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Abstract—The thermal and mechanical effects induced in tissue by ultrasound can be exploited for therapeutic
applications. Tissue-mimicking materials (TMMs), reflecting different soft tissue properties, are required for
experimental evaluation of therapeutic potential. In the study described here, poly(vinyl alcohol) (PVA) hydro-
gels were characterized. Hydrogels prepared using different concentrations (5% —20% w/w) and molecular
weights of PVA =+ cellulose scatterers (2.5%—10% w/w) were characterized acoustically (sound speed, attenua-
tion) as a function of temperature (25°C—45°C), thermally (thermal conductivity, specific heat capacity) and in
terms of their cavitation thresholds. Results were compared with measurements in fresh sheep tissue (kidney,
liver, spleen). Sound speed depended most strongly on PVA concentration, and attenuation, on cellulose content.
For the range of formulations investigated, the PVA gel acoustic properties (sound speed: 1532 + 17 to 1590 +
9 m/s, attenuation coefficient: 0.08 & 0.01 to 0.37 £ 0.02 dB/cm) fell within those measured in fresh tissue. Cavita-
tion thresholds for 10% PVA hydrogels (50% occurrence: 4.1-5.4 MPa, 75% occurrence: 5.4—8.2 MPa)
decreased with increasing cellulose content. In summary, PVA cellulose composite hydrogels may be suitable
mimics of acoustic, cavitation and thermal properties of soft tissue for a number of therapeutic ultrasound appli-
cations. (E-mail: lisa.braunstein@icr.ac.uk) © 2022 The Author(s). Published by Elsevier Inc. on behalf of
World Federation for Ultrasound in Medicine & Biology. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Key Words: Focused ultrasound, High-intensity focused ultrasound, Therapeutic ultrasound, Tissue mimic, Poly
(vinyl alcohol), Cavitation thresholds, Acoustic properties, Thermal properties, Phantom material.

INTRODUCTION bubbles in tissue oscillate in resonance with the incident
acoustic beam, and inertial, in which the bubbles grow
rapidly and collapse violently (Hill 2004). Both thermal
and mechanical effects of US can be harnessed for a
number of therapeutic applications ranging from hyper-
thermic therapy, in which tissue temperature is increased
to 40°C—45°C for minutes to ~1 h (Zhu et al. 2019); and
thermal ablation, which uses temperatures >56°C to
induce coagulative necrosis (ter Haar 2007), to histo-
tripsy (Roberts 2014; Vlaisavljevich et al. 2016), sono-
phoresis, sonoporation (Hu et al. 2013), lithotripsy
(Miller and Lingeman 2007; Roberts 2014) and US-
enhanced drug delivery (Unger et al. 2002), which
exploit mechanical US effects. Materials that mimic the
acoustic and thermal parameters of tissue are valuable
Address correspondence to: Lisa Braunstein, The Institute of for laboratory studies, for example, in validating simu-
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Ultrasound (US) not only is used for diagnostic imaging,
but is also increasingly being exploited for its potential
in therapy (Miller et al. 2013; Yang et al. 2019). When
an ultrasonic wave travels through tissue, it can invoke
thermal and/or mechanical effects. Thermal effects result
from the loss of ultrasound energy from absorption as a
beam travels through tissue. Mechanical effects can arise
from shear stresses caused by the incident acoustic pres-
sures and from acoustic cavitation, the formation and/or
activity of  microscopic ~ vapor-filled  bubbles
(Coakley and Nyborg 1978; Apfel 1981). Two types of
cavitation are distinguished: non-inertial, in which
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determining optimal acoustic beam characteristics for
the anticipated application (Culjat
et al. 2010; Cook et al. 2011; Cabrelli et al. 2017). These
preparations are referred to as tissue-mimicking materi-
als (TMMs). Importantly, a TMM's acoustic characteris-
tics, such as sound speed, attenuation and acoustic
impedance, as well as its cavitation threshold and ther-
mal properties, specific heat capacity and thermal con-
ductivity should reflect the range of those found in
human soft tissues such as brain, liver, kidney, spleen
and muscle. Ideally, TMMs and their production should
be low-cost, reproducible and safe.

As biological soft tissue has a high water content,
hydrogels formed from cross-linked, water-absorbent
polymers have previously been suggested as TMMs, as
their acoustic properties resemble those of soft tissue
(Culjat et al. 2010). Commonly used hydrogels are
formed from natural gelling agents, for example, agar,
agarose (Cook et al. 2011; Cafarelli et al. 2017) and gela-
tine (Culjat et al. 2010), or synthetic polymers such as
poly(vinyl alcohol) (PVA) (Prokop et al. 2003;
Hou et al. 2015) and poly(acrylamide) (PAA)
(Howard et al. 2003; Cafarelli et al. 2017). Table 1 pro-
vides an overview of the relevant advantages and draw-
backs for a selection of TMMs produced from both
natural and synthetic polymers. Although hydrogels
from most of these polymers have been characterized in
terms of sound speed and attenuation coefficients
(Zell et al. 2007; Cook et al. 2011; Cafarelli et al. 2017),
there is little information regarding their thermal proper-
ties and cavitation thresholds.

From this range of potential TMM candidate materi-
als, PVA hydrogels have recently been suggested as being
suitable for focused ultrasound (FUS) applications, which
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exploit thermal effects (Crivoi et al. 2007; ter Haar and
Coussios 2007; Briiningk et al., 2019), and have incorpo-
rated thermochromic dye to monitor heating patterns
(Ambrogio et al. 2020). PVA is an cheap, biocompatible
synthetic polymer that forms hydrogels from aqueous sol-
utions. The hydrogel's mechanical strength varies with the
molecular weight of the PVA used and the method by
which they are crosslinked. Crosslinking can be achieved
physically (using freeze-thaw cycles) (Hassan and Peppas
2000), by irradiation (e.g., using y-irradiation, at a dose of
30 kGy with a dose rate of 0.76 kGy/h [Yang et al. 2007])
or by chemical means (e.g., using blocked isocyanate pre-
polymer [Lee et al. 2010] or formaldehyde
[Yang et al. 2012]). A number of previous studies have
investigated the mechanical and acoustic properties of dif-
ferent PVA hydrogel formulations (Prokop et al. 2003;
Hou et al. 2015; Silver and Shah 2016). The acoustic and
thermal properties of PVA hydrogels from different rec-
ipes generally lie within the range of those of human soft
tissue (Zell et al. 2007; Culjat et al. 2010). It has been
reported that the acoustic attenuation of PVA hydrogels
can be tuned by addition of scatterers such as glass beads
(Cafarelli et al.  2017), graphite  powder
(Culjat et al. 2010), talcum powder
(Taghizadeh et al. 2018) and cellulose (Briiningk et al.,
2019). Additionally, sound speed has been adjusted by
addition of 1-propanol (Holt and Roy 2001). Despite these
promising data, a thorough analysis of acoustic and ther-
mal property dependence on different gel formulations is
missing. Importantly, the cavitation threshold has also not
previously been quantified for these TMMs. A compre-
hensive catalogue of all these properties would render
PVA hydrogels a more useful tool for the therapeutic US
community.

