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Abstract. In order to calculate deformation of soft tissue under arbi-
trary loading conditions, we have to take both non-linear material char-
acteristics and subcutaneous structures into considerations. The estima-
tion method of material properties presented in this paper accounts for
these issues. It employs a compression test inside MRI in order to visual-
ize deformation of hypodermic layered structure of living tissue, and an
FE model of the compressed tissue in which non-linear material model
is assigned. The FE analysis is iterated with updated material constant
until the difference between the displacement field observed from MR
images and calculated by FEM is minimized. The presented method has
been applied to a 3-layered silicon rubber phantom. The results show the
excellent performance of our method. The accuracy of the estimation is
better than 15 %, and the reproducibility of the deformation is better
than 0.4 mm even for an FE analysis with different boundary condition.

1 Introduction

The rapid progress in computational power and algorithm enable us to carry out
finite element (FE) analysis of massive mechanical structures. This technique is
being applied to the structural simulation of human body that lead to successful
stress/strain analysis of hard tissue such as bone.

In surgical training system and computer assisted diagnosis system, precise
FE analysis of soft tissue is required in order to predict the response of the
tissue under arbitrary loading conditions. Mechanical characterization of living
soft tissue is thus one of the key technologies in such medical systems.

Many methodologies have been proposed for estimating mechanical prop-
erties of living soft tissue. One intuitive method is to indent the surface of
the tissue [IJ2]. Material property is then obtained from the relation between
the indentation depth and the reaction force. Although this method is simple
and applicable to the entire surface of human body, they have two fatal disad-
vantages. They cannot take large deformation and subcutaneous structure into
considerations as is obvious from the principle.
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Recent progress in diagnostic imaging modalities allows us to develop new
elasticity imaging techniques. Magnetic resonance elastography (MRE) is one
of the promising method [B4]. It visualizes strain waves that propagate within
soft tissue by using MRI. We can estimate distribution of the stiffness even for a
subcutaneous tissue since the wavelength visualized by MRE is proportional to
the stiffness. However, several problems arise when applying this technique to a
practical application. Damping and reflection of the strain waves cause artifacts
in MR image, and thus they lead to error in the stiffness estimation.

Quasi-static MRE is another elasticity imaging method [5]. It employs a
constitutive equation of linear elasticity to reconstruct the stiffness distribution
from the strain field visualized also by MRI. It was found, however, that in this
method, since the constitutive equation assumes small deformation, non-linear
characteristics of soft tissue caused by large deformation cannot be taken into
accounts.

In order to calculate deformation of soft tissue under arbitrary loading condi-
tions, we have to take both non-linear material characteristics and subcutaneous
structures into considerations. The estimation method of material properties
presented in this paper accounts for these issues. It employs a compression test
inside MRI in order to visualize deformation of hypodermic layered structure
of living tissue, and an FE model of the compressed tissue in which non-linear
material model is assigned. The FE analysis is iterated with updated material
constant until the difference between the displacement field observed from MR
images and calculated by FEM is minimized.

Different from similar approaches presented in the literature [6], we employ an
MR-compatible optical force sensor [7] in order to determine the strict bound-
ary conditions for the FE analysis. Furthermore, the extended Kalman filter
used in the iterative optimization help us to achieve fast convergence to the
final estimate. The presented method has been applied to a 3-layered silicon
rubber phantom. The results show the excellent performance of our method.
The accuracy of the estimation is better than 15 %, and the reproducibility of
the deformation is better than 0.4 mm even for an FE analysis with different
boundary condition.

2 Method and Implementation

2.1 Method Overview
Our method for material properties estimation involves four steps.

MR compression test: Compress the tissue inside MRI in order to visualize
deformation of the subcutaneous structure. The reaction force is simultane-
ously measured by using an MR-compatible force sensor [7].

MR image processing: Extract the displacement field within the tissue by
applying an image registration technique to the obtained MR images.

FE mesh generation: Generate a finite element model of the subcutaneous
structure from the pre-compression MR image. The same boundary condi-
tions as the MR compression test are given to the FE model.
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Iterative FE analysis: Assign the initial estimate of the material constant to
the model, and repeat the FE analysis with updated material constant until
the difference between the displacement field observed from MR images and
calculated by FEM is minimized (see Section 22 for detail).

This method has distinct advantages over the conventional approaches
[11213415]. Firstly, both non-linear characteristics and subcutaneous structure
are incorporated at a time. Secondly and equally important for medical appli-
cations, the reproducibility of the FE analysis in which the estimated material
properties are assigned is guaranteed, since they are determined so that the
result of the FE analysis is adapted to the observed deformation.

