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Abstract

Pathological changes of the body tissues have been observed to change the mechanical prop-
erties of biological tissue types. Ultrasound Elastography is a technique to image the me-
chanical properties of tissues. Though initial clinical results using Ultrasound Elastography
imaging in detection of cancer lesions is promising, quantification of signal to noise ratio,
resolution and strain image patterns are still researched and best achieved under a controlled
study using tissue mimicking phantoms. Tissue mimicking phantoms should resemble hu-
man soft tissues in terms of its biomechanical properties for normal and abnormal categories.
It is quite challenging to reproduce these properties in phantoms. The purpose of this work
is to characterize the biomechanical properties of agar based tissue mimicking phantoms
and identify the optimum property to be used in classification of cancerous tissues. We de-
veloped agar based tissue mimicking phantoms in which mechanical properties were varied
by changing agar concentration from 1.7 % to 6.6 % by weight. We performed quasi static
uniaxial compression test under a strain rate of 0.5 mm / min upto 15 % strain and found
out the linear elastic modulus of phantom samples. The observed values are from 50 kPa
to 450 kPa which is the similar range as usually encountered in soft biological materials.
Phantoms show nonlinear stress strain characteristics at finite strain which were charac-
terized using hyperelastic parameters by fitting Neo-Hookean, Mooney Rivlin, Ogden and
Veronda Westmann models to the stress strain data. We also examined the nonlinearity of
stress strain curve by computing stress differences at various strain levels to differentiate

various stiffness inclusions. We also investigated viscoelastic parameters of the samples by
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conducting Oscillatory Shear Rheometry at various precompression levels (2 - 5%). Loss
modulus values are always less than storage modulus which represents the behavior of soft
tissues. The increase in agar concentration increases the shear modulus of the samples as
well as decreases the linear viscoelastic region. Results are dependent on precompression
levels and they suggest that dynamic shear modulus values are more promising than lin-
ear and nonlinear elastic modulus in differentiation of various classes of abnormal tissue in
Ultrasound Elastography.

Keywords: tissue mimicking phantoms, Agar, stiffness imaging, elastic, viscoelastic,

hyperelastic

1. Introduction

In clinical examinations of breast and prostate, clinicians use palpation to detect ab-
normalities in tissue. Invasive Ductal Carcinomas (a malignant breast cancer) and prostate
cancer tissues are stiffer than normal breast and prostate tissues [1]. In general, changes in
tissue stiffness are highly correlated with pathological changes [2]. Over the last 20 years,
stiffness imaging techniques have been developed to assess the stiffness properties of tissues
in vivo. These methods basically involve applying a mechanical excitation to tissues of inter-
est and measuring tissue deformation. Stiff tissues show less deformation than softer tissues
under compression or shear. Thus by estimating tissue deformation induced by compression
or shear, tissue strain information can be obtained. The measured deformation can be dis-
played directly as an image or strain is computed and displayed as a grey scale map known
as Elastogram [3]. Ultrasound Elastography is one such stiffness imaging technique where
the compression is given by probe and tissue deformation is imaged using ultrasound pulses.
Based on the tissue strain to be analyzed, Elastography could be further grouped into two
major categories namely conventional linear Elastography and nonlinear Elastography [4].

In conventional Elastography, tissue is stimulated by applying very low frequency exci-

tation (quasi static compression). Due to this reason, it is assumed to exhibit linear elastic
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behavior and using Hooke’s law, tissue elastic behavior is characterized with only one param-
eter i.e Young’s Modulus. In isotropic materials, the ratio of longitudinal deformation which
is in the direction of applied load (strain) in response to an applied longitudinal force (stress)
is known as Young’s modulus (E) of elasticity. The shear modulus (G) relates transverse
strain to transverse stress and bulk modulus (K) describes change in volume of a material
to external stress. Poisson’s ratio is the ratio of transverse strain to longitudinal strain.
These parameters are interrelated so that the knowledge of any two allows the estimation
of other two. On the other hand, most of the tissues like breast and liver, even for a very
small compression (less than 10%), they deform significantly. Cancer tissue is not only much
(2 to 10 times) stiffer than fat and normal glandular tissues but also displays much more
nonlinear increase in stiffness [1]. While normal tissues and cancerous tissues have similar
elastic moduli at small strain (less than 10%), their moduli at larger strain (above 10%) dif-
fer by two to three order of magnitudes. Thus while it might not be possible to distinguish
malignant tumors from benign lesions at small strain alone, it may be possible to do this by
considering data at larger strain. Over a wide deformation range, Young’s Modulus can not
be assumed as a constant and may not be sufficient to represent the behavior of tissues. This
emphasizes on nonlinear parameters extraction from hyperelastic characterization of tissues,
which becomes a vital feature in classifying malignant from benign masses. In addition to
that, large deformation could increase the operating strain range (15 - 30%) which further
contributes to increased signal to noise ratio [4].