Table 1. Overview of the advantages and disadvantages of various tissue-mimicking materials

Material Advantages Disadvantages

References

Agar and agarose Ease of production

Transparent

Limited lifetime

Gelatine ® Inexpensive ® Low thermal stability
e Stable over time
Poly(acrylamide) ® Transparent gel ® Neurotoxin
® Bovine serum albumin can be ® Low attenuation coefficient
added to visualize coagulation
Poly(vinyl alcohol) ® Inexpensive o Crosslinking process needed

® Transparent gels possible

Long lifetime

Acoustic properties strongly dependent on method

® Transparent gels are weaker
Time-consuming production

Culjat et al. 2010; Cafarelli et al. 2017

of production and composition of mixture

Expensive (especially agarose)

Culjat et al. 2010; Cook et al. 2011

Howard et al. 2003; Prokop et al. 2003;
Lafon et al. 2005;
Zell et al. 2007

Maolin et al. 2002; Crivoi et al. 2007,
Yang et al. 2007; Culjat et al. 2010;
Hou et al. 2015
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This study aimed to map the dependence of acoustic
(sound speed, acoustic attenuation, cavitation thresholds)
and thermal (thermal conductivity, specific heat capac-
ity) properties of PVA hydrogels as a function of PVA
molecular weight and PVA and cellulose content in the
temperature range 20°C—45°C. Furthermore, the acous-
tic and thermal properties obtained were compared with
those of fresh ex vivo sheep kidney, liver and spleen tis-
sue measured at room temperature.

METHODS

Sample preparation

Poly(vinyl alcohol) cryogels were prepared as
described previously (Briiningk et al., 2019) from PVA
granules, degassed, deionized water (dissolved oxygen
concentration: 1.5 + 0.3 mg/L, 18.2()), and, optionally,
cellulose powder (1001318450, Type 20, 20 um, Sigma
Aldrich, Dorset, UK) using the different formulations
described in Table 2. Ten percent PVA cryogels were
prepared from PVAs of three different molecular
weights:  85,000-124,000 g/mol (PVAedium, NO.
1002846189, Sigma Aldrich), 146,000—186,000 g/mol
(PVAyign, No. 1002817065, Sigma Aldrich) and
31,000—-50,000 g/mol (PVAj,y, No. 1002778863,
Sigma Aldrich). PVA concentration ranged from 5% to
20% (w/w), with optional 0 to 10% (w/w) cellulose. All
gel solutions were crosslinked in a custom-built perspex
mould (12 x 14 cm, depth 0.6 or 1.2 cm depending on
application Briiningk et al., 2019) using three cycles of 5
h freezing (at —20°C) and 19 h thawing to room temper-
ature (RT) (20°C) in a timer-controlled freezer. The gel
sheet was cut into 5.5 cm-diameter cylinders, which
were subsequently sterilized by immersion in 70% etha-
nol for 1 h to allow their potential use as a substrate for

Table 2. Composition of PVA (cellulose) gel formulations
produced from PVA of molecular weight 85,000—124,000 g/

mol*
Formulation Water (mL) PVA(g)  Cellulose (g)
5% PVA 0% cellulose 150 7.9 0
5% PVA 5% cellulose 150 7.9 7.9
10% PVA 0% cellulose' 150 16.7 0
10% PV A 2.5% cellulose 150 16.7 3.8
10% PVA 5% cellulose 150 16.7 7.9
10% PVA 10% cellulose 150 16.7 16.7
15% PVA 0% cellulose 150 26.5 0
15% PVA 5% cellulose 150 26.5 7.9
20% PVA 0% cellulose 150 37.5 0
20% PVA 5% cellulose 150 37.5 7.9

PVA = poly(vinyl alcohol).

* The cellulose was added in the same amount as calculated for
pure PVA hydrogels to keep the water-to-PV A ratio consistent.

1 Gels of 10% PVA 0% cellulose were also produced of PVA of
molecular weight of 31,000—50,000 g/mol and
146,000—186,000 g/mol.

exposure of cell cultures to FUS under aseptic conditions
(Briiningk et al., 2019). These disks were stored in de-
ionized water in a fridge for 1—3 d prior to characteriza-
tion to allow the samples to equilibrate their water con-
tent. They were then removed from the fridge and
allowed to reach room temperature (RT, 20 £ 1°C) for 1
h prior to characterization measurements. At least three
independent batches of samples were produced for each
formulation tested. Only freshly prepared samples were
analyzed.

Fresh, ex vivo tissue (liver, two kidneys and spleen)
was acquired from three sheep and acoustically charac-
terized. Additionally, three samples of sheep liver and
six of sheep kidneys were acquired from a local butcher
and were thermally characterized. Kidney samples were
measured whole and with the sides cut, as illustrated in
Figure 1 (A, B). Liver and spleen were cut as illustrated
in Figure 1 (C, D).

Acoustic characterization

Acoustic attenuation coefficient (@) and sound
speed were measured using the finite amplitude inser-
tion-substitution (FAIS) method, with the experimental
setup described by Retat (2011) (see Fig. 2). It consisted
of two matched, weakly focused, ultrasonic broadband
transducers (center frequency =2 MHz, frequency range:
1.5—3.5 MHz, 2.5 cm diameter, 10 cm diameter, Ima-
sonic SAS, Besancon, France), a sample holder (with
plane parallel windows of 23 um PMX980, HiFi Indus-
trial film, Stevenage, UK) mounted on a motorized gan-
try, consisting of a motion controller (ViX250IM Parker

Fig. 1. (A) Schematic of a kidney viewed end on, illustrating
how the outer surfaces were cut to create a parallel-sided flat
sample as shown in (B) and (C) for liver and (D) for spleen cut
into 5.5-cm-diameter cylindrical samples for characterization.
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Fig. 2. Schematic diagram of the experimental arrangement
used for acoustic characterization using the finite amplitude
insertion-substitution method. The sample holder (A) is
mounted on an automated gantry, placed equidistant between
the two 2 MHz transducers (B: transmitter, C: receiver) and
can be moved to different lateral measurement positions in the
x- and y-directions by a motion controller together with posi-
tion encoders. The sample holder can also be moved out of the
pulse path to allow reference measurements in water. The sys-
tem is placed in a temperature-controlled tank of degassed
water (D).

