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Abstract Tissue mimicking phantoms have been widely
reported to be an important tool for development, opti-
misation and performance testing of ultrasound-based
diagnostic techniques. In particular, modern applications of
tissue mimicking phantoms often include characterisation of
the nonlinear behaviour of experimental ultrasound contrast
agents. In such cases, the tissue-mimicking materials should
be chosen not only based on the values of their density, speed
of sound and attenuation coefficient, but also considering
their effect on the appearance of “native harmonics” due to
nonlinear distortion of ultrasound signal during propagation.
In a previous paper it was demonstrated that a cellulose-
based hydrogel is suitable to simulate nonlinear acoustical
behaviour of liver tissue for thicknesses up to 8 cm. In this
paper we present the experimental characterisation of the
nonlinear acoustical behaviour of a different polyethylene
glycol diacrylate (PEGDA)-based hydrogel, in order to
assess whether and how it can improve the performances and
overcome some limitations of the cellulose-based hydrogel
as liver tissue-mimicking material. Samples of pig liver
tissue, cellulose-based hydrogel and PEGDA-based hydro-
gel were insonified in a through-transmission set-up,
employing 2.25-MHz pulses with different mechanical
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index (MI) values. Second harmonic and first harmonic
amplitudes were extracted from the spectra of received
signals and their difference was then used to compare
sample behaviours. Obtained results show how a new more
accurate and combined experimental model of linear and
nonlinear acoustical behaviour of liver tissue is feasible. In
fact, a further confirmation of the cellulose-based hydrogel
effectiveness to precisely simulate the liver tissue for pen-
etration depths up to 8 cm was provided, and it was also
shown that the employment of the PEGDA-based hydrogel
can extend the range of useful tissue-mimicking material
thicknesses up to 11 cm, moreover allowing a considerable
improvement of the time stability and behaviour reliability
of the corresponding manufactured phantoms.

1 Introduction

Contrast agents for ultrasound (US) imaging are currently
used for several clinical applications, such as blood signal
enhancement [1], myocardial perfusion imaging [2] and
characterisation of liver lesions [3].

In very recent years, research in targeted microbubble
contrast agents and the initial development of smaller
nanoparticle-based agents for US imaging have opened new
exciting perspectives in this field [4, 5]: ultrasound molec-
ular imaging (which relies on the detection of disease-
targeted contrast particles), effective combination of
echography with other non-invasive imaging techniques to
perform multimodal diagnostic studies, novel therapeutic
strategies based on the site-targeted delivery of drugs and/or
genes.

In order to reach these goals, however, an ever greater
and deeper understanding of the relationships between

@ Springer



984

J Mater Sci: Mater Med (2009) 20:983-989

transmitted US parameters and contrast agent behaviour is
required [6], implying the need for reliable in vitro systems
capable of accurately reproducing acoustic properties and
anatomical configurations of human organs.

Tissue-mimicking phantoms have been widely reported
to be an important tool for development, optimisation and
performance testing of ultrasound-based diagnostic tech-
niques [7-14]. Some examples of commonly employed
tissue-mimicking materials are polyvinyl alcohol (PVA)
[15, 16], polyacrylamide (PAA) [17-19], gelatine [20, 21],
agar [22] and silicone [23].

In particular, it has been recently shown that different
kinds of hydrogels can be efficiently used for phantom
design [7-9]. In fact, hydrogels are hydrophilic cross-linked
polymers which are expanded in water and possess proper-
ties that make them attractive for biomedical applications:
they have low acoustic attenuation and their acoustic
impedance and speed of sound can be modulated to be very
close to biological tissue values, furthermore they generally
can be shaped into arbitrary solid structures [7].

