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Bimodal microwave and ultrasound
phantoms for non-invasive clinical
Imaging

Enrique Villa®%%* Natalia Arteaga-Marrero®*, Javier Gonzélez-Fernandez? &
Juan Ruiz-Alzola®?*3

A precise and thorough methodology is presented for the design and fabrication of bimodal phantoms
to be used in medical microwave and ultrasound applications. Dielectric and acoustic properties of
human soft tissues were simultaneously mimicked. The phantoms were fabricated using polyvinyl
alcohol cryogel (PVA-C) as gelling agent at a 10% concentration. Sucrose was employed to control

the dielectric properties in the microwave spectrum, whereas cellulose was used as acoustic scatterer
for ultrasound. For the dielectric properties at microwaves, a mathematical model was extracted

to calculate the complex permittivity of the desired mimicked tissues in the frequency range from

500 MHz to 20 GHz. This model, dependent on frequency and sucrose concentration, was in good
agreement with the reference Cole-Cole model. Regarding the acoustic properties, the speed of sound
and attenuation coefficient were employed for validation. In both cases, the experimental data were
consistent with the corresponding theoretical values for soft tissues. The characterization of these
PVA-C phantoms demonstrated a significant performance for simultaneous microwave and ultrasound
operation. In conclusion, PVA-C has been validated as gelling agent for the fabrication of complex
multimodal phantoms that mimic soft tissues providing a unique tool to be used in a range of clinical
applications.

Phantoms are considered artificially produced materials that mimic human tissues providing well-known geom-
etry and material composition'. They have been widely used as test models for a variety of peripheral tissue imag-
ing techniques and image-guided interventions as well as medical training purposes®®. Furthermore, phantoms
designed to evaluate multimodal techniques, such as photoacoustic imaging, elastography-based imaging, and
percutaneous needle insertion®, are of particular interest. This is because the combination of several imaging
techniques provides advanced diagnostic results®. However, specific requirements are on demand, and although
commercially-available phantoms are usually designed for specific applications or broad markets, customized
alternatives are not often provided®.

Polyvinyl alcohol cryogel (PVA-C) provides textural and elastic properties quite similar to biological tissues
and it is easily customized at low-cost. The resulting PVA-C-based phantoms have high structural rigidity, indefi-
nite longevity”$, and are more resistant to crack formation in comparison to agar- and gelatin-based phantoms®.
The biggest advantages are their biocompatibility and hydrophilicity which provide protein absorption capabili-
ties and support cellular growth®!’. Oppositely, their most critical disadvantage is the fabrication process, since
a thorough and precise temperature control is required as well as a long post-manufacturing time depending
on the number of freeze-thaw cycles®®. PVA-C tissue phantoms have been employed before for ultrasound (US)
elastography providing a non-invasive and non-destructive method to investigate the elastic properties of healthy
and pathological soft tissues”!12.

We are focused on the establishment of a clinical workflow in which external and internal temperature
measurements are combined with diagnostic ultrasound. Initially, an infrared sensor'® provides the external
temperature by acquiring surface images and anomalous temperature patterns can be detected upon inspection
and analysis. These specific areas of interest with anomalies are further analyzed by subcutaneous, in-depth
temperature measurements using microwave technology guided by US imaging. Therefore, tissues under evalu-
ation are properly assessed regarding in-depth temperatures and acoustic features while significant information

HACTEC Medical Technology Group, Instituto de Astrofisica de Canarias, San Cristobal de La Laguna 38205,
Spain. 2Department of Biomedical Engineering, Instituto Tecnoldgico de Canarias, Santa Cruz de Tenerife 38009,
Spain. 3Department of Signals and Communications, University Research Institute for Biomedical and Health
Research, Universidad de Las Palmas de Gran Canaria, Las Palmas de Gran Canaria 35016, Spain. “These authors
contributed equally: Enrique Villa and Natalia Arteaga-Marrero. “email: evilla@iac.es

Scientific Reports |

(2020) 10:20401 | https://doi.org/10.1038/s41598-020-77368-5 nature research


http://orcid.org/0000-0003-1028-6957
http://orcid.org/0000-0002-1645-0810
http://orcid.org/0000-0002-3545-2328
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-77368-5&domain=pdf

www.nature.com/scientificreports/

is gathered to achieve medical diagnosis. The development of multimodal phantoms is required to assess and
validate the complementary microwave and US measurements. The described workflow could be very useful
in cutaneous lesions, such as diabetic foot ulcers, sarcoma, melanoma or even to delineate the extension of
venous thrombosis, as well as to guide re-perfusion and re-vascularization procedures'. Tumoral or inflam-
matory lesions in organs like lung, liver or intestines, would be aided by such workflow in which an anomalous
temperature pattern may be a warning sign'*-'". In particular, our aim is to develop a clinical protocol to detect
diabetic neuropathies for a personalised diagnosis and treatment monitoring. In this regard, infrared sensors
have previously demonstrated their viability to analyze anomalous temperature patterns in diabetic diseases'®~*2.