Vix, IL, USA), axes (Unislide linear slides, LG Motion,
Basingstoke, UK) and position encoders (LM13 Incre-
mental Magnetic Encoder, RLS, Lubjiana, Slovenia). A
thermocouple (TJ36-CASS-010-U-12, Omega Engineer-
ing Ltd, Manchester, UK) and thermocouple reader (NI-
USB-TCO1, National Instruments, Austin, TX, USA)
were used to measure the water bath temperature. This
was controlled by simultaneously using a heater
(GD100, Grant Instruments Ltd, Cambridge, UK) and a
chiller (HC-100A, Hailea, Guandong, China). As in pre-
vious work, for each measurement two 0.6 cm thick
cylindrical PVA samples were sandwiched in the sample
holder (Briiningk et al., 2019).

Pulsed acoustic signals (time between pulses: 10
ms) were generated by a pulse generator (DPR300, JSR
Ultrasonics, NY, USA) with approximate peak pressures
of 0.017 MPa (negative) and 0.015 MPa (positive) at a
distance of 10 cm from the transmitter, coinciding with
the position of the sample holder during acoustic charac-
terization measurements. To increase the signal-to noise-
ratio, 200 consecutive waves were averaged by an oscil-
loscope (5444D, PicoScope, Cambs, UK). These were
measured over a grid consisting of 11 x 11 points at 2
mm separation in a plane orthogonal to the beam direc-
tion. The edges of the cylindrical samples were avoided
to prevent partial volume effects (in the form of signal
from both the water bath and the sample holder).

The sound speed of the reference medium
(degassed water) was estimated using the known temper-
ature dependence for water from the water bath tempera-
ture measured using a thermocouple. Sample thickness
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and speed of sound were estimated from the pulse-echo
times (arising from reflections from the front and back
windows) and the difference in the time of flight of the
transmitted pulse after transit through the sample or the
reference medium alone (Retat 2011). The attenuation
coefficient (o) and frequency dependence of attenuation
(N) were estimated using the FAIS method as described
in Hill (2004, Ch. 4). The mean values and standard
deviations for all measured values were calculated from
121 data points meeting the following minimum quality
requirements: (i) distinct echoes from both the sample's
front and back surfaces were detected, (ii) the measured
sample thickness was within 10% of the average caliper-
measured thickness of the physical sample and (iii) no
air bubbles were present (either visible or causing clear
circular measurement artefacts).

Measurements were performed for all PVA samples
at increasing temperatures (20°C—45°C in 5°C steps).
Samples were left to equilibrate to each target tempera-
ture in a temperature-controlled water bath for 20 min
prior to measurement.

The kidney, liver and spleen samples were con-
tained in the sample holder, making sure that the mem-
branes (with a separation of 2 cm) were tight but did not
overly compress the sample. Measurements were per-
formed at RT for each sample.

Cavitation threshold measurements

To establish inertial and non-inertial cavitation
thresholds, the occurrence of both half-harmonic signals
(characteristic of stable bubble oscillation) and broad-
band signals (indicative of collapsing bubbles) were ana-
lyzed. A 17.5 mm diameter, 64 mm focal length and
63.2 mm radius of curvature (Y107, Sonic Concepts,
Seattle, WA, USA) cavitation sensor, located in the cen-
tral aperture of a 1.66 MHz, 64 mm focal length, 63 mm
diameter HIFU transducer (H148-MR, Sonic Concepts)
was mounted on a computer-controlled 3-D positioning
system. A waveform generator (33250A, Agilent, Santa
Clara, USA) provided an input voltage, which was
amplified (A300, 55 dB, E&I Rochester, NY, USA) to
drive the HIFU transducer. The HIFU transducer's focal
peak negative pressure (PNP) was measured using a cali-
brated hydrophone (AG-2020 Preamplifier, Onda, Sun-
nyvale, CA, USA) in deionized degassed water under
free field conditions, over a range of drive voltages (cor-
responding to a PNP range of 1.76 to 9.64 MPa) with
10% uncertainty. The passive cavitation detection (PCD)
sensor (bandwidth = 1-20 MHz) was connected via a
1.7 MHz notch filter (F5181, Allen Avionics, Chicago,
IL, USA, used to remove the fundamental of the drive
signal) and a 20 dB pre-amplifier (P0.1-30/20VD,
Advanced Receiver Research Ar2, Burlington, MA,
USA) to a data acquisition card (M2i.3024, Spectrum,
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Stuttgart, Germany) installed in a SuperMicro computer
(LGA 1150, SuperMicro, San Jose, CA, USA). Both the
HIFU drive voltage/1000 and the detected cavitation sig-
nal were logged at a rate of 50 MHz. Measurements
were performed in a tank filled with deionized degassed
water (0.1—0.7 mg/L, 20°C) with an acoustic absorber
on its base to reduce reflections. To provide a constant
level of degassing and temperature, the water was circu-
lated through a chilling system (HC-100A, Hailea,
Guangdong, China) with a liquicell (2.5 x 8 Liqui-Cel
Membrane Contactor, Membrana, Charlotte, NC, USA)
connected to a vacuum line (27 in. Hg). The PVA sample
size for cavitation threshold measurements was
5 x 10 x 1.2 cm to ensure that the focal point
(1.6 x 1.4 x 12.4 mm) of the transducer lie entirely
within the sample. Samples were pinned to a thin mem-
brane (23 um PMX980, HiFi Industrial film, Stevenage,
UK) in the focal plane of the HIFU transducer, with nee-
dles placed at the unexposed sample edges. Exposures
consisted of ten 10 ms pulses, at a pulse repetition fre-
quency of 1 Hz in each position, at a peak negative pres-
sure (PNP) of 1.8 to 9.6 MPa. Exposures were placed
1 cm apart to avoid any overlap of the focused beam
between positions. To ensure reproducible measure-
ments and to make sure there were no spurious signals
from the water, baseline measurements were performed
in degassed water. The recorded cavitation data were
analyzed to reveal the half-harmonic (0.8 MHz) and
broadband (0.1-10 MHz) signals, the latter after software
filtering to remove all n/6 harmonics of the drive signal
below the Nyquist limit, where # is an integer.

Inertial cavitation threshold levels are quantified as
the PNP at which 25%, 50% and 75% of the exposures
(10 in each position, 2 positions per gel, i.e., 20 expo-
sures in total) resulted in broadband signals above base-
line noise. Here, "baseline noise" is defined as the
average off-time signal. Signals exceeding this baseline
by more than a factor of 5 were considered to be emis-
sions caused by inertial cavitation activity. The measure-
ment was performed in five independently prepared gels
for each formulation.

