articles were
considered relevant. Supplementarily, another 5 articles were retrieved
from Google Scholar searches of similar keywords.

The search results are organized in three sections. The first one
briefly introduces the critical properties of phantoms intended for
MRgFUS studies to facilitate the reader’'s understanding. Next, the
included articles are classified into five main categories based on the
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phantom type (i.e., gelling agent used). Critical tissue mimicking prop-
erties and any interesting trend in MR properties of each category are
listed. The rest of the paper briefly summarizes and discusses the search
results and underlines opportunities for further research in the field that
would possibly close gaps identified in existing studies. To the best of
our knowledge, this is the first attempt to review the MR properties of
TMPs.

3. Critical parameters of MRgFUS phantoms

Firstly, TMPs intended for FUS studies should possess similar
acoustic behavior, with the speed of sound in the medium, characteristic
acoustic impedance, and attenuation coefficient being the most signifi-
cant properties to be emulated [17,19].

More importantly, the thermal characteristics of biological tissues
need to be replicated by phantoms intended for thermal studies with
FUS. The thermal profile of a TMP during FUS exposure is mostly gov-
erned by specific parameters, among which the most common are the
specific heat capacity, thermal conductivity, and thermal diffusivity
[17,19]. These parameters are particularly crucial in the process of
assessing tissue necrosis during ablation under the guidance of MRI. In
fact, since the therapeutic result is evaluated via thermometry based
feedback, a tissue like thermal behavior is of paramount importance,
whereas rigorous modeling of acoustic properties is not required in this
regard.

Besides the thermal behavior of TMPs, MR parameters are also
critical in determining their suitability for MRgFUS applications. As
previously reported, both the contrast in MR images and temperature
monitoring during high intensity FUS (HIFU) exposures are based on
changes in the magnetic relaxation times T1 and T2 of tissues [8]. Most
importantly, these parameters greatly affect the contrast between
normal soft tissue and FUS lesions [11-13]. Accordingly, it is essential
for MRgFUS phantoms to produce tissue-like MR signal in the process of
evaluating therapeutic protocols.

4. Gel phantoms for evaluating diagnostic and therapeutic
modalities

4.1. Agar gels

Agar probably constitutes the most widely used gelling agent for the
construction of phantoms for multiple purposes, as confirmed by the
current literature search. The widespread use of agar gels may be
attributed to several factors, including their ease and low-cost fabrica-
tion, as well as their sufficient mechanical strength, which allows them
to be formulated in different shapes and layered structures [20]. Another
significant benefit of agar as a gelling agent relates to its high melting
point of near 78 °C [21], which makes it ideal for thermal studies.
Additional benefits of these gels will become apparent through the
remainder of the paper.

The standard fabrication techniques of agar gels involve heating up
degassed/deionized water in an appropriate buffer to about to 50 °C
when the agar powder is slowly added, and then gradually heating the
mixture to the melting point of agar, while it is continuously stirred to
mitigate aggregation of agar in water [22,23]. The properties of agar
gels can be easily and independently varied by adjusting the concen-
tration of other ingredients added during the manufacturing process
[20,22,24].

A wide variety of agar-based phantoms simulating thermal and
acoustical properties of different types of soft tissue can be found in the
literature [17,24-31]. Ultrasonic attenuation was found to vary with the
addition of scattering particles such as silicon dioxide [24 ], magnesium
[28], calcium [28], potassium [28], cellulose [29] and graphite [29]
particles, as well as with the addition of glass beads [30]. Evaporated
milk was proven a dominant absorber of acoustic energy [20]. Notably,
glycerol has been proposed as a modifier of ultrasonic velocity [29].



A. Antoniou and C. Damianou

Agar gels can also provide tissue-like signal (i.e., T1 and T2) in MRI
[32], and thus, they were predominantly selected for validating new
MRI protocols and imaging techniques [23,32-40]. MRI compatible
phantoms simulating specific body parts such as brain [41], prostate
[42], carotid [32], renal artery [43], and neonatal brain [44] exist in
literature. Proper MRI imageability is also required for MRgFUS phan-
toms since accurate replication of MR relaxation properties is essential
for producing tissue-like signal in MRI and more accurately testing and
optimizing therapeutic protocols. In this regard, several agar-based
TMPs were designed specifically for thermal ablation studies
[22,25,27,45].

Literature data clearly indicates that the transverse relaxation time
T2 predominantly depends on the agar concentration [23,33,34,46-49].
As described in more detail below, agar also served as the main T2
modifier in phantoms containing other types of gelling agents [46,48].

The addition of MR contrast agents enables better MR visibility while
concurrently affecting the magnetic relaxation properties of phantoms
[38, 39, 44, 50. Gadolinium-(Gd) based contrast agents were extensively
used allowing adjustment of MR relaxation times, more significantly
affecting the longitudinal value T1 [38,39,44]. T1 was also varied by
incorporating different concentrations of paramagnetic ion salts such as
Manganese(II) chloride (MnCly) [35], Nickel chloride (NiCly) [36], and
Gadolinium(I1T) chloride (GdCl3) [37] Moreover, varying concentration
of copper (Cu) ions enables changing the T1 values of agar gels [23]. Itis
important to note that addition of Cu ions requires the presence of
another ingredient called Ethylenediaminetetraacetic acid tetrasodium
hydrate (EDTA), which combines to Cu ions forming a stable free
molecule; Cu-EDTA. Otherwise, Cu ions will be deposited on agar and
loss their T1-modifying capacity [23]. In a representative study by
D’Souza et al. [49], the concentration of agar (T2 modifier) and Cu-
EDTA (T1 modifier) were properly selected, allowing the creation of
phantoms simulating the magnetic relaxation properties of prostate and
muscle tissue.

By using preservatives, such as thimerosal [49] and sodium azide
(NaN3) [31], bacterial invasion is prevented, thus extending the phan-
tom lifetime. It is also noteworthy that several studies proposed the
addition of animal hide gelatin in combination with agarose as a way to
prevent the expulsion of an aqueous solution that may be produced in
agar only gels [51].

Although agar-based phantoms were proven functional in a wide
range of applications, they are accompanied by some limitations. Firstly,
they have relatively low toughness and thus are easily fragile [1]. Also,
they provide limited optical opacity, which prevents direct visualization
of lesion formation in cases of thermal exposures [1]. Extensive results of
prior research are summarized in Table 1. The referenced study, purpose
of study, phantom recipe, and estimated relaxation times T1 and T2 are
listed in this table.

4.2. Gelatin gels

Another category of phantoms that are easily fabricated and were
proven factional is the gelatin-based phantoms [52-56]. Again, the
gelation process involves solving gelatin powder in aqueous solutions
while several soft tissues can be accurately mimicked by adding a proper
concentration of other ingredients to the base recipe [52-56]. For
instance, evaporated milk [52] and graphite powder [57] can be
included to control the acoustic behavior of these gels, whereas the
addition of ethanediol and polyethylene powder allows modification of
electrical properties [58]. These phantoms can be manufactured in a low
cost and easy way, with proper mechanical stiffness by incorporating
cross-linkers during the phantom-making process [55].

Similar to agar phantoms, gelatin-based gels doped with an MRI
contrast agent, most commonly a Gd-based agent, constitute a handy
tool for MRI applications [56]. In cases where US compatibility is
desired, acoustic modifiers should also be added in these phantoms.
Farrer et al. [55] used porcine gelatin powders with three different
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bloom values (125, 175, and 250) for the construction of MRgFUS
phantoms of different mechanical stiffness, in which evaporated milk
was the main attenuation component. The estimated T1 and T2 values
varied for the different bloom types of gelatin [55]. An interesting trend
was also observed by Hofstetter et al. [52], who developed a gelatin-
based MRI/US compatible phantom containing psyllium husk as the
ultrasonic scattering agent. Interestingly, both relaxation times were
found to be decreasing with increasing concentration of psyllium husk.
Again, evaporated milk was included replacing a percentage of the
water component to enhance ultrasonic absorption [52].

Another typical material found in gelatin phantoms is oil [53,54].
These phantoms are commonly referred to as oil-in-gelatin phantoms
and are mainly involved in elastography studies, in which the elastic
modulus depends on the volume percentage of oil [54]. Remarkably, the
oil concentration was shown to have a noticeable effect on the MR
relaxation properties of oil-in-gelatin dispersions [53,54]. In a study by
Madsen et al. [54], the use of safflower oil was proven suitable partic-
ularly for US elastography [54]; however, the resultant relaxation
properties of phantoms differed considerably from those of soft tissue
[54]. Advantageously, Yuan et al. [53] selected pure vegetable oil to
develop an oil-in gelatin human thigh phantom intended for radio-
frequency heating because its thermal and MR properties are compa-
rable to that of human fat. In this category of phantoms, thimerosal
served as the preservative component [54].

Typically, gelatin phantoms possess a relatively low mechanical
strength, as well as a low melting temperature making them impractical
for thermal regimes exceeding 50 °C [59]. These limitations can be fairly
addressed with the addition of a bonding agent such as formaldehyde
[60] or glutaraldehyde [61]. These chemicals act as cross-linkers of
gelatin [54], thus increasing the stiffness and temperature tolerance
during thermal exposures in gelatin phantoms [62]. In fact, the typical
melting point of gelatin of about 32 °C [63] can be increased to more
than 60 °C when using a cross-linking agent [62,63]. Though this
technique has essential benefits, it may cause unfavorable changes in
other critical parameters [55].

Phantoms composed of mixtures of agar and gelatin have emerged as
alternative candidates for elastography [63] and MRI [51,62] applica-
tions. Employment of agar results in stiffer phantoms (i.e., higher
Young’s modulus) with increased geometrical stability while at the same
time enabling the embedment of inclusions to gelatin gels [63]. To be
more specific, a different dry-weight gelatin concentration between
background and inclusions could result in over-time size changes of
inclusions due to osmotic effects [63]. This phenomenon does not occur
in the case of agar, and thus, a phantom of proper stability can be pro-
duced by incorporating different agar concentrations between back-
ground and inclusions [63]. It is also noteworthy that several studies
proposed the addition of animal hide gelatin in combination with
agarose as a way to prevent the expulsion of aqueous solution which
may be produced in agar only gels [51].

Cu ions have the capacity to lower T1 values of agar/gelatin phan-
toms [51,63]. They are usually added in the form of ionic salts such as
Cupric chloride (CuCly). As previously described for the agar gels,
addition of EDTA is required for preventing the arrestment of ions to
gelatin molecules [51,63]. A representative example is a study by
Madsen et al. [63], who developed an agar/gelatin elastography phan-
tom consisting of agar as the stiffness agent, Cu-EDTA as the T1 modi-
fier, formaldehyde as the cross-linking agent, and glass beads as the
attenuation and backscatter component. Sodium chloride (NaCl) was
also included to offer tissue-like NMR coil loading. Alternatively, Ble-
chinger et al. [62] selected glycerol instead of paramagnetic ions to
attain the desired T1 in an animal hide gel/agar phantom. Variations in
glycerol concentration significantly varied T1 values, whereas T2 was
minimally affected. In fact, T2 was strongly affected by the animal hide
gel concentration [62], confirming that the relaxation times can be
varied independently. In line with the previously reported data, the
resultant phantom showed durable stability, without any fluid
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Table 1

T1 and T2 relaxation times of agar-based phantoms, along with the MR technique used for relaxometry mapping and the temperature at which measurements were
conducted (if provided by the relevant study). IR = Inversion Recovery; ME = Multi-Echo; SE = Spin-Echo; FSE = Fast SE; T2-w = T2-weighted; T1-w = T1-weighted;
TSE = Turbo SE; CPMG = Carr-Purcell-Meiboom-Gill; TIRSE = Turbo Inversion Recovery SE; SR = Saturation Recovery; DESPOT = Driven Equilibrium Single Pulse

Observation of T1/T2; UTE-MRF = Ultrashort Echo time MR fingerprinting.

Agar-based phantoms

Recipe T1 rel. time (ms) T2 rel. time (ms) Purpose Ref.
3% agarose in water 1679 £ 15 41 +1 Tumour mimic for [45]
3 % fibrous cellulose 3 T MR scanner 3 T MR scanner MRgFUS studies
7% glycerol IR seq. ME SE seq.
0.05 % methylene blue TL: 50-5000 ms -
0.5 % agar in water 735-1667 236-311 Phantom for testing fast T1 mapping method [38]
5-30 pl gadopentetate acid meglumine 3 T MR scanner 3 T MR scanner
IR SE seq. ME SE seq.
TI: 100-2100 ms TE: 8-56 ms
2 % w/v agar 844 66 TMP for MRgFUS applications [22]
4 % w/v wood powder 1.5 T MR scanner 1.5 T MR scanner
T1-w IR FSE seq. T2-w FSE seq.
TI: 200-1600 ms TE: 23-101 ms
0.6 % agar solution 700-1800 - Brain MRI phantom [41]
0-0.15 mM MnCl, 3 T MR scanner
2D IR TSE seq.
TI: 30-2000 ms
4% agarose gel 1207 + 168 66 +9 CT/MRI prostate phantom [42]
1.5 T MR scanner 1.5 T MR scanner
IR seq. ME seq.
2 % w/v agar 852 66 Brain TMP for [25]
25% v/v evaporated milk 1.5 T MR scanner 1.5 T MR scanner US surgery
1.2% w/v silica IR SE seq. T2-w FSE seq.
TIs: 66-750 ms ETs: 18-99 ms
1 L of distilled water 1090 + 140 424 3 Carotid Phantom for MRI applications [32]
35 g high gel strength agar (0.5T) 0.5T)
80 mL glycerol.
30 g cellulose particles (size: 50 pm) 1150 + 162 50 +6
20 mL of formaldehyde (2 wt%) (1.5T) (1.5T)
82.97 wt% distilled water 1504 + 10 40.0 £ 0.4 Multimodality renal artery phantom [43]
3.0 wt% agar
11.21 wt% glycerol
0.53 wt% silicon carbide (400 grain)
0.88 wt% aluminum oxide (0.3 pm) 3 T MR scanner 3 T MR scanner
0.94 wt% aluminum oxide (3 pm) IR seq. CPMG SE seq.
0.46 wt% benzalkoniumchloride - TEs: 10-80 ms
0.3 % w/v agarose + 0.03 mM Gd-DTPA 1654 + 9 376 + 4 TMP simulating T1 and T2 of neonatal brain [44]
0.6 % w/v agarose + 0.10 mM Gd-DTPA
1134 + 7 200 +7
1.5 T MR scanner 1.5 T MR scanner
2D TIRSE seq. 2D CPMG ME SE seq.
TIs: 25-3970 ms TEs: 20 -640 ms
19°C 19°C
0.3-4 wt% agarose 180-1400 34-200 TMP for MR imaging [34]
0.5-8 mM Ni* 10.7 MHz (0.25 T) MR 10.7 MHz (0.25 T) MR
analyzer analyzer
SR seq. SE seq.
agarose gel 50 < Ty < 350 - Method for fast MR mapping [39]
0.0-2.0 mM gadolinium 3 T MR scanner
0, 10, 20, 100% peanut oil (content ratio) DESPOT seq
agarose & varying concentration of MnCl, 397 (+£12)-759 (+19) 37 (+£3)-85 (£7) Evaluation of methods for MR parameter [35-37]
3 T MR scanner 3 T MR scanner mapping
UTE-MRF seq. UTE-MRF seq.
agarose & varying concentration of NICl, 200 < T1 < 1500 41-80(1.5T)
1.5 T MR scanner 1.5 T MR scanner
IR SE seq. ME SE seq.
TI: 50-3000 ms
agarose & varying concentration of GdCl3 200-1600 (1.5/3 T) -
2D IR single echo SE seq.
TI: 50-3800 ms
or Look-Locker seq.
2 % w/v agar 776 66 MRI bone phantom for thermal exposures [27]1
2 % wy/v silicon dioxide 1.5 T MR scanner 1.5 T MR scanner
40 % v/v evaporated milk IR SE seq. T2-w FSE seq.
Tls: 50 —-800 ms TEs: 10.8-150.8 ms
0.5-4.0 % w/v agarose 1000 (+92) — 1481 23 (4+9) — 240 (+15) TMP for NMR imaging [23]

(+151)
5 MHz NMR spectrometer

5 MHz NMR spectrometer

(continued on next page)
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Table 1 (continued)
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Agar-based phantoms

Recipe T1 rel. time (ms) T2 rel. time (ms) Purpose Ref.
1390 (+84) — 2743 (+£71) 27 (£3) — 278 (+43)
60 MHz NMR 60 MHz NMR
spectrometer spectrometer
IR seq. CPMG SE seq.
1.3% w/v agar 921 (+16) — 2239 (£55) 68 £2-73+3 Evaluation of methods for breast diffusion- [40]
0-26.7 % w/v granulated sugar 3 T MR scanner 3 T MR scanner weighted MRI
IR seq. ME seq.
0.24-2.38 % Agarose 256-1870 50-288 Phantom for global T1 mapping quality [33]
0.18-5.55 mM NiCl, 1.4 T Minispec 1.4 T Minispec assurance
relaxometer relaxometer
22°C 22°C
250-1872 42-231
3 T MR scanner 3 T MR scanner
IR seq. SE seq.
21+2°C 21 +2°C
Prostate 937 +£13 88 + 3.8 TMP multi-imaging modality [49]

50 % v/v agarose solution (2% dry w/v)
50 % v/v condensed milk

7.9 % v/v n-propyl alcohol (per agarose) 40 MHz Minispec

0.06 w/v % CuCl2 salt (per total volume) relaxometer
0.103 w/v % Ethylenediamine tetra acetic acid (EDTA) IR seq.
(per total volume) 21°C
1 g/1 of 45-53 pm diameter glass beads
thimerosal
Muscle 686 £ 9

50 % v/v agarose solution (6% dry w/v)
50 % v/v condensed milk

7.9 % v/v n-propyl alcohol (per agarose) 40 MHz Minispec

0.048 % w/v CuCl2 salt (per total volume) relaxometer
0.082 % w/v EDTA (per total volume) IR sequence
5 % w/v microscopic glass beads thimerosal 21°C

40 MHz Minispec
relaxometer
CPMG SE seq.
21°C

36.7 £ 1.9

40 MHz Minispec
relaxometer
CPMG SE seq.

21 °C

extrusions, most probably due to the addition of formaldehyde and n-
propanol offering antibacterial activity, also given the agar-enhanced
rigidity. The proposed gelatin-based phantoms and their T1 and T2
relaxation times are summarized in Table 2.

4.3. Polyacrylamide (PAA) gels

Another candidate material for fabrication of stable TMPs is PAA
[50,64-69]. PAA is probably the most popular material for fabricating
heat-responsive phantoms, primarily due to its high melting point [64].
It is also of paramount importance that these phantoms offer optical
transparency [65], enabling visual confirmation of coagulation in the
phantoms. Common catalysts added for activating PPA polymerization
are the ammonium persulfate (APS) and tetramethylethylenediamine
(TEMED) [50,68-70].

Thermoresponsive proteins such as Bovine serum albumin (BSA)
were found to enhance acoustic absorption in PAA phantoms [66].
When these proteins are heated at lethal temperatures undergo irre-
versible changes in MR values and become opaque, thus enabling
discrimination of the heated area both visually and via changes in MRI
signal intensity [66,67]. Specifically, white-opaque lesions are formed
when BSA is coagulated at temperatures between 60 °C and 70 °C.
Additional ingredients such as evaporated milk, corn syrup [71], glass
beads [72], and silica particles [68] can be used to adjust the acoustical
properties of PAA-BSA phantoms in the range of human tissues.

Bazrafshan et al. [70] developed an MR visible liver mimicking
phantom intended specifically for Laser interstitial thermal therapy
(LITT) applications. The PAA gel was doped with BSA protein for visu-
alization of thermal effects. Poly-vinyl alcohol (PVA) microspheres were
also incorporated to enhance photon scattering. The addition of two
different MR contrast agents; Magnevist and Lumirem, allowed modi-
fication of the T1 and T2 relaxation times, respectively [70]. NaN3 was
used to prevent microbial growth [70]. Notably, a PAA-based phantom
for LITT applications may also contain bovine hemoglobin as a photon
absorber [50].