However, modern applications of tissue-mimicking
phantoms often include characterisation of the nonlinear
behaviour of experimental US contrast agents, which
introduces in the scattered US signal specific harmonic
components that are then exploited to produce echographic
images in various harmonic modalities [24, 25]. In such
cases, there is in principle the possibility of confusing actual
contrast agent harmonics with those generated by nonlinear
distortion of ultrasound during its propagation (native har-
monics). Therefore, as it has been pointed out in a previous
paper [9], materials to be employed in the manufacturing of
tissue-mimicking phantoms should be chosen not only based
on the values of their density, speed of sound and attenuation
coefficient, but also considering their effect on the appear-
ance of native harmonics during ultrasound propagation
through them. In our previous work [9] we demonstrated that
a cellulose-based hydrogel is a very suitable candidate to
simulate linear and nonlinear US propagation in liver tissue
for penetration depths up to 8 cm.

In this paper we present the experimental characterisa-
tion of the nonlinear acoustical behaviour of a different
polyethylene glycol diacrylate (PEGDA)-based hydrogel,
in order to assess, through direct comparison with mea-
surements performed on both the cellulose-based hydrogel
and the reference biological tissue, whether the acrylic
PEGDA-based hydrogel can improve the performances of
the cellulose-based hydrogel as liver tissue-mimicking
material, regarding the accuracy in nonlinear behaviour
simulation, the effectively employable material thickness
and the duration of the correspondingly manufactured
phantom. The final goal of these research studies is the
achievement of a fully characterised experimental model
for in vitro simulation of liver tissue acoustical behaviour.
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2 Materials and methods
2.1 PEGDA-based hydrogel

PEGDA (purchased from Sigma-Aldrich, Milano, Italy) is
a bifunctional molecule (molecular weight 700) that can be
polymerised by means of free radicals deriving from the
decomposition of appropriate photoinitiators. PEGDA-
based hydrogel samples were obtained starting from a
water solution of polymer and photoinitiator (Darocur
1173©, Ciba Specialty Chemicals, Milano, Italy). This
solution was prepared by first dissolving the photoinitiator
in PEGDA by gently stirring at room temperature until a
homogeneous mixture was obtained (photoinitiator con-
centration was 2% w/v polymer), then distilled water was
slowly added up to reach 15% w/v of polymer in water.
The crosslinking reaction started when the samples were
placed under an UV lamp (340 nm).

A preliminary acoustical characterisation of this
hydrogel was presented in a recent paper by our research
group [8], showing in particular that the synthesized
hydrogel has values of speed of sound and acoustic
impedance very close to those reported in literature for
liver tissue [26].

2.2 Cellulose-based hydrogel and pig liver

A cellulose-based hydrogel [9] was synthesized by cross-
linking water solutions of carboxymethylcellulose sodium
salt (CMCNa) and hydroxyethilcellulose (HEC), using di-
vinylsulfone (DVS) as a crosslinking agent. After the
mixing stage, an alkaline water solution of potassium
hydroxide (KOH) was added as a catalyst and hydrogel
formation occurred at room temperature after 12—14 h.

In this case, the total polymer weight fraction in the
solution was 2%, with a fixed CMCNa/HEC weight ratio of
1.5/1, because we demonstrated [8] that this value assures
the achievement of a hydrogel with acoustic impedance
and attenuation coefficient very close to those of the ref-
erence liver tissue.

Pig liver was selected as the reference tissue for its
properties very similar to human liver [27]. The samples to
investigate were excised a few minutes before measure-
ments, immediately after slaughter, and kept at room
temperature. These tissue samples were used to compare
their harmonic behaviour with the corresponding ones of
the synthesized hydrogels.