The current experimental setup did not allow the
measurement of cavitation thresholds in tissue.

Thermal characterization

Material density, required for thermal characteriza-
tion, was measured using Archimedes' principle. For
thermal characterization (specific heat capacity and ther-
mal conductivity), a HotDisk system (TPS 2500 S, Hot
Disk, Goeteborg, Sweden) was used according to the
manufacturer's protocol, detailing the transient plane
source (TPS) method (Gustavsson et al. 1994). A two-
sided TPS sensor was sandwiched between two 0.6 cm
PVA gel disks, and three separate 160 s measurements

were acquired using an output power of 128.5 mW. A 10
min cooling period between measurements ensured that
the sensor and sample returned to RT.

Statistical analysis

Mean values and standard deviations were calculated
using data from at least three independently produced sam-
ples by first averaging over intra-batch and then inter-batch
repeat measurements. Where applicable, the data were
checked for normal distribution with the one-sample Kol-
mogorov-Smirnov test, using the MATLAB (version
R2019a) function kstest. For normally distributed data,
p values were calculated using the anoval function in
MATLAB; the Kruskal-Wallis test with the function krus-
kalwallis was used otherwise. We note that given the small
number of samples, normality testing may be limited; how-
ever, the choice of test (i.e.,, either analysis of variance or
Kruskal-Wallis) did not change the results in terms of the
significance of the findings presented. Correlation of data
points as a function of temperature, PVA or cellulose con-
centration was assessed by Pearson correlation coefficients
(p) with relevant p values obtained from the averaged val-
ues using the MATLAB function corr. Any p values <0.05
were scored as significant. The MATLAB curve fitting
toolbox was used to fit a linear function for acoustic proper-
ties to describe the observed behavior with the simplest
approach. The selected fit function was assessed using the
coefficients of determination R>. We consider fits with
R? >0.85 appropriate. Following Maxwell et al. (2013), we
fitted sigmoid functions F(x) = —c/( 1 + (x/b)“) +c to
cavitation event probabilities as function of PNP.

RESULTS

Gel formulation

The molecular weight and overall concentration of
PVA affected the water solubility, viscosity of the PVA
solution obtained and transparency and thermal stability
of the crosslinked gels (see Fig. 3): PVAj,, took
~50 min to dissolve, whereas PVAcqium took ~60 min

10% PVA,,

AN\
Before %

heating \

10% PVA egum  10% PVA,,

\\\\\\\Y
\

After

heating \
D

Fig. 3. Ten percent poly(vinyl alcohol) samples of different
molecular weight before and after being heated to 45°C.
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and PVAyg, 80—90 min. Aqueous solutions involving
PVApigh or PVA, cgium With >20% PVA were very vis-
cous, and bubbles were easily trapped in the gels formed.
Gels formed using 10% PV A,y or <5% PV A cdium SOI-
utions were very soft, tore easily when touched and
melted upon heating to 45°C. PVA c4ium Was therefore
chosen for further characterization of the influence of the
gel formulation. The 10%—15% PVAcqium gels pro-
vided a compromise between mechanical/thermal stabil-
ity and viscosity of the PVA solution.

Figure 4 illustrates the acoustic properties of 10%
PVA gels of different molecular weight at 20°C. Over the
temperature range studied, these were comparable and
there were no statistically significant differences (sound
speed of 1556—1566 m/s, p = 0.10, attenuation
coefficient = 0.08—0.09 dB/cm, p = 0.86, and
N=1.43-1.45, p=0.85). The thermal properties of PVA
gels of varying molecular weight did not differ signifi-
cantly (thermal conductivity: 0.57—0.6 MJ/m-K, p = 0.20;
specific heat capacity: 2.99—3.06 MJ/m>-K, p = 0.73).

Acoustic properties

As illustrated in Figure 5 (A, B), sound speed and
attenuation coefficient both increased linearly with PVA
concentration, whereas the exponent of the attenuation
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frequency dependence N remained constant within the
range of measurement uncertainties (Fig. 5C).

The addition of cellulose as scatterer significantly
changed neither the sound speed (p = 0.2) nor the fre-
quency dependence (p = 0.22) of the attenuation coeffi-
cient in 10% PVA cqium gels (at RT) (Fig. 5D, 5F).
However, the attenuation coefficient increased linearly
with the addition of cellulose (Fig. SH). The rate of this
increase (slope: 0.028 =+ 0.012 dB/cm-MHz, R* = 0.98)
was high compared with the linear increase as a func-
tion of PVA concentration (slope: 0.005 £+ 0.003 dB/
em-MHz, R* = 0.95) in Figure 5B. As depicted in
Figure 5 (G, H) for 10% PVA,cdium, sound speed
increased (slope: 1.3 £ 0.9, R* = 0.92, p = 0.914,
p = 0.01), whereas the attenuation coefficient
decreased, with temperature (slope: —0.001 £ 0.0003,
R*> =092, p = —0.961, p = 0.002). The frequency
dependence did not significantly change as a function
of either temperature (p = 0. 377, p = 0.46), PVA
(p = 0.023, p = 0.98) or cellulose concentration
(p=-0.78, p=0.22).

Cavitation thresholds of PVA
We did not detect any subharmonic that was not
associated with broadband emission in our experiments.
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Fig. 4. (A) Sound speed, (B) attenuation coefficient (a), (C) frequency dependence factor (N), (D) thermal conductivity

and (E) specific heat capacity plotted as functions of different-molecular-weight 10% poly(vinyl alcohol) (PVA) (PVA-

low: 31,000—50,000 g/mol, PVAcdium: 85,000—124,000 g/mol, and PVAy,;g: 146,000—186,000 g/mol). The mean and

standard error of the mean from three independent measurements are shown. p Values were calculated using the analysis
of variance or Kruskal-Wallis test; a significance threshold of 0.05 was assumed.
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Fig. 5. (A) Sound speed, (B) attenuation coefficient (@) and (C) frequency dependence factor of poly(vinyl alcohol)
(PVA) samples (no added cellulose) as a function of PVA concentration at room temperature (RT). (D) Sound speed, (E)
attenuation coefficient and (F) frequency dependence factor (V) of 10% PV A samples for different concentrations of cel-
lulose at RT. (G) Sound speed (slope: 1.3 £ 0.9, R> = 0.84, p = 0.914, p = 0.01). (H) Attenuation coefficient (slope:
—0.001 + 0.0003, R* =0.92, p = —0.961, p = 0.002). (I) Frequency dependence factor as a function of temperature for
10% PVA (no cellulose). Mean values with standard error of the mean from three independent measurements are shown,
together with Pearson correlation coefficients (p) and corresponding p values. Where applicable, linear fits to the mean
values with relevant coefficients of determination (R?) are shown.