Only few works are being reported in nonlinear stress strain characterization of tissues.
Skovoroda [2] recognized the importance of nonlinear imaging and they evaluated nonlinear
properties of tissues with the assumption of homogeneous material properties. Preliminary
work on the measurement of hyperelastic parameters and fitting the models to experimental
data were available in [4, 5, 6]. Samani et al. [4] modeled the stress strain response using
a nonlinear hyperelastic constitutive relation of breast tissues in the form of a polynomial
strain energy function. Oberai et al. [7] applied a nonlinear hyperelastic model of breast
tissue in vivo to estimate nonlinear metrics describing the tissue behavior. In reality, a

soft tissue at larger strain may become stiff and might be seen as cancerous tissue by the
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radiologist. Hence understanding the nonlinear parameters of both normal and abnormal
tissues become necessary but it is practically impossible to characterize the hyperelastic
properties of normal tissues in vitro. In vivo characterization also needs certain calibration
to ensure the repeatability. This leads to nonlinear stress strain characterization of tissue
mimicking phantoms which are essential to study the nonlinear strain patterns of tissue.
Pavan et al. [8] characterized nonlinear properties of oil in gelatin agar phantoms where the
contribution of agar in the phantom is small (0.58% to 2.81%).

Many ailments of the body have been observed to change the elastic properties and also
viscous behavior [9, 10] of biological soft tissues. One challenge is to reproduce viscoelastic
behavior in phantoms as observed in biological tissues. Mechanical response depends on
the physiological and cellular micro environmental process [10] of a specific patient. These
changes can be detected by imaging viscoelastic features in combination with elastic features.
Most of the biological tissues exhibit a time dependent stress strain behavior that is the
characteristics of viscoelastic materials [11]. A series of rheological test on pig kidney have
been performed to characterize its viscoelastic behavior of stress strain curves [12].

Recently many elastography related imaging techniques use dynamic shear modulus as
the parameter for differentiating normal and cancerous lesions. Acoustic Radiation Force
Impulse Imaging [13, 14, 15] uses acoustic radiation force to generate images of the me-
chanical properties of soft tissues. The estimation of dynamic shear modulus is based on
the measurements of speed of shear waves. The literature available on the measurement of
dynamic shear modulus is limited. The mechanical behavior of breast and prostate tissue
samples under dynamic compressive loading have been investigated in [1]. The imaging of
viscoelastic properties of gelatin hydrogels and breast tissues were attempted in [10]. The
measurement of viscoelastic properties of polyvinyl alcohol phantoms using diffusion wave
spectroscopy was presented in [16]. Previous studies on agar based phantoms were reported
in [17] in which viscoelastic properties at higher frequency range (25-100 Hz) and nanome-
ter displacement were presented. However, in Ultrasound Elastography, radiologist gives
slight compression (less than 5%) by pressing the transducer probe. In addition to that,

displacement is estimated by ultrasound time delay estimation methods where displacement
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in millimeter range is easily traceable and preferable than nanometer.

Our work attempts to characterize linear elastic, viscoelastic and hyperelastic parameters
of agar based phantoms which could be useful in stiffness investigating methods irrespective
of their operating region either linear, nonlinear or viscoelastic. The focus of this work is to

investigate the biomechanical properties of agar samples. The objectives are three fold.

e To investigate the linear elastic properties of tissues, linear stress strain characteris-
tics of agar samples are studied by measuring the small strain (less than 4%) elastic
properties of phantom samples. In this part of the work, phantom is assumed to ex-
hibit linear elastic behavior. Using Hooke’s law, elastic behavior of phantoms can be

characterized by its Young’s modulus.

e To measure the nonlinear characteristics of phantom material which provides insight
into tissue stress strain curve nonlinearities. Here, common hyperelastic models namely
Neo-Hookean, Mooney Rivlin [18, 19], Ogden [20] and Veronda Westmann [21] models
are fitted from which the hyperelastic parameters are extracted which could be imaged

using nonlinear Elastography.

e To study the viscoelastic behavior of phantom samples by subjecting the samples to

sinusoidally varying shear strains.

Here we report biomechanical properties of agar based samples for wide range of agar con-
centration from 1.7% to 6.6%. In addition to hyperelastic modeling, we propose a method
to extract stress difference at two different strain levels which is used to characterize the
nonlinearity in stress strain curve. This study could lead to a better understanding of
biomechanical properties of human tissues and selection of optimum mechanical properties
of both normal and cancerous tissues to do clinical diagnosis with great confidence. A com-
plete database which provides biomechanical properties of normal and cancerous tissues is
the need of the hour.

