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Abstract

Realistic computer simulation of neurosurgical procedures requires incorporation of the mechanical properties of brain tissue in the
mathematical model. Possible applications of computer simulation of neurosurgery include non-rigid registration, virtual reality
training and operation planning systems and robotic devices to perform minimally invasive brain surgery. A number of constitutive
models of brain tissue, both single-phase and bi-phasic, have been proposed in recent years. The major de"ciency of most of them,
however, is the fact that they were identi"ed using experimental data obtained in vitro and there is no certainty whether they can be
applied in the realistic in vivo setting. In this paper we attempt to show that previously proposed by us hyper-viscoelastic constitutive
model of brain tissue can be applied to simulating surgical procedures. An in vivo indentation experiment is described. The
force}displacement curve for the loading speed typical for surgical procedures is concave upward containing no linear portion from
which a meaningful elastic modulus might be determined. In order to properly analyse experimental data, a three-dimensional,
non-linear "nite element model of the brain was developed. Magnetic resonance imaging techniques were used to obtain geometric
information needed for the model. The shape of the force}displacement curve obtained using the numerical solution was very similar
to the experimental one. The predicted forces were about 31% lower than those recorded during the experiment. Having in mind that
the coe$cients in the model had been identi"ed based on experimental data obtained in vitro, and large variability of mechanical
properties of biological tissues, such agreement can be considered as very good. By appropriately increasing material parameters
describing instantaneous sti!ness of the tissue one is able, without changing the structure of the model, to reproduce experimental
curve almost perfectly. Numerical studies showed also that the linear, viscoelastic model of brain tissue is not appropriate for the
modelling brain tissue deformation even for moderate strains. ( 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

More than 30 years of research into the mechanical
properties of the brain and brain tissue was motivated by
traumatic injury prevention (e.g. automotive accidents,
see Chu et al., 1994; Ruan et al., 1994; DiMasi and
Eppinger, 1995; Mendis et al., 1995; Kumaresan and
Radhakrishnan, 1996; Voo et al., 1996; Arbogast and
Margulies, 1997; Nishimoto and Murakami, 1998; Al-
Bsharat et al., 1999) and understanding of brain struc-
tural deceases (e.g. hydrocephalus, see Nagashima et al.,
1990; Kaczmarek et al., 1997).

In recent years, driven by developments in virtual
reality techniques (Burdea, 1996) and the emergence of
automatic surgical tools and robots (e.g. Brett et al.,
1995), new exciting area of research has emerged* com-
puter simulation of surgical procedures. The prerequisite
for such a simulation is an appropriate mathematical
model of the brain mechanical properties. This includes
faithful representation of geometry, boundary and load-
ing conditions as well as material properties of the brain.

Computer programs enabling accurate modelling of
soft tissue deformation may "nd applications, for
example, in a surgical robot control system, where the
prediction of deformation is needed (Miller and Chinzei,
1995a, b), surgical operation planning and surgeon train-
ing systems based on the virtual reality techniques (Bur-
dea, 1996 and references cited therein), where force
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Fig. 1. In vivo indentation of swine brain-experiment con"guration: (a)
general view; and (b) schematic of the set-up.

feedback is needed, and registration (LavalleH e, 1995),
where knowledge of local deformation is required.

The distinguishing feature of the mathematical model
of the brain intended for the simulation of neurosurgery
is the strain rate range (the loading speed range) con-
sidered * 0.01}1.0 s~1 * orders of magnitude lower
than that experienced in situations leading to injury.
During loading resulting in such strain rates both non-
linear stress * strain and stress * strain rate relations
demonstrate their importance (Miller and Chinzei, 1997).