TMPs containing thermochromic ink that exhibits progressive color
change upon heating can also be used for visual monitoring of thermal
ablation [68]. Eranki et al. [68] developed a PAA-based thermochromic
TMP intended for HIFU applications. Both BSA protein and a thermo-
chromic ink that under heating changes color from white to magenta
were added. Proper concentration of these inclusions allowed visuali-
zation of well-defined regions of permanent color change upon heating,
which correlated well with MRI thermometry data and regions of
hypointensity on T2-weighted images [68]. Similar to agar-based
phantoms, silicon dioxide served as the attenuation component [68].
In this category of phantoms, NaCl is usually included to adjust electrical
conductivity [68,70]; however, the relaxation values of PAA gels were
found independent of the NaCl concentration [73].

Egg-white is another heat-responsive material that was proposed for
irradiation studies with FUS as a less expensive alternative to BSA [69].
Careful selection of egg white concentration is critical to maintaining
adequate optical clarity in phantoms. A suitable egg white (my mass)
concentration of 10 to 40% was proposed by Takegami et al. [69] for
sufficient visualization during HIFU exposures. Although the acoustic
properties of the proposed phantom were found to be similar to those of
soft tissues, MR relaxation properties were not investigated.

Toxic materials are typically employed complicating the preparation
of PAA gels and generating safety concerns [74]. Specifically, the pro-
cedure involves polymerization of acrylamide, a toxic monomer, which
requires proper care and may be hazardous when PAA-gels are not
stored under proper environmental conditions [74]. Another limitation
relates to the use of BSA or egg white, which undergo permanent
changes when coagulated, thus making the phantoms unsuitable for
repeated use. The relevant studies are listed in Table 3.

4.4. Carrageenan gels

Carrageenan constitutes a common additive that can be used as a
bonding material for phantom fabrication [48]. Although, as a poly-
saccharide, it generally presents similar characteristics with agar,
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Table 2

T1 and T2 relaxation times of gelatin-based phantoms, along with the technique used for relaxometry mapping and the temperature at which measurements were
conducted (if provided by the relevant study). T2-w = T2-weighted; T1-w = T1-weighted; SPGR = Spoiled gradient recalled echo; IR = Inversion Recovery; CPMG =
Carr-Purcell-Meiboom-Gill; STIR = Short T1 Inversion Recovery; ME = Multi-Echo; GRE = Gradient Recalled Echo; TSE = Turbo Spin Echo; MPME = Multi-Pathway

Multi-Echo.

Gelatin-based phantoms

Recipe T1 rel. time (ms) T2 rel. time (ms) Purpose Ref.
Tumour 1034.7 T2* 113.1 TMP for RF heating and MRI thermal monitoring [53]
225 bloom gelatin in saline water
5 % oil-in-gelatin dispersion
Muscle 1084.9 64.5
225 bloom gelatin in saline water 1.5 T MR scanner 1.5 T MR scanner
10 % oil-in-gelatin dispersion T1-w SPGR seq. T2*-w SPGR seq.
TR: 50-3000 TE: 7.5-160.7
13.3 wit% gelatin 560 230 Tissue-Mimicking Heterogeneous Elastography [54]
1 g/L thimerosal or or Phantoms
0.35 g/L formaldehyde 1610 416
50 % safflower oil
4 g/L glass beads
or 40 MHz Bruker relaxometer 40 MHz Bruker relaxometer
20 g/L glass beads IR seq. CPMG seq.
22°C 22°C
11.1 % w/v porcine gelatin powders 970 + 3 (125 bloom) T2* 58 + 7 (125 bloom) TMPs for use with MRgFUS [55]
(125/ 175/ 250 bloom) 853 + 3 (175 bloom) 55 + 7 (175 bloom)
50 % v/v water-50 % v/v evaporated milk 1093 + 5 (250 bloom) 67 £ 12 (250 bloom)
vyse defoamer solution 3 T MR scanner 3 T MR scanner
STIR seq. ME GRE seq.
TI: 50-2500 ms TE: 2.83-80 ms
50 vol% water-50 vol% evaporated milk 974-1038 T2: 97-108 Phantom for US and MRI imaging [52]
111 g/L 250-bloom gelatin powder 3 T MR scanner 3 T MR scanner
3.33 g/L DOWACIL 75 2D IR TSE seq. 2D TSE seq.
0.5-16 g/L psyllium Husk TL: 50-2500 ms TE: 13.1-262 ms
21°C 21°C
T2* 49-89
3D GRE seq.
TE: 3.96-62.92 ms
21°C
0.17 vol% defoamergelatin & varying concentration of 150 < T1 < 5003 T MR 100 < T2 < 2203 T MR New method to quantitatively map MR [56]
gadolinium scanner scanner parameters
MPME seq. MPME seq.
Gelatin/ Agar phantoms
1.11-3.64 wt% agar 369-498 28-63 Heterogeneous elastography phantoms [63]
3.60-5.70 wt% 200 bloom gelatin
0.113-0.116 wt% CuCly-2H,0
0.33-0.34 wt% EDTA tetra-Na hydrate
0.77-0.80 wt% NaCl
0.24-0,33 wt% formaldehyde
1.45-1.50 wt% German plus 60 MHz Bruker relaxometer 60 MHz Bruker relaxometer
0-5.6 wt% glass bead IR seq. CPMG seq.
22°C 22°C
Thalamus T1 of water in phantom: T2 of water in phantom: Anthropomorphic MRS head phantom [51]
2.3 wt% agar 1065 + 30 98.06 + 0.20
7.5 wt% gelatin
0.028 wt% CuCl2
0.13 wt% EDTA-tetra Na
0.1 wt?% NaCl
0.24 wt% HCHO
0.1 wt% thimerosal
Tumour 1215 +£1 149.6 £ 0.2
2 wt% agar
7.5 wt% gelatin
0.0223 wt% CuCl2
0.101 wt% EDTA-tetra Na
0.1 wt% NaCl
0.24 wt% formaldehyde 1.9 T Bruker spectrometer 1.9 T Bruker spectrometer
0.1 wt% thimerosal IR seq. CPMG sequence
22°C 22°C
0-50 vol% (of liquid components) glycerol 200 < T1 < 1100 50 < T2 < 80 TMPs for MRI phantoms [62]
40 vol% animal hide gel-60 vol% agar
8.3 vol% n-propyl alcohol 10 MHz spectrometer 10 MHz spectrometer
0.0065 mass ratio of p-methylbenzoic acid /animal IR seq. CPMG SE seq.
hide gel 22°C 22°C

0.017 mass ratio of formaldehyde




A. Antoniou and C. Damianou

Table 3
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T1 and T2 relaxation times of PAA-based phantoms, along with the technique used for relaxometry mapping and the temperature at which measurements were
conducted (if provided by the relevant study). ME = Multi-Echo; TSE = Turbo Spin Echo; IRTF = Inversion Recovery Turbo Flash; MCSE = Multi-Contrast Spin Echo.

PAA-based phantoms

Recipe T1 rel. time (ms) T2 rel. time (ms) Purpose Ref.
70.0 % v/v deionized water - 225 + 14 TMP for HIFU applications [68]
7.0 % v/v 40% acrylamide/bis-acrylamide 1.5 T MR scanner
5.0 % v/v Magenta (thermochromic ink) 152+ 8
3.0 % w/v BSA 3 T MR scanner
1.1% wy/v Silicon dioxide 2D ME TSE seq.
0.9 % w/v NaCl TE: 50-450 ms
0.15 % w/v APS
0.15 % v/v TEMED
37.9 vol% distilled water 275 < T1 < 500for 25-75°C 46 < T2 < 52for 25-75 °C Liver-mimicking MRI phantom [70]

30 vol% Rotiphorese® acrylamide
16 wt% BSA

10 vol% PVA microsphere

0.04 vol% Magnevist®

3.3 vol% Lumirem®
0.08 vol% TEMED
1.75 vol% APS

1.5 T MR scanner
IRTF seq.
TI: 100-2500 ms

1.5 T MR scanner
MCSE seq.
TE: 10.6-339.2 ms

0.9 wt% NaCl
0.03 wt% NaN3
60 vol% distilled water
30 vol% Rotiphorese® acrylamide
5 vol% PVA microsphere
3.92 + 0.42 vol% bovine hemoglobin

246.6-597.2
for 25-75 °C

0.098 + 0.023 vol% Magnevist®
2.980 + 0.067 vol% Lumirem®
0.084 vol% TEMED
1.5 vol% APS
0.9 wt% NaCl
0.03 wt% NaN3

1.5 T MR scanner
IRTF seq.
TI: 120-1000 ms

40.8-67.1
for 25-75 °C

A liver mimicking MRI phantom for thermal therapy studies [50]

1.5 T MR scanner
MCSE seq.
TE: 10.6-339.2 ms

carrageenan gels were proven less fragile than agar-based gels [48].
They are elastic and can be easily shaped to form strong phantoms of any
configuration without the addition of other reinforcing materials [48]. It
should though be noted that carrageenan phantoms are not suitable for
HIFU exposures since they can only withstand temperatures of up to
about 60 °C before liquefaction [48].

The addition of carrageenan in agar gels seems to solve the problem
of low toughness in agar-only gels [2,46-48]. Yoshida et al. [48]
developed an MRI phantom using carrageenan as a solidifier and
agarose as the T2-modifying component. T1 values were adjusted by
addition of proper GdCls concentration. Furthermore, inclusion of NaCl
affected both T1 and T2 values, with T1 being affected in a slightly
larger degree [48]. Accordingly, in a study by Yoshimura et al. [46],
both relaxation times T1 and T2 were found to be increasing, respec-
tively, upon increasing concentration of GdCls and agarose at a fixed
concentration of carrageenan. Again, carrageenan served as the solidi-
fying agent allowing the creation of a robust phantom, while agarose
served as the T2 modifier [46]. Neumann et al. [47] have proposed a
carrageenan phantom mimicking thorax tissue, in which T1 was
adjusted by adding proper amount of gadoterate meglumine. Again,
NaNj may be added in this phantom type acting as an antiseptic [47,48].
The proposed carrageenan phantoms are summarized in Table 4.

4.5. Other gelling agents

Other former candidates that were identified include PVA [75-77],
Polyvinyl Chloride (PVC) [78-80], silicone [81,82] and TX-150/151
[83,84]. These materials served as gelling agents in phantoms inten-
ded for imaging applications. Detailed results can be found in Table 5.

PVA is a water-soluble rubbery synthetic polymer with which cry-
ogels can be formed through a repeated freeze-thaw method [75-77].
PVA cryogels doped with Gd-based contrast agents were proposed for
MR imaging studies [75]. It should be noted that different types of
contrast agents can be used to offer compatibility with multiple imaging

modalities. For instance, a PVA-based brain phantom containing Barium
sulfate (BaSO4) as CT contrast agent, Copper sulfate (CuSO4) as MR
contrast agent, and talcum as US contrast agent was recommended by
Chen et al. [76] for multimodal imaging. In such cases, the MR contrast
agent acts as the main relaxation time modifier. A notable trend
observed by Surry et al. [77] is that increasing number of freeze-thaw
cycles during phantom preparation results in lower T1 relaxation times.

Another common synthetic chemical polymer is PVC. Soft PVC
phantoms are relatively low-cost, with long-term easy storage [79]. The
fabrication process involves heating up a mixture of PVC powder and
softener until polymerization under constant stirring [78-80]. PVC gels
mimicking soft tissue are useful in MR and US elasticity imaging [79].
Chatelin etal. [79] found that their MR relaxation properties are slightly
influenced by the variation of the mass ratio PVC /plasticizer. In this
study, cellulose served as a source of echogenicity without consistent
influence on relaxation values [79]. Another study [80] confirmed that
the MR properties of PVC gels can be regulated to mimic different soft
tissues by adjusting the ratio of the softener to polymer [80]. Remark-
ably, inclusion of glass beads moderately lowered T2. Mineral oil was
also incorporated to facilitate needle insertion applications but did not
produce any apparent effect on T1 or T2 [80].

More recently, a polysaccharide material called TX-150 has been
introduced as a candidate gelling agent for the construction of water-
based TMPs for MRI applications [83,84]. Groch et al. [84] prepared a
lesion phantom for MR, in which increasing weight % concentration of
TX-150 in degassed water shortened both relaxation times. This study
suggests that T1 and T2 can be altered independently by incorporating
metal phthalocyanines and 2-2-diphenyl-1 picrylhydrazyl, respectively
[84]. A modified form of this polysaccharide; TX-151 was used in the
development of an MRI compatible breast phantom by Mazzara et al.
[83]. The amount of gelling agent had a weak influence on relaxation
times. Aluminum powder served as the dielectric component having
insignificant effect on T1 values. On the other hand, T2 was significantly
shortened upon addition of aluminum and largely affected by varying
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Table 4

T1 and T2 relaxation times of carrageenan-based phantoms, along with the
technique used for relaxometry mapping and the temperature at which mea-
surements were conducted (if provided by the relevant study). SR = Saturation
Recovery; SE = Spin-Echo; T2-w = T2-weighted; T1-w = T1-weighted; IR =

Ultrasonics 119 (2022) 106600

Table 5

T1 and T2 relaxation times of other tissue-mimicking materials, along with the
technique used for relaxometry mapping and the temperature at which mea-
surements were conducted (if provided by the relevant study). ME = Multi-Echo;
FSE = Fast Spin Echo; IR = Inversion Recovery; T1-w = T1-weighted; T2-w =

Inversion Recovery; TSE = Turbo Spin Echo.

T2-weighted, GE = Gradient Echo; TSE = Turbo SE.

Recipe T1rel. time (ms) T2 rel. time Purpose Ref. Recipe T1 rel. time T2 rel. time  Purpose Ref.
(ms) (ms) (ms)
Carrageenan phantom PVA phantoms
5 wt% 429 84.9 MRI phantom [88] 10%PVAcryogel, 1317 =23 T2:98 + 8 MRI phantom [75]
carrageenan (1.57T) (1.5T) 90 % water T2*: 191 +
0.2 mM 106 £ 16 36
MnCLy T2: 122 +
0.19 wt% 30
NaCl T2* 45 +
0.1 wt% 0.56
NaN3
Carrageenan/ Agarose phantoms 10 % PVA cryogel 3 T MR scanner 3 T MR
3% 100 < T1 <2100 20< T2 <420  Phantom [48] 50 pl/ml 3D fast-field ME  scanner
carrageenan compatible for gadolinium seq. T2*: 3D fast-
in distilled MRI and solution TI: 20-2000 ms  field ME seq.
water hyperthermia T2: TSE seq.
0-1.6 % 1.5 T MR scanner 1.5 T MR 10 wt% PVA in 718-1034 108-175 TMP for MR and [77]
agarose SR seq. scanner water solution 1.5TMR 1.5 TMR US imaging
0-140 pmol/  TR: 140-16 474 SE seq. 1-4 scanner scanner
kg GdCly ms TE: 15-300 ms freeze-thaw 2D FSE-IR seq. 2D FSE seq.
0-0.7 % 25+1°C 25+1°C cycles TI: 50-3200 ms TE: 15-195
NaCl ms
0.03 % NaN3 6 % PVA 1004 -1213 163-182 Brain phantom [76]
3 wt% 202-1904 38-423 Tissue [46] 1 freeze-thaw for multimodal
carrageenan 1.5T MR scanner 1.5 TMR mimicking MRI cycle imaging
in distilled SR seq. scanner phantom 2 % BaS04
water TR: 140-16 474 SE seq. 0.025 % CuS04
0-1.6 wt% ms TE: 15-300 ms 1 % talcum 1900-2600 1100-1665
agarose 25+1°C 25+1°C or 4 % PVA 3T MR scanner 3T MR
0-140 pmol/ with 3 FTCs T1-w SE seq. scanner
kg GdCl; T2-w GE seq.
0.03 wt% PVC phantoms
NaN3 12.3 % 1072 g/mL 206.81 +17.50 20.22 + Multi-purpose [78]
3% 790 + 28 65+1 MR/ CT liver [47] PVC powder/ (317 5.74 breast TMP
carrageenan phantom softener (37
in distilled mass ratio PVC 258-223 50-44 TMP for MR and [79]
water /plasticizer: 1.5 TMR 1.5 T MR US elastography
1.3 % agarose 3 T MR scanner 3T MR scanner 40-70%. scanner scanner
2.37 ppm T1-w IR TSE seq. T2-w TSE seq. 0.6,0.8,and1%  TSE seq. SE seq.
gadoterate TI: 250-5000 ms TE: 15-240 ms concentrated TI: 23-2,970 TE: 3.5-200
meglumine cellulose ms ms
20 mM Na™ 0-1 ratio of 426.3-450.2 21.5-28.4 TMP for [80]
softener to PVC 7 T RF volume 7 T RF multimodal
polymer, coil volume coil imaging
aluminum (Al) concentration [83]. The relaxation time T1 was found to 0/5 % mass SE seq. SE seq.
be decreasing with increasing Gd-DTPA concentration. Authors f“_‘mo‘"]l °_fl T 50-2500ms  TE: 11-80
concluded that variation of these additives allows the creation of g:,'? i;am(:ss s
phantoms with a wide range of tissue-comparable MR relaxation times fraction of Glass
[83]. beads
Silicone phantoms
5. Discussion - 410-765 50-165 Multi_modality [81]
(1.4T) (1.4T) imaging Phantom
- 1002 + 8 58 +1 MR compatible [82]
Due to the increasing popularity of the MRgFUS technology, there is 3T MR scanner 3 T MR cardiac left
a critical need for TMPs that can replicate all the critical characteristics Look-Locker IR scanner ventricle model
of human tissues, including acoustical, thermal, and MR properties. So seq. ME SE seq.
far, TMPs have been widely characterized in terms of thermal and Tl: 30-4000 ms ;E 40-400
acoustical properties; however, more limited data is available about TX-150/ TX-151 phantoms
their MR properties. Thereby, this study aimed to review the MR 7.00 wt% TX-151 174 (+10) — 30.4 (+0.2)  Tissue mimicking  [83]
relaxation properties of different phantom types through a systematic polysaccharide 1405 (£59) -36.3 MRI phantom
search of the literature. Although various physical properties of the :3“3“;;13:[0 ” 1T MR scanner ?1?'1\]/[)1{
referenced phantoms were discussed through the article, particular water ’ 447 (+15) — scanner
focus was placed on their T1 and T2 relaxation values. 0.303 wit% NaCl 2949 (+213)
In this article, the several phantoms previously proposed for a wide 9.20 wt% Al 1.5 TMR 19.6 (£0.1)
range of applications were briefly reviewed by category of gelling agent. powder scanner ~ 248
. . o . 0.0-0.8 mM Gd- (=0.6)
However, the included studies could also be classified according to the DIPA 15T MR

intended application of the proposed phantom. Some studies were
designed to investigate the physical parameters of phantoms intended

scanner

(continued on next page)
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Table 5 (continued )

Recipe T1 rel. time T2 rel. time  Purpose Ref.
(ms) (ms)
0.08 mM GdDTPA 746 + 13-803 25.4 =
41.75 g water + 28 0.1-162.4
0.1515 g NaCl 1T 10.2
g TX-151 1523 + (1T
147-1567 + 77 18.8 +
0.0-72.8 £
3.2
0-14.2 wt% Al (1.5T) (1.5T)
SE seq. SE seq.
TR: 50-3000 TE: 20-160
ms ms
18°C 18°C
3-18 wt% TX-150 586 + 30-2211 57-287 Lesion phantom [84]
in degassed + 37 0.5TMR for MRI
water 20.9 MHz (0.5 scanner
T) NMR pulsed
spectrometer SE seq.
IR seq. 20°C
20°C

specifically for thermal therapy studies, whereas the vast majority of
included articles have proposed TMPs for imaging or QA purposes.

As confirmed by the search results, agar is probably the most com-
mon gelling agent for widespread applications. In fact, the majority of
identified studies reporting MR properties of phantoms (~43%) involve
the use of agar-based gels [22,23,25,32-45,49], Agar has been quite
extensively used as a gelling agent in FUS phantoms simulating different
soft tissues, with additional materials added to adjust their thermal and
acoustical properties [17,25-27]. In this regard, critical properties that
have been sufficiently investigated include the speed of sound, acoustic
attenuation, acoustic impedance, thermal diffusivity, specific heat ca-
pacity, and thermal conductivity [17,22,25]. In addition, their tissue-
like MR signal makes them the material of choice for validating new
MRI protocols and imaging techniques [23,32-40]. In such cases,
modifiers of acoustic properties such as glycerol [32,43], cellulose
particles [32], milk [49], and glass beads [49], are also added and
adjusted to provide tissue-like US visibility.