The paper is structured as follows: In Section 2, we present phantom preparation proce-
dure, the details about the instrument and experiment protocols followed. In Section 3 we
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present biomechanical characterization of phantoms. We also compare the parameters with
values published in previous literature for human tissues. Finally we present elastogram

images which we obtained for heterogeneous phantoms with embedded inclusions.

2. Materials and Methods

2.1. Preparation of tissue mimicking phantoms

Agar is a common tissue mimicking material which is utilized in medical imaging. It is a
gel formed by polysachramide. The main focus of this paper is preparing and characterizing
phantoms for Ultrasound Elastography Imaging (UEI). We chose agar as the base of our
phantoms due its near linear response of attenuation to ultrasound frequency (f1°) [22].
Agar phantoms can be stored in distilled water for longer duration (more than 3 months)
without variation of their acoustic and mechanical properties (within a tolerance 1-2%) due
to water loss [23].

The components of phantom sample are agar, N-propanol and deionized water. N-
propanol was added to get the speed of sound in phantoms to be matched with human
tissue (1540m/s). Samples were made by varying concentration of agar from 2g to 12g in
100 ml of water [24]. Sample above 8g was too stiff to be tested due to the brittle nature
of agar at higher concentration. Hence we restricted our study on samples from 2g to 8g
agar (1.7% to 6.6% w/w). Ingredients in the required proportions were mixed and stirred
at room temperature until they were completely dissolved in deionized water. The mixture
was heated in microwave oven upto 90°C, since the boiling point of agar is 85°C. When
the solution reached boiling point, it was removed from oven and allowed to cool at room
temperature while being stirred at 1000 rpm using a magnetic stirrer. When the temperature
of the solution reached 50 °C, it was poured into a cylindrical perspex mould. The solution
in mould was allowed to settle down at room temperature for at least 12 hours. Then the
sample was unmoulded and stored in a fridge to avoid dehydration. The sample was taken
out from the fridge and allowed to reach room temperature before doing any measurement.

Two types of phantom samples were prepared for measurements (Fig. 1). The samples



included in compression test were cylindrical in shape with 38 mm diameter and 70 mm
height. For rheological measurements, the sample was like a disc and having diameter 25

mm and thickness 1-2 mm.

2.2. Quasi static compression test

The elastic properties of the agar samples were tested by computer controlled electro
mechanical Universal Testing Machine (UTM) (Jinan TE, china). The 50KN machine is
equipped with an extensometer with 50 mm gauge length. Load cell measures test load and
deformation of the specimen is measured by elastometer. Samples were made such that, its
height is less than twice of its diameter to avoid buckling effect. Quasi static compression
test was performed under displacement controlled mode (close loop). The load was applied
under a strain rate of 0.5 mm/ min up to a maximum of 15% strain and then it was unloaded
in the similar way. Typically all samples were preconditioned for 5 seconds and preloaded to
1% of strain (0.7mm). Compression above 15% of strain was tried which leads to breakdown
of the samples due to brittle nature of agar. Measurements were made for five sets of each
category of samples at three different times. It is shown that mechanical parameters tend
to increase during gelation [25], so all tests on samples were performed after 12 hours of

storage.

2.8. Elastic characterization

Young’s modulus is caleulated from the slope of the linear portion of the loading curve
using least square fit. The formula is

-7 )
where E' is Young’s modulus (kPa), F' is force applied to the object (N), A is the original
cross section area through which force is applied (m?), 6l is change in length(m), [ is the
original length of the sample (m). Measurements were done for all sets of samples and
repeatability was ensured.

Polymers like agar and polyacrylamide as well as tissue samples are nonlinearly elastic

in nature [8] and the nonlinear behavior is represented by a hyperelastic model. A material
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is said to be hyperelastic if there exists a strain energy density function W that is a scalar
function of one of the strain (deformation tensors), whose derivative with respect to a strain
component determines the corresponding stress component. Assume a reference position
vector X; and a current position vector, x;, the two are related by the displacement vector

u;, such that

In differential form,
Ox;
j

where Fj; is deformation gradient tensor. The right Cauchy-Green tensor is obtained from

deformation gradient such that

Given the principal stretches at any deformation state of a material point as Aj, Ay, A3 and

the strain invariants are defined as

I =trace(C) = X} + A5+ \; (5)
I = %[(tmce(C))Q — trace(C?)] = A2 + A2A2 4 22 (6)
Is = det(C) = MNA\; (7)

For incompressible material, under uniaxial study,

)\1:)\;)\2:)\3:

S

where A, stretch ratio is defined as
A= (L+6L)/L (9)

in which L is the sample length at zero percent strain. The second Piola-Kirchhoff stress

tensor S is given as

oW 26W

~O0E T oC
8

S (10)



where E is the Green-Lagrange strain tensor. The Cauchy stress o can be represented by E
and F which can be be written in terms of A and W. For further understanding of equations
readers are referred to [26]. The stress equation in terms of stretch is further used for fitting
the experimental curve and for identifying the model parameters.