There is a wealth of information available in the litera-
ture about the mechanical properties of brain tissue in
vitro (Ommaya, 1968; Estes and McElhaney, 1970; Gal-
ford and McElhaney, 1970; Pamidi and Advani, 1978;
Bilston et al., 1997; Donnelly and Medige, 1997; Miller
and Chinzei, 1997). The question, whether the mathemat-
ical models of the brain tissue mechanical properties
based on these data can be applied to more realistic in
vivo conditions was investigated in Metz et al. (1970).
However, Metz and co-workers gave no indication of
loading speeds applied, which severely limits the utility of
that paper. Other researchers attempting to characterise
brain tissue properties in vivo include Walsh and Schet-
tini (1984), and Sahay et al. (1992).

In this paper we intend to prove that the hyper-vis-
coelastic model based on the strain energy function in
polynomial form with time-dependent coe$cients (Mil-
ler, 1999), is suitable for description of brain tissue defor-
mation behaviour in vivo, at low strain rates, typical for
surgical procedures, and that the slight adjustment of
material parameters describing the instantaneous sti!-
ness of the tissue, without altering the structure of the
model, results in almost perfect reproduction of the ex-
perimental curve obtained in vivo.

2. Indentation of swine brain tissue in vivo

2.1. Experimental set-up

We conducted an indentation experiment on the ex-
posed brain of an approximately 100-day-old Landrace
swine under anaesthesia. The weight of the swine was
approximately 50 kg. The experiment was performed in
the Surgeon Training Facility in Fujinomiya, Japan.

The brain was exposed by removing the skin, the skull
and the dura. The exposed region, located on the front
lobe, was of oval shape, approximately 25]20mm. After
exposing the brain, the head was "xated into a metallic
frame with four sharp-end screws.

The main testing apparatus was a two-linear-degree-
of-freedom robot equipped with a strain-gauge load cell.
The robot, "xed onto a rigid support, drove a cylindrical
indentor of 10mm diameter. This allowed the #exibility
of choosing the loading velocity and the depth of the
indentation. Fig. 1 shows the experimental setting.

2.2. Data acquisition and processing

Based on the estimates of the speed of surgeon's hands
when conducting brain tissue separation (observed by the
authors in Tokyo Women's Medical College Hospital),
an indentor velocity of 1 mms~1 was applied. The max-
imum depth of penetration of 3.9mm was set. The choice
of the depth was based on our vast experience with swine
brain tissue. We expected that the deeper indentation
might inadvertedly damage the brain and consequently
kill the animal. The applied force was measured by a
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Fig. 2. Measured force versus time force curve for the indentation of
brain tissue. The in#uence of the heartbeat and the respiration is
apparent.

Fig. 3. TI weighted MR scans of the swine head.

sensitive load cell manufactured in the Mechanical En-
gineering Laboratory, Japan (max. load 0.98N, max.
displacement 0.1mm, linearity 0.035%, hysteresis
0.040%). The signal from the load cell was acquired by
a PC using a 12-bits analog-to-digital converter.

Fig. 2 shows a measured force versus time curve. The
in#uence of the heartbeat and the respiration is very
apparent, however the removal of the corresponding
frequencies did not pose any di$culty. The "ltered result,
together with theoretical predictions, is shown in Fig. 7.

2.3. Imaging technique and image analysis

At the end of the experiment, the swine was sacri"ced
by a KCl injection. Then, in order to obtain the precise
information on the geometry of the brain, magnetic res-
onance (MR) images of the head were acquired. The
imaging was performed in the Department of Precision
Engineering of Tokyo University. The sequence used was
the 3D Gradient Field Echo, repetition/echo time
(TR/TE) " 250/20ms (T1 weighted scan), "eld of view
(FOV) " 160]160]64mm, resolution"128
]128]32pixels, #ip angle " 903, number of data ac-

quisition (NEX) " 1. The scanner was Hitachi
MRH500, 0.5 T superconducting magnet. Fig. 3 shows
examples of the axial slices of the obtained image. The
images were taken approx. 3 h after the swine was sac-
ri"ced. This delay might have introduced some changes
to the brain geometry, e.g. due to swelling. We assumed
in our work that the changes were small and did not
a!ect conclusions of our paper.

