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ABSTRACT: Ultrasound elastography enables noninvasive characterization of the tissue [Scanning electronmicroscopy of viscoelastic phantoms |
mechanical properties. Phantoms are widely used in ultrasound elastography for developing, i S 2
testing, and validating imaging techniques. Creating phantoms with a range of viscoelastic
properties relevant to human organs and pathological conditions remains an active area of
research. Poly(vinyl alcohol) (PVA) cryogel phantoms offer a long shelf life, robustness, and
convenient handling and storage. The goal of this study was to develop tunable phantoms
using PVA with a clinically relevant range of viscoelastic properties. We combined low- and
high-viscosity PVA to tune the viscoelastic properties of the phantom. Further, phantoms
were created with an ethylene glycol-based cryoprotectant to determine whether it reduces
the variability in the viscoelastic properties. Scanning electron microscopy (SEM) was
performed to evaluate the differences in microstructure between phantoms. The density,
longitudinal sound speed, and acoustic attenuation spectra (5—20 MHz) of the phantoms — ° wiat v Wibow Wi
were measured. The phantoms were characterized using a shear wave viscoelastography

approach assuming the Kelvin—Voigt model. Microstructural differences were revealed by

SEM between phantoms with and without a cryoprotectant and with different PVA mixtures. The longitudinal sound speed and
attenuation power-law fit exponent of the phantoms were within the clinical range (1510—1571 m/s and 1.23—1.38, respectively).
The measured shear modulus (G) ranged from 3.3 to 17.7 kPa, and the viscosity (1) ranged from 2.6 to 7.3 Pa-s. The phantoms with
the cryoprotectant were more homogeneous and had lower shear modulus and viscosity (G = 2.17 + 0.2 kPa; 57 = 2.0 + 0.0S Pa-s)
than those without a cryoprotectant (G = 3.93 + 0.7 kPa; 7 = 2.6 + 0.14 Pa-s). Notably, phantoms with relatively constant viscosities
and varying shear moduli were achieved by this method. These findings advance the development of well-characterized viscoelastic
phantoms for use in elastography.
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B INTRODUCTION of phantoms in validating novel techniques and algorithms,
including viscoelastography.® Although elastic phantoms are
commercially available for conventional B-Mode imaging,
Doppler imaging, and elastography, standard viscoelastic
phantoms are not widely available.

Phantoms fabricated with agar, gelatin, mixtures of gelatin
and oil, and copolymers in mineral oil or silicone have been
reported for applications in ultrasound elastography that
incorporate viscous behavior.”~"" Poly(vinyl alcohol) (PVA)
is a polymer that has mostly been reported for elastography
using elastic material assumptions.'”'”> PVA hydrogels have
several advantages, such as easy fabrication, flexibility,
toughness, long shelf life, and reproducibility.'* The range of

Ultrasound shear wave elastography is a widely reported
technique for the noninvasive characterization of tissue
mechanical properties. The accuracy and reliability of ultra-
sound elastography depend considerably on the availability of
realistic tissue-mimicking phantoms that closely mimic the
viscoelastic behavior of biological tissues. Tissue-mimicking
phantoms play an important role in developing and validating
new algorithms. Phantoms also play a role in training novice
sonographers in new imaging techniques. It has been shown
that assuming viscoelastic tissues to be elastic can produce
large errors in imaging estimates.”” Therefore, ultrasound
system manufacturers have started incorporating viscoelasticity
imaging or viscoelastography into their devices to enable
accurate assessment of inherently viscoelastic tissues.”” Received:  November 19, 2023
Despite these advancements, there is a need to develop Revised:  January 15, 2024
standardized protocols and properly characterize phantoms Accepted: January 31, 2024
with a clinically relevant range of viscoelastic properties, Published: February 9, 2024
mimicking healthy and diseased tissues. The Quantitative

Imaging Biomarker Alliance (QIBA) has emphasized the role
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Table 1. Characteristics of Different PVA Polymers Used in This Study

sample code viscosity (mPa-s) (at 4% aq.  average molecular weight degree of
(PVA iscosity-sehydrolysis) H,0, 20 °C) (g/mol) hydrolysis (%) product details (ID and supplier details)

PVA, 5cp-50% 2.5-3.5 6,000 80 22225 - Polysciences, Inc., 400 Valley Road,
Warrington, PA, USA.