The development of PVA-C phantoms has been successfully demonstrated for wideband operation at micro-
wave frequencies in the range from 500 MHz to 20 GHz?*. These phantoms were developed to characterize a
microwave device for a medical application focused on the detection and monitorization of diabetic neuropa-
thy. Since clinically, vascular sufficiency in this pathology is assessed using US Doppler effect*, the aim of the
present work was to extend the phantoms’ use to an additional medical imaging modality being US. Thus, the
temperature measured by the intended microwave-device would be simultaneously complemented with the US
images, providing multimodal capabilities to the phantoms. The inclusion of complex internal structures into
these bimodal phantoms, such as blood vessels or capillaries, may improve the described workflow providing a
more specific diagnosis.

In this work, a full methodology is proposed for the fabrication of custom phantoms with specific properties
for a bimodal medical application based on microwave and US imaging. A set of phantoms at 10% PVA-C and
1% cellulose concentrations was manufactured employing a varying sucrose concentration (0%, 10%, 20%, 30%,
40%, 50% and 60%). A mathematical model dependent on frequency (from 500 MHz to 20 GHz) and sucrose
concentration was fitted to enable the adjustment of the complex permittivity of the desired mimicked tissues
in the microwave band. The fitted model was validated by comparison to the theoretical Cole-Cole model>~2,
In addition, US capabilities were assessed and analyzed to validate the additional modality in terms of scatterers’
concentration, image quality as well as acoustic properties such as the speed of sound and attenuation coefficient.

Material and methods

Phantom preparation. PVA-C is a weak acoustic attenuator>?. Thus, the addition of a material or par-
ticles which produce a strong attenuation was required. These added materials may affect, to some extent, the
mechanical properties of PVA-C. Several alternatives were found in the literature to control the acoustic proper-
ties which include the speed of sound, the attenuation coefficient and the backscatter coefficient. Among other
materials, n-propanol and propylene glycol were used to modify the speed of sound; while evaporated milk,
cellulose, aluminum oxide (Al,O3), talcum powder, silicon carbide (SiC) and graphite were employed as scat-
tering agents to vary the attenuation®**. Dimethyl sulfoxide (DMSO) was usually added to facilitate structural
arrangement in the solution, lowering the freezing point and strengthening the gel®'. Furthermore, glass beads
and cellulose were also employed as scatterers in PVA-C phantoms”® and the main alternatives considered in
the present work. However, cellulose was found more suitable during the fabrication process, since it was easily
mixed and provided the most replicable results.

A set of seven phantoms were fabricated using PVA-C (99% hydrolyzed, molecular weight 89000-98000, Sigma
Aldrich, 10% concentration) as gelling agent, cellulose as US scatterer (Cellulose microcrystalline, 20 #m, Sigma
Aldrich, 1% concentration) and a variable concentration of sucrose, from 0% up to 60% in steps of 10%, in the
form of table sugar (99% purity). The corresponding percentages required for phantom fabrication were calcu-
lated in weight/weight (w/w) considering a final mix of 120 g per phantom. In a container continuously heated
and magnetically stirred, distilled water, sucrose and benzoic acid (Sigma Aldrich, 0.1%, equivalent to 0.12 g),
employed for preservation purposes, were mixed until the solutes have completely dissolved prior to the addition
of PVA-C (12 g). The container was covered to minimize dehydration. Subsequently, heat was retired when the
mixture acquired a homogeneous consistency, and cellulose was added. The solution was mixed purposely for a
couple of minutes and its weight was corrected by adding distilled water which may have evaporated during the
heating process. Finally, the mixture was poured in labelled plastic containers in a slow and controlled manner,
minimizing the amount of air bubbles. No vacuum pump was used to eliminate remaining air bubbles, instead
samples were allowed to naturally cool down at a room temperature of 25 °C, for approximately 30 minutes, to
establish a uniform temperature before freezing. It must be noted that identical containers were used for each
fabricated phantom, that is, each had the same composition and geometry, as well as the same volume of mixture.
The 30 minutes period is an indicative value, since the actual aim is to achieve a uniform ambient temperature.
Thus, the same temperature slope was expected for all the phantoms when introduced in the freezer (—20°C)
during 12 h to complete the freeze-thaw cycle required for the cross-linking of the polymer. Finally, the phantoms
were thawed in the fridge at 2 °C for 24 h and stored there until measurement.

The influence of the number of freeze-thaw cycles on the speed of sound is controversial. Some studies
reported an increasing logarithmic relationship between the number of cycles and the speed of sound’, whereas
others noticed a minor effect of the number of cycles for both, the speed of sound and attenuation coefficient®.
Additionally, a high number of cycles was associated with a tendency to dehydrate®. Therefore, a single freeze-
thaw cycle was selected.

The percentage of the scatterer material has reportedly little impact on the speed of sound’. Nevertheless, a set
of phantoms were fabricated for testing purposes using a varying concentration of cellulose. As can be observed
in the Experimental results section (Table 3), the speed of sound was approximately constant between 0% and 2%
concentration for 18-mm thickness phantoms. Therefore, for simplicity, cellulose was added at 1% concentration.

The long-term stability and longevity are sustained by the benzoic acid instead of involving a saline solution
that may modify the dielectric properties of the phantoms, particularly their conductivity. In fact, the stability and
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Figure 1. Experimental setup for the characterization of the dielectric properties of each fabricated phantom.

extended shelf-life of these phantoms were previously demonstrated and their properties were not significantly
changed after a 7-month time span.