2.3 Experimental setup and measurement procedure
A scheme of the adopted experimental apparatus [9] is

reported in Fig. 1 and its essential features are summarised
herein.
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Fig. 1 Scheme of the experimental setup. Signals generated by the
function generator were first amplified in the RF amplifier and then
supplied to the emitting transducer; signals transmitted through the
sample reached the receiving transducer, connected to the personal
computer that digitized and stored the received signals. Function
generator trigger and data transfer were controlled by a virtual
instrument realised with LabView™ (National Instruments Corpora-
tion, Austin, TX)

A programmable function generator (TG1010A, Thur-
Iby Thandar Instruments Ltd., Huntingdon, U.K.) provided
the generation of 2.25-MHz 10-cycle pulses with a pulse
repetition frequency (PRF) of 10 Hz. These signals were
first amplified in a radiofrequency (RF) power amplifier
(FLL-75, Frankonia MV-Mess-Systeme GmbH, Heideck,
Germany) and then supplied to a 2.25-MHz US transducer
(V306, Panametrics, Olympus NDT, Waltam, MA). Sig-
nals transmitted through the samples were received by a
3.5-MHz US transducer (V382, Panametrics, Olympus
NDT, Waltam, MA), that was connected to a computer via
a data-acquisition board (PCI-5122, National Instruments
Corporation, Austin, TX) used to digitize (100 MHz, 14
bits) the signals, that were then stored in the computer hard
disk for off-line analysis. The function generator and the
data transfer were controlled by a virtual instrument rea-
lised with LabView™ (National Instruments Corporation,
Austin, TX). The same software was also employed to
implement the needed algorithms for off-line data analysis.

These measurements were carried out to compare the
onset of native harmonics in the PEGDA-based hydrogel
with the corresponding in pig liver and cellulose-based
hydrogel for different mechanical index (MI) values and
sample thicknesses, aiming to find the best liver tissue
mimicking material for each couple of chosen parameter
values. MI is related to the acoustic pressure according to
the equation MI = Pa/f'”*>, where Pa represents the abso-
lute value of negative acoustic pressure peak measured in
the matter and f is the ultrasound frequency. (Further
details on MI and its measurement are available in our
previous paper [9]).

In particular, we focused on the appearance of second
harmonic, that was evaluated through the computation of

the difference (H2—HT1), expressed in decibels, where H1
and H2 represent respectively first harmonic and second
harmonic amplitude extracted from the received signal
spectra.

For each of the three tested materials (pig liver tissue,
cellulose-based hydrogel and PEGDA-based hydrogel), we
insonified samples of seven different thicknesses (range
5-11 cm) employing six different MI values (range
0.1-0.6), so a total of 42 combinations of tissue thickness
and incident ultrasound amplitude were investigated.

The digitized signals were processed using a Lab-
View™ custom designed software tool, that performed the
correction of the acquired signal spectra to take into
account the receiver characteristics (spectral correction was
based on the broadband FFT spectrum of the probe [28])
and, from each corrected spectrum, calculated the quantity
(H2—H1). Obtained results were then averaged over
sequences of 30 signals, consecutively acquired in the same
conditions, and plotted both as a function of sample
thickness (i.e., penetration depth) and as a function of MI
value (i.e., ultrasound amplitude).

3 Results and discussion

Nonlinear propagation effects of diagnostic ultrasound
were investigated in pig liver tissue and in two different
hydrogels for tissue mimicking purposes: a cellulose-based
hydrogel recently demonstrated to be a very suitable can-
didate to simulate the nonlinear US propagation in liver
tissue for penetration depths up to 8 cm [9] and a new
PEGDA-based hydrogel that, to our knowledge, had been
never used for in vitro simulation of biological tissue
behaviour.

In particular, we employed narrowband US pulses at the
frequency of 2.25 MHz and the nonlinear signal distortion
during propagation (i.e., the appearance of native har-
monics) was quantified by the difference (H2—HI1),
computed on the received signal spectra. Effects of inci-
dent ultrasound amplitude and penetration depth were
separately assessed by insonifying samples of variable
thickness (5—-11 cm) with different MI values (0.1-0.6).