PVA,scp-gso 45-55 125,000 88 04398 - Polysciences, Inc., 400 Valley Road,
Warrington, PA, USA.

PVA; 5cp.ogs 3.5-4.5 13,000—-23,000 98-98.8 348406 - Sigma-Aldrich, 3050 Spruce Street, Saint
Louis, MO, USA.

PVA,7p.99.5% 27-33 Not available 99.5 Elvanol 71-30, Kurray America, Inc., Houston,

USA.

Table 2. Compositions of Phantoms Fabricated with a Cryoprotectant Liquid and PVA of Different Viscosities and Percent

Degrees of Hydrolysis

total % concentration of PVA

15
10
S

15
15
10
10
10
7.5
S

10
11
13
15

PVA scp-s0%
10

PVA45cP-88%

N
10
N
N

10

2.5

PVA,; cp_99.5% PVA; 5 p_oo% status of gel formation

not formed
not formed
not formed
formed
formed
formed
not formed
formed
formed
formed
formed
formed

formed

wn L n

formed

Young’s modulus and viscosity of PVA phantoms reported in
the literature are 1.6—615 kPa and 1.63—17.7 Pa:s,
respectively, depending upon the number of freeze—thaw
(FT) cycles, PVA concentration, and measurement meth-
0d.*">'® Our group recently reported the viscoelastic nature of
PVA and the feasibility to add glycerol to modify its
properties."> However, developing tunable phantoms using
PVA with a clinically relevant range of viscoelastic properties
remains an active area of research. The ability to create well-
characterized PVA phantoms with a wide range of viscoelastic
properties can aid in developing accurate viscoelastography
techniques and improving diagnostic outcomes.

In addition, a few stud?r protocols added a cryoprotectant
liquid to PVA phantoms. ' The cryoprotectant liquid was
used to reduce the formation of ice crystals during the FT
cycle, which may damage the polymer cross-links, by lowering
the freezing point. However, the effect of the cryoprotectant on
the acoustic and mechanical properties of phantoms has not
been systematically characterized.

The aim of the present work was to fabricate tissue-
mimicking phantoms using different concentrations of varying
viscosities of PVA to achieve a broad range of viscoelastic
phantoms. We also evaluated the effect of adding an ethylene
glycol-based cryoprotectant liquid on shear wave viscoelastog-
raphy measurements. The density, longitudinal sound speed,
and acoustic attenuation of the phantoms were measured. The
phantom microstructure was also visualized by using scanning
electron microscopy (SEM).

B METHODS

Cryoprotectant-Based PVA Phantom Fabrication
Procedure. To assess the effect of the cryoprotectant on
the acoustic and mechanical properties of the phantoms,
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samples without the cryoprotectant were fabricated, compris-
ing 8% w/v PVA (Elvanol 71-30, Kuraray America, Inc,
Houston, USA), silicon carbide (SiC) acoustic scatterers (2%
w/v, 600 mesh, Sarrah, India), and 90% v/v degassed,
deionized water.'”"> Samples with the cryoprotectant were
made with the same concentration of PVA and SiC, except
with 70% v/v degassed, deionized water and 20% v/v ethylene
glycol-based cryoprotectant liquid (antifreeze coolant, Waxpol
Industries Ltd., Ranchi, India).