Regarding thermal studies, PAA [50,68], agar [17,25-27], and
gelatin [53,55] constitute the preferable gelling agents, each one having
its own benefits and limitations. The ability of all three to accurately
simulate physical properties of various biological tissues upon addition
of proper concentration of inclusions has been demonstrated [1,2]. Both
agar and PAA materials are characterized by temperature tolerance
sufficiently high to maintain their physical and mechanical properties
during HIFU exposures [21,64]. On the other hand, gelatin phantoms
lack the capacity to withstand ablation temperatures. Their low melting
temperature makes them unsuitable for thermal studies in which tem-
peratures exceed 50 °C, and thus, are only recommended for hyper-
thermia applications [59].

Upon proper use and storage, gelatin gels can maintain long-term
stability; however, they generally possess relatively low mechanical
strength, which is strongly dependent on temperature variations [52].
Although their insufficient mechanical stability and temperature toler-
ance can be improved with the addition of a bonding agent such as
formaldehyde [60] and glutaraldehyde [61], this may negatively affect
their physical properties. Likewise, agar has been employed in gelatin
phantoms to provide geometrical stability and allow the creation of
inclusions without undesirable osmotic phenomena [63]. Thereby, the
synergy of agar and gelatin seems to provide essential benefits related to
long term stability and increased shelf life [63].

Except from being tissue equivalent and temperature resistant,
phantoms intended for thermal ablation studies should ideally offer
visualization of the coagulative regions, thus facilitating evaluation of
therapeutic protocols. Visual capacity is also of great importance for
visual assessment of the motion accuracy in robotic applications
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[85,86]. Therefore, the optical transparency of PAA gels makes them
favorable over agar gels [65]. However, synthesis of PAA gels is
generally considered more complicated since it requires special care due
to the use neurotoxic ingredients [74].

On the other hand, agar phantoms are easily prepared and stored,
cost-effective, harmless, and with durable stability [2,22,23]. At this
point, it should be noted that carrageenan can be used as a mechanical
stabilizer in agar gels, enabling even more robust anatomical models
[46,48]. It should though be pointed out that carrageenan cannot
withstand ablation temperatures, and thus, it is unsuitable for HIFU
therapies [48].

Other mimicking materials identified in the literature are the PVA
[75-771, PVC [78-80], silicone [81,82], and TX-150/TX-151 gels
[83.84]. Although various studies report some very promising results,
the physical properties of these materials have not been sufficiently
investigated, and their efficacy in thermal studies is yet to be estab-
lished. This would of course require further evaluation of those char-
acteristics critical for thermal applications, and particularly MRgFUS. In
addition, proper gelation and solidification of such materials typically
require multiple steps [75-77] leading to more complicated fabrication
processes and sometimes to increased costs. Regarding TX-150, its
gelation parameters are not well defined, thus causing difficulties in the
fabrication process [83]. Moreover, TX-150 gels normally undergo
bacterial degradation in just a few days. It is though notable that the
addition of metal phthalocyanines was shown to create more stable and
durable phantoms [84].

Potential modifiers of MR relaxation times become apparent through
the collected data. T2 relaxation time was predominantly tailored by
varying the gelling agent concentration. In fact, agarose served as the
predominant T2 modifier in all the proposed agar-based phantoms
[23,33,34,46-48], as well in phantoms containing other types of gelling
agents [46-48]. Varying animal hide gel concentration also provides T2-
modifying capacity [62], whereas both T1 and T2 of gelatin phantoms
were found to vary for different types of gelatin [55]. This does not
imply in the case of TX-151 gels, for which the amount of gelling agent
seems to cause insignificant influence on relaxation times [83].
Regarding synthetic polymers, the MR properties of PVC gels can be
adjusted to mimic different soft tissues by adjusting the ratio of the
softener to polymer [80], whereas for PVA phantoms, smaller T1 values
were observed with increasing number of freeze-thaw cycles [77].

Ingredients added as modifiers of acoustical properties also have a
significant effect on the MR behavior of TMPs. Firstly, inclusion of glass
beads was proven to slightly lower T2 of PVC phantoms [80]. A similar
trend was reported in a study by Huber et al. [87], wherein the inclusion
of glass beads lowered both T1 and T2 relaxation times of an agar/
gelatin-based phantom. Another interesting trend observed is the
decrease of T2 with increasing concentration of psyllium husk in gelatin-
based phantoms [52]. Regarding the longitudinal relaxation time T1, it
can be varied by incorporating different concentrations of paramagnetic
ion salts, such as MnCl; [35], NiCl, [36], and GdCl3 [37], or copper ions
[23]. Finally, both T1 and T2 can be modified with the addition of
proper type and concentration of MRI contrast agents [50].

Another remark emerging from the gathered data is that the same
phantom ingredient may act differently on the MR relaxation properties
when companied with different gelling agents. For instance, addition of
NaCl in agar-based phantoms markedly affected T1 and T2 values [48].
On the contrary, the relaxation values of a PAA phantom were found
independent of the NaCl concentration [73]. Therefore, the previously
reported trends should be considered with caution, considering synergic
components and how they may interrelate.

Preservatives are required to prevent bacterial invention and offer
long-term use. NaNj3 is maybe the most widely used preservative since it
was selected to lengthen the lifetime of various phantom types,
including agar [31], PAA [70], and Carrageenan [47,48] phantoms.

Even though an ideal phantom would possess all the characteristics
of the simulated tissue, this is extremely difficult. Thus, phantom recipes
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are adjusted to simulate only the critical properties of tissue depending
on the intended phantom application. In the current study, focus was
placed on the MR properties of a wide range of TMPs. In synergy with
other studies reviewing acoustical and thermal properties, the reported
data is expected to facilitate the selection of appropriate materials for
the construction of high-quality MRgFUS phantoms.

6. Conclusions and future prospects

In conclusion, agar-based phantoms appear to be very promising for
use with the MRgFUS technology, without the toxicity issues related to
PAA materials. Agar gels can be formed in any configuration through a
simple manufacturing process while maintaining sufficient mechanical
strength upon solidification. In addition, their lifetime can easily be
extended with the addition of preservatives. In this category of phan-
toms, cheap and easy to obtain ingredients can be added as modifiers of
acoustical and thermal properties. Their MR relaxation times can be
predominantly tailored by varying the agar concentration to accurately
match those of human tissue. However, the literature lacks targeted
research on specific trends between added ingredients and resultant MR
properties of these phantoms. The effect of varying concentration of
common inclusions such as silicon dioxide and evaporated milk on the
resultant MR relaxation properties of these phantoms is still to be
investigated. Overall, the provided data could be useful in
manufacturing more effective and realistic MRgFUS phantoms, while
simultaneously indicating an opportunity for further research in the
field with a particular focus on the MR behavior of agar-based TMPs.
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1 | INTRODUCTION
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Abstract

Agar gels were previously proven capable of accurately replicating the acousti-
cal and thermal properties of real tissue and widely used for the construction of
tissue-mimicking phantoms (TMPs) for focused ultrasound (FUS) applications.
Given the current popularity of magnetic resonance-guided FUS (MRgFUS),
we have investigated the MR relaxation times T1 and T2 of different mixtures
of agar-based phantoms. Nine TMPs were constructed containing agar as the
gelling agent and various concentrations of silicon dioxide and evaporated milk.
An agar-based phantom doped with wood powder was also evaluated. A series
of MR images were acquired in a 1.5 T scanner for T1 and T2 mapping. T2 was
predominantly affected by varying agar concentrations. A trend toward decreas-
ing T1 with an increasing concentration of evaporated milk was observed. The
addition of silicon dioxide decreased both relaxation times of pure agar gels. The
proposed phantoms have great potential for use with the continuously emerg-
ing MRgFUS technology. The MR relaxation times of several body tissues can
be mimicked by adjusting the concentration of ingredients, thus enabling more
accurate and realistic MRgFUS studies.

KEYWORDS
agar, MR relaxation times, MRgFUS, tissue-mimicking phantoms

assessment purposes in medicine and biomedical
research. Accurate replication of tissue properties is of

Tissue-mimicking phantoms (TMPs) are increasingly
used for the preclinical validation of diagnostic and ther-
apeutic modalities, reducing the use of animal subjects.’
Gel phantoms constitute a more economical and
ergonomic solution for preclinical research compared
to experimental animals, also given that their lifespan
can be simply lengthened by adding preservatives.'?
Several categories of gelling agents, including agar;’
gelatin® polyacrylamide (PAA)? poly-vinyl alcohol?
polyvinyl chloride,” silicone? and TX-151° have been
used in the construction of gel phantoms for quality

great importance for the efficacy of such procedures,
especially when evaluating therapeutic applications
with clinical potential.

The current increasing application of focused ultra-
sound (FUS) in medicine'® requires the development of
high-quality TMPs specially designed for use with this
specific technology to accelerate its clinical translation.
The FUS-induced thermal effects were proven to be
essential in many oncological applications, thereby
serving as an alternative therapeutic solution over
surgical and systemic approaches.!” Thermal therapy
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with FUS is based on the ability to precisely focus
extracorporeal ultrasonic waves into a millimeter-sized
area of malignant tissue, thus elevating the temper-
ature to hyperthermic or ablative levels.'? Therefore,
TMPs intended for FUS studies should be capable of
accurately replicating both the acoustical and thermal
characteristics of biological tissue. Under FUS expo-
sure, the thermal behavior of a material is a function
of various parameters, among which the most critical
are the specific heat capacity, thermal conductivity, and
thermal diffusivity."*'* Concerning acoustical char-
acteristics, the key properties to be emulated are the
speed of sound in the medium, acoustic impedance,
and attenuation coefficient.!3~*

FUS treatment is typically applied under the US or
magnetic resonance imaging (MRI) guidance,'’ with
MRI being the method of choice because of its superior
imaging resolution and its ability to acquire temperature
data by intraoperative MR thermometry.'®'® The con-
trast in MR images emerges from changes in the proton
density and the magnetic relaxation times 71 and T2
of tissues.'® Several animal studies have shown that
the MR parameters of tissue greatly affect the contrast
between normal untreated tissue and FUS-ablated
areas.'”® |n fact, the MR relaxation times of FUS
lesions were found to vary depending on the tissue
type, suggesting that the MR properties of the host
tissue define the MR appearance of lesions.'” More
importantly, the temperature dependence of tissue
relaxation times allows for noninvasive temperature
monitoring during thermal applications.'®'? Therefore,
precise replication of MR relaxation parameters is
essential for producing tissue-like MR signals and more
realistic temperature maps in the process of evaluating
thermal protocols. It is thus of paramount importance
that TMPs are both US and MR imageable and possess
tissue-like MR properties in order to be qualified for use
with the magnetic resonance-guided FUS (MRgFUS)
technology.

So far, PAA, gelatin, and agar-based phantoms were
proven efficient to properly mimic biological tissues in
thermal studies by replicating critical acoustical, ther-
mal, and MR properties>® Agar and PAA gels are
favorable in that they possess melting points suffi-
ciently high for ablative FUS, whereas gelatin phan-
toms are only proposed for hyperthermia applications
since they lack the capacity to withstand ablative
temperatures?

PAA gels are beneficial over agar gels in that
they are transparent, allowing for visually discrim-
inating coagulative areas®?° These phantoms nor-
mally contain heat-sensitive materials, such as bovine
serum albumin proteins?® and thermochromic ink,”
which exhibit progressive color change and irreversible
MR changes upon heating at ablative temperatures.
Although visualization of lesions is a substantial advan-
tage of this phantom category, permanent changes
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make them unsuitable for repeated use. In addition,
the ingredients of PAA-based gels are considered to
have toxic environmental effects restricting their wider
utilization 2

On the other hand, agar gels serve as a more natural
alternative having easier and more cost-effective prepa-
ration and storage.® They can be easily shaped to any
configuration to form phantoms of durable stability. Their
tissue-like MR signal makes them the material of choice
for MRI studies?'"%" In fact, a wide variety of agar-
based phantoms simulating specific body parts, such as
prostate?” carotid?' and brain?® have been proposed
in the literature for evaluating new MR protocols and
imaging technigues. This phantom type has also been
quite widely used for thermal studies with FUS 3283
where agar served as the gelling agent, and proper
concentration of other materials was added to modify
mainly the thermal and acoustical properties depend-
ing on the tissue to be mimicked. Notably, quite large
data on the acoustical properties of agar phantoms exist
in the literature. Silicon dioxide?® graphite, and cellu-
lose particles,3? are examples of ingredients that served
as attenuation modifiers enhancing ultrasonic scatter-
ing. Accordingly, evaporated milk was shown to be a
prominent absorber of acoustic energy, also enhanc-
ing ultrasonic attenuation,* whereas ultrasonic velocity
can be adjusted by incorporating proper concentration
of glycerol *?

Although more limited research has been applied in
the investigation of MR parameters of agar-based phan-
toms, some interesting trends become apparent through
the literature. Agar turned out to be the prominent T2
modifier even in the case where another material serves
as the gelling agent?°3® T1 was predominantly tai-
lored by varying the concentration of paramagnetic ion
salts???% and copper ions.2®

We have previously proposed and characterized sev-
eral agar-based phantoms by estimating critical tissue
properties, including the mass density, speed of sound,
acoustic attenuation, acoustic impedance, thermal diffu-
sivity, specific heat, and thermal conductivity> '+?° Given
the current need for TMPs that can also replicate critical
MR parameters, as well as the lack of targeted research
on trends between added ingredients and resultant
MR properties of agar phantoms, we have investi-
gated the MR relaxation times of different mixtures
of agar-based phantoms previously proposed by our
group?14

2 | METHODS

This study concerns the development and MR char-
acterization of agar-based phantoms. No animals or
patients were involved in the study. Therefore, no
informed consent from patients or approval from an
ethics committee was required.
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FIGURE 1

21 | Phantoms’ development

Ten agar-based phantoms with different concentrations
of additives were prepared and contained in a rectan-
gular container. The container was specially developed
having 12 compartments to accommodate the TMPs
and two reference liquids (water and oil), as shown in
Figure 1a. Figure 1b shows the composition of the cor-
responding materials used in each insert. The prepara-
tion process of the phantoms was previously described
in detail 3

Three phantoms with varying agarose (Merck KGaA,
EMD Millipore Corporation, Darmstadt, Germany) con-
centrations of 2%—-6% weight per volume (w/v) were
prepared to assess the role of agar as a modifier of
the relaxation times. The effect of varying silicon diox-
ide (Sigma-Aldrich, St. Louis, Missouri, United States)
concentration (2%—6% w/v) on the relaxation times was
then investigated using a certain amount of 6% w/v agar.
Finally, various amounts of evaporated milk (Nounou,
Friesland Campina, Marousi, Greece) were added in
phantoms with fixed concentrations of 6% w/v agar and
4% wi/v silicon dioxide. The volume per volume (v/v)
concentration of evaporated milk varied from 10% to
30%.

Agar-based phantoms doped with wood powder were
previously found to possess lower thermal conductivity
compared to the silica/evaporated milk doped phantoms
and an acoustic absorption coefficient closer to that of
soft tissue® Thereby, another phantom containing 2%
w/v agar and 4% w/v wood powder was constructed
according to the procedure previously described by our
group.?
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(a) Photo of the phantoms in the container and (b) the corresponding recipe used for each one

2.2 | MR properties of phantoms
2.2.1 | Physical principle of MR relaxation
times

Tissues are characterized by two relaxation times,
which describe the rate at which protons return to equi-
librium following a radiofrequency pulse. The maximum
transverse magnetization Mo, after a radiofrequency
pulse is lost with time as the spinning protons interact
with each other and lose phase coherence. T2 is the
transverse relaxation time, which by default equals
the time needed for the transverse magnetization
(Myy) to fall to approximately 37% of its maximum value
(Moxy) and mathematically is defined by the following
equation®*:
_IE
Mxy = MOxy e 12 (1
where TE is the echo time.

Accordingly, T1 relates to the realignment of spinning
protons with the external magnetic field and is defined
as the time required for the longitudinal magnetization
(M;) to recover to approximately 63% of its maximum
value (M,;). Mathematically, this recovery is described
as follows™*:

where Tl represents the inversion time. It is noted that
this expression assumes that the repetition time (TR) is
sufficiently longer than the T1 to be estimated.

TI

M, = Mo, (1 —2e7 T (2)
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FIGURE 2 The phantom container positioned on the magnetic
resonance imaging (MRI) table within the posterior head and face
part of the head/neck/spine (HNS) coil

2.2.2 | Estimation of MR relaxation
parameters

The developed phantoms were imaged in a 1.5 T MRI
scanner (GE Signa HD16; GE Healthcare, Milwaukee,
Wisconsin, USA) to demonstrate the effect of the var-
ious additives on their MR properties. The container
was covered by the posterior head and face part of
a head/neck/spine coil (Signa 1.5T, 16 channel, GE
Healthcare) as shown in Figure 2.

A 2D MultiEcho imaging sequence was used for
assessing the transverse relaxation time. Multiple coro-
nal scans were obtained at variable TE values, thus
demonstrating the transverse magnetization exponen-
tial decay. T2 was estimated by fitting the measured sig-
nal intensity (Sl) over TE to the exponential function of
Equation (1). The images were acquired with the follow-
ing parameters: TR = 200 ms, TE = 12.0-250.0 ms, flip
angle = 90°, echo train length (ETL) = 4, pixel band-
width (pBW) = 122.1 kHz, matrix size = 160 x 128, field
of view = 260 x 260 mm?, slice thickness = 7 mm, and
number of excitations (NEX) = 0.75.

Accordingly, T1-weighted (T1W) inversion recovery
(IR) fast spin echo (FSE) images of the phantoms were
obtained at variable Tls for T1 mapping. The data were
fitted into Equation (2) to estimate the longitudinal relax-
ation time (71). Two-dimensional axial images were
acquired with the following parameters: TR = 7000 ms,
TE = 9.94 ms, TI = 50 - 3000 ms, flip angle = 90°,
ETL = 9, pBW = 27.10 kHz, matrix size = 192 x 128,
field of view = 260 x 260 mm?, slice thickness = 7 mm,
and NEX = 1.

The methodology for estimating the MR relaxation
times of each phantom included both region of inter-
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est (ROI) and voxel-by-voxel analysis. The ROl approach
for T1 and T2 mapping involved measurement of the Sl
in specific predefined ROI in the phantom for each TI
and TE, respectively. The mean values of the Sl were
fitted to Equations (1) and (2). Similarly, in the voxel-
based approach, parametric maps were derived from
the series of images by fitting the mathematic models
to the acquired data for each individual voxel through
automated algorithmic processing.

3 | RESULTS

The phantoms were initially scanned in the coronal
plane using a multi-echo sequence with TE values
ranging from 12 to 250 ms. Figure 3 shows indicative
MR images acquired at various TEs within this range.
Figure 4 shows an indicative graph of the estimated
mean Sl in a predefined ROl of the phantom in insert
7 (6% w/v agar, 4% w/v silica, and 10% v/v milk) plotted
against the TE, demonstrating the rate of transverse
magnetization decay. The T2 parametric map of the
phantoms as generated by the voxel-by-voxel analysis
is presented in Figure 5.

Imaging of phantoms was then done in the axial plane
using a T1W IR FSE sequence at various Tl values in
the range of 50 to 3000 ms. Indicative results are pre-
sented in Figure 6, where the yellow dotted circles indi-
cate the phantoms with the lowest Sl for each TI. A typ-
ical graph of the change in Sl with increasing Tl value
as estimated by the ROl approach is shown in Figure 7,
which demonstrates the mean Sl versus Tl for the phan-
tom in insert 9 (6 % w/v agar, 4 % wiv silica, and 30 %
v/v evaporated milk). The T1 parametric map generated
by the voxel-by-voxel analysis is presented in Figure 8.

