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Abstract—Materials with well-characterized acoustic properties are of great interest for the development of tis-
sue-mimicking phantoms with designed (micro)vasculature networks. These represent a useful means for con-
trolled in-vitro experiments to validate perfusion imaging methods such as Doppler and contrast-enhanced
ultrasound (CEUS) imaging. In this work, acoustic properties of seven tissue-mimicking phantom materials at
different concentrations of their compounds and five phantom case materials are characterized and compared at
room temperature. The goal of this research is to determine the most suitable phantom and case material for
ultrasound perfusion imaging experiments. The measurements show a wide range in speed of sound varying
from 1057 to 1616 m/s, acoustic impedance varying from 1.09 to 1.71 £ 106 kg/m2s, and attenuation coefficients
varying from 0.1 to 22.18 dB/cm at frequencies varying from 1 MHz to 6 MHz for different phantom materials.
The nonlinearity parameter B/A varies from 6.1 to 12.3 for most phantom materials. This work also reports the
speed of sound, acoustic impedance and attenuation coefficient for case materials. According to our results, poly-
acrylamide (PAA) and polymethylpentene (TPX) are the optimal materials for phantoms and their cases, respec-
tively. To demonstrate the performance of the optimal materials, we performed power Doppler ultrasound
imaging of a perfusable phantom, and CEUS imaging of that phantom and a perfusion system. The obtained
results can assist researchers in the selection of the most suited materials for in-vitro studies with ultrasound
imaging. (E-mail: p.chen1@tue.nl) © 2021 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/).

Keywords: acoustic properties, tissue-mimicking materials, case materials, perfusable phantoms, ultrasound per-
fusion imaging.
INTRODUCTION

Imaging and quantification of blood perfusion reveals a

fundamental property of tissue that varies in many

important physiological and pathological processes

(Cosgrove and Lassau, 2010). Current methods for per-

fusion imaging by ultrasound are based on Doppler ultra-

sound and contrast-enhanced ultrasound (CEUS).

Doppler ultrasound is a noninvasive imaging modality

that can be used to estimate the blood perfusion in blood

vessels. Conventional Doppler ultrasound techniques,

such as continuous-wave Doppler, are based on the

Doppler effect, enabling the quantification of blood flow

by observing the spectrum of Doppler frequencies at the
orresponding to: Peiran Chen, Flux 7.078, Eindhoven Univer-
Technology, De Groene Loper 19, 5612AP, Eindhoven, Nether-
-mail: p.chen1@tue.nl
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receiver (Dymling et al., 1991). Color flow imaging

(CFI) provides real-time view of blood flow in terms of

mean flow velocity and direction using color mapping

(Szabo, 2014). As a variation of CFI, power Doppler

(ultrasound angiography) is based on the power of the

signal coherence that is estimated by autocorrelation

over frames, improving the ability over standard CFI to

image blood flow in smaller vessels (Szabo, 2014). More

recently, leveraging the development of high-frame-rate

imaging and plane-wave imaging, vector Doppler tech-

nique provides the velocity vector in all directions of

blood flow by dedicated apodization (Szabo, 2014). Due

to the complexity of flow and vascular architecture, there

is a need to assess the accuracy of flow measurements

and the sensitivity of flow imaging in small vessels when

designing novel Doppler ultrasound techniques. There-

fore, in-vitro test and validation in vascular phantoms
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for which the flow distribution is accurately known are

necessary. CEUS provides real-time imaging of blood

flow with the help of intravenously-injected ultrasound

contrast agents (UCAs). These consist of gas-filled

microbubbles encapsulated in a biocompatible shell with

the size comparable to that of blood cells (Cos-

grove, 2006). Thanks to their size, they behave as blood-

pool agents and thus are suitable to assess blood flow

dynamics down to the micro-circulation. Several

advanced techniques have been proposed for quantifica-

tion of perfusion in a broad range of clinical applica-

tions, especially in cardiology, radiology, and oncology.

Quantification methods are often based on empirical or

physics-driven modeling of the UCA flow kinetics, lead-

ing to the estimation of parameters related to blood flow

and velocity (Mischi et al., 2018; Turco et al., 2020).

However, although in-vivo studies have shown promis-

ing results (Mischi et al., 2012; Feinstein, 2004;

van Sloun et al., 2017; Kuenen et al., 2011;

Wildeboer et al., 2018), the relationship between the

underlying (micro)vascular architecture and the UCA

kinetics, along with the resulting CEUS image enhance-

ment and ultimately the estimated hemodynamic param-

eters is not well understood.

In this context, perfusable phantoms are an essential

tool for developing ultrasound perfusion imaging techni-

ques and performing in-vitro validation. In the past

years, tissue-mimicking phantoms, which have been

used to mimic biological tissues, have played a pivotal

role in experimental studies supporting the development

of clinical ultrasound solutions, such as performance

testing of ultrasound imaging systems (Culjat et al.,

2010; Zell et al., 2007), skills training in medical ultraso-

nography (Culjat et al., 2010; Richardson et al., 2015;

Dabbagh et al., 2014), and experimental investigation of

blood-flow dynamics with ultrasound imaging systems

(Kenwright et al., 2015; Meagher et al., 2007). Materials

with well-characterized acoustic properties are of great

interest for the development of these phantoms.

The quality of ultrasound imaging is highly sensi-

tive to the propagation of ultrasound waves in scanned
Table 1. Acoustic properties

Material Speed of sound
SoS (m/s)

Mass density
r (kg/m3)

Acoustic impedance
Z (106 kg/m2s)

Fat 1478 950 1.4
Breast 1510 1020 1.54
Kidney 1560 1051 1.64

Cardiac muscle 1576 1060 1.67
Liver 1595 1060 1.69
Water 1480 1000 1.48
materials; therefore, in principle, such phantom materials

should exhibit acoustic properties similar to those of

water and typical soft tissues in the human body, as

shown in Table 1 (Culjat et al., 2010; Cao et al., 2017).

Typically, acoustic properties such as speed of sound

(SoS), acoustic impedance (Z) and attenuation coeffi-

cient (a) are considered (Culjat et al., 2010; Cao et al.,

2017; Madsen et al., 1982; Cafarelli et al., 2017;

Zell et al., 2007). For instance, materials with acoustic

impedance that largely differs from the acoustic imped-

ance of water will produce strong reflections and shad-

owing, leading to a degraded image of the phantom

interior. Materials with high attenuation also result in a

poor imaging quality due to the low power of the

received echoes. This aspect is particularly relevant for

CEUS, where low acoustic pressures are employed to

minimize bubble destruction. The recommended values

of SoS and a are 1540 m/s and 0.3-0.7 dB/cm/MHz,

respectively (AIUM Technical Standards Committee

1990; American Institute of Ultrasound in Medicine

1992) (Browne et al., 2003; Madsen et al., 1998).

In addition to the aforementioned properties, the

acoustic nonlinearity of materials is also relevant, espe-

cially in the context of CEUS imaging. CEUS imaging

enhances the ultrasound signals from microbubbles

(UCAs) dispersed in blood by exploiting the nonlinear

behavior of UCAs compared to tissues; therefore, tissue-

mimicking materials with high nonlinearity lead to

decreased contrast-to-tissue ratio. The parameter of non-

linearity (B/A) quantifies the nonlinear propagation

effects of acoustic waves in materials, describing how a

propagating finite-amplitude acoustic wave progres-

sively distorts when travelling through a medium

(Gong et al., 1989; Law et al., 1985). Its value varies

from 5.0 to 12.0 for several biological tissues such as

liver, fatty tissue and heart as shown in Table 1.

In this study, the investigated materials aim at being

used to fabricate (micro)vasculature phantoms for ultra-

sound perfusion imaging and for investigation of flow

dynamics in the (micro)vasculature; thus, a clearly-visi-

ble (micro)vascular structure in the phantom is of great
of typical soft tissues.

Attenuation
a (dB/cm/MHz)

Nonlinearity
B/A

Source

0.48 10.8 (Gong et al., 1989; Mast, 2000)
0.75 - (ICRU, 1998)
1.0 7.4 (Mast, 2000)
0.52 7.1 (Mast, 2000; ICRU, 1998)
0.5 6.6 (Mast, 2000; ICRU, 1998)

0.0025 5.2 (Dong et al., 1999; Havlice
and Taenzer, 1979)
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interest, which serves as the reference of the ultrasound

perfusion imaging. To ensure the visibility, we do not

seed the phantom materials to mimic realistic acoustic

scatters; therefore, the backscatter strength is not

included in the investigated acoustic property list. In

addition to the investigated acoustic properties, the opti-

cal transparency of perfusable phantom materials is

another desirable feature, which ensures that flow in the

perfusable phantoms can be visualized by optical imag-

ing systems such as micro Particle-Image Velocimetry.