A mixture of cryoprotectant liquid and degassed, deionized
water was first heated for 300 s using a 700-W microwave
(NN-ST266B FDG, Panasonic, India) to attain a temperature
of 80 °C. To degas the solution, the mixture was placed under
vacuum at —700 mmHg for 10 min. PVA powder and silicon
carbide particles were slowly added into the mixture with
continuous stirring to avoid lumps or bubble formation. The
solution was microwaved again for 300 s until the temperature
reached 90 °C, ensuring the PVA powder dissolved
completely. The solution was placed onto a thermal stir plate
with a magnetic bar rotating at 500 rpm for 15 min to achieve a
homogeneous solution. Then, the solution was degassed under
vacuum at —700 mmHg for 30 min. The beaker was then
covered with a plastic wrap and placed on a lab bench
undisturbed for 30 min to bring the solution to room
temperature. A thin layer of air bubbles, which formed at the
top of the liquid surface, was carefully removed. The PVA
solution was poured into phantom molds and covered with
plastic wrap. The PVA solution was poured in molds to form
cubic phantoms (25 mm per side) and cylindrical phantoms
(75 mm diameter and 25 mm height). The cubic phantoms
were used to measure their density, longitudinal sound speed,
and acoustic attenuation. The cylindrical phantoms were
characterized by ultrasound shear wave elastography. The

https://doi.org/10.1021/acsomega.3c09224
ACS Omega 2024, 9, 8352—-8361
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phantoms were subjected to a 24 h FT cycle, which included
0.5h at 4 °C, 17.5 h of freezing at —20 °C, and 4 h of thawing
at 4 °C. The samples were then placed on the lab bench at
room temperature for 2 h. After the completion of 24 h,
samples fabricated with the cryoprotectant were stored in
distilled water with a 20% v/v cryoprotectant liquid to prevent
the cryoprotectant from leaching out of the phantom. Samples
made without the cryoprotectant were stored in only distilled
water. Five independent samples per phantom type were
prepared.

Phantom Preparation with a Combination of High-
and Low-Molecular Weight PVA. Stock PVA powders with
different viscosities and percentages of hydrolysis are
commercially available. PVA powders with four different
viscosities (2.5, 3.5, 27, and 45 mPa's) and four different
percent degrees of hydrolysis (80, 88, 98, and 99.5%) were
used. The characteristics of the different PVA are reported in
Table 1. The phantom compositions included PVA (10—15%
w/v) with two different viscosities and/or two different
percent degrees of hydrolysis, SiC particles, degassed deionized
water (64—69% w/v), and cryoprotectant liquid (20% v/v).
The procedure outlined in the previous section was followed to
prepare the samples with different concentrations of low-
viscosity and high-viscosity PVA. Five independent samples
per phantom type were prepared per group.

The compositions of phantoms made with combinations of
PVA with different viscosities and varying degrees of hydrolysis
are shown in Table 2. PVA with >98% hydrolysis, ie.
PVA; 5.p.9g9 and PVA,; g9 54,y Were able to form gel phantoms
and were stable. However, PVA with 80 and 88% hydrolysis,
ie., PVA,spgow and PVAyp gy could not form stable gel
phantoms. The inability to gel completely may be because PVA
did not dissolve properly in the solution, and hence, PVA
clumps were formed. For the PVA with 45 cP viscosity, the
phantom solution was too viscous and did not freeze well
during the FT cycle. Even as the number of FT cycles were
increased to three, the phantom solution did not form into gel
and remained a highly viscous fluid. Thus, subsequent
phantoms were fabricated using the two PVA types with at
least 98% hydrolysis, i.e.,, PVA;3 spogo and PVAy;p.g9 5. Four
combinations of different concentrations of PVA,,p g9 s
ranging from 5 to 10% w/v, were prepared, keeping the
concentration of 5% PVA;p.ggs constant.