Selection of such a strain energy density function is unlimited and arbitrary. Erkamp
et al. used Mooney Rivlin model to extract hyperelastic parameters of agar and gelatin
phantoms for one set of stiffness sample [27]. Veronda Westmann model was used in biolog-
ical nonlinear modulus constructions by Oberai et al.[7]. In this part of work, we present
some of the well established and frequently employed hyperelastic models. Neo-Hookean,
Mooney Rivilin, Veronda Westmann and Ogden models were fitted to stress strain data of
four different stiffness phantoms to characterize the nonlinearity. The model parameters are
reported and compared.

Neo-Hookean (NH) is the simplest hyperelastic model which is the reduced version of

Mooney Rivlin model. The strain energy density is given by the following equation.
W:Cu)(]l —3) (1].)

where (' is the material constant which is related to shear modulus. For isotropic and
incompressible materials, using uniaxial data the stress and stretch are related by Neo-

Hookean model which is
0O = 2010(/\2 - /\71) (12)

Small strain shear modulus p is given by 2C1,.
Mooney Rivlin [18, 19] is the material model to represent incompressible, isotropic and
elastic materials. The strain energy density function for an incompressible Mooney Rivlin

two parameter model is
W - CIO(II - 3) + C()l(lg - 3) (13)

where (¢ and Cy; are material constants for a 2 parameter model which are determined

empirically. For consistency with linear elasticity, in the limit of small strain (less than 4%),
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it is necessary that
on = 2(010 + 001) (14)

where g is the shear modulus. Once this function is determined i.e., Cy; and Cyy have
been fit from the appropriate data, the hyperelastic material model is defined. The stress

equation for two parameter Mooney Rivlin material [18, 19] can be formulated as
o =200\ — A72) +2C5 (1 — A 7%) (15)

Veronda Westmann (VW) model [21] is similar to Mooney-Rivlin model which also uses
an uncoupled deviatoric dilatational strain energy. The dilatational term is identical to the
one used in Mooney-Rivlin model. VW model can be used to describe certain types of
biological materials that display exponential stiffening with increasing strain. It has been
used to describe the response of skin tissue [21]. Most of the cancer tissues are stiffer
than the normal tissue and the stiffness varies nonlinearly. Veronda Westmann model was
popularly used to model the nonlinear behavior of breast tissues [7]. VW model involves
two material parameters and they are shear modulus of the material at zero strain, denoted
by po and the nonlinear parameter ~, which denotes the nonlinearity of the material. u
determines the slope of the stress strain curve similar to Young’s modulus and ~ determines
the rate at which the curve departs from linear behavior. The prepared phantoms have good
agreement with breast tissues in linear elasticity regime [1]. In order to test the feasibility
of the phantoms as a substitute for breast tissue in hyperelasticity region, in this work VW
model was fitted to stress strain characteristics of the prepared phantom samples. Strain
energy density W is given as

67(1173)71 _[2 — 3
2

W = po( ) (16)

The stress and strain are related by the following equation in Veronda Westmann model.
o = 2NN AT 2%@(”—2*1—3) + O on (17)
A

Ogden model [20] which is popularly used to fit isotropic biological tissue was also fitted

for the stress strain curve of the prepared samples. Ogden strain energy function is written
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in terms of principal stretches instead of the invariants. Ogden form can be reduced into
Neo-Hookean and Mooney-Rivlin by choosing particular values for o and N. Ogden form of

strain density function W is given by
= H
W = T AT+ AT -3 18
; AT AT - 3) (18)

where N=1,2,3... and p, and «, are constants. The initial shear modulus is given as
N

2u = > pron.. For incompressible, isotropic material under uniaxial study, the Cauchy
r=1

stress for Ogden model N=1 is
o= mA =272 (19)

The large displacement data from uniaxial compression test was given as input to curve
fitting algorithms. Hyperelastic model parameters were estimated by fitting the model
equations (12,15,17 and 19) to the experimental stress strain data using nonlinear least
squares with Levenberg Marquart algorithm in Matlab. Since ANSYS curve fitting toolbox
has built in tool to characterize the parameters for Neo-Hookean, Mooney Rivlin and Ogden

models, results were also verified by fitting the models to data using ANSYS.

2.4. Viscoelastic characterization

The viscoelastic behavior of biological tissues can be measured by applying a periodic
compressive or shear displacement to a cylindrical sample of uniform thickness and cross
sectional area and measuring the force response [11, 28]. If the viscoelastic behavior is linear,
the strain will also alternate sinusoidally but will be out of phase with stress. The complex

shear modulus is given by
G =G +1iG" (20)

The real part of the complex modulus (G’) is known as storage modulus, as it is an indicator
of the materials ability to store energy. The imaginary part (G”) is known as the loss

modulus, related to the amount of energy lost through viscous process.
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In this part of viscoelasticity measurement, two different types of dynamic tests oper-
ating in frequency domain were performed using rheometer set up (Model Physica MCR
301, Anton-Paar Germany). The sample was placed on the sample base and parallel plate
geometry (PP25) was used for the measurement so as to ensure uniform loading and prevent

sample buckling. The experiment protocol is as follows.