Hence all following results refer to inertial cavitation
events only. The fraction of n = 20 exposures, which
led to cavitation events, is illustrated in Figure 6 as a
function of PNP. In more than 20% of exposures it was
observed that inertial cavitation could not be generated
in degassed water (<0.4 mg/L dissolved oxygen) in the
PNP range 1.8 to 9.6 MPa. Within PVA hydrogels, a
sigmoidal trend of the fraction of cavitation events as a
function of PNP was observed. Table 3 summarizes the
results obtained for three different PVA gel formula-
tions in terms of fit parameters and calculated 25%,
50% and 75% cavitation thresholds. With increasing
numbers of cellulose scatterers, the inflection point of
the sigmoid curve shifted to lower PNPs, and the slope
increased.

Thermal properties

Gel density did not differ significantly between
samples, and was independent of PVA concentration
(0= —0.464, p = 0.54) and cellulose content (p = 0.251,
p=0.11) (Fig. 7C, 7F). As illustrated in Figure 7A, ther-
mal conductivity decreased with PVA concentration in
samples prepared without cellulose; however, Pearson
correlation coefficients were not significant (p = —0.923,
p = 0.08). The specific heat capacity (p = 0.815,
p = 0.19) remained fairly constant in the range
10%—20% PV A eqium With a drop for 5% PVA .cdium
gels (Fig. 7B). Thermal properties were not influenced
(thermal conductivity: p = —0.008, p = 0.99; specific
heat capacity p = —0.811, p = 0.19) by addition of 5%
cellulose (Fig. 7D, 7E).
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Fig. 6. Percentages of exposures yielding above noise broadband signal, representing signals from collapsing bubbles in

10% poly(vinyl alcohol) (PVA) gels with cellulose concentration ranging from 0% to 10%. Mean values and standard

errors of the mean of five independent measurements are shown with sigmoidal fits to the mean values (dashed lines)

and with corresponding 95% confidence bounds (bands). The 25%, 50% and 75% cavitation thresholds are represented
by horizontal dashed-dotted lines. The relevant parameterizations are given in Table 3.

Characterization of sheep tissue

The sound speed of the three tissues measured
ranged from 1545 4+ 8 to 1607 + 2 m/s with attenuation
coefficients of 0.38 + 0.23 dB/cm-MHz for kidney, 0.53
4 0.14 dB/cm-MHz for liver and 0.4 & 0.07 dB/cm-MHz
for spleen (Fig. 8A—C) for RT measurements. The
splenic thermal properties were not measured because of
limited sample availability. The thermal conductivity
and specific heat capacity of sheep kidney (0.51 £ 0.01

Table 3. Parameters for sigmoid fits to the function /' (x)

/(14 (x/b)“)

tion point (MPa) and'c the uppe

W/m-K, 3.73 £ 0.61 MJ/m*>K) and liver (0.49 £ 0.07
W/m-K, 3.07 + 0.77 MJ/m>K) did not differ signifi-
cantly (Fig. 8D, 8E). The sound speed and the frequency
dependence parameters for sheep tissue were within the
range measured for PVA hydrogels. The attenuation
coefficient of 10% PVA with 10% cellulose was in the
range of those for sheep kidney and spleen, whereas
sheep liver had a higher attenuation coefficient than any
PVA gels investigated here. The thermal conductivity

+ ¢ + ¢ with a being Hill's slope (%/MPa), b the inflec-
bound (%)*

10 % PVA 10% PV A 5% cellulose 10% PVA 10% cellulose

a 44429 6.1 £2.7 8.1+32
b 43+09 44+04 35+£0.1
c 87 +23 100 + 12 100 + 8
R? 0.89 0.95 0.96
25% cavitation threshold (MPa)

Mean 3.5 33 3.2

95% CI 32-39 2.93.6 2.8-3.2
50% cavitation threshold (MPa)

Mean 4.6 4 3.5

95% CI 4.1-54 3.7-43 33-3.6
75% cavitation threshold (MPa)

Mean 6.5 4.8 4

95% CI 54-8.2 44-54 3.8—43

CI = confidence interval; PVA = poly(vinyl alcohol).

* All parameters are reported as median values with 95% confidence intervals together with coefficients of determination, R*. On the basis of the
fits, peak negative pressures yielding 25%, 50% and 75% probability for cavitation were calculated (referred to as "% cavitation thresholds"), and are

given with 95% confidence intervals.
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values of sheep kidney and liver were lower than the
minimum values measured for PVA gels. However, the
specific heat capacity of measured tissue was within the
range measured for PVA gels.

DISCUSSION

This study provides comprehensive characteriza-
tion of acoustic, cavitation and thermal properties of
PVA (cellulose) hydrogels to determine their suitability
as mimics for use in FUS experiments. A range of
hydrogel formulations, comprising varying concentra-
tions of PVA and cellulose, and three different PVA
molecular weights, were analyzed. Fresh, ex vivo sheep
tissues (kidney, liver and spleen) were used to provide
direct comparison of parameters. Finally, cavitation
thresholds were evaluated for a subset of PVA samples
with promising acoustic properties (attenuation, sound
speed).

Identification of suitable formulation range

The manufacture of a FUS TMM imposes limita-
tions on the gel formulation, as the polymer solution
viscosity must avoid the entrapment of air bubbles
prior to gelation and also support the homogeneous
distribution of added scatterers throughout the
manufacturing process. This restricted the maximum
concentration of polymer (both PVA and cellulose)
and determined the most suitable PVA molecular
weight range, as summarized below. The molecular
weight of PVA strongly influences its water solubility
and the gelation process (Xue et al. 2015). In contrast
to medium- and high-molecular-weight PVA gels,
which withstood 20°C—45°C temperature increases
during acoustic characterization without melting,
low-molecular-weight PVA gels (31,000—50,000 g/
mol) were mechanically unstable for temperatures
above RT (see Fig. 3). However, high-molecular-
weight PVA (146,000—186,000 g/mol) took longer to
dissolve, and the higher viscosity of the solution
increased the risk of air bubble entrapment during
manufacture. As its acoustic properties remained
comparable to those of gels prepared from
85,000—124,000 g/mol PVA,cqium, the latter
appeared best suited for this work, particularly at con-
centrations between 10% and 15%. Increasing the
PVA concentration up to 20% was challenging,
although possible, but this may be considered close to
the maximum PV A concentration achievable for FUS
TMMs. Within the range investigated (<10%), cellu-
lose concentration did not appear to adversely affect
polymer solution viscosity and hence it may be possi-
ble to increase cellulose content in 10% or 15% PVA-
medium g€ls beyond this.