The mean value of the T1 and T2 relaxation times
and the corresponding standard deviations for each
phantom as estimated by the voxel-based approach are
listed in Table 1. Figure 9A,B shows the estimated T1
and T2 values plotted against the agar concentration,
respectively, where the data points were fitted to a 2nd
order polynomial (R? = 1) using non-linear least square
regression. Accordingly, the effect of varying amounts of
silicon dioxide and evaporated milk on T1 is presented in
Figure 10, in which the graphs also represent 2nd order
polynomials (R? = 0.899 and 0.999, respectively).

4 | DISCUSSION

Ten different agar-based TMPs were prepared and
imaged in a 1.5 T MRI scanner to assess their suit-
ability to match the MR properties of real tissue. It is
widely known that the MR S| depends on the character-
istic relaxation times of the imaged object.'® A typical
methodology that makes use of this dependency was
followed for T1 and T2 mapping. A series of MultiEcho
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(b) (c)

FIGURE 3 Coronal slices acquired using a 2D multi-echo sequence at echo times of (a) 12 ms, (b) 36 ms, (c) 50 ms, (d) 100 ms, (e)

150 ms, and (f) 200 ms

TABLE 1 Mean T1 and T2 and standard deviation (SD) of phantoms as estimated by voxel-based analysis

Phantom # Recipe T2 (ms) SD (ms) T1 (ms) SD (ms)
1 2% agar 46.2 1.1 1669.5 13.3
2 4% agar 46.7 1.0 1662.7 27.6
3 6% agar 294 1.7 1394.9 3.8
4 6% agar, 2% silica 209 0.4 1249.8 6.4
5 6% agar, 4% silica 234 0.2 1251 3.0
6 6% agar, 6% silica 19.0 0.3 1147.7 7.3
7 6% agar, 4% silica, 10% milk 23.0 0.2 1038.8 4.7
8 6% agar, 4% silica, 20% milk 21.8 0.2 916.8 6.4
9 6% agar, 4% silica, 30% milk 20.1 0.23 841.3 8.1
10 2% agar, 4% wood 65.2 2.7 837.5 12.0
11 Water - - 2125.6 421
12 Qil 55.2 3.4 193.3 1.8

images were acquired at different TE values for T2 map-
ping. Accordingly, T1 mapping was performed by acquir-
ing T1W IR images at different Tls after applying the
inversion pulse (180°). The relaxation times were esti-
mated by fitting the acquired data to the signal decay

and recovery curves, respectively, through both ROl and
voxel-based approaches.

Pure agarose phantoms were initially scanned to
demonstrate the effect of agar concentration on the
relaxation times. Both relaxation parameters showed
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Fitted T2 = 23.57 - C1 (22.04 - 25.11)
SSE =2409.13
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FIGURE 4 Plot of the mean signal intensity measured from the
multi-echo images using the region of interest approach against
echo time for phantom 7 (6% w/v agar, 4% wi/v silica, and 10% v/v
milk). SSE corresponds to the sum of square errors. Cl corresponds
to 95% confidence intervals for the estimated values

similar behavior. Increment of the agar concentration
from 2% to 4% w/v had no impact on the resultant relax-
ation times, whereas both T1 and T2 showed a notice-
able decrease as agar concentration increased to 6%
w/v. It is notable that the relation between both relax-
ation times and the agar concentration can be perfectly
modeled as a 2nd-degree polynomial function (RZ = 1).
Although the present results are in line with previous
studies?>3® proposing agarose as a T2 modifier, they
suggest that this only applies for agar concentrations of
4% w/v and above.

The change in MR properties of agar gels upon the
addition of various amounts of silicon dioxide and evap-

(a) (b)

100

T2 (ms)

40

10

FIGURE 5 T2 parametric map of phantoms. The map was
generated by voxel-based analysis of a series of 2D coronal
MultiEcho images with different echo time values (12—250 ms)

orated milk was then assessed. The addition of silica
particles further lowered the relaxation times. However,
no specific trend became apparent with increasing sil-
icon dioxide concentration for none of the relaxation
times. The results further suggest that the addition of
evaporated milk has no specific impact on T2, whereas
a noticeable decrease is observed in the case of the
longitudinal relaxation time (T1). In fact, the T2 relax-
ation time of milk-doped agar gels (6% w/v agar and
4% wiv silicon dioxide) remained similar to those con-
taining only silicon dioxide. On the contrary, milk-doped
agar/silica gels exhibit noticeably shorter T1 relaxation

(d)

FIGURE 6 Axial slices of the phantoms acquired using a 2D T1W IR FSE sequence at inversion times of (a) 1200 ms, (b) 1000 ms, (c)
900 ms, (d) 800 ms, (e) 650 ms, (f) 600 ms, (g) 1500 ms and (h) 125 ms. The material shown in the yellow dotted circle has the lowest SI
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FIGURE 7 Plot of the mean signal intensity measured from the
T1-weighted inversion recovery fast spin echo (T1W IR FSE) images
using the region of interest approach against inversion time for
phantom 9 (6% w/v agar, 4% wi/v silica, and 30% v/v evaporated
milk). SSE corresponds to the sum of square errors. Cl corresponds
to 95% confidence intervals for the estimated values

times, with increasing evaporated milk concentration
(0%—30 % v/v) resulting in a gradual reduction of T1ina
2nd order polynomial manner (R? = 0.999). This implies
that T1 and T2 may be changed independently; however,
this should be further investigated. It is also noted that
milk concentrations higher than 30%, which would prob-
ably lower T1 even more, were not attempted because
they would result in loose phantoms3®

Our results further demonstrated that agarose could
also serve as a T1 modifier. However, it seems that T2
depends more strongly on the amount of agarose and
is not remarkably affected by the concentration of other
additives. Note that with increasing agar concentration
at TEs of 36—200 ms the signal drops (Figure 3). On the
contrary, with a fixed agar concentration of 6% w/v and
increasing silica, the signal does not change much. Note
also that the same holds by increasing the milk concen-
tration. This result ties well with previous studies wherein
T2 was mostly defined by the gelling agent concentra-
tion, whereas T1 was mainly varied by incorporating dif-

ferent concentrations of paramagnetic ion salts 22~

B

2 3 4 5
agar concentration (% w/v|

T1 (ms)

FIGURE 8

T1 parametric map of phantoms. The map was
generated by voxel-based analysis of a series of 2D axial
T1-weighted inversion recovery fast spin echo (T1W IR FSE) images
with different inversion time values (50-3000 ms)

The MR parameters of TMPs have been previ-
ously shown to be dependent on the concentration of
scatterers.*% In a study by Hofstetter et al.* a decrease
of T2 occurred with increasing concentration of psyl-
lium husk in gelatin-based phantoms. A similar trend was
reported in a study by Huber et al.,*® wherein the inclu-
sion of glass beads shortened T1 of an agar/gelatin-
based phantom. Herein, the addition of wood scatterers
also lowered T1 of pure agar gel (2% w/v). The phan-
toms doped with silicon dioxide appeared with lower
relaxation times compared to agar only gels as well.
However, it should be emphasized that the trend with
increasing silica is not reliable as the distribution of silica
in the material might be random.

Overall, the MR relaxation times of the proposed
agar-based phantoms are comparable with the values
reported for body tissues. A review article by Bottomley
et al®’ reports T2 relaxation times of soft tissues rang-
ing roughly between 40 and 80 ms. Herein, the estimated
T2 values ranged from a minimum value of 19.0 (+£0.3)
ms for the phantom in insert 6 (6% agar, 6% silica) to
a maximum value of 65.2 (+2.7) ms for the phantom in
insert 10 (2% agar and 4% wood). Authors also report a

2 3 a4 5
agar concentration (% w/v)

FIGURE 9 The mean (a) T1 and (b) T2 values plotted against the agar concentration. The data points are fitted by polynomial regression
where the error bars correspond to the standard deviation as estimated by voxel-based analysis
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FIGURE 10 The mean T1 value plotted against (a) the silica concentration for a fixed amount of 6% wi/v agar and (b) the evaporated milk
concentration for fixed amounts of 6% w/v agar and 4% wi/v silica. The data points are fitted by polynomial regression where the error bars
correspond to the standard deviation as estimated by voxel-based analysis

mean T2 in adipose tissue of 84 (+36) ms,*” which com-
pares well with the value of 55.2 (+3.4) ms found by the
current study for oil. At this point, it should be noted that
the T2 measurement of water is not reported because of
insufficiently high echo times due to machine limitations.
Regarding the longitudinal relaxation time, the estimated
T1 values range from 837.5 (+12) ms to 1669.5 (+13.3)
ms for the phantoms in inserts 10 and 1, respectively.
These estimates are partly consistent with the literature
documenting T1 values for soft tissues harshly between
500 and 1000 ms.*®

The several phantom recipes can be matched with
specific tissue types through a more detailed compar-
ison with the cited literature. For instance, by using con-
centrations of 2% w/v agar and 4% w/v wood (phantom
in insert 10), a T2 value of 65.2 (+2.7) ms was found,
which agrees with the value of 61 (£11) ms reported by
prior research for the kidney tissue.*® Regarding the T1
relaxation time, the value of 837.5 (+12.0) ms estimated
by the current study is quite higher than the value of 709
(+60) reported literally for the kidney® Accordingly, the
silica/milk doped phantom in insert 7 was found to pos-
sess MR properties close to that of skeletal muscle and
heart tissue (at 1.5 T).*® Note that the high T1 values
estimated for the agar only phantoms can only be well
correlated to the T1 relaxation times of human blood 3%

Finally, it is important to notify the reader that quanti-
tative relaxation times are particularly dependent upon
the used pulse sequence®**° Furthermore, although
the proposed multi-echo SE sequence is convention-
ally selected for T2 relaxometry significantly reducing
the scan time of single-echo sequences, it is accompa-
nied by the limitation that T2 overestimation may occur
when the applied 180°C RF pulses fail to perfectly refo-
cus magnetization, which is actually challenging in real
practice*" Accordingly, T1 values may also be underes-
timated if the TR values employed in the IR sequence
are not chosen properly*® Therefore, optimal imaging
parameters should be employed for accurate and reli-
able T1 and T2 determination. It is thus recommended
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that the variance in relaxation values between different
sequences, as well as their dependence on precise pre-
scan settings should be taken into consideration when
comparing the current results with those of other similar
studies.*?

5 | CONCLUSIONS

Overall, the proposed phantoms can be formed in any
configuration while maintaining the desired mechan-
ical strength upon solidification. Their manufacturing
process is easy, and the materials used are cheap and
easy to obtain. The current findings suggest that the
transverse relaxation time (72) of agar-based phan-
toms can be predominantly tailored by varying the agar
concentration. The inclusion of silicon dioxide lowers
both relaxation times, whereas increasing evaporated
milk concentration results in a gradual reduction of
the longitudinal time (71). Accordingly, the T1 and T2
relaxation parameters of several body tissues can be
accurately matched by a proper concentration of these
inclusions. Therefore, the proposed phantoms have
great potential for use with the continuously emerg-
ing MRgFUS technology, also given their previously
demonstrated feasibility to emulate all critical thermal
and acoustical properties of human tissues.
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1 | INTRODUCTION

Abstract

Background: A robotic system for Magnetic Resonance guided Focussed Ultrasound
(MRgFUS) therapy of tumours in the breast, bone, thyroid, and abdomen was
developed.

Methods: A special C-shaped structure was designed to be attached to the table of
conventional magnetic resonance imaging (MRI) systems carrying 4 computer-
controlled motion stages dedicated to positioning a 2.75 MHz spherically focussed
transducer relative to a patient placed in the supine position. The developed system
was evaluated for its MRI compatibility and heating abilities in agar-based phantoms
and freshly excised tissue.

Results: Compatibility of the system with a clinical high-field MRI scanner was
demonstrated. FUS heating in the phantom was successfully monitored by magnetic
resonance thermometry without any evidence of magnetically induced phenomena.
Cigar-shaped discrete lesions and well-defined areas of overlapping lesions were
inflicted in excised tissue by robotic movement along grid patterns.

Conclusions: The developed MRgFUS robotic system was proven safe and efficient
by ex-vivo feasibility studies.

KEYWORDS
ex vivo tissue ablation, focussed ultrasound, MRI compatible, multipurpose, robotic system, top
to bottom

prevalence as a non-invasive alternative to surgery for many onco-
logical and other applications.?® The non-invasive nature of FUS

Robotics has gained a prominent role in modern oncology and has
been essential in translating new therapeutic modalities to the clin-
ical setting.! Accordingly, robotic devices are increasingly being
developed for manipulating surgical instruments and energy sources,
providing the accuracy required for safe clinical applications.
Simultaneously, in recent years, a shift has been observed towards
minimally invasive and non-invasive therapeutic solutions, with the
Focussed Ultrasound (FUS) technology continuously gaining

along with the increased accuracy offered by robotic guidance
promise to minimize all the complications and side effects of tradi-
tional surgery, thus greatly improving the life quality of patients.
Please refer to Table 1 for the list of abbreviations used in the paper.

FUS constitutes a completely non-invasive technology where
ultrasonic waves are focussed on the targeted anatomy percutane-
ously, inducing thermal and mechanical effects.® The most common
mechanical bioeffect of FUS is known as cavitation and refers to the
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TABLE 1 Complete list of abbreviations used throughout the
paper

Abbreviation Definition

MRgFUS Magnetic resonance guided focussed ultrasound
MRI Magnetic resonance imaging

FDA Food and Drug Administration

DOF Degrees of freedom

ABS Acrylonitrile butadiene styrene

HIFU High intensity focussed ultrasound

SNR Signal to noise ratio

Sl Signal intensity

ROI Region of interest

SPGR Spoiled Gradient Echo

TR Repetition time

TE Echo time

FOV Field of view

NEXs Number of excitations

PRF Proton resonance frequency

ASTM American Society for Testing and Materials

tissue damage caused by gas microbubbles oscillating within the
acoustic field.® In terms of thermal effects, during high-power FUS,
intensive heat is produced by absorption of acoustic energy, thereby
increasing the local tissue temperature.® Typically, temperature
elevation of more than 60°C for 1 s causes instantaneous death of
cells mainly via coagulation mechanisms.* The thermal effects of FUS
were widely exploited in n:lnct:llt:-g\,f,3 with the progress in the field
being remarkably boosted by the introduction of magnetic resonance
imaging (MRI) as the guidance modality, especially through the use of
MR thermometry that offers procedural monitoring of heating.5
Simultaneously, MRI is ideal for high-resolution imaging and delin-
eation of anatomy.®

One of the earliest manufacturers of clinical Magnetic Reso-
nance guided Focussed Ultrasound (MRgFUS) devices with mar-
keting activities in Europe, America, and Asia is the Insightec
Company that owns the well-known ExAblate body system.” The
Profound company constitutes another successful company in the
field owning the Sonalleve system that is also intended for body
targets.® The treatment of uterine fibroids and pain palliation of
bone metastasis are two of the most widely applied Food and Drug
Administration (FDA) approved applications of both systems.” Their
mechanical and ultrasonic components are arranged into an opening
of the MRI bed offering bottom to top ultrasonic delivery by
electronically steering the beam using phased array technology.”®
Such a therapeutic approach forces the patient in the prone posi-
tion. Although this is a conventional position in many surgical in-

terventions, it is very uncomfortable and tiring for patients, given
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that FUS procedures typically last long and patients may be awake
(or sedated) depending on the condition being treated. This feeling
is enhanced by the limited enclosed space of the scanner, especially
for claustrophobic patients.

The aforementioned limitation can be addressed by positioning
the ultrasonic source above the patient so that supine positioning is
allowed. Thereby, several manufacturers proceed to the develop-
ment of products that use a top to bottom therapeutic approach
enabling supine placement of patients.”* Commercially available
systems are listed in Table 2. Most of them use the same principle
of guidance and treatment with a positioning arm navigating the
diagnostic and therapeutic equipment relative to the target.!°"*®
Typically, this arm is integrated into a transportable platform that
includes the hardware for monitoring of therapy by the physician
through computer-based treatment programs.’®'* In other sys-
tems, separate platforms are dedicated for US imaging guidance and
remote system control, whereas the treatment head is located
above or/and below the treatment bed.”'* Multi-element array
ultrasonic technology is typically employed for precise beam

71014 35 well as for maintaining the acoustic intensity at

focussing,
the skin surface within the permitted limits to avoid pain and skin
burns.”

Meanwhile, efforts are continuing by the research community
with the aim to develop more advanced systems in the field. Tog-
narelli et al.'® developed a platform for robotic-assisted FUS
treatment of various pathologies under US monitoring, where the
robotic module is composed of two manipulators, each featuring
motion in 6 degrees of freedom (DOF). The first manipulator in-
corporates a custom-made phased annular array transducer and a
2D imaging US probe, whereas the second one includes a 3D im-
aging US probe.

An MR-conditional robot was developed by Price et al.* for
the purpose of FUS therapy through intact skull in infants. A clinical
FUS transducer of 1.2 MHz nominal frequency serves as the robot's
end-effector. The mechanism comprises three prismatic joints of-
fering translational movement in three orthogonal axes and two
revolute joints enabling rotation of the robot's wrist for positioning
the source about the skull. Although the system was designed for
MR-guided procedures exploiting the unique capabilities of MR, it
is cited on the MRI table, further reducing the constricted space of
the scanner.

1. modified an

It is interesting to mention that Yiannakou et a
already existing MRgFUS system originally developed to be cited on
the MRI table for bottom to top and lateral approaches in order to
enable top to bottom access of ultrasound to the target. An MR
compatible arm was attached to the mechanism to raise the
transducer at sufficient height from the MRI table. Accordingly, a
height adjustment mechanism was developed for positioning a wa-
ter bag at various vertical locations so that acoustic coupling with
the target is achieved. This may be considered a feasibility study
since authors did not proceed to the development of a complete

robotic system.
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TABLE 2 Commercial systems for top to bottom US-guided FUS therapy

Company System Approval

Alpinion Medical Systems ALPIUS 900 CE mark (2016)

(United States)

VIFU 2000 -

Theraclion company SONOVEIN  CE mark (2019)

(France)

ECHOPULSE CE mark (2007/
2012)

HIFUNIT
9000

Shanghai A&S Technology CE mark (2008)

Development (China)

FEP-BY02 China and Korea

(1999+)

Beijing Yuande Bio-Medical
Engineering (China)

Abbreviations: DOF, degrees of freedom; FUS, Focussed Ultrasound.

Herein, the developed technology relates to a transportable
MRgFUS robotic system designed for treating patients in the supine
position. In contrast to the aforementioned US-guided systems, the
proposed one can safely operate in the MRI environment allowing
therapy under real-time MR thermometry. The unique design of the
system enables top to bottom access to multiple body locations while
the patient is lying in the supine position, and thus, it is superior to
systems that are cited on the MRI table.

The proposed system comprises a C-shaped mounting structure
that carries the positioning and therapeutic equipment and can be
attached to the table of any conventional MR scanner. The posi-
tioning mechanism includes four PC-controlled motion stages,
piezoelectric actuators, and optical encoders for accurate positioning
of a single element spherically focussed transducer relative to the
patient. Notably, the mechanical components were assembled in a
space-saving manner to leave sufficient space underneath the C-arm
for the patient. Overall, the prototype has a commercial ready design.
Its performance was assessed in terms of MRI compatibility and

Application
Uterine fibroids

Laboratory research in

Main features Ref.

6 DOF positioning arm 10
US imaging/treatment head

Multichannel FUS transducer

Water circulation/Coupling module

Mobile platform

3 DOF positioning arm 11

small animals

Varicose veins

Thyroid nodules/Breast

US imaging/treatment head
Compact design
Positioning arm 12
Rotating US imaging/treatment head

Single element FUS transducer
Coupling/cooling liquid system

Mobile platform

6 DOF positioning arm 13

fibroadenoma

Uterine fibroids

Oncology (e.g., liver,
pancreas, kidney)

29

4 DOF US imaging/treatment head
Coupling/Cooling liquid system
Mobile platform

3D movement therapy bed 14
Gantry with multi-axis treatment head
Multi-array FUS technology

US imaging guidance platform

Treatment bed with upper and lower
therapeutic transducers

Multi-array FUS technology

US imaging guidance platform

thermal heating capabilities by preclinical studies in tissue mimicking

phantoms (TMPs) and freshly excised tissue.