3. Finite element modelling of compression
of swine brain in vivo

3.1. Finite element mesh

To analyse the experimental results and consequently
prove the appropriateness of the constitutive model pro-
posed in Miller (1999) a comprehensive, three-dimen-
sional, non-linear, "nite element model of the experiment
was developed.

The mesh was constructed, using PATRAN (1998),
from the magnetic resonance images of the coronal sec-
tions of the brain (Fig. 3). A schematic diagram of the
coronal section of a swine brain is shown in Fig. 4. To
facilitate the construction of the mesh, the section bound-
ary was divided into four curves AB, BC, CD, and DA,
determined by "tting smooth curves through six points
obtained from the resonance image. Using these four
curves, and the vertical and horizontal lines shown in
Fig. 4, four surfaces were de"ned to represent the coronal
section. Similarly, four surfaces were created for all of the
other coronal section images. The distance between suc-
cessive sections was 5 mm. Sixteen sections were used to
construct the mesh. The corresponding surfaces in suc-
cessive sections were used to de"ne solids. Eight-noded
hexagonal "nite elements (element type C3D8H in
ABAQUS, ABAQUS, 1998) were created on all the
solids. The "nite element meshes are shown in Fig. 5. As
the model was developed from the sectional images, the
front surface obtained from the "rst sectional image has
a #at surface. The front surface is well away from the area
of application of the load so that its exact shape does not
a!ect the result for the force}displacement relationship.
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Fig. 4. (a) MR sectional image; and (b) construction of the three-
dimensional "nite element mesh of the swine brain from its coronal
section images.

3.2. Constitutive model of brain tissue

In the "nite element modelling, the material properties
of the brain tissue used were taken from the experimental,
analytical, and "nite element results of Miller (1999). The
model was identi"ed based on in vitro uncon"ned com-
pression tests.

The hyper-viscoelastic constitutive model developed in
Miller (1999) is based on the strain energy function in the
form of a convolution integral:
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assumption of brain tissue incompressibility results in the
third invariant being equal to 1.

The material constants, obtained by rather com-
plicated, iterative procedure (Miller, 1999) are listed in
Table 1. The proposed model is linear in material coe$-
cients C

ij0
(Miller, 1999).

It is important to note that we used average (six brains
were used) mechanical properties identi"ed in vitro to
simulate deformation of the brain of the speci"c swine in
vivo, so that, the exact agreement of numerical calcu-
lations with the experiment was not expected.

3.3. Boundary conditions

In the in vivo experiment, the brain tissue was com-
pressed at a velocity of 1 mms~1 using the end e!ector of
10mm diameter. To model this loading, the nodes on the
top surface of the "nite element model were moved to
form a circular area of 10mm diameter as shown in
Fig. 5. During compression of the brain, all the nodes
within this circular area have the same velocity. This
condition was implemented in MSC/PATRAN (PAT-
RAN, 1998).

We assumed that the bottom surface of the brain,
denoted by curve DAB in Fig. 4, does not move. There-
fore, all nodes on this surface were "xed. However, the
top surface of the brain, denoted by BCD in Fig. 4, moves
when the applied velocity is applied, so this surface was
left free to deform.

3.4. Mesh convergence study

To determine whether the meshes shown in Fig. 5 were
satisfactory, the results obtained with each of them were
compared. The di!erence in results obtained with the
dense and intermediate mesh, which has three times fewer
nodes, is less than 1%. The force calculated with a coarse
mesh is about 5% higher than that estimated with "ner
meshes. This gives evidence that the "nite element ap-
proximation has converged and the results are satisfac-
tory. In the subsequent analysis, the model shown in
Fig. 5c was chosen, because to obtain results from this
model takes 10% of the analysis time required to obtain
results from the model shown in Fig. 5b, while the results
from the two models are practically identical.