Scanning Electron Microscopy. The effects of (i) the
cryoprotectant liquid and (ii) the combination of PVAs with
different viscosities on the phantom microstructure were
analyzed using SEM. Samples (each 1 cm thick) were cut from
the PVA phantoms and kept overnight at —80 °C in a S0 mL
conical tube (Falcon, Corning Inc., NY, US). The cap of the
conical tube was removed and covered with parafilm. Tiny
pores were created on the parafilm using a needle to ensure
proper aeration and to allow water to evaporate from the
sample. The sample was subsequently freeze-dried under
vacuum at a temperature of —86 °C for 48 h to sublimate all
the water content using a lyophilizer. Then, smaller cubic
samples (approximately 1 mm thick on each side) were cut and
sputter-coated with platinum for analysis. A field emission
scanning electron microscope (JEOL, JSL 7600F, Tokyo,
Japan) was used. The microstructure of each phantom sample
was then visualized at 500X and 5000X magnification.

Density, Longitudinal Sound Speed, and Acoustic
Attenuation Measurements. The density of the phantoms
was measured based on the volume and mass of the phantoms,
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which were determined by the water-displacement method"”
and a precision weighing balance (SAB-220, Precision
Electronic, Rachana Weightech, Ahmedabad, Gujarat, India),
respectively.

The longitudinal sound speed and acoustic attenuation were
measured using the broadband pulse-echo, insertion-loss
method."™"” An ultrasound impulse was generated using a
pulser-receiver (JSR DPR300, Imaginant, Rochester, USA) and
sent to a single-element transducer (PA1415, Precision
Acoustics Ltd., Dorchester, UK, active diameter: 10 mm,
focal distance: 40 mm, bandwidth: 5—18 MHz), which served
as both a transmitter and a receiver. A stainless-steel block,
which served as an acoustic reflector, was positioned at the
focus of the transducer in a degassed water tank. The reflected
signal from the steel block without the phantom was recorded
as the reference signal. Then, the phantom was inserted
between the transducer and steel block to measure the acoustic
attenuation through the phantom. The reflected signals were
acquired using an oscilloscope (MDO03014, Tektronix Inc.,
Bangalore, India; 100 MHz bandwidth, 2.5 Gs/s) and saved in
a computer for postprocessing. Experiments were performed
between water temperatures of 22—25 °C.

The longitudinal sound speed ¢ in the phantom was
calculated using the following formula:*’

Cyw

¢, At
2h

q=
1+ (1)
where c,, is the longitudinal sound speed in water, At is the
time difference of an ultrasound signal in the presence and
absence of the phantom, and & is the phantom thickness.
The frequency-dependent attenuation spectra of the
phantoms a(f) were calculated as™

V. (f)
a(f) = IOIng[%J/Z}l o)
phantom

where f is the frequency and Vi and Vipuom are the
amplitudes of the reflected ultrasound signals without and with
the phantom, respectively. The attenuation coefficient (dB/
cm) was calculated by power-law regression.”> Longitudinal
sound speeds and attenuation coeflicients were measured from
five independent locations in each phantom sample and five
independent samples per phantom type.

Ultrasound Elastography. Shear wave elastography was
performed with a Vantage 128 system equipped with an L11—
5v linear array transducer (Verasonics, Kirkland, WA, USA).
The center 32 elements of the array transducer were focused at
a depth of 10 mm with a center frequency of 5.2 MHz to
generate an acoustic radiation force impulse, resulting in shear
wave propagation in the lateral direction, perpendicular to the
axis of the transducer. The shear wave was then tracked at a
high frame rate (10 kHz) by using plane wave imaging at a 7.6
MHz transmit frequency. The acquired in-phase/quadrature
(IQ) data within a region of interest (8.6—11.5 mm axially
within the —6 dB depth of focus*' and —10 to 10 mm laterally)
was then processed to estimate the viscoelastic properties using
a custom MATLAB script (R2019b, The MathWorks, Inc.,
Natick, MA, USA). The postprocessing steps for estimating the
shear modulus and viscosity are outlined in Figure 1. A 2-D
Loupas autocorrelator was used to calculate the axial
displacement of the phantom.'”** The sampling frequency of
the data was subsequently increased by ten times using cubic-

https://doi.org/10.1021/acsomega.3c09224
ACS Omega 2024, 9, 8352—-8361
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Figure 1. Flowchart of the postprocessing steps for shear modulus
and viscosity estimation.