Data acquisition. Microwave data and model extraction. The dielectric properties of the phantoms were
characterized using a well-known measurement protocol based on the use of an open-ended coaxial probe®>*
Performance Probe model 85070E and a vector network analyzer model N5245A, both from Keysight Tech-
nologies. This setup is shown in Fig. 1. The measurement protocol was thoroughly reported previously, as well
as the extracted mathematical model to characterize 15% PVA-C phantoms based on frequency and sucrose
concentration”. This model provides a design methodology to match the desired real and imaginary parts of the
dielectric relative permittivity, €, and ,. Notice that, in comparison with the previous study, the modification of
the PVA-C concentration employed in the current fabrication (10%) and the addition of the acoustic scatterers
(1%) require a new parametrization.

Shortly, experimental data (¢, and &, ) were fitted to a third-order polynomial as a function of frequency, f
(GHz), for each phantom with a fixed sucrose concentration, S, in the frequency band from 500 MHz to 20
GHz. Considering the real part of the permittivity, the expression is as follows:

e, =ay fo4by fircyf+d (1)

where a, b, ¢, and d are a set of fitting parameters dependent on sucrose concentration, S.. These parameters are
subsequently fitted to a quadratic function, following a similar approach as previous studies*”**. Thus, Eq. (1)
was transformed in terms of S, as follows:

- [As’ .Sg—i_As’ .SC+A8'] 'f3+[Bg’ 'Sg+Bg’ 'Sc+Bg’] 'f2 (2)

An analogous procedure applied to the complex part of the permittivity, ¢,, allowed the extraction of the cor-
responding parameters (from A o to D' ,/) The dielectric conductivity can be derlved from the imaginary part of
the permittivity using the following expression®”3:

0‘22-7'['](-80'8: (3)
Lastly, the experimental data were fitted to the Cole-Cole model®*, a commonly-used reference to describe the
dielectric constant as a function of frequency. The procedure employed has been previously described®.

Ultrasound data acquisition. The speed of sound and the acoustic attenuation are considered significant phan-
tom properties (typically in the frequency range from 3 to 22 MHz)"* which were quantitatively and precisely
characterized in the present study.

The experimental setup consisted of a two-stage process. First, US images were acquired using a commer-
cial device (MicrUs EXT-1H, Telemed UAB) to assess qualitatively the images. The acoustic properties of the
fabricated phantoms were then measured by a well established method, the through-transmission ultrasonic
spectroscopy®¥~*. Shortly, a computer controlled pulser/receiver (Panametrics-NDT 5800) was combined with
two broadband transducers, which were positioned, as indicated in Fig. 2A, inside a water bath stabilized at
approximately 25 °C. A fixed frequency of 5 MHz was employed for the emitting transducer. Two ultrasonic
pulse signals were separately recorded in an oscilloscope, one without any material in between the transducers,
Sw taken as reference signal, and another with the material to characterize in between, Sp. The measurements
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Figure 2. Experimental setup employed for the ultrasound experiments: (A) Scheme of through-transmission
configuration for ultrasonic spectroscopy. (B) General view of equipment. (C) Detailed view of the phantom
under measurement.

were taken in a three-day period and each recorded signal was averaged over one thousand acquisitions. Thus,
the acoustic velocity and the attenuation were obtained for each fabricated phantom taking water as reference.

The experimental setup used is shown in Fig. 2, in which the employed equipment and configuration for
a phantom measurement are displayed. Regarding the speed of sound, this method requires to determine the
thickness of the phantom, d, and the speed of sound in water, Vy, which is a function of the temperature, T (°C),
as expressed in the following equation®**’;

Vo=1403+5-T —0.06- T>+3-107*. T° 4)
Subsequently, the speed of sound in the sample is calculated as***
Vo
Vi= ——m——
Ci-ar (%) )

where dt is the difference in transit time between the recorded pulses, consisting of averaged signals over one
thousand pulses with each phantom. The thickness of each phantom, d, was determined using a standard digital
caliper.

The same setup was employed to measure the attenuation coefficient, «. In this case, the amplitudes of the
signals and the thickness of the phantoms were considered. o was derived from the following equation*::

8.686 [
0=——":-

7 lni + lnl] (6)

A, T

where A and A,, are the amplitudes of the signals through phantom and water, respectively, and 8.686 is the
conversion factor from Neper/cm to dB/cm. T is the transmission coeflicient for a double boundary problem
that can be derived from the following equation*"**

4.z-z
T = 7"’2 -
(z+zw)
in which z,, and z are the impedances in water and phantom, respectively. These impedances are calculated
through the expression®*#%

z=p-V (8)

where p represents the density and V the speed of sound. Each density was measured by immersing the phan-
tom in two immiscible liquids until a floating equilibrium was reached*. A glycerol aqueous solution was
employed**** which allowed us to estimate the density of porous materials ranging between the density of water
(1000 kg/m?) and that of pure glycerol (1260 kg/m?, CAS number 56-81-5) at room temperature (25 °C). The
density of the phantom containing 50% sucrose was calculated by weight and volume, since its density exceeded
the limits of the floating method. Thus, the standard deviation was higher for this phantom. The resulting densi-
ties are listed in Table 4, in the Experimental results section.
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Figure 3. Average values of the real part of the relative permittivity (8;) and conductivity (o) versus frequency,
as well as the mathematical model extracted, according to the varying sucrose concentration. The curves are
color-coded depending on the sucrose concentration as seen in the legend. The solid lines represent the mean
value whereas the dotted lines represent the extracted model. The shaded areas correspond to the standard
deviation associated with the experimental data.