The flow patterns obtained by optical imaging systems

can then be employed as a reference for comparing per-

fusion imaging results in relevant in-vitro ultrasound

investigations.

In an effort to determine the optimal phantom mate-

rials, we investigated materials currently used for in-

vitro tissue-mimicking phantoms, in-vivo tissue substi-

tutes, ultrasound therapy, microfluidic devices, and in

the biotechnology industry. With the constraint that

materials for perfusable phantoms should be easy to fab-

ricate, and compatible with both ultrasound perfusion

imaging and optical imaging, the following set of fabri-

cated materials was selected for further investigation:

gelatin, agarose, polyacrylamide (PAA), polydimethylsi-

loxane (PDMS), polyvinyl alcohol (PVA), alginate and

polyethylene glycol diacrylate (PEGDA).

Gelatin is a homogeneous colloid gel that has been

widely used as tissue-mimicking material. Examples are

phantoms mimicking human organs including cysts

(Madsen et al., 1980; Bude and Adler, 1995) or gelatin-

based materials mixed with oil to mimic body fat

(Madsen et al., 1982). Gelatin is often selected due to its

low cost, good acoustic properties and easy preparation

(Madsen et al., 1978; Bude and Adler, 1995). However,

gelatin’s main disadvantages are its weak structural

properties, short life-time, and instability at various tem-

peratures (Ophir et al., 1981), even while being stored in

a refrigerator under a humid environment.

Agarose is a hydrophilic colloid derived from agar.

Agar-based and agarose-based materials have been

widely used for mimicking soft tissue (Zell et al., 2007;

Maxwell et al., 2010), as well as for manufacturing

breast ultrasound phantoms (Cannon et al., 2011). Aga-

rose is a cheap material that is easy to use; however, its

short life-time and low optical transparency limit its use.

PAA, an acrylic hydrogel that is made by chemical

cross-linking, is mostly used for gel electrophoresis and

manufacturing of contact lenses. In the ultrasound

domain, PAA was investigated as an acoustic coupling

medium for focused ultrasound therapy (Prokop et al.,

2003). PAA has good acoustic properties similar to those

of the human breast tissue and skin (Zell et al., 2007).

Moreover, PAA is a strong, easy-to-use and transparent

material. PAA have stringent requirements on storage,
similar to gelatin and agarose. As mentioned in

(Zell et al., 2007), PAA is possibly toxic.

PDMS is a silicone rubber, which is often used for

the fabrication of microfluidic devices and microelec-

tromechanical systems (Genchi et al., 2013). PDMS

shows several advantages including stability at normal

temperature and normal humidity, long-term re-usage

and visual transparency. Additionally, PDMS is a high-

cost material.

PVA is typically employed as biodegradable con-

tainer material. It has recently been exploited as a tissue-

mimicking material due to its high structural rigidity,

longevity, bio-compatibility and non-toxicity (Zell et al.,

2007; Fromageau et al., 2003; Kharine et al., 2003). By

nature it is non-transparent, which hampers the optical

imaging of PVA phantoms. The protocol for fabricating

transparent and strong phantoms of PVA is more compli-

cated (Cha et al., 1992).

Alginate is widely used in bioengineering and in the

biotechnology industry owing to its biocompatibility

(Salsac et al., 2009; Lee et al., 2013). It is a natural poly-

saccharide derived from brown seaweed and can form

thermally stable and biocompatible hydrogel material by

cross-linking using calcium or another bivalent cation.

Alginate is mostly used as an encapsulation medium in a

form of hydrogel bead, but its use for the production of

large phantoms is difficult. The material is not transparent.

PEGDA is a synthetic material with hydrophilicity

and relative inertness. It is often referred as a “blank

slate” in biomedical applications since it does not inter-

act with the body until modified. To produce PEGDA,

cross-linking is achieved by using a photoinitiator and

light (Caliari and Burdick, 2016). The material is low-

cost, transparent, but it has low mechanical stability.

The aforementioned materials are candidates for

fabricating (micro)vascular phantoms. Since all of them

are soft hydrogels, their mechanical stiffness is low. To

overcome this issue, the realized phantoms are often

enclosed in a rigid case. A full enclosure casing avoids

deformation of the soft hydrogel inside the case while

being imaged; this is of particular interest for research in

ultrasound perfusion imaging as it prevents changes of

position and geometry of the (micro)vasculature while

imaging, and ensures reliable perfusion in the soft hydro-

gels phantoms. Therefore, in this paper, the acoustic

properties of a set of case materials to support the hydro-

gels for easy handling and long-term storage are also

investigated. Phantoms enclosed in a case can be con-

nected to input and output ports of the case to allow per-

fusion of the phantom. Possible case materials are

polycarbonate (PC), polymethyl methacrylate (PMMA),

polymethylpentene (TPX), cyclic olefin copolymer

(COC) and polyether block amide (PEBA). All of them

are optically transparent and have a high mechanical
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strength. The phantoms and their cases compose the per-

fusion system, which can be finally used for in-vitro

experiments with ultrasound perfusion imaging.

In this paper, we present results of a series of

experiments based on the introduced seven types of

phantom materials and five types of case materials, and

systematically compare their acoustic properties includ-

ing SoS, Z, a and B/A. For each phantom material, we

prepared a set of different concentrations by dissolving

corresponding material compounds in MilliQ water. The

transmitted ultrasound frequency ranged from 1 MHz to

6 MHz with 1-MHz interval. For the experimental set-

up, the pulse transmission approach was adopted

(Madsen et al., 1982; Cafarelli et al., 2017; Dong et al.,

1999; Shui et al., 2008; Gong et al., 1989), transmitting

long pulses with a narrow bandwidth, avoiding overlap

between the harmonics in the received spectrum. The

optimal material should have acoustic properties close to

that of human soft tissues; especially for the case mate-

rial, low attenuation is preferred. The transparency is

necessary for the optimal material. Good longevity and

stability, and a relatively easy preparation protocol

would be desired choice. Thus, in order to quantitatively

determine the optimal material, a scoring system is

designed to rank all the materials in terms of their speed

of sound, acoustic impedance, attenuation, nonlinearity,

transparency, life-time, stiffness, as well as preparation

protocol, as shown in Table 2. Additionally, after identi-

fying the optimal phantom and case materials, we com-

pared CEUS imaging in phantoms made of optimal and
Table 2. Scoring system for ranking materials.

Parameter Scoring criteria

Speed of sound
(phantom and case)

1510 - 1595 m/s: 10 points (soft hydrogel)
1400 - 2000 m/s: 10 points

(stiff case material)
Deviation: 1 point less per 10 m/s

Acoustic impedance
(phantom and case)

1.54 - 1.69 £ 106 kg/m2s: 10 points
(soft hydrogel)

1.40 - 2.00 £ 106 kg/m2s: 10 points
(stiff case material)

Deviation: 1 point less per 1 £ 104 kg/m2s
Attenuation (phantom

and case)
0.5 - 0.75 dB/cm/MHz: 10 points

Deviation: 1 point less per 0.8 dB/cm
averaged over the frequency range

B/A (phantom only) 5.0 - 12.0 : 10 points
Deviation: 1 point less per 1

Transparency (phantom
and case)

Transparent: 10 points
Half-transparent: 5 points
Non-transparent: 0 point

Life time (phantom
and case)

Stable and long: 10 points
Long but has storage requirements:

5 points
Short: 0 point

Stiffness (phantom
and case)

Stiff: 10 points
Soft: 5 points

Preparation protocol
(phantom only)

Typical material: 10 points
Less common material: 5 points

Require extra processing: 3 points less
unsuitable materials, as well as power Doppler ultra-

sound imaging in phantoms made of optimal and unsuit-

able materials. Moreover, an example of perfusion

system and the corresponding CEUS image are also pre-

sented. This paper gives a systematic comparison of

phantom materials including not only typically used

materials such as gelatin and agarose, but also acrylam-

ide which is less common. The measurements of the non-

linearity of the phantom materials provide more

comprehensive information, not fully investigated in

existing work. The comparison of nonlinearity of differ-

ent phantom materials can provide useful information

for relevant research such as phantom-based ultrasound

nonlinearity imaging. Moreover, the investigation of the

case materials evidences that the rigid phantom case is

also suitable for ultrasound imaging in addition to soft

hydrogels, solving the challenges in connecting tubing

for perfusion without leakage typically encountered with

soft hydrogels. By ranking the materials using the

designed scoring system, we determine that the optimal

phantom material is PAA at a concentration of 20% and

optimal case material is TPX.
MATERIALS ANDMETHODS

Material preparation

The investigated phantom materials include gelatin

with concentration of 7.5%, 10% and 15%, agarose with

concentration of 2%, 3% and 5%, PAA with concentration

of 5%, 7.5%, 10%, 15% and 20%, PDMS with concentra-

tion ratio of 10:1, PVA with concentration of 10%, 15%

and 20%, alginate with concentration of 1% and 3%, and

PEGDA with concentration of 15% and 20%. All the phan-

tom material samples were casted in glass Petri dishes with

a diameter of 55 mm, resulting in disc-like samples with

thickness of about 15 mm for most of the phantom materi-

als. The thickness of each sample was measured by vernier

caliper while performing acoustic measurement.