Amplitude Sweep Oscillatory Test. Using a strain controlled rheometer, the samples were
subjected to a sinusoidal deformation at a fixed frequency of 1 Hz. The strain amplitude
was increased from 0.01 % to 25 % large oscillatory deformation at a precompression level
of 2%, 3%, 5% and 10% applied on samples after preconditioning for 5 seconds. Amplitude
sweep test was conducted to find out linear viscoelastic region (LVER) of the samples which
explains about the sample behavior for various application of strain. From the result, stress
or strain within the LVER is selected and incorporated into linear Elastogram application.
Cancer exhibits greater nonlinearity i.e. the change in elastic modulus with strain is greater
than the change observed in normal tissues. Moreover elastic modulus of tissue is not
constant and depends on precompression applied. To investigate this, storage modulus

values for various applied strain at different precompression level is analyzed.

Frequency sweep. Using rheometer, the storage and loss modulus G’ and G” were obtained
as a function of frequency. Frequency was increased from 0.1 Hz to b5Hz. The strain was
fixed at 3% strain for (2g and 4g) and 1% strain for 6g and 0.2% strain for 8g which are
within the linear viscoelastic region.

The rheometer head initially moved down towards the sample at a pre programmed user
defined velocity (1 pum/s) and reached the specified precompression level. The rheometer
set up also consists of normal force sensor capable of measuring the normal force i.e. the
range of 0.01 N to 50 N with a resolution of 0.002 N. The tip of the loading arm and
sample base were properly cleaned before placing the sample. Initial calibration was done
to attain zero gap. Sample was preconditioned at initial contact level for 5 seconds then
required precompression was given using normal force loading arm. Having completed all

these steps, shear oscillatory force was given as per the experiment protocol. Around 10-15
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samples were prepared from the same stock solution for each category of phantom. A fresh
sample was used for each experiment, in order to avoid any time history dependent effects

of viscoelasticity.

3. Results and Discussion

In order to perform Ultrasound Elastography imaging, the prepared samples do mimic
soft tissues in terms of acoustic and mechanical properties. The acoustic parameters such as
acoustic velocity, attenuation coefficient and acoustic impedance were measured using pulse

echo method at 5 MHz frequency [23] and they match with human tissue (Table 1).

Table 1: The mean and standard deviation values acoustic Properties of the prepared samples and human

tissue [29, 30].

Parameters Human 2g Agar 4g Agar 6g Agar 8g Agar
tissue sample sample sample sample
Sound speed 1540 1564 4+ 88 1581 £+ 26 1571 £ 12 1671 + 124
(ms™1)
Attenuation 0.7 0.8268 £+ 0.755 0.6915 £ 0.123 0.7802 £ 0.003 0.7121 +0.2313

(dbem=*MHz~1)
Acoustic Impedance | 1.63X10° | 1.66X10°4+0.165 | 1.76X10° +0.045 | 1.61X10% £0.127 | 1.71X10% 4 0.012
(kgm=2s~1)

3.1. Linear Elastic characterization

Uniaxial compression test was conducted and stress strain values were recorded. From
the recorded data, stress and strain relationship of the phantom under uniaxial loading was
plotted (Fig. 2) and Young’s modulus was calculated from the initial linear region (upto 4
% of strain ) of the curves using least square fit (Fig. 3). The total range of elastic moduli
achieved by varying the agar concentration from 2g to 8g is 50 kPa to 450 kPa which covers

the entire range of normal and abnormal tissue stiffness [11, 1].

3.2. Hyperelasticity characterization

If we consider the stress strain curve of agar sample (Fig. 4), it can be categorized into

two regions. One is linear elastic region (at the initial portion of the curve) and the second
13



one is hyperelastic region where the material exhibits more stress for a small increment in
strain. Nonlinear elastography is intended to operate in the second area of the stress strain
cure and it is hypothesized that the classification accuracy of different types of tumor could
be improved if we consider the nonlinear elastic parameters. To have a good understanding
of tissue nonlinearities, we are in need of a phantom which has similar characteristics as that
of tissues.

For the recorded data from uniaxial compression experiment, Neo-Hookean, Mooney
Rivlin, Veronda Westmann and Ogden models were fitted and the results are shown with
mean experimental stress strain data in Fig. 5 and the material parameters are shown in
Table 3. Shear modulus at zero strain was calculated as per the procedure explained in
section 2.3. From that, Young’s modulus at zero strain was calculated and it is comparable
to the calculated Young’s modulus of uniaxial test for small strain (less than 4%) (Table 3).