Figure 2a shows the obtained plots of (H2—H1) against
distance for the three tested materials in the case of
MI = 0.1. Each sample shows a nonlinear behaviour
confirming what was described in [9]: native harmonic
generation initially increases with penetration depth until
its maximum, after which it shows a drop, reasonably due
to the appearance of higher harmonics. In this specific case,
all the reported curves reach their peak in correspondence
of a sample thickness of 9 cm, but their shapes are quite
different, producing the visible consequence that liver
behaviour is better approximated by the cellulose-based
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Fig. 2 Plot of measured (H2—H1) values for liver, cellulose-based
hydrogel and acrylic (PEGDA-based) hydrogel against sample
thickness (10-cycle pulses; 2.25-MHz US frequency; PRF = 10 Hz):
a MI = 0.1, b MI = 0.6. Liver behaviour is better approximated by
the cellulose-based hydrogel for penetration depths lower than 8 cm,
while for the thicker samples the acrylic hydrogel becomes the most
suitable choice, independently of the employed MI

hydrogel for penetration depths lower than 8 cm, while for
thicker samples the acrylic hydrogel becomes the best in
mimicking nonlinear ultrasound distortion in the reference
biological tissue.

This is due to the fact that, for each material, the shape
of the corresponding reported curve is mainly governed by
two factors: internal microstructure and attenuation coef-
ficient. Material microstructure is directly responsible for
US signal distortion during propagation, which results in
appearance of harmonic components at higher frequencies.
These harmonics are then attenuated more rapidly than the
fundamental component at the transmitted frequency,
because the attenuation coefficient always increases with
frequency [29]. Therefore, for each penetration depth, the
difference (H2—H1) is the result of a complex balance
between the amount of second harmonic generated by
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nonlinear signal distortion (depending on material micro-
structure) and the quantity of fundamental component and
second harmonic component that have been attenuated at
the considered depth (both determined by attenuation
coefficient). Moreover, when signal distortion reaches a
certain level, further nonlinearity introduction does not
augment anymore the second harmonic intensity, but cau-
ses the appearance of higher order harmonics. Hence, from
this point on, second harmonic production is no more
increased while it continues to be attenuated, so explaining
the drop of (H2—H1) showed by each curve after the peak.

In order to summarise the discussed concepts, for each
curve reported in Fig. 2a, we can say that in the “low-
depth” part the second harmonic generation due to pro-
gressive signal distortion compensates for simultaneous
attenuation, resulting in an increasing value of (H2—HI),
while after the peak second harmonic production is taken
over by attenuation phenomena and generation of higher
harmonics, giving the decreasing trend observed in the final
part of the curves.

Taking into account these considerations, the specific
trends showed in Fig. 2a by all the studied materials can be
explained in the following way. Considering liver tissue
and cellulose-based hydrogel, we know [8] that their
attenuation coefficients are very similar, but the hydrogel
microstructure is probably more distorting, so resulting in
two curves that are very close for the lower penetration
depths, but then progressively move away from each other
as a consequence of different microstructures. On the other
hand, acrylic hydrogel has a more distorting internal
structure (in fact low sample thicknesses cause higher
harmonic generation with respect to the other materials),
but the attenuation coefficient is also slightly higher,
resulting in a smaller slope of the growing tract of the
curve. This is emphasised also by the marked drop
observed in the last part, where the effect of attenuation
overtakes second harmonic production.

The discussed behaviour was confirmed for all the
employed MI values. As an example, the curves obtained
with MI = 0.6 are reported in Fig. 2b.

The results obtained when using 8-cm thick samples
require further comments. In fact, in correspondence of this
specific penetration depth, in Fig. 2a (MI = 0.1) acrylic
hydrogel curve is the closest to the liver one, but in Fig. 2b
(MI = 0.6) cellulose-based hydrogel is the best simulator
of liver behaviour at same depth. In order to clarify this, we
plotted in Fig. 3 the values of (H2—H1) measured on the 8-
cm thick samples as a function of MI. From the reported
curves it is evident that cellulose-based hydrogel is the best
in simulating nonlinear US distortion in liver for the con-
sidered penetration depth. In fact, for five out of six tested
MI, the value of (H2—H1) measured in the cellulose-based
hydrogel is clearly closer to the liver one than the
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Fig. 3 Plot of measured (H2—H1) values for liver, cellulose-based
hydrogel and acrylic (PEGDA-based) hydrogel against MI value (8-
cm sample thickness; 10-cycle pulses; 2.25-MHz US frequency;
PRF = 10 Hz). The behaviours of the two hydrogels are almost
equivalent at MI = 0.1, but for higher acoustic pressures the
cellulose-based hydrogel is definitely better than the acrylic one in
mimicking ultrasound propagation in liver tissue