2 | MATERIALS AND METHODS
2.1 | Description of the robotic system
2.1.1 | Main features

An MRgFUS robotic system designed to destroy tumours in the bone,
breast, abdomen (e.g., kidney, liver, pancreas) and thyroid is pre-
sented. The robotic mechanism that carries the ultrasonic source is
placed above the patient with the assistance of a C-arm specially
designed to fit in any conventional MRI system making the system
universal. Therefore, access of ultrasound to the targeted area is
achieved from top to bottom. The concept of treatment is shown in
Figure 1.
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FIGURE 1 Concept of treatment.
Computer-aided design drawing of the 4
degrees of freedom robotic device attached to
the magnetic resonance imaging bed with the
patient placed in the supine position

Positioning
mechanism

MRI scanner

Patient

The robotic system employs components that can function inside
the MRI environment, such as ultrasonic motors, brass screws, and
Acrylonitrile butadiene styrene (ABS) plastic structures. The robotic
mechanism features motion in four PC-controlled axes. The Z-stage
moves forward and reverse, the Y stage moves up and down, and
the X-stage moves left and right, with motion ranges of 73 mm,
49 mm, and 73 mm, respectively. The ®@-stage rotates the transducer
about an axis parallel to the Z-axis covering an overall angle of 180 °.

MRI compatible ultrasonic motors (USR30-S3; Shinsei Kogyo
Corp.) actuate motion with minimal effect on the signal of the scanner.
Highly accurate motion is achieved through the use of MRI compatible
optical encoders (linear motion: EM1-0-500-1, angular motion: EM1-2-
2500-I; US Digital Corporation). In this regard, specific techniques
were implemented, including the incorporation of double-sided guides
and brass screws, thereby increasing the robustness and achieving a

stable and perfectly aligned robotic movement.

2.1.2 | Design details and principle of motion

The Z-stage of the positioning mechanism is shown in Figure 2A. The
moving parts were assembled inside the Z-frame. The Z-motor holder
was attached to the rear of the Z-frame. The Z-motor was fixed in the
holder and secured by the Z-motor cover. During operation, the
rotational motion of the motor is converted into linear motion of the
Z-plate inside the respective guide slots of the Z-frame through a
jack-screw mechanism. The Z-rectangular shaft moves inside the
respective guide of the Z-frame for smooth and stable linear motion
in the Z-axis. The rear end of the Z-rectangular shaft was attached to
the Z-plate while on its front end a coupling was included for the Y-
stage. On each side of the Z-frame there are couplings for attaching
the device to the MRI bed via a C-arm.

30

C-arm

Accurate motion in the Z-axis is achieved through the use of an
optical encoder setup. The optical encoder module was mounted on
the Z-plate to move along the respective encoder strip with a reso-
lution of 500 lines per inch, which was attached to the Z-frame. The
Z-encoder and Z-motor connectors (4-pin, Fischer) were fixed be-
tween the Z-motor holder and the Z-motor cover at the rear of the
stage.

Figure 2B shows the Y-stage. The Y-stage was connected with
the Z-rectangular shaft to be carried by the Z-stage. The Y-motor
was attached to the side part of the Y-frame and merged with the
pinion gear that was in turn coupled to the idler gear. Accordingly,
the idler gear was coupled to the spur gear that rotates the
Y-jackscrew. Similar to Z-stage, the Y-jackscrew was coupled to the
Y-plate for converting the angular into linear motion. Monitoring of
motion is achieved with an optical encoder system identical to that of
the Z-stage.

The X-stage was attached to the Y-stage via a coupling and
screws. The assembly of the X-stage is shown in Figure 2C. The
motion mechanism of the X-stage uses the same jackscrew principle
described previously for the other two stages. In fact, the X-plate was
coupled to the X-jackscrew to move within the respective guides of
the X-frame. Furthermore, special guides were designed on the
X-plate for installing the ®-stage. Similar to the Z-stage and Y-stage,
an optical encoder setup of the same type was incorporated for
motion control.

Figure 2D shows the assembly of the @-stage that carries the
ultrasonic source. The ®-motor was coupled to a two-stage gear
speed reduction mechanism. The speed reduction mechanism am-
plifies the torque of the ®-motor helping it to overcome the
increased load when during treatment the coupling system is filled
with degassed water. The gear ratio of each stage of 1:3 results in a
total gear ratio of 1:9. For precise rotation, an angular encoder
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Z-Connector
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Y-Motor cover Y-Encoder
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Y-Connector

gear

2-stage speed ©-Motor

reduction mechanism

Encoder disk

©-Encoder Z

disk holder

©-Encoder
module

©-Connector

FIGURE 2 Assembly of the (A) Z-stage, (B) Y-stage, (C) X-stage, and (D) ©-stage

module was installed on the mechanism. The respective optical
encoder disk has a resolution of 2500 lines per 360°.

The fully assembled robotic device is shown in Figure 3. The
ultrasonic transducer was attached at the front of the ®-stage via the
®-arm while being connected to a coupling cone. Upon operation, this
cone is filled with degassed water enabling proper transmission of
the ultrasonic beam through an opening at its bottom that is sealed
with a membrane. It is noted that acoustic coupling membranes are
commonly used in MRgFUS systems usually being part of the trans-
ducer assembly.*® In the current study, the membrane was made of
silicone with a mean acoustic attenuation of 1.58 + 0.20 dB/cm-MHz
(at 1.1 MHz). Given its very small thickness of 0.2 mm, the induced
attenuation of the ultrasonic beam is considered minimal. This
membrane is in contact with the skin through a layer of coupling gel
to ensure good contact with tissue. Furthermore, the coupling cone
includes two brass fittings that are connected to a pump to circulate
degassed water, thus cooling the transducer element during high
power sonications. The Z-stage carrying the rest of the mechanism is
attached to the C-arm via two couplings. The C-arm connects to the
respective C-arm bases that are mounted on opposite sides of
the MRI table allowing the patient to be placed comfortably under
the device in the supine position for a top to bottom access of
ultrasound to the targeted area.
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2.1.3 | High intensity FUS system

The therapeutic transducer was developed in-house using non-
magnetic materials with the proper characteristics as estimated
by simulation studies in order to achieve optimal focussing at suf-
ficient depth in tissue. The transducer was designed using a single
piezoelectric element so as to be compact and ergonomic. An
element with a nominal frequency of 2.75 MHz, diameter of 50 mm,
and a radius of curvature of 65 mm was housed in a custom-made
case made of ABS plastic. The transducer is activated by a tuned RF
amplifier (AG1016, AG Series Amplifier, T & C Power Conversion,
Inc.) for maximum power gain. The achieved average efficiency
amounts to 30%.

2.1.4 | Controlling software

Remote control of the system is accomplished through an in-house
software written in C sharp (Visual Studio 2010 Express; Microsoft
Corporation). The main functionalities of the software relate to
controlling the High Intensity Focussed Ultrasound (HIFU) and ro-
botic positioning systems. Control algorithms were implemented for
selecting the transducer's path by specifying the parameters of grid
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operation, including the grid size, motion pattern, spatial step, and
time delay between successive sonications, and sending the relevant
commands to an electronic driving system that was developed in-
house. The user is also allowed to control the ultrasonic exposure
by selecting operating frequency, continuous or pulse mode, power,
pulse duration, pulse repetition frequency, and number of exposures.
Furthermore, the software was interfaced with the MRI enabling real
time transfer and display of MR images and the use of MR ther-
mometry tools during HIFU.

2.2 | Evaluation of system's performance

221 | MRI compatibility

The system's components intended to operate in the MRI room were
entirely manufactured from non-magnetic materials for safety rea-
sons. Upon full implementation of the system, its compatibility with a
clinical MRI scanner was assessed using a signal to noise ratio (SNR)
methodology. The method was based on comparing the SNR of MR
images acquired under different activation states of the robotic
system. For this purpose, an agar based TMP was sequentially imaged
upon activating different system's components. The SNR was calcu-
lated by including the mean signal intensity of a Region of Interest
(ROI) in the phantom and a background ROI in the following
equation:

SNR = Sfphanwm

OTnoise

(1)

where the denominator represents the standard deviation from the
ROI placed in the air/background. It is noted that the noise was
assumed to follow a Gaussian distribution.
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(A) Computer-aided design drawing of the robotic device indicating the main components and (B) Photo of the manufactured

The agar-based phantom was prepared with 6% weight per
volume (w/v) agar (Merck KGaA; EMD Millipore Corporation) ac-
cording to a procedure previously described in the literature.’® The
selection of agar as the gelling agent was based on several factors
such as the ease and low cost preparation process of agar-based
phantoms, as well as their tissue-like MRI signal.?® It is noted that
during phantom production, the mixture was carefully dissolved
with continuous agitation in order to form a homogeneous phantom
offering image homogeneity in MRI. The robotic device was placed
on the couch of a 1.5 T MRI scanner (GE Signa HD16; General
Electric) and the coupling cone was filled with degassed water for
proper ultrasonic coupling with the phantom. MRI scans of the
phantom were performed using a body coil (Signa 1.5T 12 Channel;
GE Healthcare Coils) and a common Spoiled Gradient Echo (SPGR)
sequence.

The MRI compatibility of the robotic device was initially evaluated
by measuring the SNR of the phantom using the SPGR sequence with
the following MR parameters: repetition time (TR) = 22 ms, echo time
(TE) = 10.5 ms, field of view (FOV) = 28 x 28 cm?, matrix = 192 x 160,
flip angle = 30° and number of excitations (NEXs) = 2. Similarly, MRI
compatibility assessment of the transducer and MR thermometry
were performed by comparing 2D SPGR images acquired using the
following parameters: TR = 22 ms, TE = 8.4 ms, FOV = 28 x 28 cm?,
matrix = 192 x 160, flip angle = 30° and NEXs = 2.

2.2.2 | MR thermometry

An agar-based phantom containing 6% w/v agar and 4% w/v silica
(Sigma-Aldrich) was sonicated by applying an electrical power of
150 W (acoustical power 45 W) for 35 s at a focal depth of 2.3 cm. It
should be noted that the high melting point of agar makes this
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phantom suitable for HIFU exposures.?® The temperature evolution
during heating was monitored using MR thermometry. Specifically,
the change of temperature was estimated using a technique known
as the proton resonance frequency (PRF) shift method.® The method
takes advantage of the temperature-dependent change of the PRF in
tissue. The phase difference between a baseline image acquired
before heating ¢(Ty) (at a known temperature) and an image ac-
quired at a specific time during heating @(T) is proportional to the
corresponding PRF change, and thus, it can be easily converted to
temperature change as follows:”

@(T) — ¢(To)

AT = yaBoTE

(2)

where y is the gyromagnetic ratio, a is the PRF change coefficient, By
is the magnetic field strength, and TE is the echo time.

In accordance, the temperature change in a specific phantom ROI
was derived from phase difference calculations in a pixel-by-pixel
basis. The relevant data were extracted from 2D SPGR images. The
scans were performed using the general-purpose flex surface coil
(Signa 1.5T Receiver only; GE Medical Systems. The images acquired
during heating were processed by the developed software using a
series of libraries written in the Python language (Proteus MRI-HIFU
Software Development Suite), which allowed for controlled exposure
through MR-based thermometry. Thermal maps were produced at a
specific temporal step according to the previously described
method.”> The estimated temperature values were colour-coded by

adjusting a colour map from blue to red.

2.2.3 | Grid ablation on excised tissue

After confirming proper operation in the MRI setting, the feasibility
of the system in producing thermal lesions was examined by per-
forming high power sonications on freshly excised tissue. The dis-
tance between the transducer and the tissue was set at 4 cm
resulting in a focal depth of 2.5 cm (given the radius of curvature of
65 mm). The transducer was moved along grid patterns using the
software commands. Grid ablations were performed automatically
based on predefined protocols while the grid operation was being
displayed on the screen and monitored by the user. A 3 x 3 grid was
selected for the experiments while the spatial step was varied. A time
delay of 60 s was used between successive sonications.

3 | RESULTS

3.1 | MRI compatibility

MRI compatibility assessment was performed by comparing the SNR
of 2D SPGR coronal images of an agar-based phantom at different
activation conditions of the system. Regarding the MRI compatibility
of the robotic mechanism, Figure 4 shows MR images acquired with
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the cables disconnected, cables connected, electronic system con-
nected, electronic system activated, and motor moving. Figure 5
shows a bar chart of the measured SNR for each condition tested.
Accordingly, Figure 6 shows the MR images acquired under different
activation states of the transducer while Figure 7 shows a bar chart
of the corresponding SNR measurements.

3.2 | MR thermometry

Thermal maps were generated at temporal step of 7 s.° Figures 8A
and 8B show the thermal maps acquired at 35 s of sonication
(acoustical power of 150 W) in a plane perpendicular (coronal) and
parallel (axial) to the ultrasonic transmission, respectively, indicating
a temperature change at the focus of about 50°C.

3.3 | Grid ablation on excised tissue

Multiple sonications were performed in freshly excised tissue using
grid operation. An acoustical power of 150 W was applied for 20 s at
each point of a 3 x 3 grid (60 s time delay). A spatial step of 15 mm
resulted in nine well-formed discrete lesions on tissue. The tissue was
cut horizontally (in a plane perpendicular to the beam) at a depth of
2 cm revealing well-defined circle-shaped lesions with a mean
diameter of 7.44 + 1.74 mm, as shown in Figure 9. Figure 10 shows
discrete thermal lesions formed using a quite shorter sonication time
of 10 s. The tissue was cut vertically to reveal the length of the le-
sions. The same sonication protocol (150 W for 10 s) but three times
smaller spatial step resulted in the overlapping lesions illustrated in
Figure 11. The tissue was cut horizontally at 1.5 cm from the soni-
cated surface. A well-defined coagulative area of about 14 mm in

diameter was formed.

4 | DISCUSSION

A transportable robotic system that comprises a C-shaped holder
intended to be attached to the MRI bed was developed. The holder
carries a 4 DOF positioning mechanism dedicated to manoeuvring a
custom-made ultrasonic transducer of 2.75 MHz relative to the pa-
tient. The smart design of the device enables treatment of bone,
breast, thyroid, and abdominal tumours while the patient is
comfortably lying in the supine position.

Motion in all incorporated axes is actuated by piezoelectric
motors. Linear motion is established by jackscrew mechanisms that
convert the rotational motion of the motors into translation motion
of special plates along the respective jackscrews. A smooth and ac-
curate rotation is established through a series of speed reduction
gears that amplifies the motors' torque. It is noted that the robotic
system has a motion accuracy level comparable to previous ver-

21-23

sions since it follows a similar principle of motion, according to

simple accuracy assessment methods.?*
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FIGURE 4 Coronal images acquired using
2D Spoiled Gradient Echo sequence with the
(A) Cables disconnected, (B) Cables connected,
(C) Electronic system connected, (D) Electronic
system activated, and (E) Motor moving
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FIGURE 5 Signal to noise ratio (SNR) of the phantom images acquired at different activation states of the robot using the Spoiled Gradient
Echo sequence

FIGURE 6 Coronal images acquired
using 2D Spoiled Gradient Echo
sequence under different activation
conditions of the transducer:

(A) Reference image, (B) Cables
disconnected, (C) Cables connected,
(D) Amplifier ON, and power set to

(E) 50 W for 16 s, (F) 100 W for 16 s,
(G) 150 W for 16 s, and (H) 200 W for
16 s

An optical encoder setup was installed on each stage providing accuracy, as well as the structural rigidity, also given that the load is
precise position estimates, thereby ensuring highly accurate motion increased when the coupling cone is filled with water. Advanta-
along the commanded path. In this regard, each stage was designed geously, the various motion stages were assembled in space saving
with double-sided guides to increase the motion and alignment manner extending horizontally (along the Z-axis) to leave sufficient
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FIGURE 7 Signal to noise ratio (SNR) of the phantom images acquired at different activation states of the ultrasonic transducer using the

Spoiled Gradient Echo sequence
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(A) Coronal and (B) Axial thermal maps acquired at 35 s of sonication (acoustical power of 150 W) in agar-based phantom

FIGURE 9 Excised tissue sliced
horizontally at 2 cm depth showing
discrete lesions formed after multiple
sonications in a 3 x 3 grid with a 15 mm
step and time delay of 60 s using 150 W
acoustic power for 20 s at each spot
(focal depth of 2.5 cm)

space under the system for comfortable supine positioning of the
patient. Simultaneously, the specific configuration, as well as the ri-
gidity of the structure, allow for more motion stages to be installed in
the mechanism easily.

Remote control of the various functionalities of the system is
achieved using the commands of a dedicated computer-controlled
software. The user can define the therapeutic protocol and monitor

v

Motion pattern

bl

the overall procedure through a friendly graphical user interface
without specific technical knowledge.

Once the hardware was developed and integrated with the
corresponding software, the system was tested by benchtop and MRI
experiments. Initially, the reference SNR was measured in the pres-
ence of the robot in the MRI scanner and proven sufficiently high for
acquisition of high resolution SPGR images, thus demonstrating no
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FIGURE 10 Excised tissue sliced vertically showing discrete cigar-shaped lesions formed after ablation in a 3 x 3 grid with a 15 mm step
and time delay of 60 s using 150 W acoustic power for 10 s at each spot. Sonication spots: (A) 1, 2, 3, and (B) 4, 5, and 6

FIGURE 11 Excised tissue sliced
horizontally at 1.5 cm depth showing
overlapping lesions formed after ablation in

3 x 3 grid with a time delay of 60 s and 150 W
for 10 s at each spot, but a smaller spatial step
of 5 mm

interference between the system's materials and magnetic field that
could compromise the imaging quality. Moreover, no noticeable ar-
tefacts were observed on MR images. Overall, the 3D printing plastic
and non-magnetic materials used in the current system showed none
or little reaction with the magnet minimally affecting the SNR and
without causing any magnetically induced shift in the position of the
various components.

A reduction of SNR was observed upon connection and activation
of the system and transducer as expected. Despite the drop in the SNR,
the image quality remained satisfactory with the focal spot being
visible even during the highest power operation of 200 W. More
importantly, the results suggest that MR thermometry can be per-
formed properly using the specific sequence. In fact, the temperature
evolution was successfully monitored, simultaneously demonstrating
proper communication between hardware and software, Although the
system can safely operate in the MRI environment without compro-
mising the precision of ultrasound delivery, it is classified as MRI-
conditional according to American Society for Testing and Materials
standards (F2503) since it requires electricity to operate.

The heating abilities of the HIFU system were demonstrated by
phantom experiments in the MRI setting. The temperature evolution
during high power sonication in an agar-based phantom was suc-
cessfully monitored using MR thermometry, which allowed for
assessing destruction of the phantom's structure before dissection,
simultaneously confirming the compatibility of the transducer with
the MR scanner.

The feasibility of the system in performing grid ablations was
then investigated by sonicating freshly excised tissue using robotic
motion of the transducer along predefined grid patterns. Discrete
and overlapping lesions were successfully created by adjusting the

v

spatial step between adjacent sonications, demonstrating the ability
of the system to produce thermal lesions in array patterns. The water
system provided proper acoustic coupling and cooling of the trans-
ducer by water recycling with no evidence of overheating of the
transducer element. These experiments also allowed for visually
confirming high accuracy of robotic motion through the formation of
equally spaced lesions, accounting though for tissue inhomogeneities.
It was also demonstrated that the software controls the hardware
and overall functions properly.

It is widely accepted that FUS therapy when combined with MRI
guidance has the ability to ablate tumours with significantly higher
precision and safety compared to US-guided procedures. In this regard,
the proposed system aiming to fully exploit the unique benefits of MRI

guidance is superior to commercial devices that use US guidance.'®~1#

Furthermore, although previously proposed systems?1-2325-28

can
also operate in the MRI setting and could potentially be used for similar
applications, more advances in terms of design and functionalities have
seen the production of the one proposed herein.