Gelatin from bovine skin type b (G9391, Sigma-

Aldrich, Zwijndrecht, Netherlands) was dissolved in MilliQ

water at 7.5%, 10% and 15% wt at 60 degrees Celsius. After

complete dissolution, samples were casted and cooled to

room temperature before solidification at 4 degrees Celsius.

The measured thickness of 7.5%, 10% and 15% gelatin

were about 11.7 mm, 16.0 mm, and 16.0 mm, respectively.

Ultrapure agarose (16500500, Thermofisher, Wal-

tham, Massachusetts, USA) was dissolved in MilliQ

water at 2%, 3% and 5% wt at 100 degrees Celsius. After

complete dissolution, samples were casted at 90 degrees

Celsius and cooled to room temperature to solidify. The

measured thickness of 2%, 3% and 5% agarose were

about 16.8 mm, 16.8 mm, and 11.8 mm, respectively.

PAA was made by combining acrylamide (A, A8887,

Sigma-Aldrich, Zwijndrecht, Netherlands) (5%, 7.5%, 10%,



128 Ultrasound in Medicine & Biology Volume 48, Number 1, 2022
15% and 20% wt) with N,N'-Methylenebisacrylamide solu-

tion (2%) (B-A, M1533, Sigma-Aldrich, Zwijndrecht, Neth-

erlands) (10%, 15%, 20%, 30% and 40% volume) and

adding Ammonium persulfate (AP, A3678, Sigma-Aldrich,

Zwijndrecht, Netherlands) (0.05% wt for all samples) and

N,N,N',N'-Tetramethylethylenediamine (TEMED, T9281,

Sigma-Aldrich, Zwijndrecht, Netherlands) (0.15% volume)

in MilliQ water. Directly after adding AP and TEMED, the

samples were casted and covered by a glass plate to prevent

air inhibiting the cross-linking reaction and ensuring a flat

surface (Cafarelli et al., 2017). The measured thickness of

5%, 7.5%, 10%, 15% and 20% PAA were about 11.0 mm,

14.3 mm, 13.6 mm, 14.3 mm and 15.7 mm, respectively.

PDMS (Sylgard 184, Dow Corning, Midland, Mich-

igan, USA) was made by combining base and curing

agent in a 10:1 ratio and stirring vigorously. The material

was degassed, casted and degassed again to remove all

air bubbles from the material. The curing was done at 65

degrees Celsius for 2 hours. The measured thickness of

10:1 PDMS was about 9.4 mm.

PVA (mw 130.000, 563900, Sigma-Aldrich, Zwijn-

drecht, Netherlands) was made by dissolving 20% wt

PVA in a mixture of 80% wt dimethyl sulfoxide

(DMSO, Sigma-Aldrich, Zwijndrecht, Netherlands)/

20% wt MilliQ water at 120 degrees Celsius for 1 hour

while stirring. The PVA solution was casted after all air

bubbles had disappeared from the liquid and it was

cooled to room temperature. Solidification was done by

keeping the samples overnight at -20 degrees Celsius,

resulting in a transparent hydrogel. The solvent was

washed out by submerging the sample in MilliQ water

and replacing it everyday for 3 days (Cha et al., 1992;

Funamoto et al., 2014). The measured thickness of 10%,

15% and 20% PVA were about 12.4 mm, 10.6 mm and

10.5 mm, respectively.

Sodium alginate (180947, Sigma-Aldrich, Zwijn-

drecht, Netherlands) was dissolved in mother saline

at concentrations of 1% and 3% w/v overnight under

continuous stirring. Mother saline consists of MilliQ

water with 154 mnM Sodium Chloride (NaCl,

746398, Sigma-Aldrich, Zwijndrecht, Netherlands)

and 10 mM HEPES buffer solution (HEPES, 83264,

Sigma-Aldrich, Zwijndrecht, Netherlands). The algi-

nate solution was frozen into shape (-18 degrees Cel-

sius) before submerging it in gelation solution for

48 hours in a fridge at 4 degrees Celsius. Gelation

solution consists of mother saline with addition of

115 mM Calcium Chloride (CaCl, 746495, Sigma-

Aldrich, Zwijndrecht, Netherlands) (Salsac et al.,

2009). The measured thickness of 1% and 3% algi-

nate were about 4.7 mm and 8.8 mm, respectively.

PEGDA (Mn 700, 455008, Sigma-Aldrich, Zwijn-

drecht, Netherlands) was dissolved at 10%, 15% and 20%

(v/v) in buffer solution consisting of MilliQ water with
10 mM HEPES, 100 mM NaCl and 1.5% (v/v) triethanol-

amine (TEOA, 90279, Sigma-Aldrich, Zwijndrecht, Neth-

erlands). As photo-initiators 0.35% (v/v) 1-Vinyl-2-

pyrrolidinone (VP, V3409, Sigma-Aldrich, Zwijndrecht,

Netherlands) and 1% (v/v) 1 mM Eosin Y disodium salt

(Eosin, E6003, Sigma-Aldrich, Zwijndrecht, Netherlands)

were added. Cross-linking was achieved using white light

(KL 2500 LCD, Schott, Colombes, France) for 15 minutes

(Heintz et al., 2016, Heintz et al.,2017). The measured

thickness of 15% and 20% PEGDA were about 15.0 mm

and 14.9 mm, respectively.

All the phantom material samples were stored at 4

degrees Celsius in a Petri dish with additional water to

prevent dehydration.

The case material samples were thinner than the

casted phantom material samples. The case material

PMMA (Epraform, Eriks, Alkmaar, Netherlands) and

PC (Arla Plast AB, Eriks, Alkmaar, Netherlands) sam-

ples were cut from plate material with thickness of

2 mm. TPX (MX001, GF56787036, Sigma-Aldrich,

Zwijndrecht, Netherlands) pellets were compression

molded into 2-mm plate material for testing at a temper-

ature of 280 degrees for 30 minutes. COC (TOPAS

6013, TOPAS Advanced Polymers GmbH, Frankfurt am

Main, Germany) 5-mm thick and PEBA (PEBAX Clear

1200 and PEBAX 3533 SA01, Arkema, Colombes,

France) 2-mm thick samples were obtained from the sup-

pliers and used without further modification.

Acoustic measurement

The through-transmission technique was used to

measure the acoustic properties of the tissue-mimicking

phantom materials and case materials (Cafarelli et al.,

2017). In this technique, water is employed as a refer-

ence by comparing ultrasonic waves propagating

through water with ultrasonic waves propagating through

the prepared material samples, submerged in water. The

comparison provides a measurement of the materials’

acoustic properties based on the known acoustic proper-

ties of water. As depicted in Figure 1, the experimental

set-up consists of a plane piston source and receiver.

In order to measure the acoustic properties (SoS, Z

and a) in a frequency range varying from 1 MHz to

6 MHz, we divided the measurements into two sets. In the

first set of measurements, we employed two transducers

(V306 with a diameter of 13 mm and C304 with a diameter

of 25 mm; Panametrics, Olympus Inc., Waltham, MA,

USA) with 2.25-MHz center frequency to transmit and

receive. Ultrasonic waves ranging from 1 MHz to 3 MHz

with 10 cycles and 0.25 ms time interval were transmitted.

In the second set, we employed two transducers (V309

with a diameter of 13 mm and V307 with a diameter of 25

mm; Panametrics, Olympus Inc., Waltham, MA, USA)

with 5-MHz center frequency. Ultrasonic waves ranging



Figure 1. Experimental scheme: transmitted (Tx) ultrasound
signals go to the receiver (Rx), passing through three parts: (1)
water with interval distance L1, (2) sample with thickness d,

(3) water with interval distance L2.
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from 4 MHz to 6 MHz with 10 cycles and 0.25 ms time

interval were transmitted. Moreover, an extra transmission

at 3.5 MHz was conducted in both sets to validate the mea-

surement consistency. In both sets, the transducers were

driven by a 33220A arbitrary wave generator (Agilent

Technologies, Santa Clara, California, USA), connected to

a 50-dB 2100L RF Power amplifier (Acquitek, Massy,

France). A dedicated Labview program (National Instru-

ments Corp., Austin, TX, USA) was employed to control

the wave generator. The received signals were displayed

on a TDS2014 oscilloscope (Tektronix, UK limited, Brack-

nell, UK) and further sampled by an NI-5122 (National

Instruments Corp.) acquisition board at 25 MHz. Both the

transmitter and receiver were fixed on a dedicated rail sys-

tem, and the samples were fixed in a dedicated frame which

was located on the rail system, between the transducers.