corresponding measured in the acrylic hydrogel. The only
exception is represented by the points referring to
MI = 0.1, but in this case, given the low signal amplitude,
the measurements are intrinsically more affected by the
noise and the values of the two hydrogels are also very
close to each other. Therefore, we can conclude that the
behaviours of the two hydrogels for 8-cm penetration depth
are equivalent at MI = 0.1, but for higher ultrasound
intensities cellulose-based hydrogel is better than the
acrylic one in mimicking nonlinear US distortion in liver
tissue, and this is clearly visible already for MI = 0.2, as
additionally proved by the curves plotted in Fig. 4
(MI = 0.2, variable sample thickness).

These findings represent a further confirmation of the
results we published in our previous work [9], in which we
stated that cellulose-based hydrogel is a very suitable can-
didate to in vitro simulate the nonlinear ultrasound
propagation in liver tissue for penetration depths up to 8 cm.

Moreover, the results of present study further extend the
range of liver tissue modelling of thicknesses whose non-
linear acoustical behaviour can be effectively simulated
through the employment of tissue-mimicking hydrogels. In
fact, besides the confirmed effectiveness of our cellulose-
based hydrogel for penetration depths up to 8 cm, we
showed how the use of a specific PEGDA-based hydrogel
is capable of successfully reproducing native harmonic
generation in liver tissue for penetration depths in the range
8-11 cm.

In order to provide an additional visual evidence of our
findings, we reported in Fig. 5a the curves of nonlinear
signal distortion for the three tested materials as a function
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Fig. 4 Plot of measured (H2—H1) values for liver, cellulose-based
hydrogel and acrylic (PEGDA-based) hydrogel against sample
thickness (MI = 0.2; 10-cycle pulses; 2.25-MHz US frequency;
PRF = 10 Hz). Reported curves further confirm that the cellulose-
based hydrogel is the most suitable candidate to simulate nonlinear
behaviour of liver tissue for penetration depths up to 8 cm

of MI for the 6-cm sample thickness, while in Fig. 5b we
plotted the corresponding curves obtained for the 10-cm
sample thickness. In the first case (Fig. 5a), the chosen
penetration depth belongs to the range in which the cellu-
lose-based hydrogel is the best choice, and in fact its curve
is almost coincident with that of liver tissue while the
corresponding values measured in PEGDA-based hydrogel
are always higher. In the second case (Fig. 5b), the situa-
tion is inverted: 10-cm penetration depth is one of the
typical values for which the employment of the acrylic
hydrogel is the most suitable choice, and this is again
proved by the substantial superimposition of the corre-
sponding curve to the liver one, while the curve of
cellulose-based hydrogel always presents higher values.

The discussed results represent an extension of previ-
ously known experimental models of liver tissue acoustical
behaviour and they have also important implications for the
practical employment of hydrogels in the manufacturing of
tissue-mimicking phantoms. In fact, both the synthetic
materials we tested can be cast into arbitrary shapes and are
suitable to produce tissue-mimicking phantoms (in the case
of acrylic hydrogel it is further required the use of a mould
which is transparent to UV rays, to allow the crosslinking
reaction), but the duration of the obtained products is sig-
nificantly different: a phantom containing the cellulose-
based hydrogel requires to be stored in a closed box in
refrigerator, assuring high moisture, and it can then be used
for 4 weeks [8], while a phantom based on the acrylic
hydrogel can be used for more than 1 year, provided that it
is stored in a water bath inside a refrigerator.