Firstly, devices dedicated to be cited on the MRI table?%?5-27
occupy valuable space in the scanner while in some cases, the moving
parts are being actuated in close proximity to the patient, possibly
compromising the safety of the procedure. Other proposed de-

vices?4%3

are characterized by a simplistic design with all the me-
chanical and ultrasonic components being installed in a compact
housing that is incorporated into the patient's bed. The main limita-
tion of this configuration is that it forces the patient in the prone
position, whereas the current system allows comfortable supine
positioning. It should also be noted that these devices are partially
placed inside the bed with the housing protruding above it, thus

occupying some of the already restricted space.
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Overall, the systems proposed in the previously cited work may
be considered simplistic versions of the presented one that provided
proof of concept for the technology and principle of motion. Ad-
vantageously, the current device was optimized to meet the clinical
requirement, with the prototype having proper size and features and
offering sufficient motion range for applications in humans. So far,
the system was validated for safety and efficacy by ex-vivo experi-
mentation. However, its performance should be further evaluated by
ex-vivo and in-vivo preclinical studies to obtain sufficient data for
translating it to the clinic.

In conclusion, the developed MRgFUS system is simple in use and
inexpensive compared to other systems using phased array multi-
element technology. It offers excellent top to bottom coupling of
ultrasound with the subject through a water-filled coupling cone,
which also circulates water for cooling the transducer. The prototype
could be easily translated to the clinic to offer an alternative non-
invasive therapeutic solution for various cancer types since it

already has a commercial ready design.
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1 | INTRODUCTION
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Abstract

Background: High-quality methods for Magnetic Resonance guided Focussed Ul-
trasound (MRgFUS) therapy planning are needed for safe and efficient clinical
practices. Herein, an algorithm for full coverage path planning based on preopera-
tive MR images is presented.

Methods: The software functionalities of an MRgFUS robotic system were
enhanced by implementing the developed algorithm. The algorithm's performance
in accurate path planning following a Zig-Zag pathway was assessed on MR images.
The planned sonication paths were performed on acrylic films using the robotic
system carrying a 2.75 MHz single element transducer.

Results: Ablation patterns were successfully planned on MR images and produced
on acrylic films by overlapping lesions with excellent match between the planned
and experimental lesion shapes.

Conclusions: The advanced software was proven efficient in planning and executing
full ablation of any segmented target. The reliability of the algorithm could be

enhanced through the development of a fully automated segmentation procedure.

KEYWORDS
algorithm, MRgFUS, path planning, plastic films, segmentation

volume requires generating lesions side-by-side. Navigation of the
beam focus through the entire tumour is achieved by mechanically

High Intensity Focussed Ultrasound (HIFU) has been used in the
clinical management of various medical diseases as a beneficial non-
invasive alternative to traditional therapeutic approaches.! The
HIFU-induced thermal effects have been extensively exploited in
oncology, where the ultrasound beams are concentrated into a mm-
sized location causing rapid temperature elevation in local tissue,
without damaging tissues in the acoustic path.! Exposure of tissue to
temperatures higher than 60°C for 1 s was proven sufficient to
produce coagulation necrosis and lesion formation.? Since tumours

have a diameter of several centimetres, ablation of their entire

moving the source or by electronically steering the beam using
phased array technology.®

Through the view of physicians, high-quality methods for treat-
ment planning and real-time monitoring of heating during HIFU are
needed for safe and efficient clinical practices. Briefly, the planning
process involves pretherapy imaging and tumour segmentation fol-
lowed by administration of sonication points throughout the marked
region of interest (ROI) and selection of the proper scanning
pathway. The sonication protocol is then executed commonly under

the guidance of ultrasound (US) or Magnetic Resonance Imaging
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(MRI).} Although both constitute well-established non-invasive im-
aging modalities, MRI produces anatomical images of significantly
higher resolution regardless of depth and intervening structures, thus
enabling tissue targeting and focus positioning with very high preci-
sion.” Simultaneously, MRI has the unique ability of intraoperative
temperature monitoring for selective tissue ablation through MR-
based thermometry.® The HIFU technology combined with MRI is
known as Magnetic Resonance guided Focussed Ultrasound
(MRgFUSs).

The first step in the planning process is localising the ROI in
precperative MR images.* Currently, localisation of the ROI typically
requires manual involvement by a trained physician, which unavoid-
ably decreases the therapeutic efficacy.” Clinical practices will thus
be greatly benefited by computer-based methods for automated
segmentation and full coverage path planning.* As an example, Loeve
et al.* reported an average time of 18 min for image segmentation of
the target based on observations of MRgFUS interventions in the
uterine, suggesting that the total treatment duration could be
decreased by automated segmentation, especially when multiple
segmentation adjustments are needed for motion compensation.*

Since MRI is routinely employed in brain disease detection,®
there is a wide variety of techniques for brain lesion segmentation in
MR images available in the literature, which may be helpful given the
adaption of MRgFUS as a neurotherapeutic tool.” Zhang et al.®
classified the existing methods into three main categories; conven-
tional methods (i.e., threshold, region, fuzzy theory, and edge detec-
tion), classical machine learning-based methods (i.e, K Nearest
Neighbour - KNN, random forest, Contingent Valuation Method -
CVM, and dictionary learning) and deep learning-based methods (i.e.,
Convolutional Neural Network - CNN, Fully Convolutional Network -
FCN, and encoder-decoder). Another similar review study11
concluded that the tumour segmentation is more effective when a
fully CNN is combined with a Conditional Random Field (CRF) sta-
tistical method.

The-wide adaption of HIFU in the clinical management of uterine
fibroids has led scientists to the development of more advanced
planning and guiding tools for this specific application. Xu et al.*?
proposed an automatic segmentation method for uterine fibroids on
US images. The developed algorithm involves dividing the image into
smaller regions called superpixels that are characterised using a
texture histogram-based feature representation method and finally
merging them again based on their similarities, meaning that the
tumour's pixels will be merged together since they have similar
texture.'? Recently, Ning et al.” proposed an image guidance system
featuring tools for automatic detection and segmentation of lesions
on MR images through a CNN multi-stage segmentation. Notably, the
developed system also enables intraoperative lesion tracking on US
images.”

Recently, in the effort to enhance MRgFUS therapy planning,
three classical methodology types were assessed for their perfor-
mance in segmenting ROIs (e.g., tissue, water, and transducer) in
MR images of a HIFU setup.'® The tested methods were the
simplest image segmentation method known as the Threshold
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method, the Watershed segmentation algorithm with markers
(WSAM), and two Level set methods (LSM); the Geodesic Active
Contours (GAC) and the Distance Regularised Level Set Evolution
(DRLSE) methods. Preliminary results were promising; however,
the methods are accompanied by some limitations, such as the
need to establish an initial contour for GAC and DRLSE methods
and the complex procedure of defining the markers of WSAM,
which both require previous intervention by the user for MR im-
age division.™?

The segmentation procedure is followed by path planning for
selective ablation of the delineated ROI# Selection of the proper
scanning pathway is essential in forming uniform lesions throughout
the segmented target and minimising thermal exposure of normal
tissue. A conventional scanning approach in clinical HIFU is the
Raster scanning where the ultrasonic source sequentially visits spots
arranged in horizontal lines that are scanned in the same direction.'*
Thermal diffusion was proven an essential phenomenon reducing the
therapeutic outcome of this scanning mode through the formation of
asymmetric lesions.»*° This is attributed to that lesion formation at
a specific spot is affected by the thermal energy diffusing from
neighbouring previously sonicated spots, thereby leading to inade-
quate treatment of initial spots and extensive heating of the later
ones, as well as excess thermal dose deposition in the pre-focal area,
a phenomenon known as the near-field heating.>”

Therefore, there are still challenges in achieving ablation of a well-
defined area by eliminating thermal diffusion effects while ideally
using the minimum energy and treatment time possible. In this effort,
researchers have investigated how various scanning paths and the
used sonication parameters affect the therapeutic result of HIFU
therapy.2*¥-21 Zhou et al.'* investigated how the Spiral scanning
from the centre to the outside and vice versa affect the formation of
lesions by sonicating a gel phantom and bovine liver in a discrete
rhombus-shaped grid. The proposed scanning approaches produced
more uniform lesions but of a smaller volume than conventional raster

1.4 1.8 also

scanning when used under the same protoco Qian et a
investigated the performance of a Spiral pathway that was executed in
a continuous scanning mode covering a square area in acrylamide-
based heat-sensitive phantom and bovine liver. The results suggest
that uniform lesions without overheating phenomena can be produced
by continuous scanning along the spiral pathway by selecting proper
scanning speed to regulate thermal energy diffusion.'®

Typically, discrete scanning modes employ a time delay be-
tween successive sonications of equal duration to eliminate intense
heating.” In accordance, the accumulation of thermal energy
should be controlled by selecting not only the proper pathway, but
also sufficient cooling periods. A recent study'” evaluated the effect
of increasing time delay on the induced near-field heating and
overall treatment time for six different pathway algorithms,
including the commonly used Sequential and Spiral algorithms. It is
noted that the Sequential algorithm differs from the aforemen-
tioned Raster scanning only in that adjacent lines are scanned in
opposite directions. Experimental evaluation in a tissue-mimicking

phantom (TMP) revealed that a minimum time delay of 50-60 s
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is needed for achieving a safe thermal dose in the near-field
region.'”

At this point, it is interesting to note that the use of different
sonication times at the various grid spots was proposed as an alter-
native method to avoid the introduction of cooling intervals, thus
minimising the overall treatment time.”® The relevant article
compared the performance of the Raster, Spiral, and Skip paths using
unequal heating duration with the conventional scanning mode by
simulating the ablation of a square area through electronic steering
of the beam according to each pathway.’? The results suggest that
the proposed method is robust when used in combination with the
Skip scanning path and could lead to a treatment time reduction of
more than 50%."7

Herein, a full area coverage path planning algorithm intended for
planning MRgFUS sonication protocols is presented. The ROl in a
medical image is initially marked following placement of indicative
points by the user. In brief, sonication points are then placed
throughout the segmented ROI and sorted based on a Zig Zag
pathway to be sequentially visited by the ultrasonic source.

The accuracy of the developed algorithm was evaluated using an
MRgFUS robotic system intended for preclinical use. The algorithm
was implemented within the relevant controlling software. Once the
power field of the incorporated transducer was tested ensuring
sufficient emission of ultrasonic energy, the performance of the al-
gorithm was assessed by path planning on medical images and
execution of the planned sonications on plastic films for visual
assessment of accuracy.

Advantageously, the proposed algorithm is specifically dedicated
to path planning of MRgFUS robotic devices, whereas authors in
previous studies developed planning tools for US-guided therapy”:'2
or examined the performance of already existing segmentation
tools.*® With the proposed algorithm, the whole procedure from the
lesion segmentation stage and distribution of foci to path execution is
implemented in the MRI setting. In addition, the algorithm is simpli-

fied and fast, and thus more ergonomic in its use.

2 | MATERIALS AND METHODS

2.1 | Robotic system for MRgFUS preclinical use

A robotic system intended for preclinical applications of MRgFUS
was used for the purposes of the study.?? The system was manu-
factured on a rapid prototyping machine (FDM400, Stratasys, 7665
Commerce Way, Eden Prairie, Minnesota, 55344, USA) with Acry-
lonitrile Butadiene Styrene (ABS) thermoplastic. All the components
were selected based on MR compatibility to enable proper operation
in the MRI environment. Due to its compact design (57 cm in length,
21 c¢m in width and 11.5 cm in height) is capable to be fitted inside
the MR operating table for prone positioning of the subject, simul-
taneously facilitating ease of transfer, also given its lightweight
design of about 5 kg. Accordingly, the treatment area is targeted
from the bottom to the top.
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The main device comprises an enclosure where the motion
mechanism is actuated, being driven by piezoelectric motors
(USR30-S3, Shinsei Kogyo Corp., Tokyo, Japan) in 4 computer-
controlled degrees of freedom (DOF) for positioning the ultrasonic
transducer about the subject. The transducer is accommodated in a
separate water-filled enclosure through an arm extending from the
mechanism. In this study, a single element spherically focussed
transducer with a nominal frequency of 2.75 MHz, a radius of cur-
vature of 65 mm, and a diameter of 50 mm was integrated with the
system. The transducer was tuned with an RF amplifier (AG1016,
AG Series Amplifier, T & C Power Conversion, Inc., Rochester, US)
for optimum power output, achieving a percent acoustic efficiency
of 30%. Notably, the positioning mechanism is robust enough to
carry a phased array transducer. The described system is shown in
Figure 1.

2.2 | Software for robotic control

The various functionalities of the system are controlled remotely
through an in-house developed software written in C sharp pro-
graming language (Visual Studio 2010 Express, Microsoft Corpora-
tion). The main algorithms implemented allow for controlling the
robotic motion and FUS operation. The user commands motion in
grid patterns by specifying the relevant parameters (grid size, motion
pattern, spatial step, and time delay between successive sonications)
and visualizes the grid operation in real time through a user-friendly
graphical interface. The sonication parameters at each spot are easily
adjusted by the user. This software can be interfaced with the MRI so
that medical images are directly transferred for further processing
and treatment planning, as well as for controlled ultrasonic exposures
through the use of MR thermometry.® Figure 2 shows a block dia-
gram of the connection between hardware and software through the

MRI penetration panel.

2.3 | Path planning algorithm

The software was extended with additional functionalities to support
therapy planning. The developed algorithm consists of 5 basic sub-
processes as illustrated in the schematic diagram of Figure 3. The al-
gorithm receives as input a list of vertices (at least 3) that are manually
selected by the user as points (x, y) on the medical image from the
graphical user interface of the software. These points are connected
forming a polygon indicating the ROl where sonication will take place.
The user should also select the intended motion step in mm for the X
and Y axes, which defines the resolution of sonication. The second
subprocess involves the Point of Polygon (POP) Algorithm that is
responsible for identifying which pixels of the entire medical image are
included within the delineated area based on the Jordan Curve The-
orem.?® Once the involved pixels are identified, a boundary box is
created around the segmented area. Binary arrays are generated so
that each pixel is assigned a number (0 or 1) defining whether or not it



The International Journal of Medical Robotics _
and Computer Assisted Surgery

40010 | \WILEY_

Mechanism Enclosure

Ultrasonic transducer Water Enclosure
FIGURE 1
(MRgFUS) robotic device

Planning/ Treatment

softy MR image transfer

1
|

Motion control

HIFU control

MRI penetration panel

-

ANTONIOU ET AL

Motion stages
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FIGURE 2 Block diagram of the
connection between hardware and software
through the Magnetic Resonance Imaging
(MRI) penetration panel
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should be sonicated. The localised sonication points are then sorted in
the order to be visited by the transducer based on a Zig Zag pattern
(step 4). Finally, the sorted points are converted into motion vectors
through step 5. A homing procedure follows where the offset between
the origin point of the sonication frame (boundary box of the
segmented area) and the real location of the transducer is compen-
sated. The extracted path planning vectors serve as the output
defining the transducer's path in two-dimensional space for full
coverage of the segmented area. These motion vectors are sent suc-
cessively to the driving system for execution. Figure 4 is a screenshot
of the software interface for path planning.

2.4 | Evaluation of power field

The power field of the transducer was evaluated by HIFU sonica-
tions on clear films made of acrylic plastic with a thickness of
0.9 mm (FDM400mc print plate, Stratasys). The ultrasonic attenu-
ation of the plastic films was estimated at 8.5 dB/cm-MHz
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(at 2 MHz) according to the transmission through technique.?* The
focussed transducer was mounted on a special holder that was
geometrically designed to enable horizontal placement of the film at
varying distance above the transducer and the whole structure was
immersed in degassed water for proper ultrasonic transmission. The
films were sonicated at various distances from the transducer's
surface using a constant electric power of 150 W (acoustic power
of 45 W) and a sonication time of 10 s. The upper side of the film
involved air, and thus, the heating of the film was mainly based on
reflection. The diameter of the formed lesion at each distance was
estimated.

2.5 | Evaluation of the algorithm's performance

The accuracy of the proposed algorithm was evaluated by path
planning on medical images. MR images of brain and TMPs were
imported in the software for processing by the user. The sonication
protocols were automatically developed after placement of initial
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FIGURE 3 Schematic diagram of the
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points by the user and executed on acrylic films to assess the 3 | RESULTS

performance of the algorithm as implemented in the FUS proced-
ure. Simultaneously, the robotic system was evaluated in terms of
proper communication with the software and accuracy of robotic
motion.

Plastic films with approximate dimensions of 82 x 87 x 0.9 mm
were fixed to the acoustic opening of the water enclosure at a
constant distance of approximately 55 mm above the transducer's
surface with the assistance of a special holder as illustrated in
Figure 5. Again, degassed water served as the coupling medium.
Multiple sonications along the planned Zig-Zag pathway were per-
formed using grid operation with a 2 mm step. Each grid spot was
sonicated using a moderate acoustical power of 30 W for 7 s with a
time delay of 30 s between successive expositions. It is noted that
the optimum sonication time for lesion formation was selected at
7 s following initial testing with varying sonication times. The se-
lection of a proper time delay was mainly based on the results of a
previous study of the group” suggesting that a time delay of 60 s is
needed between 2 mm spaced sonication spots to reduce off-target
heating in an agar-based TMP. Given that thermal diffusion is a less
effective mechanism of energy loss in plastic, a 30 s delay was

considered sufficient.
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An indication of the power field of the ultrasonic transducer was
obtained by sonicating plastic films at increasing depth of 35-
95 mm from the transducer's surface. Figure 6 shows a photo of
the sonicated films indicating the diameter of the formed lesions.
Visual assessment reveals a focal spot shifted at 55 mm. Notably,
large lesions were observed at distances of 35, 45 and 65 mm
indicating increased heating in the near-field region. No lesions
were observed at distances of 85 and 95 mm. The change in the
lesion size with varying distance is indicative of the power field
distribution. Specifically, assuming a Gaussian distribution of
acoustic power around the maxima in axial and radial planes, the
dimensions of the formed lesions are defined by the half power
length and width, respectively.

Next, MR images were used for assessing the performance of the
developed algorithm in accurate path planning. Figure 7 shows a
two-dimensional representation of sonication spots sorted along
the planned Zig-Zag pathway and the corresponding segmented
ROI from an MR TMP image. Indicative results of ablation patterns
produced on acrylic films are presented in Figure 8. A 2-mm step

was proven suitable for creating overlapping lesions when using
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FIGURE 4 Screenshot of the software interface for path planning
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FIGURE 5 Photo of the experimental setup used for sonicating
plastic films

the specific sonication protocol (30 W acoustical power and 7 s
sonication time). As revealed by Figure 8, the shape of the ablated

areas matches well with the corresponding ROls.

44

Yo

ANTONIOU ET AL

4 | DISCUSSION

In this study, the software of an already existing MRgFUS system was
enhanced by implementing a full coverage path planning algorithm.
Medical images are directly transfer from the MRI scanner to the
software's interface for treatment planning. Briefly, the algorithm
enables ROI segmentation on preoperative MR images and automatic
generation of the sonication pathway based on a Zig-Zag pattern. In
fact, the marked area is filled with sonications spots that are being
executed individually with a spatial step that is defined by the user.
The estimated prediction time of the navigation path on MR images
of 512 x 512 pixels is less 1 s for any lesion size, even when using a
very small spatial step of 1 mm.

Thin acrylic films served as the main tool in the evaluation pro-
cess. Initially, the power field of the FUS transducer was evaluated
through visual and quantitative assessment of lesions produced on
the plastic films at various distances from the transducer's surface.
The results confirmed sufficient emission of ultrasonic energy and

revealed a shift of the focal depth of about 10 mm towards the
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FIGURE 6 Photo of films sonicated at increasing depth from the surface of a single element transducer with central frequency of
2.75 MHz, radius of curvature of 65 mm, and diameter of 50 mm, indicating the diameter of the formed lesions
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FIGURE 7 Representation of sonication spots arranged in the X-Y plane and the planned Zig-Zag pathway for full coverage of a

segmented region of interest (ROI; upper right)

transducer. This information was useful for the next experiments. It
should be also noted that lesion formation resulted from reflection at
the plastic/air interface.