The transducers and samples were aligned along their lon-

gitudinal axis, ensuring that the beam can exactly penetrate

through the samples. Moreover, the transmitted acoustic

pressure amplitudes were lower than 40 kPa, as measured

by using an 1.0-mm needle hydrophone (Precision Acous-

tics Ltd, UK), avoiding the formation of harmonics when

measuring the attenuation. The material sample with thick-

ness dmeasured by vernier scale was placed in between.

The SoS of materials was calculated using:

SoS ¼ d

Dt þ d
SoSw

; ð1Þ

where SoSw (1497 m/s) is the speed of sound in water at

room temperature, and Dt is the difference in the ultra-

sound propagation time from transmitter to receiver

between the two conditions with and without sample.

The time difference Dt was estimated by maximizing the

cross-correlation between the received signals in the

presence and absence of the sample.

Based on the calculated SoS, the acoustic imped-

ance (Z) was calculated by:
Z ¼ SoS ¢ r; ð2Þ
where r is the material density. The density of all the

investigated materials, with relative sources, are pro-

vided in Appendix A.

The attenuation coefficient (a) is a frequency-

dependent parameter. Here, a was measured at seven

(1:1:6 MHz, and 3.5 MHz) different frequencies accord-

ing to (Mischi et al., 2014):

a ¼ 0:0025f 2 � 8:686
1

d
In

As

AwT
: ð3Þ

where f is the frequency of the transmitted signal; As and

Aw are the amplitudes of the frequency magnitude spec-

trum of the received signal in the presence of the sample

and in water, respectively, and T is the transmission

coefficient of the waves propagating through the front

and rear surfaces of the sample, calculated as

(Mischi et al., 2014):

T ¼ 2Z

Zw þ Z
¢ 2Zw

Zw þ Z
¼ 4ZwZ

Zw þ Zð Þ2 ; ð4Þ

where Zw is the acoustic impedance of water.

The nonlinearity parameter B/A quantifies the dis-

tortion process of a finite-amplitude wave travelling

through a medium (Cobb, 1983). The parameter B/A is

obtained by approximating the pressure-density relation

by the Taylor series up to the second order, and taking

the ratio of the Taylor expansion coefficient of the qua-

dratic term to that of the linear term (Gong et al., 1989).

For the estimation of B/A of the phantom materials,

high-pressure ultrasound pulses were transmitted using a

transducer with 2.25-MHz center frequency (V306 with

a diameter of 13 mm; Panametrics, Olympus Inc., Wal-

tham, MA, USA) and received by a transducer with 5-

MHz center frequency (V307 with a diameter of 25 mm;

Panametrics, Olympus Inc., Waltham, MA, USA).

A comparative method using water as a reference was

employed to estimate the nonlinearity parameter

(Dong et al., 1999; Gong et al., 1989; Dunn et al., 1981;

Zeqiri et al., 2015). The mathematical expressions for deter-

mining the B/A have been described in (Dong et al., 1999;

Gong et al., 1989; Dunn et al., 1981; Zeqiri et al., 2015)

based on a through-transmission experiment. In this type of

experiment, the assumptions that ultrasonic sources can be

modeled as plane waves, and the waves propagate in a loss-

less medium have often been employed. However, as men-

tioned in (Cobb, 1983), ultrasonic sources are not accurately

modeled as plane waves sources due to diffraction, which

may lead to inaccurate B/A estimates. To minimize the influ-

ence of diffraction on the measurements, we used a receiver
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with larger surface area than the transmitter, adopting the

concept from (Zeqiri et al., 2015).

Here, we aim at a relative comparison of B/A

between different materials based on the same assump-

tions and the same experimental set-up; thus, we

employed the plane-wave theory to model the ultrasound

wave propagation by considering the fundamental and

the second harmonic components only. Moreover, the

model used here includes the nonlinear distortion occur-

ring in the water path. As depicted in Figure 1, the wave

propagation as well as the generation of the second har-

monic component were divided into three parts. Part one

is the path from the transmitter surface to the front sur-

face of the sample, which consists of the attenuation of

the initially transmitted signal and the generation of a

second harmonic component because of the nonlinearity

of water. Part two is the path within the sample. The fun-

damental and the generated second harmonic component

from part one are attenuated. In addition, a new second

harmonic component is generated due to the nonlinearity

of the sample material. Part three is the path between the

rear surface of the sample and the receiver, where the

fundamental and the second harmonic components from

the previous two parts are attenuated, and another second

harmonic component is formed because of water.

Altogether, the received second harmonic compo-

nent can be described as:

P2s1 ¼ P2
1 0ð Þ2pfqwGw L1ð ÞT1e�as2dT2e

�aw2L2=2; ð5Þ

P2s2 ¼ P1 0ð Þe�aw1L1T1
� �2

2pfqsGs dð ÞT2e�aw2L2=2; ð6Þ

P2s3 ¼ P1 0ð Þe�aw1L1T1e
�as1dT2

� �2
2pfqwGw L2ð Þ=2; ð7Þ

P2s ¼ P2s1 þ P2s2 þ P2s3; ð8Þ
where

q ¼ B=Aþ 2ð Þ=2rc3 ð9Þ
and

G xð Þ ¼ e�2a1x � e�a2x
� �

= a2 � 2a1ð Þ: ð10Þ
In the equations above, subscriptsw and s refer to water

and the sample, respectively; r is the density and c is the

speed of sound in the medium; P1 (0) is the peak acoustic

pressure amplitude of the initially transmitted signal; L1 and

L2 are the path length of part one and part three; f is the fre-

quency of the transmitted signal; a1 and a2 indicate the

attenuation coefficient at the fundamental and the second

harmonic frequency in the unit of Np/m; and T1 and T2 refer

to the transmission coefficients for the water-to-sample and

sample-to-water interfaces, respectively, i.e.,
T1 ¼ 2 rcð Þs
rcð Þw þ rcð Þs

ð11Þ

and

T2 ¼ 2 rcð Þw
rcð Þw þ rcð Þs

: ð12Þ

As a reference, the received second harmonic com-

ponent with only water is:

P2w ¼ P2
1 0ð Þ2pfqwGw Lð Þ=2; ð13Þ

where L is the distance between the transmitter and

receiver.

The amplitude of the second harmonic for these two

cases was obtained by performing the fast Fourier trans-

form on the received signals with and without sample,

respectively. The ratio of the second harmonic signals

could then be derived as:

ratio2f ¼ P2s

P2w

: ð14Þ

Therefore

qs

qw
¼ ratio2f ¢Gw Lð Þ

e�aw1L1T1ð Þ2Gs dð ÞT2e�aw2L2

� Gw L1ð ÞT1e�as2dT2e
�aw2L2

e�aw1L1T1ð Þ2Gs dð ÞT2e�aw2L2

� e�aw1L1T1e
�as1dT2

� �2
Gw L2ð Þ

e�aw1L1T1ð Þ2Gs dð ÞT2e�aw2L2
:

ð15Þ

From Equation (15), the nonlinearity parameter B/A

of the material sample in the term qs can then be deter-

mined by using the nonlinearity parameter of water (B/

A = 5.2 at room temperature) in combination with Equa-

tion (9) to obtain qw.

Based on Equation (15), we proposed a ratio-distance

model by repeating the B/A measurement with multiple L2
ranging from 2 cm to 7 cm with a step of 1 cm, obtaining

the corresponding ratio2f at each L2. In principle, for each

sample, a same B/A value should be obtained at varying L2
because the B/A of the material sample is invariant to L2.

Hence, with this model we performed a least square curve

fitting to estimate the B/A value for each material sample.

For the phantom materials, two samples for each con-

centration of each material were tested. For the case materi-

als, the nonlinearity measurement was not included because

the case samples were thin and distortion effects can be

neglected. For each material, the measurements were

repeated three times at different times. The transmitted

pulses were repeated multiple times for each condition, with

a 0.25 ms time interval in between; therefore, the estimations
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were averaged over multiple pulses to improve their accu-

racy. To validate our measurements, the acoustic properties

of corn oil, commonly used as acoustic reference material,

were also measured. The measured attenuation had an error

within 0.1 dB/cm compared to literature values

(Chanamai and McClements, 1998; Gong et al., 1989), and

the B/A values (10.8§ 0.8) were also in agreement with the

properties reported in previous studies (Gong et al., 1989),

confirming the reliability of the adopted measurements.