spline interpolation. The particle velocity was computed over
time by using the finite-difference method. A Butterworth
bandpass filter (10—800 Hz) and a median filter (34 X 34
kernel) were applied to smoothen the particle velocity
data.'"”**** Next, a 2D fast Fourier transform (FFT) of the
shear wavefronts was performed, and the phase velocity
(dispersion) curve was generated. To estimate the shear
modulus and viscosity of each phantom, the phase velocity
curve was fit to the Kelvin—Voigt (KV) model using least-
squares nonlinear curve fitting based on the trust-region
reflective algorithm.ls’zs‘zé Assuming a homogeneous, isotropic
medium and the planar nature of shear waves within the RO,
the phase velocity (c,) based on the KV model is expressed as
follows:”

2AG + CafPr)
p(G + V(G + Cai) ) 5

where G is the shear modulus, p is the density, f is the
frequency, and 7 is the viscosity. Shear modulus and viscosity
estimates were obtained for five independent imaging planes of
each phantom sample and five samples of each phantom type.

Statistical Analyses. The mean and standard deviation
(SD) of the density measurements were computed for five
independent samples per phantom type. Power law regression
was performed on the acoustic attenuation spectra to obtain
the fit constant and exponent. The R? value was computed to

CS(f) =
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measure the goodness of fit. The mean and standard error of
the mean of longitudinal sound speed, attenuation spectra,
shear modulus, and viscosity measurements were calculated for
five samples per phantom type. The Anderson—Darling test
was performed to determine the normality of the data. For
determining significant differences in density measurements,
acoustic measurements, and viscoelasticity estimates, the ¢ test,
Wilcoxon rank sum test, analysis of variance (ANOVA), and
Kruskal-Wallis tests were performed. For pairwise compar-
isons of data among different concentrations of PVA, Tukey’s
honest significant difference post hoc test was used. Statistical
tests were performed at the 5% significance level using
MATLAB and PRISM software (Version 9.5.1, GraphPad Inc.,
San Diego, CA, USA).

B RESULTS

Effect of the Cryoprotectant Liquid on Density and
Acoustic and Viscoelastic Properties of PVA Phantoms.

Figure 2. Photographs of phantoms with (A) only 8% (w/v) PVA,
(B) 8% (w/v) PVA phantom with SiC particles, and (C) 8% (w/v)
PVA with SiC particles and a 20% (w/v) cryoprotectant liquid. Scale
bar = 3 cm.

With
cryoprotectant

Without
ectant

(x5000)

Figure 3. Representative SEM images of PVA phantoms without and
with a cryoprotectant liquid at different magnifications.

Photographs of representative phantoms fabricated with and
without a cryoprotectant liquid are shown in Figure 2.
Inhomogeneous distributions of PVA within a phantom
without and with SiC particles can be observed in Figure
2A,B, respectively. A phantom made with the cryoprotectant is
shown in Figure 2C. The color of the cryoprotectant also
resulted in a visually realistic “tissue-like” phantom.

Representative SEM images of phantoms with and without a
cryoprotectant liquid are shown in Figure 3. The samples
without a cryoprotectant had more porous structures than
those with a cryoprotectant, which had smoother and
homogeneous microstructures.

https://doi.org/10.1021/acsomega.3c09224
ACS Omega 2024, 9, 8352—-8361
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Figure 4. Box plots of (A) density and (B) longitudinal sound speed measurements. (C) Measured attenuation spectra of phantoms along with
power-law fits. Mean =+ standard error of the mean from five independent phantoms are shown. Box plots of (D) the power-law fit constant a; and
(E) the power-law fit exponent n derived from power-law regression of the attenuation spectra in (C). Individual data points are overlaid as closed
squares (without a cryoprotectant) and open circles (with a cryoprotectant). *p < 0.05.