Subsequently, frequency-dependent signal loss was determined for the set of fabricated phantoms, except
the 60% sucrose concentration phantom due to limited consistency. For each phantom corresponding to each
sucrose concentration (from 0 to 50%), the fast Fourier transform (FFT) of each time-domain averaged trace
was calculated to obtain the one-sided power spectral density® estimated up to 10 MHz.

Operator’s dependence was not observed in the employed measurement method to derive the acoustic prop-
erties. The operator’s duty was limited to introduce and extract each phantom in the measurement chamber as
well as to start and finish the data acquisition. Furthermore, the data analysis was performed using MATLAB*
scripts to derive the US parameters from the respective measurements.

Experimental results
Microwave data and model extraction. Figure 3 displays the relative permittivity and conductivity
of each phantom as a function of the sucrose concentration employed in the fabrication. In this figure, all the
measurements taken in a ten-day period are summarized. The mathematical model extracted is also displayed.
The accuracy provided by this measurement protocol was within 4% and 7% for the real and imaginary
parts of the complex permittivity (e, and 8;,), respectively, whereas repeatabilities were both within 0.5% in the
considered frequency range®. Regarding the performance of the bimodal phantoms in the microwave range, the
results indicate that the model extracted fits properly the experimental data. A direct comparison between the
extracted model in a previous work® and the present one can only be performed at certain sucrose concentra-
tions, that is, 0%, 30% and 60%.
The goodness-of-fit was based on the pseudo coeflicient of determination (R?) defined as

_@_I_Z(}/i—ﬁ)z ©

TSS 20—y
where y; corresponds to the experimental data, ¥ its mean value at each frequency point and f; the fitted model
values. RSS is the residual sum of squares calculated as the deviation predicted from actual empirical values of
data and TSS is the total sum of squares between the observations and their overall mean. The lowest R for the
real part of the permittivity was found for the 60% concentration, being 0.970, whereas for the imaginary part,
it was 0.916 for a 40% sucrose concentration. Overall, the variations in R?, according to sucrose concentration,
were around 1% and 4% for the real and the imaginary parts of the permittivity, respectively. The homogeneity
of the measurements, in terms of the percentage of variation, was below 4% for both parts of the permittivity in
the considered frequency range. In comparison with the previously extracted model at 15% PVA-C concentra-
tion (without US scatterers)®, the fitting errors were quite similar with variations around 1% and 3% for the
real and the imaginary parts of the permittivity, respectively. In this case, the homogeneity of the measurements
was below 2%.

The corresponding parameters defining the model extracted, which allow us to obtain the real and the imagi-
nary part of the relative permittivity, are presented in Table 1. For the real part of the permittivity, R? presented
the lowest value for the parameters C; whereas for the imaginary part, R? was the lowest for the A parameters,
being 0.991 and 0.992, respectively.

Regarding the Cole-Cole model, Table 2 provides the respective fitting parameters according to the selected
sucrose concentration. The lowest R? was found for the o parameter, being 0.971, while the rest of the parameters
presented values above 0.993. In comparison with the previously extracted model, the worse fitted parameter
then was Ae. In the present model, o had to be fitted to a higher degree polynomial (fourth order), and even
though, the fitted values were lower than previously reported.

R*=1
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Parameters | e, Parameters | e,

A, 3.978x1076 A, —4.963 x 1076
AL —4.466 x 1074 | A7, 1.920x10~*
A 2.673x1073 A7 5.184x1073
B;, —1.810 x 107 B;,, 1.582x10~4
B, 1.803x1072 B, —3.768 x 1073
B —4343x 10 | B, —0.279

o 2.496x1073 o —1.028 x 1073
o —0.193 ., —4.037 x 1072
c;’i —2.393 c;’f, 4.796

D, —6329x 107 | D, —1.589 x 1073
D, —0.316 D/, 0.290

D;’Z 72.972 D;’{, 2.474

Table 1. Parameters to obtain the real (8;) and the imaginary (8;,,) parts of the relative permittivity according
to the sucrose concentration used.

Parameters | PVA-C

oo —5.049 x 107 x 83 +4.682x1073 x §2 — 5.238 x 1072 x S, + 3.159

Ae —1.933 x 1073 x §2 —3.905 x 107! x S+ 68.300

T 1.229x107° x S} —5.751 x 107* x §3 + 1.744x 1072 x S2 + 1.493x 10! x S + 10.800

o5 —4.981 x 1078 x 8%+ 6.280x107¢ x §3—2.299 x 10™* x §2+ 1.670x 107> x S, + 5.675x 1072
o 5.417x1078 x 8% —5.956 x 1070 x 83 + 1.327x10* x S + 4.884x 107> x S+ 1.026x 107!

Table 2. Cole-Cole parameters dependent on the sucrose concentration for the fabricated phantoms.

Ultrasound data. Once the microwave measurements were completed, qualitative and quantitative US
characterization was performed. For illustrative purposes, images acquired for various cellulose and sucrose
concentrations are displayed in Fig. 4, panel A and B, respectively. A linear probe model L12-5L40S-3 Telemed
UAB was employed, using the following settings: 5 MHz frequency, 50 mm depth, focus between 10 and 14 mm,
—7 dBm power, 66 dB dynamic range and 66% gain, as indicated in Fig. 4.