Ultrasound perfusion imaging experiment

(Micro)vascular phantoms having two crossed chan-

nels with diameter of 300 mm, from now on referred to as

“perfusable phantoms”, were fabricated using the wire-

casting technique; by this technique, two wires with diame-

ter of 300 mm were drawn out from the phantom after its

solidification. The phantoms were made of PDMS 10:1

and PAA 20%, respectively. A syringe pump was used to

provide a continuous UCA (SonoVue, Bracco, Milan, Italy)

flow at a rate of 2 mL/min through the channels. CEUS

imaging was then performed using a Verasonics ultrasound

system (Verasonics Vantage 128, Verasonics Inc., Kirk-

land, USA) with a L11-4v probe transmitting at 3.5 MHz in

contrast specific mode, combining the pulse inversion and

amplitude modulation techniques. The applied acoustic

pressure was quantified in terms of mechanical index (MI),

which was set to 0.14 in this experiment. Power Doppler

ultrasound imaging was also performed on both phantoms

by using a Verasonics ultrasound system (Verasonics Van-

tage 128, Verasonics Inc., Kirkland, USA) with a L11-4v

probe transmitting at 9 MHz at a Doppler pulse repetition

frequency of 300 Hz. The power Doppler ultrasound

images were obtained by taking the power of the acquired

in-phase and quadrature data.

In addition, CEUS imaging was performed on a per-

fusion system made of TPX which is the optimal case

material. The perfusion system contained two chambers,

each with dimensions of 25 £ 15 £ 5 mm. The hydrogel

(micro)vascular phantoms will be placed inside the

chambers. The perfusion system aims at providing a pro-

tective case for the hydrogel (micro)vascular phantoms.

As we know, hydrogel phantoms have in general a low

mechanical stiffness and can be easily damaged during

measurements. Moreover, (micro)vascular hydrogel

phantoms have an inlet and outlet for flow perfusion;

however, fixing the tubing in hydrogel phantoms is

always problematic since the hydrogel materials are soft.

By using such a perfusion system, the rigid connections

can be fixed on the perfusion case, so that the phantoms

remain intact. The perfusion system also allows for long-

term imaging and storage of the soft hydrogel phantoms

inside the case, with minimal dehydration of the hydro-

gel. To demonstrate the ultrasound transparency and

usability of the perfusion system, a 500 mm channel
phantom made of PAA 20% was placed inside the case.

Then, a syringe pump was used to provide a continuous

UCA (SonoVue, Bracco, Milan, Italy) flow at a rate of

0.4 mL/min through the channel. CEUS imaging was

then performed using the same probe and imaging

sequence aforementioned with the MI set to 0.2.
Scoring system

In order to quantitatively determine the optimal phan-

tom and case material, a scoring system is designed to rank

these materials in terms of their speed of sound, acoustic

impedance, attenuation, nonlinearity, transparency, life-

time, stiffness, as well as preparation protocol. For phantom

materials, the scoring criteria of acoustic properties are

determined by using the acoustic properties of human soft

tissues such as liver and breast. For case materials, consid-

ering that they are rigid materials, the scoring criteria of

speed of sound and acoustic impedance are adjusted by

expanding the acceptable range, but the criteria of attenua-

tion are strictly determined according to the attenuation of

human soft tissue. The transparency, life time and stiffness

are classified based on long-term observation. Regarding

the preparation protocol, typical materials, less common

materials and the materials requiring extra process such as

improving transparency will gain different scores. The

scoring system is shown in Table 2.
RESULTS

Speed of sound (SoS) and Acoustic impedance (Z)

Figure 2 shows the measured SoS for seven phantom

materials (agarose, alginate, gelatin, PAA, PVA, PEGDA

and PDMS). The measured SoS is in the range from 1454

to 1512 m/s for agrarose, from 1420 to 1447 m/s for algi-

nate, from 1495 to 1531 m/s for gelatin, from 1445 to

1538 m/s for PAA, from 1550 to 1616 m/s for PVA, from

1529 to 1576 m/s for PEGDA and from 1057 to 1081 m/s

for PDMS. Moreover, the measured SoS in those materials

indicates a trend with SoS increasing for higher concentra-

tion. The SoS values for agarose, PAA, PVA and PDMS

with several known density are available in literature for

comparison. For agarose with density of 1040 kg/m3, an

SoS of 1500 § 30 m/s is reported (Zell et al., 2007). In our

measurements, the SoS for agarose with density of 1032

kg/m3 is 1499 § 13 m/s. For PAA with density of 1024,

1052 and 1090 kg/m3, SoS values of 1546 § 2, 1595 § 2,

and 1580 § 50 m/s, respectively, are reported

(Prokop et al., 2003; Zell et al., 2007). In our measure-

ments, the SoS for PAA with density of 1026 kg/m3 is

1536 § 2 m/s. For PVA with density of 1100 kg/m3, the

reported SoS is 1570 § 20 m/s (Zell et al., 2007). In our

case, the SoS for PVA with density of 1058 kg/m3 is 1608

§ 9 m/s. Finally, for PDMS 10:1, an SoS between 1045

and 1060 m/s is reported by (Cafarelli et al., 2017); a value



Figure 2. Measured speed of sound (SoS) of agarose, alginate, gelatin, PAA, PVA, PEGDA in varying concentrations, as
well as of PDMS. The speed of sound (SoS) of liver and breast are also shown as reference. Note that the result of PDMS is

separate because of the different scale. In each error bar, the mid-line and the bar indicate mean§ standard deviation.

Figure 3. Measured acoustic impedance (Z) of agarose, alginate, gelatin, PAA, PVA, PEGDA in varying concentrations, as
well as of PDMS. The acoustic impedance (Z) of liver and breast are shown as reference. Note that the result of PDMS is

separate because of the different scale. In each bar, the mid-line and the length indicate mean§ standard deviation.
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of 1030 m/s for PDMS is also mentioned by (Chen et al.,

2016), but the density is unknown. In our test, the SoS for

PDMS with density of 1030 kg/m3 is 1068§ 12 m/s.

Figure 3 shows the measured Z for the phantommateri-

als. The measured Z ranges from 1.47 to 1.56 £ 106 kg/m2s

for agarsose, from 1.43 to 1.47 £ 106 kg/m2s for alginate,

from 1.53 to 1.59 £ 106 kg/m2s for gelatin, from 1.45 to

1.58 £ 106 kg/m2s for PAA, from 1.59 to 1.71 £ 106 kg/

m2s for PVA, from 1.55 to 1.61 £ 106 kg/m2s for PEGDA,

and from 1.09 to 1.11 £ 106 kg/m2s for PDMS. The
measured Z increases for increasing material concentration.

As reported in literature, for agarose with density of 1040

kg/m3, the Z is 1.57§ 0.08£ 106 kg/m2s (Zell et al., 2007).

In our measurements, the Z for agarose with density of 1032

kg/m3 is 1.55 § 0.014 £ 106 kg/m2s. For PAA with density

of 1024, 1052 and 1090 kg/m3, the Z values are 1.58 §
0.008, 1.68§ 0.004, and 1.73§ 0.08£ 106 kg/m2s, respec-

tively (Prokop et al., 2003; Zell et al., 2007). In our case, the

Z for PAA with density of 1026 kg/m3 is 1.57 §
0.002 £ 106 kg/m2s. For PVA with density of 1100 kg/m3,



Figure 4. (a) and (b) are the measured speed of sound (SoS) and acoustic impedance (Z) of the case materials, respec-
tively. Note that the results are shown separately because of the different scale. In each error bar, the mid-line and the

bar indicate mean § standard deviation.
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the reported Z is 1.74 § 0.08 £ 106 kg/m2s (Zell et al.,

2007). In our work, the Z for PVA with density of 1058 kg/

m3 is 1.70 § 0.009 £ 106 kg/m2s. For PDMS 10:1, a Z

value between 1.08 and 1.10 £ 106 kg/m2s is reported by

(Cafarelli et al., 2017). In our test, the Z for PDMS with den-

sity of 1030 kg/m3 is 1.10§ 0.01£ 106 kg/m2s.

The measured SoS and Z for the case materials

(PC, PMMA, TPX, COC and PEBA) are presented in

Figure 4. The SoS of the case materials varies from

1520 to 2586 m/s, and the Z varies from 1.44 to

3.05 £ 106 kg/m2s.