Currently, we are already working to further extend the
potential and practical usefulness of this kind of tissue-
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Fig. 5 Plot of measured (H2—HT1) values for liver, cellulose-based
hydrogel and acrylic (PEGDA-based) hydrogel against MI value (10-
cycle pulses; 2.25-MHz US frequency; PRF = 10 Hz): a 6-cm
sample thickness, b 10-cm sample thickness. In the case of 6-cm
penetration depth, the cellulose-based hydrogel is clearly the best
choice to simulate liver behaviour, while for a 10-cm depth the
situation is inverted and the acrylic hydrogel is better

mimicking phantoms. In particular, we recently published
[8] the experimental results of a first employment of these
hydrogels in the manufacturing of a liver-mimicking
phantom for in vitro characterisation of experimental
ultrasound contrast agents. In the cited paper we presented
an innovative experimental setup in which one of our
phantoms was inserted in a fluidodinamic circuit allowing
contrast agent studies in different flow conditions (in that
specific case modifiable by acting on a peristaltic pump).
Ongoing work includes the simulation of pathological
events in our artificial tissues, achievable, for example, by
realising a mass of a given shape employing a different
hydrogel, characterised to have mechanical and acoustic
properties close to those of a specific tumour. This sepa-
rately manufactured mass will be included in the hydrogel
before crosslinking reaction takes place, in order to stay
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“trapped” in a pre-determined position in the final phan-
tom. The same technique could be also employed to
simulate different tissue structures of an healthy organ. In
principle, the same result could be also obtained by simply
varying the concentration of the zonal reagents.

A further step will be represented by the employment of a
three-dimensional stereolithographic technique on PEGDA-
based hydrogels, in order to obtain more accurate geometric
reproductions of anatomical structures and more complex
and realistic flow conditions, both normal and pathological.
Among the possible future uses of such realistic phantoms,
we can mention the efficacy test of innovative image pro-
cessing algorithms, dedicated, for example, to non-invasive
tumour characterisation or to automatic segmentation of
complex vessel structures for accurate surgery planning.

4 Conclusions

This study investigated nonlinear propagation effects of
diagnostic ultrasound in pig liver tissue and in two different
hydrogels for tissue mimicking purposes: a cellulose-based
hydrogel and an acrylic PEGDA-based hydrogel. The for-
mer had been recently demonstrated to be very suitable to
simulate the nonlinear ultrasound propagation in liver tis-
sue for penetration depths up to 8 cm, and so it was used as
a comparison term to assess the potential of the latter for
improving the performances of currently available liver
tissue-mimicking phantoms. The onset of native harmonics
in all the materials was studied independently as a function
of the incident MI and of the penetration depth.

Presented results provided a further confirmation of the
actual effectiveness of the cellulose-based hydrogel to
precisely simulate the liver tissue acoustical behaviour for
penetration depths up to 8 cm, but it was also showed how
the acrylic hydrogel employment can extend the range of
useful tissue-mimicking material thicknesses up to 11 cm.
In this way researchers are allowed to in vitro reproduce
the conditions of deeper liver vessels, without loosing
accuracy in the laboratory recreation of the specific local
environment. Therefore, the combination of the two
hydrogels we synthesized and characterised constitutes a
new experimental model of liver tissue acoustical behav-
iour, through which it is possible the accurate simulation of
linear and nonlinear acoustic response of this biological
tissue on a wide range of depths.

Furthermore, the employment of the PEGDA-based
hydrogel for tissue-mimicking purposes will considerably
lengthen the duration of the corresponding manufactured
phantoms from a few weeks (achievable with cellulose-
based hydrogel) to more than 1 year, so facilitating the
repetition of experimental studies with reliable boundary
conditions.
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Finally, a reasonable future perspective of this research
field is the employment of a three-dimensional stereoli-
thographic technique on PEGDA-based hydrogels, that will
ensure a marked increase in geometric accuracy of the
obtained phantoms thanks to shape reproduction very close
to the real human liver, exploiting the information avail-
able from clinical studies of the liver with high resolution
imaging techniques.
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