The concentration of PVA-C employed in the fabrication has been lowered, in comparison to our previous
work?, to better match the speed of sound. In fact, a decrement in the speed of sound was confirmed, being
1540.4 m/s and 1576.9 m/s, for 10% and 15% PVA-C concentration, respectively.

Table 3 lists the dependence of the speed of sound on cellulose concentration. The addition of acoustic scat-
terers at varying concentration did not modify significantly the speed of sound, which was practically constant
from 0% to 2%, and increased slightly for concentrations between 3% and 4%, as listed.

A summary of the measured density (kg/m?), speed of sound (m/s) and attenuation (dB/cm - MHz), in
addition to their corresponding standard deviations, are listed in Table 4 in which variations associated with the
increment in sucrose concentration can be observed. As in most human tissues, acoustic attenuation increases
with frequency following a power law function?. For the US measurements, repeatability and homogeneity were
below 0.3% and 0.2%, respectively, for the speed of sound whereas the corresponding values for the attenuation
coefficient were below 9% and 7%. Figure 5 displays the power spectrum according to the sucrose concentra-
tion in order to observe its effect. It can also be noted the increased attenuation caused by increases in sucrose.

Discussion

The fabricated phantoms provide improved features, in comparison to our previous study®, by accommodat-
ing the bimodal functionality. The mathematical model to describe the dielectric properties has been extracted
accordingly, although a new parametrization was required due to the lower gelling agent concentration employed
in the fabrication. The comparison between the former (15% PVA-C) and the current (10% PVA-C) model
indicate a similar performance for the real and the imaginary parts of the permittivity based on the pseudo coef-
ficients of determination (R?). With regards to the Cole-Cole model, a higher degree polynomial was required
to fit the parameter o; in the current model. In addition, both models, the extracted and the Cole-Cole (data
not shown), fit nicely the experimental data. Overall, the capabilities of these phantoms in the microwave range
exhibit the same potential as the previously reported ones, without any relevant effect noticed after lowering the
gelling agent concentration. However, their capabilities are increased by the addition of the US modality, using
scatterers for improved echogenicity.
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A

Figure 4. US images acquired at varying cellulose concentration without added sucrose (Panel A): (a) 0%, (b)
1%, (c) 2%, (d) 3%, and (e) 4%; as well as at varying sucrose concentration for a fixed 1% cellulose (Panel B): (a)
0%, (b) 10%, and (c) 20%.

Cellulose concentration (%) | Speed of sound (m/s)
0 1540.4 £0.2
1 1540.3 £ 0.3
2 1540.2 £ 0.1
3 1547.3 £ 0.3
4 1547.7 £ 0.1

Table 3. Measured speed of sound versus concentration of cellulose employed in the phantom fabrication.

Sc Densil Speed of sound | Attenuation
(%) (kg/m?) (m/s) (dB/cm - MHz)
0 1052+ 3 1536.1 £ 0.1 0.030 + 0.003
10 1093+ 3 1577.3 £0.1 0.054 + 0.001
20 1143 +2 1616.3 £ 1.8 0.061 + 0.002
30 1194+ 3 1685.3 £ 1.0 0.109 + 0.005
40 1238+ 5 17499 +£2.7 0.201 + 0.016
50 1328 + 11 | 1819.2+3.9 0.528 + 0.025

Table 4. Density, speed of sound and attenuation dependence on the sucrose concentration for the fabricated

phantoms (through-transmission configuration).
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Figure 5. Power spectrum versus frequency for varying sucrose concentration of the fabricated phantoms.

The performance of the bimodal phantoms in the US modality was also tested. In soft tissues, the average
speed of sound is 1540 m/s, which is the value usually assumed in clinical ultrasound scanners®, while attenu-
ation coefficients range from 0.4 to 3.3 dB/cm - MHz"¥, being as low as 0.18 dB/cm - MHz for blood". It must
be noted that a differing speed of sound induces image blurring due to non-adjusted beam forming®. The phan-
tom fabricated using a 10% PVA-C concentration, without the addition of acoustic scatterers, provides speed of
sound values close to those of soft tissues. Therefore, the basis to diminish the PVA-C concentration is supported.