Attenuation coefficient (a)

The measured a for the phantom materials at ultra-

sound frequencies varying from 1 MHz to 6 MHz are
Figure 5. Measured attenuation coefficient (a) at frequencies
PAA, PVA, PEGDA in varying concentrations. Note that the r
For each material, the set of measurement represents the a at va

bar indicate mean § sta
shown in Figure 5. The attenuation a for agarose, alginate,

gelatin, PAA, PVA and PEGDA is within the range

between about 0.10 and 2.26 dB/cm at frequencies varying

from 1 MHz to 6 MHz. In contrast, PDMS shows a signifi-

cantly higher a varying from about 2.96 to 22.18 dB/cm in

the same frequency range. As expected, a clear trend can

be observed with higher attenuation coefficient for higher

frequency. In addition, a was compared between different

concentrations for the same material at each frequency; for

most cases, a increases with higher concentrations. As

mentioned in (Zell et al., 2007), the acoustic attenuation

coefficient for agarose with density of 1040 kg/m3 is 0.4 §
0.1 dB/cm at 5 MHz. In this work, the a for agarose with

density of 1032 kg/m3 was measured as 0.69 §
0.13 dB/cm at 5 MHz. For PAA with density of 1024 and
ranging from 1 to 6 MHz of agarose, alginate, gelatin,
esult of PDMS is separate because of the different scale.
rying frequencies. In each error bar, the mid-line and the
ndard deviation.



Figure 6. Measured attenuation coefficient (a) at frequencies ranging from 1 to 6 MHz of all the case materials. For each
material, the set of measurement represents the a at varying frequencies. In each error bar, the mid-line and the bar indi-

cate mean § standard deviation.

134 Ultrasound in Medicine & Biology Volume 48, Number 1, 2022
1052 kg/m3, the a varies from 0.08 § 0.04 dB/cm to 0.44

§ 0.06 dB/cm and from 0.14 § 0.02 dB/cm to 0.87 §
0.04 dB/cm, respectively, at frequencies varying from

1 MHz to 5 MHz (Prokop et al., 2003). For PAA with den-

sity of 1090 kg/m3, the measured a is 0.7 § 0.1 dB/cm at

5 MHz (Zell et al., 2007). In our measurements, the attenu-

ation coefficient for PAAwith density of 1026 kg/m3 varies

from 0.42 § 0.11 dB/cm to 0.75 § 0.12 dB/cm at frequen-

cies varying from 1 MHz to 5 MHz. In (Zell et al., 2007),

the a for PVA with density of 1100 kg/m3 is 2.9 §
0.1 dB/cm at 5 MHz, while in our case the a is 1.69 §
0.14 dB/cm at 5 MHz for PVA with density of 1058 kg/

m3. For PDMS 10:1, the a varies from 2.35 § 0.28 to

16.58 § 1.95 dB/cm at frequencies varying from 1 MHz to

5 MHz (Cafarelli et al., 2017), which is also comparable to

our results.

The measured a of the case materials for frequen-

cies varying from 1 MHz to 6 MHz is shown in Figure 6.

The mean value of a varies from 3.30 dB/cm to

7.48 dB/cm at 1 MHz and varies from 9.88 dB/cm to

27.34 dB/cm at 6 MHz. According to expectations, the

attenuation coefficient increases with increasing fre-

quency. The value of a of the case materials is generally

higher than that of the phantom materials. PC has higher

a compared to other case materials. TPX and PMMA

have relatively low a.

Figures 7 and 8 show the attenuation coefficient for all

the phantom materials and case materials, respectively,

measured at 3.5 MHz by using the two sets of transducers.

The attenuation coefficient for liver and breast at 3.5 MHz

are 1.75 dB/cm and 2.63 dB/cm, which are used as the ref-

erence. All the phantom materials have lower attenuation
coefficient at 3.5 MHz compared to that of liver and breast,

while all the case materials have higher attenuation coeffi-

cient at 3.5 MHz. The TPX has the lowest a at 3.5 MHz

among the case materials.

Nonlinearity parameter (B/A)

Regarding the parameter of nonlinearity B/A, we first

examined the nonlinear effect in the water path by conduct-

ing the experiments with varying distance between transmit-

ter and receiver. As shown in Figure 9(a) and Figure 9(b),

the amplitude of the fundamental frequency component

does not show an obvious dependency on L; however, the

amplitude of the second harmonic component increases with

longer distance. Figures 9(c) and 9(d) illustrate the changes

in the measured ratio2f with L2 as well as a curve fitted to the

proposed ratio-distance model (mentioned in the Materials

and Methods Section) for PAA at a concentration of 20%

and PDMS 10:1, respectively. The estimated B/A values for

all phantom materials are reported in Figure 10. The B/A

values for these phantom materials are rarely mentioned in

literature. In (Zeqiri et al., 2015; Preobrazhensky et al.,

2009), the B/A values of agar-based materials vary from 4.2

to 5.1, while (King et al., 2011; Casciaro et al., 2008) men-

tioned that the B/A values for hydrogels vary from 8.0 to

10.3. In this study, the phantom materials, except for PDMS,

have B/A values approximately within the range from 5.0 to

12.0, which is the B/A values of soft tissues.

Ranking for materials

According to the criteria described in the scoring sys-

tem (Table 2), all the phantom materials and case materials

are ranked. The scores of all the materials are shown in



Figure 8. Measured attenuation coefficient (a) of all the case materials at 3.5 MHz by using the two sets of transducers.
The attenuation coefficient (a) of liver and breast are shown as reference. The circles indicate the measurement results
by using the setup with low frequency range, while the squares indicate the results by using the setup with high frequency

range.

Figure 7. Measured attenuation coefficient (a) of all the phantom materials at 3.5 MHz by using the two sets of trans-
ducers. The attenuation coefficient (a) of liver are shown as reference. Note that the result of PDMS is separate because
of the different scale. The circles indicate the measurement results by using the setup with low frequency range, while

the squares indicate the results by using the setup with high frequency range.
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Table 3, in which the highest and lowest score are coded by

yellow and red, respectively. The total score is 80. The

PAA at a concentration of 20% gains 68.6, which is the

highest score among phantom materials; therefore, the opti-

mal phantom material is PAA 20%, while the PDMS 10:1

gains the lowest score of 37.0. For the case material, the

optimal one is TPX with the score of 54.2.

Ultrasound perfusion imaging experiment

Examples of 300 mm crossed-channel phantoms

made of PDMS 10:1 and PAA 20% are shown in
Figures 11(a) and 11(d), respectively. The PDMS and

PAA 20% obtain the lowest and highest score in the

ranking aforementioned, respectively. Both PDMS and

PAA have ideal optical transparency so that the channel

structure can be clearly observed; however, CEUS imag-

ing of the UCA flow in the channels is different for the

two materials: Figure 11(b) shows one CEUS frame of

the PDMS phantom, where the structure of the crossed

channels is hard to observe because of the high attenua-

tion of PDMS. In contrast, the UCA flow through the

channels in the PAA phantom is clearly visible, as shown



Figure 9. Nonlinearity parameter (B/A) estimation: (a) shows the amplitude of fundamental component in the frequency
domain as a function of distance between transmitter and receiver; (b) shows the amplitude of the second harmonic com-
ponent in the frequency domain as a function of distance between transmitter and receiver. (c) and (d) show the ratio2f of
the second harmonic for the measured material sample and water as a function of L2, including a fitted curve for PAA

with a concentration of 20% and PDMS 10:1, respectively.

Figure 10. Measured acoustic nonlinearity (B/A) of agarose, alginate, gelatin, PAA, PVA, PEGDA in varying concen-
trations. Note that the result of PDMS is separate because of the different scale. In each error bar, the mid-line and the

bar indicate mean § standard deviation.
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in Figure 11(e). In order to quantitatively compare fig-

ures 11(b) and 11(e), the contrast-to-background ratio

was calculated by comparing the pixel intensity in two

region-of-interests (yellow and red blocks) at the same

imaging depth. For the PDMS phantom, the contrast-to-

background ratio is 14.7 dB, while the ratio is 35.2 dB

for the PAA 20% phantom.
In addition, one frame of the power Doppler ultrasound

for the PDMS and PAA phantoms are shown in Figures 11

(c) and 11(f), respectively. The power Doppler ultrasound

images also confirm that PAA has better acoustic properties

than PDMS for the intended purpose.