The density measurements of the phantoms are shown in densities of phantoms with and without a cryoprotectant (p =

Figure 4A. The data in the group without a cryoprotectant did 0.42).

not follow a normal distribution (p = 0.02). The rank sum test The longitudinal sound speed measurements are shown in
revealed that there was no significant difference between the Figure 4B. The data were found to be normally distributed (p
8356 https://doi.org/10.1021/acsomega.3c09224
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Figure 6. Representative SEM images of phantoms with different
combinations of high- and low-viscosity PVA (500X magnification,
scale bar = 10 um).

> 0.33). The longitudinal sound speeds were significantly
different between phantoms without a cryoprotectant (1510—
1514 m/s) and with a cryoprotectant (1536—1546 m/s) (p <
0.001).

The frequency-dependent attenuation spectra of the
phantoms are shown in Figure 4C. The measured attenuation
spectra over the 5—20 MHz bandwidth fit well with the power-
law curve with R? values greater than 0.99 for all phantoms
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with and without a cryoprotectant. The power-law fit constant
(o) and exponent (n) are shown in Figure 4D,E, respectively.

Shear modulus and viscosity estimates of the phantoms are
shown in Figure SA,B, respectively. The shear modulus and
viscosity data for all phantom compositions followed a normal
distribution (p > 0.25 and p > 0.13, respectively). The
viscoelasticity estimates for the phantoms without a
cryoprotectant (G = 3.93 + 0.7 kPa; 7 = 2.6 + 0.14 Pa-s)
were significantly different from those with a cryoprotectant (G
= 2.17 + 0.2 kPa; 7 = 2.0 + 0.0S Pa's) (p = 0.03 for shear
modulus comparison and p = 0.012 for viscosity comparison).
Moreover, the standard deviations in shear modulus and
viscosity estimates were lower for phantoms with a
cryoprotectant compared to those without cryoprotectant.

Effect of Combining PVA with Different Viscosities
on the Density and Acoustic and Viscoelastic Proper-
ties of Phantoms. Representative SEM images of phantoms
with 5% PVA;p.og and four different concentrations of
PVA,;cp.99.59 are shown in Figure 6. No noticeable differences
were observed qualitatively in the microstructure of the
phantoms.

The measured densities of the phantoms are shown in
Figure 7A, which ranged from 1.021 to 1.357 g/cm®. The data
from all groups followed a normal distribution (p > 0.2). One-
way ANOVA revealed that there was no significant difference
in the density of the phantoms (p = 0.078).

The longitudinal sound speed measurements of these
phantoms are shown in Figure 7B, which ranged from 1540
to 1571 m/s. The data from all groups followed a normal
distribution (p > 0.07). The Tukey’s post hoc test revealed that
the longitudinal sound speed measurements of compositions
with 10% PVA,;p.05 (1551—1571 m/s) were significantly
different from the compositions with 5, 6, and 8%
PVA,;ep_00.50 (1540—1554, 1542—1548, and 1549—1555 m/
s), respectively (p = 0.0034, p = 0.0005, and p = 0.03,
respectively).

The frequency-dependent attenuation spectra are shown in
Figure 7C along with their corresponding power-law fit curves
(R* > 0.99). Figure 7D,E includes the power-law fit constant
and exponent, respectively, for the four types of phantoms
fabricated.

The estimated shear moduli of phantoms with combinations
of different concentrations of PVA; s p_gge; and PVA, g9 5o are
shown in Figure 8A. Shear modulus estimates increased with
an increasing concentration of PVA,;.p.g959 and varied from
3.3 to 17.7 kPa. The data points followed a normal distribution
(p > 0.13 for all groups). All groups exhibited shear modulus
values significantly different from each other (p < 0.01), except
for 5% PVAyp.g0.ss and 6% PVAycpgse (p = 0.08).