Volume 48, Number 6, 2022

Acoustic properties

The acoustic properties of PVA hydrogels (sound
speed and attenuation coefficient, including its frequency
dependence) were investigated as a function of PVA
molecular weight and concentration and cellulose scat-
terer concentration, at temperatures between 20°C and
45°C. The attenuation of the PVA, cqium gels was deter-
mined mainly by the concentration of cellulose (slope:
0.028 £+ 0.012 dB/cm-MHz), whereas PVA concentra-
tion had a stronger influence on sound speed, yielding
only a moderate increase (slope: 0.005 £ 0.003 dB/
cm-MHz) in attenuation. Manufacture of gels with a
higher cellulose concentration (>10%) or other scatterer
(e.g., glass beads, talcum powder or graphite; see Limita-
tions and Outlook for PVA Phantom Use) may further
increase attenuation to mimic higher-attenuation tissues.
Overall, attenuation characteristics remained stable
within the temperature range studied (20°C—45°C) while
the speed of sound, as expected for a high water-content
material, increased with temperature. The increase in
sound speed in 10% PVA gels (slope: 1.35 £ 0.91 m/s)
was less than the increase seen in pure water (slope: 1.99
4 0.75 m/s). As sound speed decreases with temperature
in fatty tissue (Bamber and Hill 1979), PVA hydrogels
would be unsuitable for mimicking thermal exposure in
such tissues. The acoustic properties of PVA cellulose
gels meet the soft tissue properties criteria proposed by
the International Electrotechnical Commission (IEC
2001) (sound speed = 1540 £ 15 m/s, attenuation coeffi-
cient = (.5 &+ 0.05 dB/cm at frequencies <10 MHz). The
acoustic properties of human soft tissue are outlined in
Table 4. The sound speed of 5%—20% PVA cdium gels
fell within their range at temperatures of 35°C and 40°C.
While the attenuation coefficients of gels with high PVA
concentration and/or added cellulose was similar to those
of human liver and spleen, the values of all PVA gels
investigated were lower than those quoted for human
kidney, brain and muscle. Given the relatively high
attenuation coefficient (1.095 dB/cm at 1 MHz) of mus-
cle, it is unlikely this can be matched using PVA cellu-
lose gels; however, brain or kidney TMMs could be
achieved by using >10% cellulose. Acoustic property
differences between tissues are likely because of varying
proportions of fat, parenchyma and blood. Within the
range of uncertainties in this study, all acoustic proper-
ties of ex vivo sheep kidney and spleen were matched by
the range of PVA gel formulations evaluated. Liver has
a higher collagen content than the other tissues, and may
also be more inhomogeneous. For example, it contains
larger blood vessels. Whereas the sound speed and fre-
quency dependence of ex vivo sheep liver fell within the
range of values measured in PVA hydrogels, the attenua-
tion coefficient of this tissue exceeded the maximum
achievable, here in a 10% PVA 10% cellulose composite
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Table 4. Sound speed, attenuation coefficient, thermal conductivity and specific heat capacity for selected human soft tissues and tis-
sue-mimicking materials taken from the literature and in context with the measurements presented

Tissue Temperature  Sound Attenuation N Thermal Specific heat capacity Reference
(©) speed (m/s) at 1 MHz conductivity  (MJ/m*/K)
(dB/cm/MHz) (W/mK)

Brain 22-37 1560 0.435-0.6 0.51+0.02 3.63+0.07 Cafarelli et al. 2017
Fat 35-37 1479 0.48 021 +£0.02 2.3540.37 Duck 1990

Kidney RT 1545+7.8 0.38£0.23 1.34+£026 0.514+0.01 3.73+0.61 Own measurement
Kidney 37 1560 £ 1.8  0.85 0.54£0.04 3.74+£0.21 Duck 1990

Liver RT 1563 £9.5 0.53£0.14 1.14+£0.17 0.49+£0.07 3.07+£0.77 Own measurement
Liver 37 1560 +£20.5 0.53 +£0.24 0.5+ 0.04 3.6 Duck 1990

Muscle 18—37 1547 1.1 0.49 £0.04 3424046 Cafarelli et al. 2017
Spleen RT 1607 £ 2.1 0.4+0.24 1.29 £0.12 Own measurement
Spleen 37 1560 £+ 10 0.43 £0.07 0.26 3.72 Duck 1990

10% PVA RT 1556 + 26 0.09 £+ 0.02 143 £021 0.6 £0.02 3.14 +0.07 Own measurement
10% PVA 5% cellulose ~ RT 1552 £ 16 0.27 £ 0.04 1.3+£0.11 0.57£0.01 3.19+£0.22 Own measurement
10% PVA 10% cellulose RT 1563 £+ 16 0.37 £0.02 1.31£0.04 0.61£002 27+0.27 Own measurement
15% PVA RT 1577 +£9 0.13 £0.01 1.33£0.09 0.58+£001 329+0.23 Own measurement
20% PVA RT 1590 £ 19 0.14 +0.02 143+0.08 0.57+0.02 3.34+0.15 Own measurement

PVA = poly(vinyl alcohol); RT = room temperature.

gel. Given the linear relationship of attenuation coeffi-
cient with cellulose content, it is expected that by
increasing this content, liver tissue could also be mim-
icked more closely.

Compared with previously published PVA-gel
TMM formulations, Holt and Roy (2001) achieved a
lower sound speed than the 5% PVA gel analyzed here
(molecular weight, number of freeze thaw cycles not
stated) and much higher attenuation coefficient at 1| MHz
(0.63 £ 0.05 dB/cm). They produced a gel of low PVA
polymer concentration (4% PVA) with addition of
graphite powder for scattering and 1-propanol to reduce
the gel's sound speed. A sound speed reduction through
addition of 7% (v/v) 1-propanol was, however, not seen
in PVA gels with or without cellulose in a preliminary
study here (Fig. S3, online only). Additionally, our 5%
PVA gels exhibited visible scatterer sedimentation,
which was not reported by Holt and Roy (2001) for their
gels. It may be that differences in (unreported) crosslink-
ing procedures and PVA molecular weight may explain
these discrepancies.

Kharine et al. (2003) and Zell et al. (2007) produced
gels of 20% PVA (85,000—140,000 g/mol and 145,000
g/mol) using one 24-h freeze-thaw cycle, and added
dimethylsulfoxide (DSMO) to create transparent gels. At
RT, the sound speeds for these gels were comparable
(1570—1590 m/s) to our results.