The main task in the evaluation process concerned the assess-
ment of the path planning performance of the developed algorithm
using a series of MR images. Successful planning was observed in all
cases without any software defects. Next, the planned sonication
protocols were executed by sonicating acrylic films using the inte-
grated MRgFUS robotic system. Acrylic softens gradually as tem-
perature rises. As an amorphous polymer, it crystallises and turns
white when experiencing stress. In the current study, it was observed
that heating at temperatures of about 55°C softens the material, and
as a result acoustic pressure causes formation of white bumps
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referred to as lesions. Application of 30 W for 7 s (~200 J energy)
produced such temperatures, thus leading to lesion formation. The
2 mm step (with a 30 s delay) was proven suitable for creating
overlapping lesions, whereas bigger steps resulted in discrete lesions.
Well defined areas of overlapping lesions were produced on the films,
with excellent match between the planned and experimental lesion
shapes. High accuracy of robotic positioning of the source was also
evidenced.

It is interesting to note that plastic films can be considered the
cheapest phantom for quality assurance of hardware and software
FUS systems. Notably, grid ablation on plastic films was previously
proposed as a simple method to test the accuracy of robotic motion
of FUS devices,?® being beneficial over other proposed MRI-based
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FIGURE 8 Ablation patterns on plastic films as planned on MR
images of a tissue-mimicking phantom (TMP; upper right of each
image). The sonications were performed using acoustic power of
30 W for 7 s at each spot with a spatial step of 2 mm and a time
delay of 30 s, using a single element transducer with central
frequency of 2.75 MHz, radius of curvature of 65 mm, and diameter
of 50 mm

methods®® in terms of cost-effectiveness, ease of implementation,
and accuracy.

Thermal diffusion from neighbouring spots is an important
aspect in the therapeutic outcome of FUS treatment since it affects
the formation of uniform lesions in tissue.*** Production of asym-
metric lesions was observed in optically transparent TMPs and
excised tissue.***> Curiel et al.>® reported a progressive enlargement
of lesion size on in vitro pig liver after sonications in a line grid where
each spot was exposed at acoustic power of 37 W for 2 s with 8 s
waiting time between them. In the current study, although higher
energy was applied at each spot (30 W for 7 s) with a similar spatial
and temporal delay, there was no evidence of thermal diffusion ef-
fects on lesion production, meaning that visual assessment did not
reveal significant variability in lesion density that would indicate
variability in size of individual lesions. Note that uniformity of lesions
is better observed in Figure 5 that shows a discrete pattern of almost
equally spaced lesions of similar size and shape. This is expected
given the smaller rate of heat transfer in acrylic plastic compared to
soft tissue. In fact, the thermal conductivity of body organs is around
0.5-0.6 W/m-K,?” whereas a value of 0.2 W/m-K is reported literally
for acrylic plastic.2® Accordingly, although phantoms with tissue like
properties are especially useful in the evaluation of thermal pro-
tocols, 2?0 plastic films constitute a more practical and cost-effective
solution for assessing the performance of planning algorithms
without thermal diffusion or other phantom-dependent parameters
affecting the results.
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The previous version of the software included commands for
controlling robotic motion and ultrasonic exposures. Advantageously,
the developed algorithm enabled accurate path planning for full
coverage of segmented ROls of any shape, whereas the previous
version allowed just for automating motion in XY rectangular grids.®*
Such simplified motion algorithms were widely used in order to test
the functionality of MRgFUS robotic devices in creating discrete and
overlapping lesions, specifically by performing multiple ablations in
line and square grid patterns in gel TMPs and animal tissue,'*%2-3¢

In the current version, the software can be interfaced with the
MRI system enabling real time transfer and display of MR images on
the software screen. The incorporation of path planning and MR
thermometry tools aims to offer an efficient procedural workflow
from the path planning stage to treatment plan execution. During
treatment in the MRI setting, execution of the planned path will be
visualised on the screen with simultaneous monitoring of thermal
heating and feedback on ablation through the use of MR
thermometry.

Follow up studies will test the performance of the developed
software in ex-vivo and in vivo animal tissue where thermal diffusion
phenomena are more likely to affect lesion formation. This will enable
better assessment of the performance of the Zig Zag pattern and will
provide insights on the sonication protocol for safe in vivo studies.
Generally, elevation of tissue temperature to more than 60°C for 1 s
was proven to cause instantaneous death of cells mainly via coagu-
lation mechanisms.? In this regard, the optimal combination of
acoustic parameters, motion step and time delay for achieving such
ablative temperatures and formation of uniform lesions in soft tissue
should be determined.

Although efforts were made for eliminating manual intervention
and related errors in HIFU therapy planning,”? there is still a need
for fully automated procedures of high accuracy. The developed al-
gorithm requires manual intervention for tumour segmentation
through the user interface. The introduction of deep learning
methods for automatic segmentation along the tumour margins is
deemed necessary for achieving the precision required for clinical
use. Such methods for automatic ROl localization on MR images are
available in the literature® and may be implemented in the algorithm
in a later stage to eliminate user's involvement. Another advance-
ment to be made is the transition from two-dimensional to three-
dimensional planning, which may also require the incorporation of
deep-learning methods.

5 | CONCLUSIONS

Overall, the herein proposed algorithm enables fast full coverage
path planning on preoperative MR images. The developed algorithm
as implemented in the software of an MRgFUS system was proven
efficient in planning and executing ablation of two-dimensional ROls
of complex geometry by sonicating transparent acrylic films in a Zig-
Zag pattern. Visual assessment revealed excellent match between
the planned and experimental lesion shapes. Remarkably, plastic films
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probably constitute the cheapest phantom for quality assurance
purposes of FUS devices. There are still challenges to be overcome
for increasing the reliability of the developed algorithm through the
development of a fully automated segmentation procedure.
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ARTICLE INFO ABSTRACT

Keywords: Background: Canine mammary tumours (CMTs) are the most common neoplasm appearing in female dogs and are
Canine considered the equivalent animal model of human breast cancer. However, in the literature, there is a gap for
Mammary tumours ultrasonic characterisation of these tumours. In this study, experimental measurements for acoustic attenuation
Ultrasound . . . . .
Attenuation and propagation speed of three surgically excised malignant CMTs were implemented.

i { . . -
Speed Methods: The three tumours were fixed in formaldehyde for up to 72 h and a total of five sample pieces were

sectioned from the three tumours to account for the varied morphology observed along the tumours. The
through-transmission and pulse-echo techniques were employed for experimental measurements of the acoustic
attenuation and propagation speed.

Results: Acoustic propagation speed of the five samples as measured at 2.7 MHz was in the range of 1568-1636
m/s. Correspondingly, acoustic attenuation was in the range of 1.95-3.45 dB/cm.MHz. Variations in both speed
and attenuation were observed between samples acquired from the same tumour,

Conclusions: Present findings suggest that both acoustic attenuation and propagation speed of CMTs are higher
than normal canine tissues due to increased heterogeneity and varied morphology visually observed between the
tumour specimens and evidenced by histological examination. Nevertheless, experimental results could aid in
enhancing the use of ultrasound in the diagnosis and treatment of CMTs as well as provide essential data for

comparative oncology.

1. Introduction

Canine mammary gland tumours (CMTs) represent the most common
neoplasm appearing in female dogs [1], accounting for approximately
50-70 % of all reported cancer cases [2,3] while, more rarely, they also
affect male canines [4]. The prevalence of CMTs is more frequent in the
abdominal caudal and inguinal regions [5] and is significantly increased
in unspayed canines [2,5]. Additionally, these tumours mostly affect
dogs older than 8 years of age [6], with pure-blooded canines showing
an increased risk of development [4,5]. Although there are several types
of benign or malignant CMTs [7,8], the majority of tumours are malig-
nant, with an incidence of 41-68% [9], and malignancy being highly
correlated with increased dog age [10]. In veterinary medicine, classi-
fication of CMTs as either benign or malignant occurs at the histological
study stage [11] since, unlike human medicine, conventional diagnostic
ultrasound examinations cannot accurately characterise tumour malig-
nancy [9,12,13]. Nevertheless, unlike conventional ultrasound, acoustic
radiation force impulse elastography [13] or Doppler ultrasound [12]

can potentially provide sufficient differentiation between benign and
malignant CMTs [12,13].

CMTs are often considered the equivalent animal model of human
breast cancer [2,12] since the appearance of such tumours in both
groups is similarly hormonally dependent [14] with the tumours
showing interchangeable biological behaviour [13,15]. However,
despite the variety of therapies available for human breast cancer, a
more limited number of treatment options exists for CMTs [5]. Surgical
resection with complete margins is the gold standard for efficient
treatment [2,5], achieving complete remission of benign tumours [5],
while approximately half of the malignant tumours have been associated
with metastasis [5] or recurrence [16]. Although similar to the treat-
ment protocol of human breast cancer, adjuvant treatments such as
chemotherapy, radiotherapy and hormonal therapy could potentially
reduce the incidence of metastasis and recurrence, these are not
routinely performed in veterinary medicine [5]. Radiotherapy combined
with medication has only recently been utilised for the treatment of
inflammatory mammary cancer [17], while hormonal therapy [18] and
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more frequently, chemotherapy [19,20] have also been proposed for
improving the outcome of CMTs. Nevertheless, these treatments also
result in disease recurrences [17] or induce toxic effects [21] aside from
lacking essential data regarding required doses [2].

Ultrasonic tissue characterisation with respect to attenuation, and
propagation velocity provides increased information regarding the
physical composition and nature of the tissue, thus enhancing current
diagnostic and therapeutic applications of ultrasound [22]. Acoustic
attenuation refers to distance-related energy losses emerging during
ultrasonic propagation in tissue and has been associated with several
pathological and physiclogical tissue properties [22]-[24]. Attenuation
mechanisms are a combination of absorption, reflection and scattering,
with absorption characterised the leading attenuation mechanism in soft
tissues [24]. Especially in veterinary medicine, and specifically for
CMTs, accurate attenuation estimations could potentially aid in estab-
lishing tumour benignity or malignancy following similar classification
performed on human breast tumours [25]. Moreover, attenuation
combined with other echogenic characteristics has been indicative of
canine mammary tumour (CMT) malignancy [26], thus its estimation
could potentially discriminate malignancy and determine the choice of
treatment. In particular, surgery could be avoided in older dogs with
deprived health [27]. Furthermore, employing novel targeted therapies
already followed in human medicine, for the treatment of CMTs could
provide increased benefits in companion dogs. For example, the recent
use of High-Intensity Focused Ultrasound (HIFU) in the veterinary
setting [28], characterised by the increasing development of several
HIFU systems dedicated for veterinary applications [29-31], could soon
be established as an alternative non-invasive treatment for mammary
tumours in companion animals, sparing the need for stitches and the
discomfort associated with an Elizabethan collar. In this regard, char-
acterisation of CMTs based on their ultrasonic properties and particu-
larly attenuation would potentially provide additional data required for
the extension of current treatment management of canine mammary
cancer. Moreover, because of the inherent similarities between canine
mammary cancer and human breast cancer, accurate estimations of
attenuation appear essential for providing increased data for compara-
tive oncology, with CMTs potentially acting as an animal model for
testing novel therapeutic and diagnostic ultrasound systems, ultimately
advancing human medicine [2].

Since attenuation is considered a fundamental acoustic property of
tissue, several immersion techniques have been progressively intro-
duced for its experimental measurement. The pulse-echo technique
employs a transmit-receive transducer and a high impedance reflector
[32] while contrary, through-transmission techniques utilise one
transmitting and one receiving transducer coaxially aligned [33,34].
These techniques are only suitable for in vitro measurements of atten-
uation since they require immersion of the tissue samples in a propa-
gating medium, while in vivo measurements of tissue attenuation can be
acquired by analysing backscattered signals from a conventional diag-
nostic ultrasound transducer [24,35].

Due to the importance of attenuation, the several techniques have
been comprehensively utilised for attenuation measurements for several
types of materials [36-39] as well as in vivo or in vitro measurements for
various canine tissues, with canine myocardium being the most greatly
reported [23,40-44]. Although CMTs are one of the primary tumours
presenting in dogs [5], surprisingly no literature studies have been
identified estimating their acoustic attenuation. Notably, attenuation
measurements of canine tissues are often temperature-dependent, with
different tissue types exhibiting a distinctive temperature-dependency
[45]. Additionally, increasing temperature induces a dependence of
attenuation on post-excision time [44], increasing with post-excision
time, potentially as a result of tissue degradation [23,44]. Further-
more, measurements performed on canine myocardium have concluded
a direct correlation of attenuation with collagen and an inverse corre-
lation with water content [42].

More importantly, in vitro measurements of attenuation often
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employ the use of fixed samples since the fixation procedure, usually in
formaldehyde liquid, ensures that any physical tissue properties are not
severely altered. However, fixation of tissue specimens has often been
reported to result in alterations in the measured acoustic properties,
with formaldehyde concentration and fixation time having different
effects [46]. Furthermore, tissue type has been reported to exhibit
different effects on the dependency of acoustic properties on formalin
fixation [40,46]. In particular, fixed canine spleen tissue specimens
exhibited higher attenuation than fresh samples when measured at 4.5
MHz using a modified pulse-echo technique [40]. Contrary, fixing
canine lung tissue samples in 40% formaldehyde did not significantly
affect ultrasonic parameters since measured attenuation coefficients
were similar between fixed [47] and fresh lung samples [48]. However,
different experimental methods and temperatures were employed
[47,48] leading to inconclusive results on the effect of fixation on canine
lung tissue. Additionally, more importantly, attenuation of fixed sam-
ples measured as a function of frequency contradicted the linear atten-
uation increase with increasing frequency exhibited by fresh tissue
[40,47]. As a result, large variations in the measured attenuation of the
fixed samples [47] were observed, probably as a result of the fixation
procedure affecting ultrasonic absorption and scattering.

The present study was inspired by the apparent absence in literature
for data of acoustic attenuation of CMTs. As aforementioned, such data
would be highly beneficial for better diagnosis, management and
expansion of available treatments for CMTs that could potentially pro-
vide additional information regarding management of human breast
carcinoma. Herein, we present experimental measurements for calcu-
lating the acoustic attenuation coefficient of excised malignant CMTs.
The naturally occurring malignant mammary tumours were surgically
removed from different dogs (n = 5) and experimental measurements of
acoustic attenuation and ultrasonic propagation speed were performed
ex vivo.

2. Materials and methods
2.1. Canine mammary tumours

Naturally occurring malignant mammary gland tumours were sur-
gically removed by an experienced veterinarian surgeon during sched-
uled traditional surgeries performed on several companion dogs that
presented with tumours and were brought by their owners to the vet-
erinary clinic for treatment. A total of 3 malignant mammary gland
tumours were individually acquired by the veterinarian surgeon from 3
canines. The excised tumour samples were placed in plastic sample
containers where they were immersed in 38 % formaldehyde in aqueous
solution, Immersion of the tumours in the fixation liquid was performed
instantly after their excision, to ensure that any physical properties of
the tumour samples would not be altered since tissue degradation pre-
sents upon the use of a lengthy timeframe between post-excision and
specimen fixation [49]. The sample containers were supplied by the
veterinarian surgeon to the laboratory premises for conduction of
experimental measurements within a specific timeframe from the time
of fixation. In this regard, all three tumour specimens were fixed for a
duration of up to 72 h.

Upon their arrival at the laboratory, the tumour specimens (labelled
A, B or C) were removed from the formaldehyde solution right before the
conduction of the experiments. Fig. 1 shows the three surgically excised
tumours. From each tumour specimen, several sample pieces from
different locations were cut with 17 mm thicknesses to accommodate for
the different morphology that was visually observed across the tumour
specimen. In the majority of this manuscript, sample pieces sectioned
from the same tumour specimen, are referred to with the tumour spec-
imen label (either A, B or C) and the sectioned sample piece number (e.g.
1, 2).

A total of 5 sample pieces were then arranged in specially designed
3D-printed (FD270, Stratasys, Minnesota, USA) Acrylonitrile Butadiene
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Fig. 1. Photo of the three surgically excised malignant CMTs fixed for up to 72 h. A) Tumour A, B) Tumour B, C) Tumour C.

Styrene (ABS) holders that were employed to accommodate the samples
and restrict their movement during conduction of the experimental
procedure. The holders additionally featured circular apertures on both
sides to allow for propagation of the ultrasonic wave through the tumour
samples. Fig. 2 shows a photo of the 5 different sample pieces of ma-
lignant CMTs as featured in the 3D-printed ABS holders.

2.2. Experimental measurements of ultrasonic propagation speed

Initially, measurements of the ultrasonic propagation speed for each
tumour sample piece were performed utilising a standard widely
employed pulse-echo technique [38]. Since this method is characterised
as an immersion technique, experimental measurements were

&
.

Fig. 2. Photo of the five sample pieces of malignant CMTs fixed for up to 72 h

as arranged in the 3D printed ABS holders. A) Sample piece A.1, B) Sample
piece A.2, C) Sample piece B.1, D) Sample piece C.1, E) Sample piece C.2.

implemented in an acrylic water tank filled with deionized water that
had previously undergone degasification. All experimental measure-
ments for ultrasonic speed were executed at a water temperature of
25 °C. An immersion planar ultrasonic transducer with a dynamic
element diameter of 10 mm operating at a central frequency of 2.7 MHz
(Piezo Technologies, Indianapolis, USA) working in transmit/receive
mode was employed. The transducer transmitted sinusoidal ultrasonic
waves that were generated by a pulser/receiver (500, PR, GE Pana-
metrics, Waltham, USA). A specially designed 3D-printed (FD270,
Stratasys) ABS holder was utilised to accommodate the transducer and
each of the tumour samples in a coaxial alignment. The transducer was
positioned on the ABS holder through a cylindrical cavity designed with
a 10 mm diameter to provide a tight fit, thus offering stability to the
transducer at the edge of the holder. Each of the tumour specimens was
coaxially accommodated on a dedicated location in the middle of the
3D-printed holder. At the opposite end of the holder and close to the rear
surface of the tumour sample, a thick aluminium metal plate was
accommodated serving as a reflector. The ultrasonic waves coaxially
propagated through each of the tumour samples and were then reflected
by the aluminium plate. The pulser/receiver was connected to a digital
oscilloscope (TDS 2012, Tektronix Inc., Oregon, USA) that was
employed for the visualisation of the reflected signals received by the
transducer. Fig. 3A shows the complete experimental set-up utilised for
determining the ultrasonic propagation speed, while Fig. 3B provides a
schematic representation of the 3D-printed holder indicating distances
between the tumour sample and each of the transducer and reflector.
The 17 mm thickness of the tumour samples was considered adequate
for providing sufficient ultrasonic propagation time through the sam-
ples, thereby resulting in accurate measurements between zero-
crossings of the reflected signals on the oscilloscope (TDS 2012, Tek-
tronix Inc.).

Firstly, the propagation speed of ultrasound in water (Cyarer) Was
calculated by analysing the recorded oscilloscope echo signals arising
from propagation of ultrasound between the transducer and the reflector
in the water path, without the presence of the sample and using Equa-
tion (1) [38]:

2d

Hyater

@

Cwater =

where d is the distance between the planar transducer and the metal
reflector, set at 64 mm, while t,q.r represents the time required for the
ultrasound beam to travel from the transducer to the metal reflector and
back, determined by measuring transit time between zero-crossings of
received echoes arising from reflections from the transducer-water and
water-reflector interfaces. Thereafter, each of the tumour samples was
correspondingly accommodated on the holder, between the transducer
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Fig. 3. A) Photo of the experimental set-up utilised for measurement of the ultrasonic propagation speed of the CMTs, B) Schematic representation of the experi-
mental set-up indicating distances. Green arrow indicates sample thickness and blue arrows indicate transducer-sample and sample-reflector distances.

and the metal reflector, and the group velocity of ultrasound was
calculated for each of the sample pieces by employing Equation (2) [39]:

(tuater = tuamour)

Cremour = Cuater T-‘r 1 2)

where ¢yyqr is the propagation speed of ultrasound in water, measured as
abovementioned, tyq.r is the time taken for propagation of ultrasound
between the transducer and the reflector in the water path without the
presence of the tumour sample measured from echoes as above-
mentioned, tymeyr is the time of flight for ultrasound to cover the cor-
responding distance but with the tumour specimen accommodated on
the holder and in the ultrasonic beam pathway, calculated from zero-
crossings between echoes arising from the transducer-water and
water-reflector interfaces during presence of the tumour specimen on
the holder, while At is the time difference between the zero-crossings of
the echo signals occurring from reflections between water and the rear
and front interfaces of the tumour sample.