The viscosity estimates are shown in Figure 8B, which varied
from 2.6 to 7.3 Pas. Not all groups followed a normal
distribution (p = 0.020 and 0.027 for 6 and 10% PVA,7.p.99.55)-
Phantoms with 6% PVA,;p_gq 5 and 8% PVA,;p_gg 5o Were not
significantly different from each other (p = 0.067). Other
phantom groups were significantly different from each other (p
< 0.001).

B DISCUSSION

The mechanical properties of PVA phantoms can vary based
on the concentration of PVA in the phantom and the number
of FT cycles while using one type of PVA, i.e.,, having a single
viscosity or molecular weight. In this study, our focus was to
develop and characterize phantoms with PVA of different
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Figure 7. Box plots of (A) density and (B) longitudinal sound speed measurements of four phantom compositions. Individual data points are
overlaid as closed circles (n = S samples). * p < 0.0S. (C) Attenuation spectra measurements of phantoms from S to 20 MHz along with power-law
fit curves. Mean + standard error of the mean is shown. Box plots of the power-law fit (D) constant and (E) exponent.

viscosities using a single FT cycle. We studied the effect of the
cryoprotectant on the density and acoustic and viscoelastic
properties of PVA phantoms.

The PVA phantoms with the cryoprotectant appeared to be
more homogeneous (Figure 2) and were less porous (Figure
3) than those with PVA alone. Similar findings were observed
in previous studies with PVA phantoms with glycerol, which
exhibited nonporous structures.'””" Similar to glycerol, the
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cryoprotectant affects the cross-linking and gelation process.””

The presence of a cryoprotectant in PVA phantoms helps in
decreasing the freezing temperature and reducing the
formation of tissue inhomogeneities.'”

The measured density values of the fabricated phantoms
(Figure 4A) were comparable to the density of soft tissues and
previously reported values for PVA-based phantoms with and
without a cryoprotectant.””” The longitudinal sound speed of
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Figure 8. (A) Shear modulus and (B) viscosity measurements of
phantoms with different compositions. Individual data points are
overlaid as closed circles (n = S samples, *p < 0.05).

phantoms with the cryoprotectant closely approached the
average speed in soft tissues (1540 m/s). Overall, the reported
longitudinal sound speeds (Figure 4B) were consistent with
those of soft tissues, such as breast and muscle.”***! The
attenuation measurements of phantoms fell within the range of
soft tissue substitutes, such as gelatin, polyurethane, and PVA-
based tissue-mimics,”** with power-law exponents comparable
to those observed in soft tissues.”'

The shear modulus estimates of phantoms (Figure SA) were
within the range of soft tissues.'®**** The phantoms with a
cryoprotectant were significantly softer than those without a
cryoprotectant (Figure SA). Although prior studies that
directly compare the moduli of PVA phantoms with and
without a cryoprotectant do not exist, several studies have
reported the moduli of PVA phantoms that contain a
cryoprotectant. For example, Mercado-Shekhar et al. per-
formed single-track location shear wave elastography of 8% w/
v PVA phantoms with a 20% v/v cryoprotectant and found
that the Young’s modulus was 3.62 + 0.07 kPa when subjected
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to one freeze—thaw cycle."” Hansen et al. performed strain
imaging on vascular phantoms containing 10 wt % PVA and
found that the Young’s modulus of the phantoms was 8.1 kPa
after one freeze—thaw cycle.'” They also imaged phantoms
with 15% PVA and found that the Young’s modulus estimate
increased to 98.8 kPa when subjected to two freeze—thaw
cycles.

The viscosity estimates of phantoms with and without a
cryoprotectant (Figure SB) were also within the range of soft
tissues.””"*> Chen et al. reported the viscosity of swine liver as
2.1 Pas using shear wave ultrasound vibrometry (SDUV) and
the Voigt model fit to the dispersion curve.”® Kumar et al.
estimated the viscosity of breast using a Voigt model, which
was in the range of 1—2 Pa's.”* Amador et al. measured the
viscosity of the renal cortex in swine in vitro using SDUV to be
1.79 + 038 Pas.”’ Notably, the variability in the shear
modulus and viscosity estimates was less in phantoms with the
cryoprotectant compared to those without the cryoprotectant,
thereby indicating that the cryoprotectant leads to more
homogeneous phantoms.