Figures 12(a) and 12(b) depict an example of a perfu-

sion system made of the optimal case material TPX,



Table 3. Ranking table for all the
materials
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containing a single-channel PAA phantom inside one cham-

ber. In Figure 12(c), CEUS imaging of the phantom chamber

is presented. The UCA perfusion through the 500 mm chan-

nel can be well observed. Since the channel is horizontal, we

cannot calculate the contrast-to-background ratio at the same

imaging depth; therefore, two adjacent region-of-interests

(yellow and red blocks) were placed inside the channel and

outside the channel, representing the contrast and back-

ground respectively. The obtained ratio is 28.4 dB.
DISCUSSION

Preparation of materials

Gelatin and agarose are both widely used and easily

available at low price. The process of making the
phantoms is relatively easy, only involving dissolving

the material and heating it before casting. Both materials

come from a natural source and are not toxic but prone

to molding and therefore not suitable for long term stor-

age. The material properties are favourable for high per-

cent agarose but the material remains brittle. Gelatin is

hard to handle and will easily fall apart.

Alginate shows similarities with agarose and gelatin

in properties but the cross-linking is achieved ionically

and does not require any heating. This makes it a suitable

alternative if higher temperatures are not possible during

fabrication.

PAA is based on chemical cross-linking of the gel,

making the process quick. Limitations with this process

are in the toxic properties of the monomers and in that

the reaction has to take place in a closed container to pre-

vent inhibition via air. The resulting gel is transparent

and mechanically stable at concentrations over 10% and

it does not deteriorate over time. Overall, the material is

ideal in all these properties but has to be handled care-

fully because of the potential presence of toxic mono-

mers.

PDMS is one of the strongest materials we investi-

gated, showing both optical transparency and long term

storage even in dry conditions. The process of fabrica-

tion is simple but more time-consuming compared to the

previous examples, and the cost is higher.

PVA is biocompatible and non-toxic. When an

optically-transparent phantom is needed, gel fabrication

is more time-consuming and more complex compared to

other materials. By nature, PVA is a non-transparent

hydrogel, which hampers optical imaging. Here, a trans-

parent PVA hydrogel was obtained by performing low-

temperature solidification overnight (Cha et al., 1992).

Otherwise, the process is similar to that of gelatin and

agarose and only involves dissolving and heating the

material in water. The material properties are similar to

PDMS but keeping the sample hydrated is essential for

long-term storage.

PEGDA is similar to PAA in properties but uses

photo-cross-linking and does not leave any toxic mono-

mers. The process however is more elaborate than that

for the other materials and requires a strong light source

for crosslinking.

All case materials have good mechanical processing

capabilities and can be made into the required shape. The

costs for PMMA and PC are low and these materials are

widely available. The other case materials that we inves-

tigated are more expensive and are not always available

in the desired shape and size.

Acoustic properties, stability and longevity

The aim of this study was to determine the optimal

tissue-mimicking phantom material compatible with



Figure 12. CEUS imaging of a perfusion system made of TPX:
(a) and (b) show the perfusion system containing two chambers
of dimensions 25 £ 15 £ 5 mm, and a single-channel PAA
phantom is placed inside the chamber; (c) is the CEUS imaging
of the chamber including the phantom. The visualization of
UCA flow is presented. The region-of-interest of the contrast is
indicated by the yellow block; while the region for background

is indicated by the red block.

Figure 11. Perfusable phantom with two 300 mm non-connected crossed channels and the corresponding ultrasound per-
fusion images: (a) is the phantom made of PDMS 10:1; (b) is one CEUS frame of the PDMS phantom; (c) is one power
Doppler ultrasound frame of the PDMS phantom; (d) is the phantom made of PAA with concentration of 20%; (e) is one
CEUS frame of the PAA phantom; (f) is one power Doppler ultrasound frame of the PAA phantom. The region-of-inter-

est of the contrast is indicated by the yellow block; while the region for background is indicated by the red block.
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ultrasound perfusion imaging for perfusable phantoms,

and optimal case materials for fixing the phantom. The

phantom materials that were investigated for their acous-

tic properties are: agarose, alginate, gelatin, PAA, PVA,

PEGDA and PDMS. Among them, a material with

human-tissue-like acoustic properties as listed in Table 1,

good longevity and stability, and a relatively easy prepa-

ration protocol would be our desired choice. A case

material with the speed of sound and acoustic impedance

close to that of the optimal phantom material and rela-

tively low attenuation would be the optimal choice.

The speed of sound SoS values of phantom materi-

als agarose, alginate, gelatin, PAA, PVA and PEGDA

are around 1500 m/s, which is close to the SoS in soft

human tissue (Culjat et al., 2010; Cao et al., 2017). Espe-

cially for gelatin with concentration of 15%, PAA with

concentration of 15% and 20%, PVA with concentration

of 10% and 15%, and PEGDA with concentration of

15% and 20%, the measured SoS is between 1510 and

1595 m/s; however, PDMS with a SoS of 1057 m/s was

found to deviate largely from soft human tissue proper-

ties. For agarose, alginate, gelatin, PAA, PVA and

PEGDA, the SoS increases with higher concentration

because more concentrated materials are closer to a solid

state rather than to a liquid state. The acoustic impedance

Z of these materials, with the exception of PDMS, is

similar to the impedance in human tissue as listed in

Table 1. Especially for agarose with concentrations of

5%, gelatin with concentrations of 10% and 15%, PAA

with concentration of 15% and 20%, PVA with concen-

tration of 10% and 15%, and PEGDA with concentration

of 15% and 20%, the acoustic impedance Z is between

1.54 £ 106 and 1.69 £ 106 kg/m2s.

The measured SoS values of case materials TPX,

PEBAX 3533 SA01 and PC are smaller than 2000 m/s, but
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the SoS of PEBAX clear 1200, COC and PMMA deviate

much from the SoS in soft human tissue. Considering the

measured Z, only TPX and PEBAX 3533 SA01 have an

acoustic impedance close to that of human soft tissue.

The attenuation coefficient a is a frequency-depen-

dent parameter that increases with frequency, as mea-

sured for all these materials. Because of its high a,

PDMS causes strong attenuation in depth and thus it is

not a suitable phantom material. Since CEUS imaging is

the most used modality to assess (micro)vascular perfu-

sion, in this work, we particularly focused on materials

that present higher contrast-to-background ratio for

enhancing harmonic signal coming from UCA micro-

bubbles; therefore, materials with attenuation higher

than that of human tissue are not desirable. Based on the

measurements, the a values of agarose, alginate, gelatin,

PAA, PVA and PEGDA are smaller than 2.50 dB/cm in

the frequency range varying from 1 MHz to 6 MHz,

comparable to that of human tissue as listed in Table 1.

The a of the case materials is relatively high since they

are plastic materials with high mechanical stiffness.

Among the tested case materials, TPX, COC and PMMA

have lower a at frequencies of 4, 5 and 6 MHz. For all

the materials, their a were measured at 3.5 MHz by using

the two sets of transducers. For alginate, the difference

between the two sets is 0.3 dB/cm. Since its attenuation

coefficient is lower than 1 dB/cm, the difference is rela-

tively large. Fabrication of thick and large alginate sam-

ples are problematic, which leads to the uncertainty of

the measurement.

The parameter of nonlinearity B/A of gelatin, aga-

rose, PAA, PVA, PDMS, alginate and PEGDA was

determined by a curve-fitting method based on measure-

ments at multiple sample-to-receiver (L2) distances.

Agarose, alginate, gelatin, PAA, PVA and PEGDA have

B/A values ranging from 6.1 to 12.3, which are close to

the B/A values of soft tissues, which range from 5.0 to

12.0. Other investigations have reported that agar-based

tissue-mimicking materials had B/A values ranging from

4.2 to 5.1 (Zeqiri et al., 2015; Preobrazhensky et al.,

2009); and hydrogel had B/A values ranging from 8.0 to

10.3 (King et al., 2011; Casciaro et al., 2008). Moreover,

based on (Ma et al., 2004; Wu and Tong, 1998), the B/A

value in UCA suspensions could reach several thou-

sands, which is much higher than the B/A values men-

tioned above; thus, the B/A values of those tissue-

mimicking materials will not have a strong influence in

CEUS imaging. The results not only evidence that the

materials can be used in CEUS imaging, since their coef-

ficient of nonlinearity is lower than that of UCAs, but

also give a comprehensive information about the B/A

values of soft hydrogels, which also helps relevant

research such as phantom-based ultrasound nonlinearity

imaging. There is a special case for PDMS, with a
measured B/A value over 20. However, the accuracy of

this measurement may be influenced by the large differ-

ence between the SoS of PDMS and that of soft tissue,

leading to high uncertainty in the B/A estimation using

the proposed method. Moreover, as mentioned in

(Cobb, 1983), media with high attenuation lead to signif-

icant errors in B/A measurement because the proposed

method assumes that the acoustic wave propagates in a

lossless medium. In general, the B/A estimation is sensi-

tive to the values of measured a, SoS, and the transmit-

ted and received signals. To reduce the uncertainty in the

measurement, multiple measurements combining a least

square curve fitting method were performed.