Both studies reported lower values for the attenua-
tion coefficient than were measured here for 20% PVA
gels. This may be attributed to fewer freeze-thaw cycles,
as well to the addition of DSMO. Adding DSMO is
attractive for the creation of transparent gels, achieved
by lowering the PVA solution's freezing point. However,
alterations in the freeze-thaw process may change the
crystallization process, creating larger crystals with

more space between them (Hassan and Peppas 2000).
The addition of scatterers could mitigate the attenuation
loss but may decrease gel transparency. Different types
of scatterers could be incorporated to further optimize
the  gel's  attenuation and  sound  speed.
Taghizadeh et al. (2018) created a 10% PVA gel using
two freeze-thaw cycles with an attenuation coefficient of
0.16 &+ 0.01 dB/cm and sound speed of 1520 £ 10 m/s.
They investigated increasing attenuation by adding
graphite powder and talc powder. Although adding
graphite powder created an inhomogeneous gel, addition
of 10 g of talcum powder to a 250 mL PVA solution sig-
nificantly increased attenuation to 0.89 dB/cm-MHz,
higher than measured in this work, while sound speed
was unaltered. Hence, talcum powder may be a suitable
alternative to cellulose where higher attenuation is desir-
able.

Cavitation thresholds

Cavitation thresholds depend on how they are
defined and the detection techniques used, as well as the
frequency, exposure (pulse) duration, pressure amplitude
and material exposed, the latter two aspects having been
investigated in this study. At 1.66 MHz, for 10 ms dura-
tion pulses, all PVA cellulose hydrogels investigated
using our 19-mm-diameter polyvinyl difluoride sensor
with notch filtering of the drive signal and —20 dB signal
amplification revealed a typical sigmoidal dependence of
inertial cavitation probability on PNP. As the 0% and
100% cavitation thresholds are approached asymptoti-
cally, we determined the 25%, 50% and 75% thresholds
(Table 3). However, other threshold levels can be
obtained from the graphical results presented (Fig. 6). In
10% PVA gels, the 50% inertial cavitation detection
threshold (i.e., half of the ten 10 ms pulses delivered to
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each position in the gel) lay in a cellulose content-depen-
dent range of 3.5 MPa (10% cellulose) to 4.6 MPa (0%
cellulose) (Table 3). Cellulose decreased this threshold,
by up to 1 MPa, presumably as a result of the introduc-
tion of additional nucleation sites. Cavitation thresholds
strongly depend on the specific insonation parameters.
We suggest that PVA phantoms are best suited to appli-
cations involving the absorption of ultrasound, specifi-
cally HIFU (as long as the melting point of the gel is
avoided) and hyperthermia (i.e., longer-duration expo-
sures with temperatures typically up to 45°C). To judge
the application of PVA for histotripsy, the mechanical
properties (e.g., elasticity, viscosity and stiffness) of the
gels are important, and therefore, future mechanical
characterization of PVA cryogels is a high priority. We
plan to further investigate the elastic properties along
with the intrinsic and shock-wave histotripsy thresholds
for this phantom. For intrinsic histotripsy, short (1 cycle)
pulses at higher pressures (25 MPa PNP) are typically
required, whereas our pulses were 10 ms (10 cycles)
long. While it would be possible to analyze the first cycle
(or first few cycles) independently to investigate intrinsic
histotripsy cavitation thresholds, this was not the inten-
tion of the study and the transducer used is not intended
for this. The presented data, measured in the context of
longer exposures, are, however, relevant to boiling histo-
tripsy-type exposures and shed some further light on
drug delivery and thermal ablation by giving the thresh-
old for the phantom in the absence of introduced micro-
bubbles and additional heating, respectively. These
measurements will help to identify where cavitation
should be expected and therefore aid study design for
boiling histotripsy, drug delivery and thermal ablation.
Given our lack of relevant cavitation threshold measure-
ments in tissue, because of the limited samples, we pro-
vide an in-depth comparison with previously reported
literature on this topic:

Cavitation thresholds have previously been mea-
sured in agar, agarose and gelatine hydrogels.
Paris et al. (2018) created a vessel phantom consisting
of 1.25% (w/v) agarose, to mimic tumor tissue. Defin-
ing the cavitation threshold as the appearance of a
broadband signal 10 times higher than the background
noise, they detected cavitation from 0.6 MPa, and found
the 70% threshold to be at 2 MPa for their 0.5 MHz
transducer. At 1.6 MHz, cavitation was first detected at
1.5 MPa, and the 70% threshold was reached at 4.3
MPa. This is similar to the 75% cavitation threshold of
4 MPa (Table 3) measured here at 1.66 MHz for PVA
with 10% cellulose. Haller et al. (2018) and Haller and
Wilkens (2018) investigated the 50% cavitation thresh-
olds for agar-based phantoms for both continuous and
burst sonications. The values measured in this work
consisted of ten 10 ms burst pulses, thus making them
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more comparable to their measurements for 25-cycle
burst length (10 ms burst period). The 50% cavitation
threshold for PVA gels without cellulose (3.45 £ 0.18
MPa) is lower than the 4.6 MPa reported by Haller and
Wilkens (2018). Cavitation thresholds (in terms of
exposure) are expected to be lower, as
Haller et al. (2018) quoted their 50% cavitation thresh-
old for agar-based materials at 0.58 + 0.12 MPa for a 3
ms continuous wave, and Bull et al. (2013) quoted
100% cavitation thresholds at 1.7 MHz for 3 s expo-
sures in agar at 0.45 £ 0.07 MPa. We therefore con-
clude that PVA gels appear to cavitate less readily than
agar gels subjected to longer exposure durations. In
addition to measurements of cavitation thresholds in
agar, Bull et al. (2013) reported the 100% threshold in
ex vivo bovine liver at 2.62 + 0.39 MPa. This is well
below the 75% cavitation thresholds measured for all
PVA (cellulose) gels in this work (4—6.5 MPa). As the
cavitation thresholds in the PVA (cellulose) gels are
driven by cellulose content, increasing the cellulose
content could be used to achieve values similar to those
of bovine liver.

However, the 50% threshold of our PVA gels was
well below some previously reported threshold values
for intrinsic histotripsy in soft tissue (pork atrial wall)
and tissue phantoms (gelatine) (13.5—-21 MPa)
(Xu et al. 2007). Xu et al. (2007) investigated up to 200
pulses (<20 us) at 750 kHz, but used high-speed imag-
ing to detect bubble clouds, which are seen at higher
PNPs than when a PCD is used. Maxwell et al. (2013)
reported even higher values (26—30 MPa) for the 50%
cavitation threshold in gelatine at 1.1 MHz (single, 0.44-
2.86 us pulse), using a PCD with a high-bandwidth 5
MHz focused transducer (with focal length of 10 cm).
Within the PNP range assessed (1.8—9.6 MPa), cavita-
tion detection remained below 25% in deionized
degassed water. This does not contradict previous results
(Maxwell et al. [2013], 50% threshold >17.7 MPa).
However, it should be noted that differences in cavita-
tion threshold pressure levels will arise depending on
how "cavitation threshold" is defined and measured.
While our cavitation thresholds were defined based on
the fraction of pulses for which bubble activity was
detected, Maxwell et al. (2013) reported cavitation prob-
ability of 50% for a single, short (microsecond length,
0.44—2.86 us), focused pulse at 1.1 MHz. Therefore,
when comparing cavitation thresholds, their definition
must be kept in mind.