In comparison with previous studies, the speed of sound and attenuation coefficient reported for PVA-C
depends on the number of freeze-thaw cycles, ranging between 1520 m/s and 1610 m/s and 0.07 to 0.35
dB/cm - MHz, respectively®*. Furthermore, 10% PVA-C solution, in one cycle, attained a speed of sound rang-
ing between 1520 and 1560 m/s; and attenuation coefficient between 0.07 and 0.28 dB/cm - MHz*'. Our results
are within the reported range for the speed of sound and a single cycle provided a good match with soft tissues,
this is, 1540 m/s for 10% PVA-C. The concentration of cellulose employed in the fabrication had practically no
effect in the speed of sound as previously reported’®. Thus, the lowest concentration at 1%, used for simplicity,
provided a realistic contrast in the ultrasound images acquired. In this manner, the speed of sound remained
constant while the attenuation coefficient increased. Regarding the attenuation, the measured values, without
the addition of scatterers, were 0.023 and 0.038 dB/cm - MHz at 10% and 15% PVA-C concentration, respec-
tively. Thus, the attenuation increased as a function of the PVA-C concentration with measured values in the
same order of the previously reported range. The low attenuation coefficient exhibited by the PVA-C for a one
freeze-thaw cycle required the addition of acoustic scatterers>?. In fact, at 1% cellulose, although the attenuation
coefficient increased, the values were lower than the expected ones. Yet, the addition of sucrose to match the
dielectric properties of soft tissues at microwave frequencies produced an increment in the speed of sound as well
as in the attenuation coefficient. This effect was also observed with the increment in the number of freeze-thaw
cycles®. Furthermore, experimental tests confirmed that a 2% cellulose concentration, without added sucrose,
approximately doubled the measured attenuation (0.071 dB/cm - MHz), thus providing values within previously
reported ranges for PVA-C.

The discrepancies observed with previously reported values may be due to a series of factors which include
the molecular weight of the PVA-C used as well as the fabrication process itself. For sucrose concentrations lower
than approximately 20%, the speed of sound was within previously reported ranges. The attenuation coefficients
were lower than expected but it can be circumvented by increasing the concentration of scatterers, which, report-
edly, do not have a significant impact on the speed of sound. Nevertheless, despite this limitation imposed by the
sucrose concentration that can be added to maintain the ultrasound performance within previously reported
values, the dielectric properties of soft tissues can still be mimicked. Therefore, the fabricated phantoms fulfilled
the requirements for both modalities.

The design and fabrication of custom bimodal phantoms were provided as well as their characterization
employing two non-invasive techniques. The flexibility of the customization process and the materials employed
even tolerate the inclusion of complex structures within the phantom, such as blood vessels or capillaries, expand-
ing their applicability in the clinical domain. Commercially-available phantoms providing customized alterna-
tives to suit bimodal medical applications are scarce® and the limitations are mainly linked to the applications
involved. Commercial solutions that accurately simulate acoustic propagation in tissues can be easily found.
However, the heterogeneity within the same soft tissues and inherent differences between patients affect signifi-
cantly acoustic properties®. For these reasons, the design of phantoms that mimic the properties of soft tissues is
challenging. The presented phantoms may provide a unique tool to strengthen and promote their use in a range
of clinical applications®.
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Conclusion
A methodology to design custom bimodal phantoms suitable for clinical microwave and ultrasound applica-
tions has been described. The developed phantoms at 10% PVA-C and 1% cellulose are operative for microwave
frequencies from 500 MHz to 20 GHz, as well as for US imaging, mimicking soft tissues in the selected range.
The results provided by the microwave model properly fit the relative permittivities of soft tissues, enabling one
to customize phantoms in the analyzed frequency band. Furthermore, the ultrasound properties of soft tissues
can be simultaneously mimicked providing significant results in terms of acoustic velocity and attenuation.
The presented phantoms demonstrated feasibility of the employed materials as well as the fabrication process
itself to develop customized, complex structures for clinical applications. These phantoms are unique tools for
combined microwave and ultrasound applications, although the attenuation coefficient requires further adjust-
ment to properly match soft tissues. Therefore, a broad range of applications are foreseen in this clinical domain.

Data availability
The authors declare that all relevant data are available within the paper.

Received: 14 May 2020; Accepted: S November 2020
Published online: 23 November 2020

References

1. Cook, J. R., Bouchard, R. R. & Emelianov, S. Y. Tissue-mimicking phantoms for photoacoustic and ultrasonic imaging. Biomed.
Opt. Express 2, 3193-3206 (2011).

2. Chen, A. 1. et al. Multilayered tissue mimicking skin and vessel phantoms with tunable mechanical, optical, and acoustic proper-
ties. Med. Phys. 43,3117-3131 (2016).

3. Zell, K, Sperl, J. I, Vogel, M. W,, Niessner, R. & Haisch, C. Acoustical properties of selected tissue phantom materials for ultrasound
imaging. Phys. Med. Biol. 52, N475 (2007).

4. Xia, W. et al. Poly (vinyl alcohol) gels as photoacoustic breast phantoms revisited. J. Biomed. Opt. 16, 075002 (2011).

5. Yankeelov, T. E., Abramson, R. G. & Quarles, C. C. Quantitative multimodality imaging in cancer research and therapy. Nat. Rev.
Clin. Oncol. 11, 670 (2014).

6. Culjat, M. O., Goldenberg, D., Tewari, P. & Singh, R. S. A review of tissue substitutes for ultrasound imaging. Ultrasound Med.
Biol. 36, 861-873 (2010).

7. Takahashi, R., Tamura, K., Yamaguchi, T., Shimizu, Y. & Ohta, M. Development of a poly (vinyl alcohol) hydrogel phantom to
allow physical measurement in ultrasonographic conditions: A model for scatter. In 2017 IEEE International Conference on Cyborg
and Bionic Systems (CBS), 150-153 (IEEE, 2017).

8. Ohta, M., Handa, A., Iwata, H., Riifenacht, D. A. & Tsutsumi, S. Poly-vinyl alcohol hydrogel vascular models for in vitro aneurysm
simulations: the key to low friction surfaces. Technol. Health Care 12, 225-233 (2004).