If we consider the result of Neo-Hookean model, the goodness of fit (R?) is comparatively
less than the other models. In the Mooney Rivlin model parameters, Cy; which relates
I, invariant is negative for all samples. If only one set of test data (uniaxial tension or
compression) is used to determine the coefficients, there is a possibility that either Cyy or
Co1 is negative [31]. This leads to instability of the model in predicting equi-biaxial tension
or compression test [31]. Since we consider uniaxial study of isotropic material, MR model
could be used for fitting the experimental curve of the prepared samples. The two parameters
1o and vy of Veronda Westmann model were calculated and listed in Table 3. We can notice
that when agar concentration increases, stiffness of the sample increases which is shown by
the increase in pp. However, nonlinearity parameter 7 shows almost constant trend which
might indicate that, an increase in agar concentration has no effect on nonlinearity in stress
strain curve. Similar kind of result was obtained by Pawan et al. [§].

Our study combines some of the popular and established hyperelastic models for char-
acterizing constitutive relations of agar based phantoms and reports the parameters. The
reported parameters could be used as inputs in finite element hyperelastic simulation of
phantoms and modeling of tissue. Commercial finite element software offer some of the

models as built in models. Users can select the model based on their requirement and the
14



reported data will serve as a input tool for the simulation of composite phantoms.

We tried to extract the nonlinearity of the stress strain curve using incremental differ-
ential Young’s modulus. Young’s modulus is constant only in linear stress strain region.
The studies reported that Young’s modulus becomes strain dependent parameter at higher
strain level, where tissue becomes stiff. Malignant masses become stiffer more rapidly than
benign masses while increasing the applied strain. Considering 2g agar sample as healthy
tissue and the other three samples are representations of cancerous tissue [1], we propose
a classification scheme (Fig. 6) by computing the stress difference offered by these samples
at two strain levels. The stress difference between the three samples to the 2g sample be-
comes more significant at higher strain (above 10 %). This behavior is more prominent for
high modulus contrast samples (in which modulus contrast of inclusion to the background
is greater than 10 dB), since they exhibit strong nonlinear stress strain behavior. This can
be used as a feature to differentiate benign which are low modulus contrast inclusions in
which modulus contrast of the inclusion to the background is less than 10 dB from malignant
lesions (high modulus contrast lesions) of human body tissue. If dog3 >> do13 represents
the malignant tissue and do9s > d012 and dog; > 0oy represent benign nature of tissue
where 00;;,-12, represents strain level and j=1,2,3 represents 4g, 6g and 8g phantoms with
respect to 2g respectively.

The samples used for mechanical testing was cylindrical in shape and they did not change
their volume during testing. However the incompressibility assumption of the prepared
samples was tested using ultrasound technique. The longitudinal wave velocity for all the
samples were measured and they are in the range from 1564-1671 m/s [23]. Similarly we

measured the shear wave velocity and they are in the range 1.5-8 m/s. Using the formula

oy
v = 2_2<“;_:£>2 (21)

the Poisson’s ratio v was calculated and they are in the range 0.42-0.5 which ensures the

incompressibility condition.
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3.8. Viscoelastic characterization

The results of frequency sweep shear oscillation test for two samples at 3% strain are
shown in Fig. 7. It shows the measured variation in the storage and loss modulus with
frequency over the range 0.01 Hz to 5 Hz for two different agar concentrations with strain
amplitude of 3% applied on the sample. There is no noticeable variation in storage and loss
modulus with frequency. The storage modulus is always (around 20 times) larger than the
loss modulus for all frequencies. This is similar to the behavior of biological tissues [1, 28].
It is observed that loss modulus values are uniformly lesser than 30 kPa which represents
low frequency damping of agar samples and this result matches with the one reported in
[17].

The results of amplitude sweep for samples with initial and precompression are shown
in Fig. 8. As agar concentration increases, there is a significant increase in both the moduli.
Thus the prepared samples cover both normal and pathological conditions. In addition
to that, linear viscoelastic region (LVER) under which the storage and loss modulus are
independent of strain is also reduced for higher concentration agar samples (above 4g).
The above observation holds good even for loading with higher frequencies 100-200 Hz [17].