Thermal properties

Because of limitations in the availability of fresh
sheep tissue, in particular the spleen, measurements of
acoustic properties were here prioritized over thermal
characterization and cavitation thresholds. We attempted
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to address this limitation by thorough comparison with
literature data. The thermal properties of the PVA for-
mulations studied were in a range similar to, but not
overlapping, that of soft tissue (Fig. 8D, 8E) and
depended on PVA concentration with no significant
dependence on cellulose concentration. The PVA gel
formulations tested had a specific heat capacity that was
lower than the range of human soft tissue (Table 4), with
PVA concentrations from 10%—20% coming closest.
Similarly, the thermal conductivity of the PVA gels was
higher (10% PVA 5% cellulose: 0.57 £+ 0.01 W/m-K)
than the values found in Duck (1990), liver (0.5 & 0.04
W/m-K) and spleen (0.26 W/m-K), although the kidney
data (0.54 + 0.04 W/m-K) overlapped with the quoted
values. The thermal properties of PVA gels were all
higher than those of fat (Table 4). As such, PVA hydro-
gels could be considered to be close to the range (PVA
thermal conductivity 10%—12%, excluding spleen, spe-
cific heat capacity in the range) of human soft tissue in
terms of their thermal properties, but these differences
should be taken into account if using these TMMs for
thermal FUS experiments used to determine exposure
conditions in humans or for comparison with simula-
tions.

Limitations and outlook for PVA phantom use

Despite providing a relatively comprehensive analy-
sis of PVA gel characteristics as a function of PVA and
cellulose concentration, and of PVA molecular weight
and temperature dependence of sound speed and attenua-
tion, there are several aspects of PVA-based TMMs that
were not addressed in this study. These include the
method of PVA crosslinking, the production of non-trans-
parent samples, the evaluation of different scatterers, in
addition to the current lack of long-term stability studies.
The properties of PVA hydrogels depend on the specific
method of crosslinking (Hassan and Peppas 2000). Here,
only physical crosslinking using a fixed freeze-thawing
process was investigated. This provided a reproducible,
non-toxic procedure. The specific freezing and thawing
gradients induced, the freeze-thaw cycle duration and
number, and the gel-containing vessel (volume and ther-
mal properties) may further influence the final gel proper-
ties. Here only relatively thin (0.6—1.2 cm) sheets of
PVA hydrogel were produced, for which 5 h was suffi-
cient to freeze the sample fully and 19 h to completely
defrost it. Further investigation would be required to
quantify the impact of differences in the freeze-thaw pro-
cess on gel properties. A second limitation of the PVA
TMMs investigated is the lack of optical transparency
provided by freeze-thaw crosslinking. This prevents high-
speed camera studies of acoustic cavitation activity, such
as jetting. Changing the crosslinking procedure, for exam-
ple, to the wuse of ionizing radiation exposure

(Yang et al. 2007) or by the addition of DMSO improves
transparency. However, the potential for creation of big-
ger crystallites (Hassan and Peppas 2000) is likely to
affect the gel's mechanical stability, affecting cavitation
thresholds and attenuation. Careful consideration of the
most important properties of a TMM for a specific appli-
cation and adjustment of gel formulations and crosslink-
ing procedures accordingly are recommended.

The type of added scatterer is another aspect that
requires further investigation as our analysis was limited
to the use of cellulose. Talcum powder
(Taghizadeh et al. 2018), graphite or glass beads may be
suitable alternatives that, at low concentration, could
boost attenuation, but may also affect cavitation thresh-
olds. We consider the present study a sufficiently com-
prehensive  starting point to motivate further
investigation within the community for their specific
needs.

An important point requiring future investigation is
the (long-term) stability of the samples as only 1- to
3-day-old samples were investigated here. Given the for-
mulation of a composite rather than a crosslinked
PVA—cellulose gel, it remains questionable whether the
cellulose content could be maintained during long-term
storage. A further challenge regarding sample storage
relates to sample contamination (e.g., bacterial/fungal
growth), degassing and water content.

Overall, PVA—cellulose hydrogels provide acous-
tic, cavitation and thermal properties sufficiently close
to, or within the range of, those of soft tissue, and are
relatively easily tunable to mimic different tissues. For
FUS experiments, it is beneficial that the PVA (cellu-
lose) gels can be heated to at least 45°C, are mechani-
cally stable, have reproducible properties and are
inexpensive and non-toxic. Their cavitation thresholds
also make them attractive as a TMM for use in absorb-
ing ultrasound, creating heating for hyperthermia or
ablation without cavitation for cell exposure
(Briiningk et al., 2019). As PVA cryogels, especially
without added scatterers, do not appear to cavitate read-
ily, they could be used as mimics for US drug delivery
or boiling histotripsy, as well as for the testing of bub-
ble formation in soft materials and, as they have been
extensively characterized, to validate simulations. In
comparison to other TMMs (e.g., agar and gelatine gels
that are relatively fragile), PVA forms more robust,
high-melting-point gels (similar to polyacrylamide, but
without the use of neurotoxic ingredients). Although
PVA gel has to be heated during manufacture (like agar
and gelatine), it does not form a solid gel on cooling,
thus allowing other ingredients to be added prior to
gelation, for example, thermochromic  dyes
Ambrogio et al. (2020). This also offers greater future
potential for use in histotripsy applications.
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CONCLUSIONS

Poly(vinyl alcohol) hydrogel manufacture using
three freeze-thaw cycles produced properties that were
reproducible, and the acoustic attenuation and sound
speed were stable over a temperature range of 20°C to 45°
C. Gels comprising 10%—15% 85,000—124,000 g/mol
PVA provide an ideal base formulation with tunable
acoustic and cavitation properties through the addition of
scatterers, such as cellulose. The gel acoustic and thermal
properties lie within the previously published ranges for
human tissue and match those measured for sheep tissue
in this study. PVA composite hydrogels could hence be
custom designed to mimic a range of soft tissues with fur-
ther room for improvement of the attenuation and optical
properties. As such we recommend PVA hydrogels as
suitable TMMs for soft tissues in both thermal and
mechanical applications of therapeutic ultrasound.
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