9. Fromageau, J. et al. Estimation of polyvinyl alcohol cryogel mechanical properties with four ultrasound elastography methods and
comparison with gold standard testings. IEEE Trans. Ultrasonics Ferroelectr. Freq. Control 54, 498-509 (2007).

10. Wan, W.,, Campbell, G., Zhang, Z., Hui, A. & Boughner, D. Optimizing the tensile properties of polyvinyl alcohol hydrogel for the
construction of a bioprosthetic heart valve stent. J. Biomed. Mater. Res. Off. ]. Soc. Biomater. Jpn. Soc. Biomater. Aust. Soc. Biomater.
Korean Soc. Biomater. 63, 854-861 (2002).

11. Cao, Y., Li, G.-Y,, Zhang, X. & Liu, Y.-L. Tissue-mimicking materials for elastography phantoms: a review. Extreme Mech. Lett. 17,
62-70 (2017).

12. Mix, D. S., Stoner, M. C,, Day, S. W. & Richards, M. S. Manufacturing abdominal aorta hydrogel tissue-mimicking phantoms for
ultrasound elastography validation. JoVE (. Vis. Exp.) 139, €57984 (2018).

13. Villa, E., Arteaga-Marrero, N. & Ruiz-Alzola, J. Performance assessment of low-cost thermal cameras for medical applications.
Sensors 20, 1321 (2020).

14. De Caterina, A. R., Cuculi, F & Banning, A. P. Intravascular ultrasound-guided revascularization of a chronically occluded left
main coronary artery. Indian Heart J. 65, 194-197 (2013).

15. Jiang, H., Li, C., Pearlstone, D. & Fajardo, L. L. Ultrasound-guided microwave imaging of breast cancer: tissue phantom and pilot
clinical experiments. Med. Phys. 32, 2528-2535 (2005).

16. Meaney, P. M, Zhou, T., Fanning, M. W,, Geimer, S. D. & Paulsen, K. D. Microwave thermal imaging of scanned focused ultrasound
heating: phantom results. Int. J. Hyperth. 24, 523-536 (2008).

17. Ghanbarzadeh Dagheyan, A. et al. Initial results of a bimodal, ultrasound-microwave, imaging system for early detection of breast
cancer. In ASME 2017 International Mechanical Engineering Congress and Exposition (American Society of Mechanical Engineers
Digital Collection, 2017).

18. van Netten, J. J., van Baal, J. G., Liu, C., van Der Heijden, F. & Bus, S. A. Infrared thermal imaging for automated detection of
diabetic foot complications. J. Diabetes Sci. Technol. 7, 1122 (2013).

19. Lavery, L. A. et al. Preventing diabetic foot ulcer recurrence in high-risk patients: use of temperature monitoring as a self-assessment
tool. DiabetesCcare 30, 14-20 (2007).

20. Peregrina-Barreto, H. et al. Quantitative estimation of temperature variations in plantar angiosomes: a study case for diabetic foot.
Comput. Math. Methods Med. 2014, 585306 (2014). https://doi.org/10.1155/2014/585306

21. Bagavathiappan, S. et al. Correlation between plantar foot temperature and diabetic neuropathy: a case study by using an infrared
thermal imaging technique. J. Diabetes Sci. Technol. 4, 1386-1392 (2010).

22. Hernandez-Contreras, D., Peregrina-Barreto, H., Rangel-Magdaleno, ]. & Gonzalez-Bernal, J. Narrative review: diabetic foot and
infrared thermography. Infrared Phys. Technol. 78, 105-117 (2016).

23. Arteaga-Marrero, N,, Villa, E., Gonzélez-Fernandez, J., Martin, Y. & Ruiz-Alzola, J. Polyvinyl alcohol cryogel phantoms of biological
tissues for wideband operation at microwave frequencies. PLoS ONE 14, €0219997 (2019).

24. Premalatha, G., Shanthirani, S., Deepa, R., Markovitz, ]. & Mohan, V. Prevalence and risk factors of peripheral vascular disease in
a selected south indian population: the chennai urban population study. Diabetes Care 23, 1295-1300 (2000).

25. Cole, K. S. & Cole, R. H. Dispersion and absorption in dielectrics I. Alternating current characteristics. J. Chem. Phys. 9, 341-351
(1941).

26. Mabher, A. & Quboa, K. M. Development of accurate uwb dielectric properties dispersion at cst simulation tool for modeling
microwave interactions with numerical breast phantoms. In 8th International Multi-Conference on Systems, Signals and Devices
(SSD 2011) (IEEE, 2011).

27. Castello-Palacios, S., Vallés-Lluch, A., Garcia-Pardo, C., Fornes-Leal, A. & Cardona, N. Formulas for easy-to-prepare tailored
phantoms at 2.4 GHz ism band. In 2017 11th International Symposium on Medical Information and Communication Technology
(ISMICT), 27-31 (IEEE, 2017).

Scientific Reports |

(2020) 10:20401 | https://doi.org/10.1038/s41598-020-77368-5 nature research


https://doi.org/10.1155/2014/585306

www.nature.com/scientificreports/

28. Said, T. & Varadan, V. V. Variation of cole-cole model parameters with the complex permittivity of biological tissues. In Microwave
Symposium Digest, 2009. MTT’09. IEEE MTT-S International, 1445-1448 (IEEE, 2009).

