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Viscoelastic Modeling of Brain MRE Data
Using FE Method
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Abstract—Dynamic shear test on simulated phantom can be used
to validate magnetic resonance elastography (MRE) measurements.
Phantom gel has been usually utilized for the cell culture of cartilage
and soft tissue and also been used for mechanical property
characterization using imaging systems. The viscoelastic property of
the phantom would be important for dynamic experiments and
analyses. In this study, An axisymmetric FE model is presented for
determining the dynamic shear behaviour of brain simulated phantom
using ABAQUS. The main objective of this study was to investigate
the effect of excitation frequencies and boundary conditions on shear
modulus and shear viscosity in viscoelastic media.

Keywords—Viscoelastic, MR Elastography, Finite Element,
Brain.

I. INTRODUCTION

T is well known in clinical medicine that the qualitative

mechanical properties of tumors are often markedly
different from those of surrounding normal tissues. This
accounts for the role of elastography as a clinical tool for
detecting cancer in the body.

MR elastography (MRE) is a novel MR-based imaging
approach that non-invasively measures the viscoelastic
properties of tissues to provide additional information for
differentiation of benign and malignant lesions (Muthupillai et
al., 1995; Kruse et al., 2000; Sinkus et al., 2000; Dresner et
al., 2001; Sack et al., 2002; Basford, et al., 2002; Jenkyn et al.,
2002; Van Houten et al., 2003). MRE uses a conventional
MRI system with an added motion sensitizing gradient
(usually in the frequency range of 50-500 Hz) to detect
displacements produced by a sinusoidal oscillatory excitation.
The shear wavelength is then used to calculate the material
stiffness (Manduca et al., 2001) based on the principle that a
stiffer material has a longer wavelength because the shear
wave travels faster through the material.

It has been shown that brain tissue behaves like a
viscoelastic solid (Brands et al., 1999; Darvish & Crandall,
2001; Peters et al., 1997; Prange et al., 2000). MRE studies on
human brain show a great variety of shear modulus data
[8,20]. The difference between the results may have several
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reasons such as the dispersion of the shear wave speed at
different excitation frequencies, a mismatch between wave
propagation and image slice orientation and different
boundary conditions[9].

The objective of this study is to identify the proper
parameters by finite element modeling of tissue mimicking
phantom to yield repeatable and reliable shear modulus
measurements.

II. MATERIALS AND METHODS

A. Theory

In elastic medium, two types of moduli can be identified
based on the type of waves that travel through the medium.
compressional wave speed, C;, is governed by the bulk
modulus, A, and shear wave speed, Cs, is related to the shear
modulus, G, also written as L.

C, - (A+2u) C, - u
P P

where p is the mass density of the medium. Sarvazyan, et al.
showed that for different tissue types, the bulk modulus does
not vary significantly, whereas the shear modulus varies over
seven orders of magnitude [18].

The propagation speed of shear waves can be calculated from
the wavelength (/) and the frequency of the externally applied
mechanical excitation (f') as : C; = f./

Human tissue is not perfectly elastic, but has a viscous
component. Therefore, tissue has been modeled as a
viscoelastic material to account for the deviations from elastic
behavior. In a viscoelastic material, the stress and strain
change on a time dependent basis. Different mechanical
models have been proposed and adopted for the analysis of
different tissues such as the Maxwell, Voigt, Zener. The Voigt
model has been the most used for analysis of tissue. This
model contains a spring and a dashpot in parallel, where the
spring represents an elastic component and the dashpot
represents a viscous component.

In this model, the bulk and shear moduli are complex to
account for losses caused by the viscous components such that
A=A t+io), and p = p; + ioy, where Ay and A, are the bulk
elasticity and viscosity and p; and p, are the shear elasticity
and shear viscosity, i is the imaginary number j =+/—~1and ®©
is the angular frequency.

In a viscoelastic medium, the equation for the
compressional sound speed does not change because in tissue
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A = 0 and A >> p, but the shear wave speed in Voigt
viscoelastic model changes to [23]:

C 204 + 0’ pty) 1)
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where u, is the coefficient of shear elasticity, u, is the
coefficient of shear viscosity, p is density of medium and @ is
the frequency of the mechanical excitation. Validation of
Voigt viscoelastic model for brain using simulation and
experimental data is of present study objectives. Viscoelastic
properties are often determined with steady state oscillation or
vibratory tests. The approach is usually referred to as dynamic
mechanical analysis (DMA) testing. A sinusoidal oscillatory
stress (o) is applied to the sample, and the resultant strain (y)
and phase lag () are measured. The complex Modulus (G*) is
then obtained as

G =Zcoss+iZsing 2
V4 /4

G* can be decomposed into real and imaginary parts that is
defined as the storage modulus and loss modulus respectively.
Storage and loss modulus of brain is acquired from MR
Elastography of brain of published literature at different
frequency ranges to simulate viscoelastic material properties
of tissue-mimicking phantom by ABAQUS.

Furthermore, the propagation pattern of mechanical
oscillating waves in viscoelastic media is shown in Fig. 1:
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Fig. 1 The response of viscoelastic material to oscillatory excitation
when { (damping ratio) is less than 1: In this case the portion of two
frequent amplitude equal to e“"T[2]

The wave propagation pattern of numerical phantom will
obtain from FE simulation.

As MR measurements may ultimately be used to validate
finite element (FM) models, present study has been validated
by comparing shear moduli and shear viscosities of the model
with MRE experimental data available in literature to assure
its accuracy and effectiveness.