Nasseri et al. [12] conducted series of shear test to find out the viscoelastic properties of
pig kidney and reported that kidney has a linear viscoelastic limit at a strain approximately
0.2 %. The same kind of trend is observed for 8g phantom which had similar LVER limit.
In order to compare the results obtained from shear oscillatory tests in linear and nonlinear
regions, oscillatory test was conducted at strain amplitude of 2 % which is higher than 0.2
% at the same frequency of 1 Hz for 8¢ sample. We note that, G’ is less than G” and these

are independent of frequency variation which is also comparable with [12].
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Phantom Closely Matching Elastic Compression

Sample Human Tissue Modulus(kPa) Level

2g Normal breast 12 - 72 Initial
5%

4g Normal Prostate 56.4 — 130.8 Initial
5%

2g Normal Liver 12 — 40 Initial
2%

6g and Breast and prostate 56 — 450 Initial
8g Cancerous Tissue 2%

Table 2: Comparison of elastic moduli of the developed phantoms with biological tissues

Fig. 9 presents the mean and standard deviation of shear modulus of samples with dif-
ferent agar concentration at initial contact (without compression) and 2-5% precompression
levels. At low agar concentration (2- 4g) there is no significant variation in modulus at two
compression levels. At higher agar concentration(above 4g) there exists large variations in
modulus values at the two precompression levels. A similar behavior was observed for breast
tissue (Table 2) [1]. This justifies the suitability of developed agar phantoms for Elastogra-
phy applications more specifically for breast and prostate cancer applications. The phantom
could be used as a versatile platform in linear, nonlinear elastic and viscoelastic applications.
The measured overall parameters are presented in Table 3. Elastic modulus at linear region,
elastic modulus at zero strain caleulated from hyperelastic parameters and Young’s modulus
calculated from viscoelastic shear modulus of all the samples are comparable and have good
agreement among themselves.

It is well known that tumor tissues are stiffer as well as nonlinear than normal tissues. The
biomechanical properties with which stiffness imaging is being operated must characterize
both qualities i.e. increased stiffness and nonlinearity. From the results, we can notice that
shear storage modulus and range of LVER could be identified as optimum features for in vivo
investigation. Arun K.Thittai et al. [32] has demonstrated that axial shear strain images
are useful than axial compressive strain images. In Elastography, if dynamic shear modulus
and nonlinearity of shear modulus are imaged, it would give unique diagnostic information.

The prepared phantoms report, good dynamic shear properties and clear distinguishable
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LVER region for different stiffness categories. It also provides the users more flexibility
in controlling the parameters like agar concentration, precompression, LVER and applied
strain. In future, if the nonlinear viscoelastic properties of these samples are characterized
by analyzing the harmonics of stress and strain oscillatory data, it may give very unique
image pattern which would increase the specificity of stiffness imaging methods still better.

Conventional ultrasound B-mode image and elastogram of inclusions which represent two
different classes of cancer (malignant and benign) are presented in Fig. 10. Elastogram was
acquired from commercially available scanner, namely, Siemens S2000 ACUSON Antares
(Siemens, Erlangen, Germany). The inclusion in Fig. 10 (a) is not clear in B-mode. But
it is clearly visible in elastography. The low modulus contrast inclusion (modulus contrast
less than 10 dB) of Fig. 10 (b) is also clearly differentiable from the surroundings in the
elastogram. The images also show the extent of the resolution available from elastography.
Further developments of similar heterogeneous phantoms may allow the clinicians to more

accurately mimic healthy and pathological soft tissues for Ultrasound Elstography.

4. Conclusion

In this paper, agar based homogeneous tissue mimicking phantoms catering to normal
and pathological biological tissues were developed for Ultrasound Elastography Imaging for
various concentration of agar from 1.7 % to 6.6 % by weight. We hypothesize that an
increase in agar concentration results in an increase in stiffness (either Young’s Modulus or
Shear modulus) as well as an increase in nonlinearity. To test the hypothesis, we conducted
uniaxial compression test on the prepared samples upto 15% of strain using universal testing
machine in displacement control mode and deduced the stress strain characteristics which
show hysteresis and nonlinearity. Assuming the phantoms are elastic and considering the
loading part of the stress strain curve, Young’s modulus values were computed for small
strain (<4%). They are in the range from 50 kPa to 450 kPa which are the similar range of
normal and abnormal breast tissue. The suitability of the prepared samples for Nonlinear
Elastography was examined by characterizing the nonlinearities present in the stress strain

curve upto 15% of strain. Neo-Hookean, Mooney Rivlin, Veronda Westmann and Ogden
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Table 3: Summary of material model (linear elastic, hyperelastic and viscoelastic parameters for various

agar concentration)