From the point of view of acoustic properties, for

the phantom materials, PDMS is obviously not a suitable

ultrasound-compatible material due to its low SoS and

acoustic impedance, along with a high a. Morover, gela-

tin with concentrations of 15%, PAA with concentrations

of 15% and 20%, PVA with concentrations of 10% and

15%, and PEGDA with concentration of 15% and 20%

have acoustic properties closer to that of human soft tis-

sue than the others. For the case materials, PEBAX clear

1200, COC and PMMA have high SoS, and are therefore

unsuitable materials. Among TPX, PEBAX 3533 SA01

and PC, TPX has a relatively low a and the measured Z

is close to that of human soft tissue.

Besides the acoustic properties, we also conducted

one-month observation of those phantom material sam-

ples that were stored in a refrigerator under a humid

environment. Obviously, the gelatin had the worst per-

formance due to its easy microbial invasion. Microbial

invasion was not observed in agarose, PVA and PEGDA

samples, but they evidenced substantial deformation

after one month of storage. PAA kept stable for long-

term storage under the aforementioned environment.

PDMS had the best longevity even if it was maintained

at room temperature.

In addition, low mechanical stiffness of materials

leads to fragile phantoms that are difficult to handle and

perform experiments with; therefore, case materials with

high mechanical strength are necessary. Among the

phantom materials, alginate is a typical material with

low mechanical stiffness. PEGDA, gelatin, low concen-

tration PVA and low concentration PAA show relatively

low mechanical stiffness as well. Agarose, high concen-

tration PVA and PAA have higher stiffness, but they are

softer than PDMS.

A good optical transparency enables the direct

observation of designed microvasculature structures

inside phantoms and optical imaging of perfusion by

optical imaging systems. Poor transparency appeared in

agarose, alginate and gelatin, compared with the other

materials. Note that PVA is non-transparent by nature,

but it became more transparent by our protocol, in
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which solidification was done by keeping the PVA sam-

ples overnight at -20 degrees Celsius. Therefore, the

preparation protocol of the PVA is more complicated

than that of PAA.

By integrating all the assessments mentioned above

and combining the ranking table, PAA 20% is our pre-

ferred choice as phantom material. To support our

choice, we performed CEUS imaging of crossed-channel

phantoms for both PAA 20% and PDMS 10:1. Because

of the high a of PDMS, the deeper regions within the

phantom were not visible in the ultrasound imaging.

Moreover, strong artifacts along the channels were

observed, because the SoS in PDMS is different from

that of flowing UCA microbubbles. Conversely, CEUS

imaging of UCA flowing through the crossed channels in

PAA phantoms was well observed with contrast-to-back-

ground ratio of 35.2 dB; hence, PAA provides a promis-

ing phantom material for analysis of UCA dynamics.

The ranking table clearly shows TPX is the optimal

choice as case material. TPX has a speed of sound at

around 1700 m/s and relatively low acoustic impedance.

Especially, its low attenuation would be the preferred

choice. The CEUS imaging of the perfusion system also

evidenced that the TPX case is compatible for ultrasound

perfusion imaging by providing contrast-to-background

ratio of 28.4 dB. The price of TPX is definitely higher

than the price of the other case materials, as provided in

Appendix B.

Although the reported measurements and analysis

provide valuable insights for the fabrication of perfusion

system including perfusable phantoms and their cases

for Doppler ultrasound and CEUS imaging, this study

presents several limitations. Firstly, for the nonlinearity

measurement, as mentioned in (Dong et al., 1999;

Zeqiri et al., 2015), a highly attenuated medium needs to

be located close to the front surface of sample to meet

the assumption that only the fundamental frequency sig-

nal travels through the sample. In our case, we consid-

ered the second harmonic signal generated between the

transmitter and the sample in our estimation without

placing a medium to remove harmonic signals. The B/A

values of agarose, gelatin, PVA, PEGDA and PAA are

expected to be close to the B/A values of soft tissue. To

validate our method, we measured the nonlinearity of

corn oil. The obtained results (10.8 § 0.8) matched the

values in literature. Second, although CEUS imaging of

UCA flow in the PAA phantom comparing to the PDMS

phantom supports our choice, the measurement of acous-

tic properties for UCA suspensions in other materials is

worth further investigation. Moreover, fabrication of

thick and large alginate samples remains troublesome,

making the measurement results for this material uncer-

tain. In this work, we measured the acoustic properties

of the phantom materials in the frequency range from 1
to 6 MHz; however, this range does not fully cover the

frequency we used in the ultrasound perfusion imaging

experiments. Although the power Doppler ultrasound

imaging results can evidence that the PAA is still com-

patible for ultrasound perfusion imaging at 9 MHz, the

acoustic properties in higher frequency range are worth

being measured. The thickness of phantom materials

were measured by using a vernier caliper. Since the

phantom materials are soft hydrogels, compressions

from the vernier caliper may lead to small deformations

of the soft hydrogels, which generates uncertainty in the

thickness measurement. Moreover, large variations in

temperature will lead to changes in acoustic properties

of phantom materials. In this work, we submerged all the

transducers and material samples in degassed water at a

room temperature, and conducted all the experiments in

a climate controlled room; therefore we assumed that the

temperature is kept constant during the measurements.

Taking additional steps to monitor and control tempera-

ture may facilitate more accurate measurements.

Although the PAA 20% is determined as the optimal

phantom material according to its good tissue-like prop-

erties, its attenuation is always lower than the attenuation

of human tissue at high frequency range; as a result, this

material may not optimally represent human tissue. But

for the imaging purpose, lower attenuation is beneficial.

The attenuation of the TPX is still high compared to the

attenuation of soft hydrogels or human soft tissues,

although the CEUS imaging results of the perfusion sys-

tem show good visualization of the UCA flow. In order

to minimize the influence of the high attenuation of

TPX, the perfusion system can be further improved by

reducing the thickness of the chamber wall.
CONCLUSIONS

In this study, a detailed analysis of tissue-mimick-

ing phantom materials compatible for ultrasound perfu-

sion imaging was performed based on experimental

characterization of acoustic properties, long-term obser-

vation, as well as carrying out CEUS and power Doppler

ultrasound imaging. In addition, the optimal case mate-

rial for supporting the phantom was determined. We con-

clude that PAA and TPX are the optimal choice for

phantom and case materials, respectively. Based on this

choice, a complete perfusion system can be designed

that allows for the in-vitro investigation of the relation-

ship between UCA dynamics and the microvascular

structure.
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APPENDIX A. DENSITY OF THE PHANTOM

AND CASE MATERIALS

3
Material
 Density r (kg/m )
 Source
Agarose 2%
 1012.80
 (Laurent, 1967)

Agarose 3%
 1019.20
 (Laurent, 1967)

Agarose 5%
 1032.00
 (Laurent, 1967)

Alginate 1%
 1006.01
 (Kamaruddin et al., 2014)

Alginate 3%
 1018.03
 (Kamaruddin et al., 2014)

Gelatin 7.5%
 1020.63
 (Winter and Shifler, 1975)

Gelatin 10%
 1029.00
 (Winter and Shifler, 1975)

Gelatin 15%
 1041.00
 (Winter and Shifler, 1975)

PAA 5%
 1006.50
 Supplier: Sigma-Aldrich

PAA 7.5%
 1009.75
 Supplier: Sigma-Aldrich

PAA 10%
 1013.00
 Supplier: Sigma-Aldrich

PAA 15%
 1019.50
 Supplier: Sigma-Aldrich

PAA 20%
 1026.00
 Supplier: Sigma-Aldrich

PVA 10%
 1029.00
 Supplier: Sigma-Aldrich

PVA 15%
 1043.50
 Supplier: Sigma-Aldrich

PVA 20%
 1058.00
 Supplier: Sigma-Aldrich
PEGDA 15%
 1018.00
 Supplier: Sigma-Aldrich

PEGDA 20%
 1024.00
 Supplier: Sigma-Aldrich

PDMS 10:1
 1030.00
 Supplier: Sylgard
TPX
 834.00
 Supplier: Sigma-Aldrich

PEBAX clear 1200
 1030.00
 Supplier: Arkema

PEBAX 3533 SA01
 1000.00
 Supplier: Arkema
COC
 1020.00
 Supplier: Topas

PMMA
 1180.00
 Supplier: Epraform

PC
 1210.00
 Supplier: Arla Plast AB
APPENDIX B. PRICE OF CASE MATERIAL
Case material
 Price per gram (Euro)

TPX
 0.218
PEBAX clear 1200
 0.025

PEBAX 3533 SA01
 0.063
COC
 0.020

PMMA
 0.001

PC
 0.001
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