The compositions with partially hydrolyzed PVA, i.e,
PVA, sp-s0% and PVAyspgse, (Table 1), could not form gel
phantoms. This finding was contrary to Harpaz et al, who
showed that partially hydrolyzed PVA (75—98%) is easily
soluble in water.”® PVA with lower degrees of hydrolysis has
lower inter- and intramolecular H-bonds due to steric
hindrance from acetate groups; hence, they interact more
with water molecules.”® The compositions with fully hydro-
lyzed PVA (greater than 98% hydrolysis), i.e.,, PVA 5 5.p.og9 and
PVA,;p.99.59 phantoms, were able to form gel phantoms. The
hydroxyl group in highly hydrolyzed PVA molecules form inter
and intra H-bonds, thereby resulting in higher interaction with
other PVA molecules and lower water solubility. Therefore,
PVA with hi%her degrees of hydrolysis (>98%) dissolves at
50—100 °C.” In PVA with higher degrees of hydrolysis,
decreasing the molecular weight increases solubility.”” PVA’s
viscosity also has a significant impact on its water solubility,
and thus, the gelation process.”’ The higher the viscosity of the
solution, the greater the possibility of air bubble entrapment in
the mixture during manufacturing.31 Interestingly, in the
combination of two PVA grades, partially hydrolyzed PVA
was not soluble entirely in the solution and resulted in
formation of clumps. This result indicates a complex interplay
among viscosity, molecular weight, and degree of hydrolysis
from both PVA grades, affecting the subsequent gel formation.

Varying the concentration of PVA,,p.g9sy while keeping
PVA;sp.ogs constant did not result in any visible qualitative
differences in the phantom microstructure (Figure 6). This
observation may be attributed to the presence of the
cryoprotectant, which could affect the phantom micro-
structure, similar to our observations in Figure 3.

The phantoms exhibited a range of viscoelastic properties by
varying the concentration of PVA with different viscosities
(Figure 8A,B). The shear modulus of the PVA phantoms
increased with the increase in the concentration of
PVA,,p.g959 which has also been observed in previous
studies.'”*' Noticeably, the relative differences in the mean
viscosity estimates between 5%, 6%, and 8% PVA phantoms
PVA,;p.99 5% Were lower (i.e., only at most 1.3 Pa-s difference)
compared to those of the mean shear modulus estimates (i.e.,
up to 7.8 kPa difference). Thus, increasing the concentration of
higher viscosity PVA while keeping the lower viscosity PVA
constant resulted in small variations in viscosity estimates but
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considerable differences in shear modulus. In contrast, Sharma
et al. assessed PVA phantoms with different glycerol
concentrations to modify its viscoelastic properties, but the
viscosity estimates varied simultaneously with the shear
modulus.”> The findings of our study are important as they
can enable the preparation of phantoms with relatively
constant viscosity and varying shear modulus.

B LIMITATIONS AND FUTURE WORK

Although we showed the ability to fabricate viscoelastic tissue-
mimicking PVA phantoms with a wide range of viscoelastic
properties, further studies are needed to cover the entire
spectrum of tissue characteristics. Freezing and thawing rates
could potentially affect the viscoelastic parameters of the
fabricated phantoms. Subsequent studies could investigate the
effect of freezing and thawing rates on the acoustic and
viscoelastic properties of PVA phantoms.

B CONCLUSIONS

We reported an approach to tune the viscoelastic properties of
PVA phantoms by mixing low- and high-viscosity PVA. In
addition, we showed that adding a cryoprotectant to the
phantom affected the viscoelastic properties and produced
more homogeneous phantoms. The reported work can enable
the preparation of homogeneous PVA phantoms with a broad
viscoelasticity range for validating ultrasound elastography
techniques.
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