Quasi static small and large strain and Dynamic loading summary

Method Prepared 2g Agar 4g Agar 6g Agar 8g Agar
Samples
Quasi static Young’s 52 £31 182+ 14 347 £ 75 448 £ 10
small deformation Modulus(kPa)
Neo-Hookean
C1o (kPa) 844+ .9 35+ .2 55+ 1.6 88+ 1.2
E=6C10(kPa) 50.4 210 330 528
Quasi static Mooney Rivlin (kPa)
large deformation C1o 43.73 £0.12 122.7+8 196.8 £ 7.8 377 +£10.2
Hyperelastic Co1 —38.80+1.3 —93.065 £ 3.2 —151 +4.7 —310.55 + 7.88
Model E=6(Co1 + C10) (kPa) 29.04 177.8 274.8 398.7
Veronda Westmann
po(kPa) 22.7+1.5 97.28 £3.12 159.6 +5.78 264.9 £6.78
0 0.05962 % 0.0023 0.0576 £ 0.0014 0.06383 4 0.0134 0.06889 £ 0.089
E=300(kPa) 68.1 291.84 478.8 794.7
Ogden
i1 (kPa) 44+£1.1 18 £1.12 26 + 3.87 41 £2.78
o 6.3+1.2 6.6+1.4 7T+1.3 73+1.1
E:%uloq (kPa) 41.58 178.2 273 448
Viscoelastic 2g Agar 4g Agar 6g Agar 8g Agar
Parameters (kPa) Initial | 5% comp. | Initial | 5% comp. | Initial | 2% comp. | Initial | 2% comp.
Dynamic G’ 4.12 24 18.8 43.6 98.9 170 122 150
Frequency=1Hz G” 0.166 0.938 0.854 2.5 4.22 7.01 10.2 21.9
LVER (%) 5 2 2 1 1 0.6 0.2 0.1
E=3u 12.36 72 56.4 130.8 296.7 510 366 450

models were fitted and hyperelastic parameters were computed for all types of samples.

Young’s Modulus at zero strain were computed and they are comparable to small strain

Young’s Modulus values.

However, the nonlinearity parameter v derived from Veronda

Westmann model shows less variation when agar concentration increased from 1.7 % to 6.6
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%. We further analyzed the nonlinearity by computing stress difference at two different
strain levels which could be used to differentiate the stiffness of inclusion. Hysteresis in the
stress strain curve indicates that the phantoms are viscoelastic in nature. The shear modulus
were measured by conducting oscillatory rheometry at 0.1 Hz to 5 MHz at precompression
levels from 2 to 5%. Frequency sweep test shows that the storage and loss moduli values
are not varying with the applied loading frequency. Storage modulus increases as well
as LVER decreases when agar concentration increases from 2g to 8g and the results are
enhanced when precompression level is increased from 2 to 5%. This study combines all the
mechanical properties and suggest that the prepared samples could be used in Ultrasound
Elastography as versatile phantoms. Moreover, this study suggests that out of the measured
parameters, dynamic shear modulus values are more promising in classification of stiffer

inclusions based on their degree of stiffness and increased nonlinearity.
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Figure 1: Prepared phantom samples (a) cylinder for elastic parameter measurement and (b) disc for

viscoelastic properties measurement.
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Figure 2: (a) A typical stress strain curve of agar sample. Notice that the curve has hysteresis which shows
the samples are viscoelastic in nature. For elastic characterization, loading part alone was considered. (b)

Stress strain loading curve for samples from 1.7 to 6.6 % of agar samples.
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Figure 3: (a) Stress strain characteristics of 8g sample. Linear region is fixed at the initial portion (4% of
strain) and solid line shows the least square fit. (b) Mean and standard deviation of Young’s Modulus for

various samples of agar concentration from 1.7 to 6.6 %.
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Figure 4: Typical stress strain curve of the phantom.
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Figure 5: (a-d) Neo-Hookean (NH), Mooney Rivlin (MR), Ogden and Veronda Westmann (VW) models are

fitted to experimental stress strain data for 2g, 4g, 6g and 8g samples respectively.
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Figure 6: Stress strain curve of all the samples with stress difference parameter at two strain levels.
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Figure 7: Variation of storage and loss modulus of 2g and 4g samples at frequencies ( from 0.1 - 5 Hz). Note

that storage modulus is always higher than loss modulus.
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Figure 8: Strain sweep oscillation experiment of four sets of samples (top) at initial compression level to
have bare contact (bottom) at precompression level 5% (2g and 4g) and 2% (6g and 8g). (a) and (c) show
storage modulus and (b) and (d) show loss modulus. We can notice the linear viscoelastic limit. G’ and

G” reduce significantly when strain exceeds linear limit. Notice that, for an increase in agar concentration,
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storage modulus increases whereas width of linear viscoelastic region decreases.
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Figure 9: Shear modulus of four sets of samples with concentration (2,4,6,8)g agar. White color bar repre-
sents modulus measured at minimal compression to maintain contact and black color bar represents modulus

measured at a precompression of 2-5%

Figure 10: Ultrasound B- mode images (left) and linear elastograms (right) of a heterogeneous phantom
prepared with 2 inclusions (8¢ and 4g agar) of height 1.5 cm and width 1 cm in a soft (2g agar) background.

(a) represents malignant and (b) represents benign lesion.
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