29. Elvira, L. et al. Development and characterization of medical phantoms for ultrasound imaging based on customizable and mould-
able polyvinyl alcohol cryogel-based materials and 3-d printing: Application to high-frequency cranial ultrasonography in infants.
Ultrasound Med. Biol. 45, 2226-2241 (2019).

30. Oglat, A. A. et al. Chemical items used for preparing tissue-mimicking material of wall-less flow phantom for doppler ultrasound
imaging. J. Med. Ultrasound 26, 123 (2018).

31. Kharine, A. et al. Poly (vinyl alcohol) gels for use as tissue phantoms in photoacoustic mammography. Phys. Med. Biol. 48, 357
(2003).

32. Athey, T. W, Stuchly, M. A. & Stuchly, S. S. Measurement of radio frequency permittivity of biological tissues with an open-ended
coaxial line: part I. IEEE Trans. Microw. Theory Tech. 30, 82-86 (1982).

33. Nyshadham, A., Sibbald, C. L. & Stuchly, S. S. Permittivity measurements using open-ended sensors and reference liquid calibra-
tion—an uncertainty analysis. IEEE Trans. Microw. Theory Tech. 40, 305-314 (1992).

34. Karacolak, T., Moreland, E. C. & Topsakal, E. Cole-cole model for glucose-dependent dielectric properties of blood plasma for
continuous glucose monitoring. Microw. Opt. Technol. Lett. 55, 1160-1164 (2013).

35. La Gioia, A. et al. Open-ended coaxial probe technique for dielectric measurement of biological tissues: challenges and common
practices. Diagnostics 8, 40 (2018).

36. Surry, K., Austin, H., Fenster, A. & Peters, T. Poly (vinyl alcohol) cryogel phantoms for use in ultrasound and mr imaging. Phys.
Med. Biol. 49, 5529 (2004).

37. Sachse, W. & Pao, Y.-H. On the determination of phase and group velocities of dispersive waves in solids. J. Appl. Phys. 49,
4320-4327 (1978).

38. Wang, H. & Cao, W. Improved ultrasonic spectroscopy methods for characterization of dispersive materials. IEEE Trans. Ultrason.
Ferroelectr. Freq. Control 48, 1060-1065 (2001).

39. Marsh, J. N. et al. Broadband through-transmission signal loss measurements of albunex® suspensions at concentrations approach-
ing in vivo doses. J. Acoust. Soc. Am. 101, 1155-1161 (1997).

40. Committee, A. T. S. et al. Methods for specifying acoustic properties of tissue mimicking phantoms and objects. American Institute
of Ultrasound in Medicine (1995).

41. Noguera, A. G. Propagation of Ultrasound Through Freshly Excised Human Calvarium. Ph.D. Thesis, University of Nebraska-Lincoln
(2012).

42. He, P. & Zheng, J. Acoustic dispersion and attenuation measurement using both transmitted and reflected pulses. Ultrasonics 39,
27-32(2001).

43. Schoonover, R. M. The density determination of small solid oblects by a simple float method-1. Density Determ. Small Solid Objects
Simple Float Method-I 87, 197 (1982).

44. Cheng, N.-S. Formula for the viscosity of a glycerol-water mixture. Ind. Eng. Chem. Res. 47, 3285-3288 (2008).

45. Volk, A. & Kihler, C. J. Density model for aqueous glycerol solutions. Exp. Fluids 59, 75 (2018).

46. MATLAB. version 7.10.0 (R2010a) (The MathWorks Inc., Natick, 2010).

47. Madsen, E. L., Zagzebski, J. A., Banjavie, R. A. & Jutila, R. E. Tissue mimicking materials for ultrasound phantoms. Med. Phys. 5,
391-394 (1978).

48. Llanos Gonzélez, A. B. et al. Custom-made phantoms for thoracic ultrasound diagnostic and therapeutic applications in clinical
practice. In ERS International Congress 2020 (European Respiratory Society, 2020).

Acknowledgements

This work was supported by the IACTEC Technological Training program (TF INNOVA 2016-2021) and Euro-
pean Union Interreg-Mac funding program under grant MAC/1.1.b/098 (MACDbiolIDi project). The authors
would like to thank the Medical Technology for Sustainable Development from the Instituto Universitario de
Investigacion Biomédica y Sanitaria (IUIBS), Universidad de Las Palmas de Gran Canaria, for the loan of US
equipment.

Author contributions

E.V,N.A-M,, ].G-E and J.R.-A. performed the conceptualization and the investigation of the study. E.V., N.A.-M.
and J.G.-E developed the methodology and the experimental measurements. E.V. and N.A.-M. performed the
data visualization and interpretation, as well as the validation of the results. J.R.-A. directed this research. All
co-authors actively participated in the discussion of the research activity and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.V.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:20401 | https://doi.org/10.1038/s41598-020-77368-5 nature research


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Bimodal microwave and ultrasound phantoms for non-invasive clinical imaging
	Material and methods
	Phantom preparation. 
	Data acquisition. 
	Microwave data and model extraction. 
	Ultrasound data acquisition. 


	Experimental results
	Microwave data and model extraction. 
	Ultrasound data. 

	Discussion
	Conclusion
	References
	Acknowledgements