2.3. Experimental measurements of acoustic attenuation

Initially, the mass density of each different mammary tumour sample

was measured. A high-precision (+0.01 g) digital scale (1479 V, Tanita
Corporation, Tokyo, Japan) was utilised for precisely measuring the
mass of each sample. The volume of each specimen was measured by
immersing it in a volumetric tube (+£0.1 ml) filled with water and
employing the water displacement method. Thereafter, the acoustic
impedance Z of each tumour sample under investigation was calculated
by using Equation (3):

Z = p-Cumour (3)

where p is the measured mass density of the corresponding tumour
sample and Cpumayr 1S the experimentally estimated propagation velocity
of ultrasound within each tumour under investigation.

The reflection coefficient R for each investigated tumour sample
arising from the interaction of the ultrasonic wave with the tumour-
water interface was calculated by employing Equation (4):

(7 -ZY
k= (z]+Zq> “

where Z; is the acoustic impedance of water, calculated by using
Equation (3) and multiplying water density with the acoustic
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propagation speed in water, while Z; is the characteristic acoustic
impedance as estimated for each tumour sample under investigation.
Thereafter, the ultrasonic transmission coefficient T for each tumour
specimen was estimated by introducing its characteristic estimated
reflection coefficient R in Equation (5):

T=1-R )]

The acoustic attenuation of each mammary tumour specimen was
measured utilising a conventional through-transmission technique
which has been extensively reported for in vitro measurements of ul-
trasonic attenuation of several tissues [23,42,43,50,51]. For experi-
mental measurements, the tumour samples were immersed in a larger
acrylic water tank than the one utilised for experimental measurement
of the ultrasonic propagation speed and an enlarged identical ABS
holder was 3D-printed (FD270, Stratasys) and employed. All experi-
mental measurements were implemented at 25 °C degassed water.

Two identical immersion planar transducers, having the same gain
and response, with an active element diameter of 30 mm and operating
at a frequency of 1.1 MHz (MEDSONIC, Limassol, Cyprus) were intro-
duced on the two opposite ends of the 3D-printed holder. The identical
transducers were coaxially aligned on the holder with their active ele-
ments directly facing each other. Two ABS enclosures were 3D-printed
(FD270, Stratasys) for accommodating the two planar transducers on
the cylindrical cavities of the 3D-printed holder. Each enclosure pro-
vided a rigid fit with both the cylindrical cavity of the 3D-printed holder
and either of the two planar transducers, ensuring a secure collinear
arrangement of the larger diameter transducers during experimental
measurements for attenuation. One of the two identical planar trans-
ducers operated in a transmit mode thus it was connected to a function
generator (TG550, Thurlby Thandar Instruments, Huntingdon, UK) that
continuously sent a sinusoidal ultrasonic wave to the planar transmit
transducer. The second planar transducer operated in a receive mode
and was connected to the digital oscilloscope (TDS 2012, Tektronix Inc.)
for visualising and analysing the received attenuated signal. Fig. 4 shows
the experimental set-up utilised for measurements of the acoustic
attenuation coefficient. Considering the distances between the trans-
mitting transducer and the tumour sample as shown in Fig. 4, attenua-
tion measurements were performed in the near-field of the transmitting
transducer.

Firstly, voltage wave signals were recorded for propagation of ul-
trasound in the water path. Thereafter, the mammary tumour sample
under evaluation was accommodated on a location on the 3D printed
holder, between the planar transducers. The attenuated voltage wave
signals were recorded in the presence of the tumour specimen in the
pathway of the ultrasonic beam. The attenuation coefficient @ymoyr Of

\ Tumour sample
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the investigated mammary tumour specimen was calculated by using the
following Equation (6) [39]:

20loge . A,
Dnour = Xyarer + 8 In (ﬂ T) (6)
X Anmour

where @q, is the acoustic attenuation of water, Ay, is the voltage
wave signal recorded for ultrasound propagation in the water path,
Aumour 18 the attenuated voltage wave signal recorded with the presence
of the mammary tumour sample between the transducers, T is the esti-
mated transmission coefficient of the investigated tumour sample, while
x is the thickness of the tumour sample (17 mm) as measured utilising a
digital caliper (ROHS NORM 2002/95/EC).

For each tumour sample, three individual measurements of both the
signals in the water path and attenuated signals in presence of the
tumour were recorded and thus three calculations of the attenuation
coefficient were implemented. The rationale for performing three cal-
culations was to ensure the precision of the experimental measurement
and examine any variations arising between individual measurements
for the attenuation coefficient of each tumour sample.

2.4. Histology study

The samples of CMTs were sent for histological examination to an
advanced histopathological and cytological centre. The samples were
embedded in paraffin, sectioned and stained with Haematoxylin and
Eosin (H&E). Thereafter, histology slides were examined by an experi-
enced histopathologist utilising a microscope (Olympus BX51, Shinjuku
City, Tokyo, Japan) for microanatomically examining the cell
morphology of the mammary tumour samples and providing pathology
details on tissue structure. The histology results were digitally saved as
virtual slides using a small capacity brightfield slide scanner (VENTANA
DP 200, Roche Diagnostics International AG, Rotkreuz, Switzerland).

3. Results
3.1. Experimental measurements of ultrasonic propagation speed

The propagation velocity of ultrasound in degassed water at a tem-
perature of 25 °C was experimentally measured as 1497.6 + 6.6 m/s at a
frequency of 2.7 MHz. Correspondingly, the ultrasonic propagation
speeds as measured for each of the five sample pieces acquired from the
three tumour specimens are shown in Table 1. As visually observed from
the data, variations in ultrasonic speed seemed to exist between the five
sample pieces and notably between sample pieces acquired from
different locations of a single CMT specimen. Approximately a 3 %

l > 184 mm =
15 o
Function generator Transn(;nmng Receiving Oscilloscope
SASCRICRE transducer
3D printed ABS holder

Fig. 4. Photo of the experimental set-up utilised for measurement of the acoustic attenuation of the CMTs. Green arrow indicates sample thickness and blue arrows

indicate transducer-sample distances.
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Table 1
Ultrasonic propagation speeds of the five sample pieces of CMTs fixed for up to
72 h as measured at 25 °C for a frequency of 2.7 MHz.

Ultrasonics 125 (2022) 106798

Table 3
Average acoustic attenuation of the five sample pieces of CMTs fixed for up to 72
h as measured at 25 °C at a frequency of 1.1 MHz.

Tumour sample piece Ultrasonic propagation speed (m/s)

Al 1587 + 7.4
A2 1633 + 7.9
B.1 1568 £ 7.8
C.1 1596 £ 7.6
c2 1636 = 7.6

difference existed between ultrasonic propagation speeds of the two
sample pieces acquired from different locations from a single mammary
tumour specimen (A.1 & A.2 or C.1 & C.2).

3.2. Experimental measurements of acoustic attenuation

The mass density of the five sample pieces was calculated as 900 +
22.6 kg/m>, 900 + 22.6 kg/m>, 1166.7 + 19.5 kg/m>, 933 + 31.3 kg/
m® and 933 + 31.3 kg/m3 for tumour samples A.1, A.2, B.1, C.1 and C.2
respectively. Notably, the mass density of the sample pieces acquired
from the same mammary tumour specimen did not seem to vary be-
tween the different sectioned sample pieces. For each sample piece, the
estimated mass density and the ultrasonic propagation speed were uti-
lised for calculating the characteristic acoustic impedance of the inves-
tigated tumour sample. The characteristic acoustic impedance of
degassed water was calculated as 1.49 + 0.001 MRayl by utilising the
ultrasonic propagation speed in water as experimentally estimated in
the present study and the literature value for the density of water (997
kg/m?) [52]. Thereafter the characteristic acoustic impedances of both
water and each of the tumour pieces were utilised to calculate the
reflection and transmission coefficients of each tumour sample piece.
Table 2 shows the acoustic impedance, reflection and transmission co-
efficients as estimated for each of the tumour sample pieces. As
observed, both the acoustic impedance and reflection coefficients varied
among the five sample pieces. Furthermore, small variations in either
the reflection coefficients or acoustic impedances existed between
sample pieces acquired from different locations of the same tumour
specimen.

At the frequency of 1.1 MHz, the acoustic attenuation of water was
estimated as 0.0024 dB/cm by multiplying the literature value of the
attenuation coefficient of water (0.0022 dB/cm.MHz) [53] with the
operating frequency of the transducer (1.1 MHz). Three individual
measurements of the attenuation coefficient were implemented for each
tumour sample piece, and the average attenuation was calculated from
these three measurements. Table 3 shows the average attenuation co-
efficient for each of the tumour sample pieces as directly calculated in
dB/cm from introduction of all required variables in Equation (6).
Moreover, the attenuation coefficient is also provided in dB/cm.MHz by
simply dividing with the operating frequency (1.1 MHz). Large varia-
tions in the average attenuation values were observed between the five
sample pieces. Moreover, variations in the average attenuation coeffi-
cient were present between sample pieces acquired from a single
mammary tumour specimen, reaching up to 56 % difference for pieces
acquired from different locations of the same mammary tumour (A.1
and A.2).

Table 2
Acoustic impedance, reflection and transmission coefficients of the five sample
pieces of CMTs fixed for up to 72 h.

Tumour Acoustic impedanceZ  Reflection Transmission
sample piece (MRayl) coefficient coefficient
Al 1.43 £ 0.04 0.0005 0.9995

A2 1.47 + 0.04 0.0001 0.9999

B.1 1.83 + 0.03 0.0101 0.9899

C1 1.49 £ 0.05 0 1

c2 1.53 £+ 0.05 0.0001 0.9999

Tumour sample Acoustic attenuation (dB/ Acoustic attenuation (dB/cm.

piece cm) MHz)

at 1.1 MHz
Al 2,43 £ 0.05 2.21 £ 0.05
A2 3.79 = 0.06 3.45 £ 0.06
B.1 2.15 + 0.05 1.95 + 0.05
C.1 2.14 + 0.08 1.95 + 0.08
c.2 2.91 + 0.09 2.65 = 0.09

3.3. Histology study

Fig. 5 shows a representative example of a histological result of the
cellular structure of CMT, with similar pathological results on tissue
structure obtained for the three tumour specimens. The histology studies
revealed the presence of polymorphic cells and areas of heterogeneity
across the mammary tumour samples as indicatively shown with
labelled areas (A-E), on Fig. 5. The characteristic cluster arrangement of
the epithelial cells as shown with areas labelled with A on the histology
slide, established the malignant nature of the tumour specimens. The
large-scale light pink-stained areas on the histology study (B) indicated
that the tumour specimens were mostly collagen rich, while the bright-
pink stained areas (C) showed that in large parts, the tumours contained
areas of necrosis. Similarly, the bright purple-stained areas (D) revealed
that a smaller but still significant part of the tumour samples consisted of
glandular tissue, while in minimal parts the tumours contained fat areas
as indicated by the circular voids appearing on the histology slide (E).

4. Discussion

The current study focused on the ex vivo experimental measurement
of acoustic attenuation of five malignant CMT samples to replenish the
existing paucity in the literature for ultrasonic tissue characterisation of
these types of tumours. The five samples were sectioned from three
naturally occurring malignant CMTs acquired through traditional sur-
gical excision from different dogs and fixed in formaldehyde for a
duration of up to 72 h. Acquisition of several sample pieces from each
tumour was considered essential for examining any correlation of ul-
trasonic attenuation and velocity with the visually observed varied
morphology of the outer surface of each tumour specimen.

Herein, experimental measurements of the attenuation coefficient
and propagation speed of the tumour specimens were performed
following the majority of literature studies that utilise the through-
transmission [42,44,45,50,51] and pulse-echo techniques [54] for
respectively measuring in vitro the attenuation and propagation speed
of a variety of canine tissues. Experimental measurements for the ul-
trasonic propagation speed of degassed water as measured herein at
25 °C for a frequency of 2.7 MHz, resulted in a value (1497.6 m/s) which
is well in accordance with reported literature values for ultrasonic speed
in water of this specific temperature [45,55,56]. Correspondingly, the
range of ultrasonic propagation speeds (1568-1636 m/s) of the five
malignant CMT samples as reported in the present study at 2.7 MHz is
marginally higher than previous in vitro measurements of ultrasonic
speed for canine liver, kidney, muscle and prostate tissues [45]. Mea-
surements performed for these canine tissues over a similar frequency (3
MHz) and temperature (25 °C) with the current study, reported values in
the range of 1545-1576 m/s [45], thereby indicating that malignant
CMTs exhibit higher ultrasonic velocities than other canine tissues.
Similarly, the propagation speed reported for CMTs is significantly
higher than the acoustic propagation speed reported for excised [57]
and in vivo human breast tissue [58-60] as well as benign human breast
tumours [60]. Nevertheless, the range of speeds reported for the CMTs is
slightly higher than the respective values reported for excised [61] and
in vivo malignant human breast tumours (1548 + 17 m/s) [60], thereby
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Fig. 5. Histology slide of canine mammary tumour (H&E 40 x ). Labelled areas show indicative areas of heterogeneity and polymorphism. Cluster arrangement of
epithelial cells indicates malignant nature (A) of tumour with collagen (B), necrotic (C), glandular (D) and fat (E) areas.

suggesting possible similarities between acoustic properties of malig-
nant CMTs and human breast tumours.

Notably, significant variations (~3%) in ultrasonic propagation
speed existed between different sample pieces acquired from the same
tumour specimen, thus corroborating a correlation of ultrasonic speed
with the varied tumour morphology. Nevertheless, no specific relation
of tumour morphology with ultrasonic speed was examined. The rela-
tion of ultrasonic speed with the different tumour morphology indicated
herein, is corroborated by previous in vitro measurements of ultrasonic
speed of canine kidney tissue that reported significant speed variations
along the kidney, attributed to structural inhomogeneities [45].

Remarkably, despite morphological variations encountered along
CMT specimens, the mass density of different pieces sectioned from
varied locations across each of the mammary tumours did not vary. Mass
densities of the CMT specimens were in the range of 900-1166.7 kg/m>,
analogous to mass density values reported for canine muscle tissue [62]
and well in the range of mass densities reported for human breast tissue
[63] and breast cancer [64]. This validates the characteristic similarities
in physical properties exhibited between CMTs and human breast can-
cer, thereby further indicating that CMTs can act as an animal model.

The characteristic impedance of degassed water (1.49 MRayl) as
calculated within the scopes of the present study was approximately
similar to the corresponding value of 1.48 MRayl reported in the liter-
ature |65]. Furthermore, it was demonstrated that the acoustic imped-
ance of the five sample pieces exhibited variations among different
samples, with the values being similar to acoustic impedances reported
for canine muscle (1.40-1.46 MRayl), liver (1.64-1.75 MRayl), and
heart tissues (1.64-1.78 MRayl) [66]. The acoustic impedance of a
single tumour specimen (1.83 MRayl) was greater than the other sample
pieces and marginally higher than the reported literature range for
acoustic impedances of other canine tissues [66], attributed to the
slightly higher density (1166.7 kg/m?) measured for the specific tumour
specimen. Remarkably, variations in acoustic impedances observed be-
tween sample pieces acquired from the same tumour specimen contra-
dicted the uniform acoustic impedance observed throughout several
normal canine tissues [66]. Nevertheless, contrary to normal tissues,
CMTs exhibit a high heterogeneity [27] and the morphology can vary
across a specific tumour [5] as evidenced from the herein histological
studies, thus further validating the relation of the tumour morphology
with varied acoustic properties observed in the current study.

To the best of our knowledge, no literature data on the acoustic
attenuation of CMTs exist, thereby calculation of the reflection and

transmission coefficients of each mammary tumour was considered
essential for accounting for ultrasonic energy lost because of possible
reflection arising between the water-tumour interface. Varied reflection
coefficients were observed between the five tumour pieces with the
majority exhibiting only minimal reflection and only a single sample
exhibiting a higher reflection coefficient. Nevertheless, all reflection
coefficients were minor, indicating that the majority of acoustic atten-
uation of CMTs is due to absorption and scattering arising in the interior
of the samples as already suggested by attenuation studies of normal
canine tissues [24,67].

Employment of the through-transmission technique for measuring
the acoustic attenuation of the five sample pieces of malignant CMTs
was performed at 1.1 MHz instead of the higher frequency utilised in
measurements of the propagation speed. The large variations in the
attenuation values of the five samples (1.95-3.45 dB/cm.MHz) as well as
variations from 36 % to 56 % observed between sample pieces acquired
from varied locations across a single tumour further confirm the effect of
the varied morphology on the acoustic properties of the tumour, thus
being in accordance with studies performed on canine skin where var-
iations in measured attenuation existed as a consequence of heteroge-
neity among samples [68]. Additionally, the large wvariations in
attenuation values of CMTs corroborate similar large variations
observed between values of acoustic attenuation of human malignant
breast tumours [25]. Furthermore, the measured attenuation co-
efficients of the five mammary tumour samples have been found
considerably higher upon comparison with attenuation values previ-
ously reported for canine liver [50,51], kidney [40,50,51], muscle [51],
normal [40] and infarcted myocardium [23,40,42,43] during in vitro
measurements executed at corresponding temperatures and following
similar techniques with those in the present study. Nevertheless, the
lower attenuation values of CMTs as reported herein, are slightly higher
than the attenuation coefficient of excised human breast tissue [57,59]
as well as higher than attenuation values reported for in vivo benign
[25,69] and malignant human breast tumours [25,69].

The significantly higher attenuation values for CMTs were attributed
to the increased heterogeneity of the tumour specimens, and the pres-
ence of polymorphic cells as evidenced from the performed histology
studies. Furthermore, CMTs have been reported to contain areas of ne-
crosis, fibrous tissue, and bone [70,71], thereby explaining the increased
attenuation values presented herein and the variations in attenuation
values observed across a single tumour. This was evidenced from the
histology studies that showed a heterogeneous distribution of areas of
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necrosis, collagen, glandular and fat tissues across the tumour speci-
mens, with these areas differently affecting attenuation depending on
their distribution along the ultrasonic beam path. Additionally,
considering that in vitro studies on canine skin [68,72] and myocardium
[23,43] have reported a direct relation of increased attenuation of these
tissues with an increased percentage of collagen, and CMTs often exhibit
more collagen than non-neoplastic tissue [73] with the CMTs of the
present study being collagen rich as evidenced from the histology
studies, would further justify the increased values for acoustic attenu-
ation of CMTs presented in this study.

Furthermore, considering the variations in attenuation values and
the small sample size utilised in the present study, no characteristic
relations between acoustic attenuation and either mass density or
propagation speed could be deduced for the CMTs. Additionally, in vitro
studies previously performed have indicated that the fixation procedure
alters the ultrasonic properties of tissue [46], with the formaldehyde
concentration, fixation time and tissue type exhibiting different effects
[40,46]. However, since previous studies [46,47] examining the effect of
fixation on acoustic properties performed measurements in both fixed
and fresh specimens, and no literature studies exist reporting measure-
ments for acoustic properties of fresh CMTs, the effect of fixation on the
acoustic properties of CMTs could not be examined.

Results presented within the scope of this study could aid in
enhancing the diagnostic and therapeutic uses of ultrasound for the
management of CMTs as well as provide data for potentially acting as an
animal model for the advancement of human medicine. Acoustic prop-
erties of malignant CMTs as measured herein, have demonstrated
similar propagation speed and higher attenuation coefficient than
human breast cancer. Since attenuation is considered the main mecha-
nism of ultrasonic energy loss, thus determining the success of HIFU
treatment [74], values presented for CMTs could be potentially used for
determining ultrasonic protocols for HIFU treatment of mammary tu-
mours in dogs. Previous employment of HIFU in the veterinary setting
did not result in successful outcomes in CMT [28], probably as a result of
the high attenuation of CMTs as indicated in the current study. In this
regard, the present results could be employed to result in successful
HIFU treatments in CMTs. Additionally, due to similarities found be-
tween acoustic properties of CMTs and human breast tumours, the re-
sults presented herein, could be potentially employed in the
development and preclinical testing of HIFU systems dedicated for
breast cancer treatment thereby advancing human medicine. The pre-
sent study could be further enhanced by performing measurements in
excised normal canine mammary tissue as well as fresh CMT specimens.
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