B. Modeling

To make a tissue-mimicking phantom, an axisymmetric
rectangular prism model (100mm*20 mm) was generated with
ABAQUS 6.6-1 representing a semi-axial cross section of the
cylindrical biological gel phantom. The prism was modeled as
a homogenous isotropic viscoelastic material with Poisson’s

ratio 0.495(tissue is assumed incompressible).

Storage modulus and loss modulus (G',G") of the model
were chosen from experimental data available in the
literature[22]. Some of these literature results is shown in Fig.
2.
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Fig. 2 Dynamic frequency response of brain from some literature

To examine the effects of frequency and boundary
conditions, analyses were performed by applying a sinusoidal
excitation at 1,10,25,50,80,100,120 Hz and changing the
model width, respectively. This exitation is introduced into the
model in the y-direction at the top corner of the axisymmetric
model. The simply supported boundary condition is simulated
by constraining the bottom edge of the model in the y-
direction[5].

Wave propagation finite-element analyses in the model
were conducted in the present study by ABAQUS 6.6-1
capability. ABAQUS employs the ‘‘modal dynamic”’
approach to solve the nonlinear problems. In this approach,
natural frequency is extracted from the static perturbation
response of the load that is applied (Lonczos solver is selected
method to eigenvalue extraction in this study), then modal
dynamic is used to characterize the propagation of wave.

The model consist of an 8-node biquadratic plain strain
reduced integration element named CAX8R in ABAQUS 6.6-
1 commercial software. This element may be used for
Stress/displacement without twist applications of a shell
model. The element theory is in ABAQUS documentation. In
order to get convergence in the results, the size of elements
was selected 1mm x Imm throughout the model.

III. RESULTS

One illustration of the shear wave propagation in the model
at frequency of 25Hz is shown in Fig. 3. The blue regions
indicate peaks and the red regions indicate valleys.

The shear waveform along the top edge in both models is
illustrated in Fig. 4. The shear wavelength was computed from
distance between two successive peak or valley.

In order to ensure the accuracy of simulation results,
damping factor n(tan 3) of the shear waveform has been
calculated and compared to damping factor of used data[22] at
the first step of modeling. Then simulation results have been
verified with corresponding experimental data available in
literature.
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Fig. 3 An example of the shear wave propagation in undeformed
shape of tissue mimicking phantom
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Fig. 4 Shear waveform along top edge of the model
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Fig. 5 Comparison between simulation by ABAQUS and
experimental data by Vappou(2007)[22]
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Fig. 6 Comparison of viscoelastic parameter of human brain by
simulation and experimental data (Sack; 2007 [17])

Base on the dynamic equilibrium equation of viscoelastic
motion for a single degree of freedom and refer to Fig. 1, The
damping factor n(tan J) is equal to the ratio of the imaginary
part of the complex modulus to the real part of the modulus as
described in (2). The results in Fig. 5 illustrate the damping
factor calculated from both pre(from experimental data) and

post of the simulation.

It can be observed that simulation results and experimental
data are in good agreement; although there are some minor
values discrepancies, probably due to estimation of damping
factor by voigt viscoelastic model[2]. It was thus concluded
that the simulation of the dynamic mechanical analysis with
the ABAQUS was accurate because its results were in
accordance with an experimental data.

Sack et al. (2007) performed a series of experiments on
living human brain at different frequncies using MRE (see
experimental data in Table I).

TABLEI
INTERINDIVIDUAL MEAN(+SD) OF THE SHEAR MODULI AND SHEAR
VISCOSITIES OF THE HUMAN BRAIN AT 25HZ AND 50HZ MECHANICAL
EXCITATION FREQUENCIES

|81 M2

25Hz 50Hz 25Hz 50Hz

Average 1.17+0.03 1.56+0.07 3.1+0.4 3.4+0.2

IV. DISCUSSION AND CONCLUSION

In this study a FE model was created to analytically
examine of excitation frequencies and boundary conditions on
shear modulus and shear viscosity estimation in homogenous
viscoelastic phantoms, via shear waveform.

The effects of boundary conditions are an important
consideration FE modeling or MRE measurements. The
vertical dimension in the model (20 mm), is choosen small to
removing the longitudinal wave effects on the shear
waveform.

Manduca[12] has concluded that the spatial wavelength and
shear stiffness decrease and increase respectively as the
mechanical frequency increases, and attenuation increases.
Our results indicates that the shear modulus and shear
viscosity increase with excitation frequency(Fig. 6). Klatt et
al. (2007) have reported MRE results on viscoelastic
properties of the human brain. The reported value for shear
viscosity base on Zener viscoelastic model is equal to 6.7 +
1.3 Pa.s. This value is calculated between 3.5-3.6 Pa.s in our
study and 3.1-3.4 Pa.s in Sack(2007) research. This diviation
not only because of the model type (Voigt or Zener), but also
because of different experiment conditions such as the slice
thickness , kind of brain and in-vivo or ex-vivo execution.

The difference between shear modulus data for 25 Hz and
50 Hz vibration frequency (of the order of 0.4 kPa) is
presumably the result of the inadequacy of Voigt’s model for
predicting the behavior of viscoelastic brain tissue(Fig. 6). A
separate view on storage modulus yields a smaller error than
when storage modulus and loss modulus are combined, as
required by more elaborate viscoelastic models[16].
Nevertheless, values of shear moduli are in the same order of
magnitude as in several rheological studies performed on ex-
vivo mammalian brains [4,15,22] as shown in Fig. 2.
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However, the observed modulus dispersion indicates a
limited applicability of Voigt’s model to explain viscoelastic
behavior of brain parenchyma, the FE model show good
agreement between experiment and prediction at the
frequency range. Obtained results of this method can be help
to understanding the dominant conditions on wave
propagation phenomena.
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