2.2 Implementation of the Iterative FE Analysis

To be precise, the iterative FE analysis is a minimization process of a disparity
function D defined by Equation (),

D (m) =" (Ml — aFEM (m))® (1)
K3
where, m is the material constant, dM%! is the observed displacement,
dFEM (m) is the calculated displacement when the material constant is m, and
1 is an index of the corresponding point between the MR image and the FE
model.

An extended Kalman filter (EKF) is employed for the minimization of the
disparity function. In the case of this implementation, the measurement equation
of the EKF is the FE analysis itself, and material constant m does not change
during the time update phase of the EKF (a steady condition is given to the state
equation). Functional capability of this Kalman filter is therefore equivalent to
that of non-linear optimization algorithms such as Levenberg-Marquadt method.

As formulated in Equation (), Kalman gain K at step k is calculated
from the error covariance Pj_1, the measurement noise covariance R and the
measurement jacobian H.

—1
Kk:Pk,1H£ (HkPk,1H£+Rk> (2)

The measurement jacobian H, is approximated by a numerical difference of
the forward FE analyses as given by Equation (),

odi  dFPM (m +dm) — dFM (m)

8mj d’ﬂ’Lj

H;j = (3)
where dm is the minute increment of the material constant that have dm; at
the j-th element and 0 at the rests. Thus, if m contains n variables, n+ 1 times
FE analyses are required in total to compute the measurement jacobian. The
time update and the measurement update process of the EKF is iterated until
the disparity function D (m) is minimized. This procedure is implemented on
the commercial FE solver, MSC Marc2003, by using a programming language
Python.
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3 Material Model

3.1 Silicon Rubber Phantom

The estimation method given in Section[2lis applied to a 3-layered silicon rubber
phantom. The dimension of this phantom is 12 mm in both width and height,
and 70 mm in depth. It has the same 3-layered structure along the longitudinal
direction. Thus, mechanical behavior at the center section of this phantom is
given by a two-dimensional plane strain model, if the boundary conditions are
also identical along this direction.

The material constant of each layer is estimated by a uni-axial compression
test for reference, and by the proposed method for validation. The detail de-
scription of the uni-axial compression test is given in Section €Il The results of
the estimation by the presented method are given in Section to (44

3.2 Material Model

To deal with non-linear characteristics of the silicon rubber, first-term Ogden
model is employed [§]. It is one type of a hyperelastic model widely used in the
analysis of rubber-like material and soft tissue [9]. As shown in Equation (@),
the nominal stress ¢ is formulated by a function of the nominal strain € and two
material constants, ;1 and a, in the case of a uni-axial compression/tension.

c=n(e+D) =+ (4)

Shown in Fig. [ is the relation between the nominal strain £ and the nor-
malized nominal stress o/ E (nominal stress divided by the Young’s modulus E)
for different «. As is obvious from this figure, the stress-strain curves are almost
identical when the strain is within the range of —0.5 to 0.25 that shows the
redundancy between the two material parameters. This redundancy inhibits us
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Fig.1. Stress-strain diagrams of the Fig. 2. Stress-strain diagrams of the sil-
first-term ogden model for different o icon rubber in each layer
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from estimating them uniquely by a compression test. The material constant «
is therefore fixed to 1.4 referring to the conventional solution [10]. The material
model used in this research is finally given by Equation (&]).

o=p(e+)™ = (+1)77) (5)

The simplified Ogden model contains only one material constant to be esti-
mated. The material constant m in Equation () is thus given by
(15t h2nds ‘llgrd)T, where subscript means the position of the rubber in the lay-
ered structure.

4 Experiment
4.1 Uni-axial Compression Test

Three cylindrical silicon rubbers that have 8 mm in height and diameter are
prepared for the uni-axial compression test. Each rubber has the same material
property as each layer of the phantom. Both end surfaces of the cylindrical
rubbers are lubed by a silicon oil to achieve ideal uni-axial compression. They
are compressed by a linear stage with the indentation speed of 0.1 mm/sec until
the indentation depth becomes 3.0 mm.

Figure. [ shows the stress-strain diagrams of the cylindrical rubbers. The
material constant p is identified by fitting Equation (@) to each diagram. The
results of the identification are shown in the second column of Table [

4.2 MR Compression Test

Shown in Fig. BH(a) and (b) are the MR images of the center section during
the compression test with a flat indenter and a cylindrical indenter, respectively.

(a) Compression test by a flat indentor

Force=0.0N Force =56 N Force=13.5N Force =24.6 N

Force =39.7 N

(b) Compression test by a cylindrical indentor

Fig. 3. Results of the MR compression test
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All images have a resolution of 256 x 256 pixels and a pixel size of 0.098 x
0.098 mm. They are obtained with the Varian Unity INOVA, 4.7 Tesla scanner
for experimental purpose. The imaging sequence is Spin Echo with TE = 19 msec
and TR = 500 msec. An MR-compatible optical force sensor is employed for the
reaction force measurement. The rated force and the accuracy of this sensor is
60 N and 1.0 %, respectively. As can be seen in Fig.[3 the reaction force as well
as the deformation of the subsurface structure are clearly obtained.

The bottom face of the phantom is glued to the base, and the indenters have
the same profile along the longitudinal direction. Mechanical behavior of the
center section is thus given by a two-dimensional plane strain model.

4.3 Estimation Results

Coarse and fine FE models consist of 133 and 1870 plane strain triangular ele-
ments are prepared for the estimation. The same boundary conditions as the MR
compression test with the flat indenter are given to these models. Nodal displace-
ments are measured at the boundary of the layers (square-marked 6 points in the
first column of Fig.[BF(a)) by manual operations. Since there are 4 successive im-

Table 1. Result of the material constants estimation

Uni-axial Our method
compression test| Coarse model | Fine model
Uist 0.0212 N/mm?|0.0229 N/mm?]0.0227 N/mm?
Error in p1st — 8.0 % 71 %
Hond 0.0356 N/mm?|0.0447 N/mm?|0.0405 N/mm?
Error in pong — 25.6 % 13.8 %
Uard 0.0654 N/mm?{0.0370 N/mm?|0.0593 N /mm?
Error in psrq — 43.4 % 9.3 %
Error in displacement (mean) — 0.17 mm 0.17 mm
Error in displacement (max.) — 0.34 mm 0.38 mm
0.1 0.1
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Fig. 4. Transition of the disparity func- Fig. 5. Transition of the material con-

tion during the iteration (fine model) stants during the iteration (fine model)
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(a) MR image  (b) Coarse (c) Fine (a) MR image (b) FE analysis

Fig. 6. Result of the iterative FEM analysis Fig. 7. Reproducibility Test

ages (the second to the fifth column of Fig.[B}(a)), total 24 displacement data are
used for the estimation of material properties. The material constant m is ini-
tially set to (0.1,0.1, 0.1)T. Note that the initial values are about 1.5 to 4.0 times
greater than the material constant identified by the uni-axial compression test.

The iterative FE analysis terminate after 4 iterations with the coarse model
and 3 iterations with the fine model. Transition of the disparity function and
the material constants are shown in Fig. @] and Fig. Bl respectively. The results
of the estimations are shown in the third and the fourth column of Table[dl It
should be remarked that the errors in the material constants estimated with the
coarse model are greater than that with the fine model, whereas the errors in
the displacement are almost identical in both models.

Figure [6] shows the observed MR image and the result of the FE analysis
with the final estimates. There are better correspondences in the whole profile
of the phantom between Fig.[6l(a) and (c¢), while there are correspondences only
in the reference points between (a) and (b). This is the causal explanation of
the phenomenon described in the previous paragraph. These results suggest that
better estimates can be achieved, 1) if the FE model is finer, and 2) if there are
enough reference points to be compared even in the coarse model.

4.4 Reproducibility Test

In order to validate the estimated material constants, FE simulation of the com-
pression test with a cylindrical indenter is carried out. Figure [7] shows the ob-
served MR image and the result of the simulation with the estimated material
constants in the fourth column of Table[Il Better correspondences in the whole
profile of the phantom can be confirmed. The mean and the maximum error
in the displacement reproducibility are 0.22 mm and 0.35 mm that are almost
identical to the results in Section (4.3

The results of these experiments show the capability of our method that can
incorporate both non-linear characteristics and subsurface layered structure of
soft tissue. As mentioned in the previous section, the accuracy of the estimation
can be improved by using finer model with enough reference points.

5 Conclusion

A new estimation method of material properties was presented in this paper.
Since this method employs MR observation and iterative FE simulation, it
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can incorporate both non-linear material characteristics and hypodermic lay-
ered structure of living soft tissue. The excellent performance of our method was
shown by carrying out estimation for a 3-layered silicon rubber phantom. This
warrants future works on the noninvasive material properties estimation of real
soft tissue.
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