3.5. Modelling the skull

In the vicinity of the indentor the brain tissue moves
away from the skull. In contrast, in order to satisfy the
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Fig. 5. Finite element meshes of the swine brain constructed from its coronal section images: (a) coarse mesh, 1259 nodes and 960 eight-noded
hexagonal elements; (b) dense mesh, 8249 nodes and 7200 hexagonal elements; and (c) intermediate mesh with high density in the vicinity of the
indentor, 2533 nodes and 2024 hexagonal elements. The length of the model along the z-axis is 75mm and its maximum width along the x-axis is
50mm.

Table 1
Material properties of swine brain tissue (Miller, 1999)

Instantaneous response Characteristic time
t
1
"0.5 (s)

Characteristic time
t
2
"50 (s)

C
100

" C
010

"263 (Pa) g
1
"0.450 g

2
"0.365

C
200

" C
020

"491 (Pa)
C

110
"0

condition of the incompressibility (assumed in the consti-
tutive model of the brain tissue), the top portion of the
brain farther from the indentor should move towards the
skull. Obviously, the tissue cannot move outside the
volume limited by the skull. To obtain a realistic "nite
element model for the indentation of brain tissue in vivo,

this condition had to be appropriately modelled. A fric-
tionless sliding contact between the brain tissue and the
skull was chosen for a boundary condition for the up-
per-half of the brain surface.

This also required an appropriate choice of the size of
the gap between the brain surface and the skull. Due to
the weight of the brain and the tissue's ability to move
horizontally, the gap between the skull and the brain was
assumed to vary as shown in Fig. 4, with the maximum
gap at the top. The size of the gap should correspond to
the thickness of the subarchnoid space. Unfortunately, to
the best of our knowledge, the literature published
to date does not contain these data. Therefore, we had to
rely on our estimates based on magnetic resonance im-
ages taken. In the "nest of our images the pixel size was
0.94mm. The analysis of pixel values in the area of the
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Fig. 6. Finite element mesh of the skull.

Fig. 7. Force versus displacement relationship for 1mm s~1 indenta-
tion speed and 10mm indentor diameter: (a) experiment; (b) hyper-
viscoelastic analysis results; (c) linear, viscoelastic analysis results (for
small strains the linear, viscoelastic model used had the same properties
as the non-linear, hyper-viscoelastic model (Miller and Chinzei, 1997),
instantaneous Young modulus E"3240Pa, Poisson's ratio v"0.499).

Fig. 8. Deformed brain mesh: (a) general view; and (b) sectional view.

gap, taking into account the partial volume e!ect, led us
to believe that the maximum gap width was slightly
smaller than the pixel size. Therefore, in subsequent ana-
lyses, the maximum size of the gap was taken to be
0.75mm.

In modelling the sliding contact between the brain and
the skull, all the nodes of the skull surface were "xed. If
contact is established between a node on the top surface
of the brain model and an element edge of the skull
model convergence problems may result. To avoid this,
the nodes on the skull model were staggered relative
to the nodes on the top surface of the brain model so that
the brain nodes move toward the skull elements' centres,
but not toward their edges. The "nite element model of
the skull surface is shown in Fig. 6.

4. Results

Fig. 7 shows the comparison of the experimental force
* displacement curve with computer simulation results
using a hyper-viscoelastic, and linear viscoelatic consti-
tutive models of brain tissue. Commercially available
"nite element software package ABAQUS (ABAQUS,
1998) was used. Non-linear geometrically ("nite deforma-
tion) procedures were applied. The deformed shape of the
brain is shown in Fig. 8.

The force predicted by the "nite element model based
on the hyper-viscoelastic constitutive equation for the
brain tissue, at the indentation depth of 3.9mm, is about
31% lower than that measured in vivo. Additionally, it is
clear that even for moderate strains considered in this
study, the linear}viscoelastic constitutive model is not
appropriate and more advanced modelling techniques
are required.

5. Discussion and conclusions

This paper attempts at proving that the previously
proposed constitutive model of brain tissue (Miller, 1999)

can be applied in "nite element simulation of brain defor-
mation in vivo for moderate strain rates, and conse-
quently, to neurosurgical simulation. The constitutive
model used in this study was identi"ed based on the
series of in vitro tests.

The in vivo indentation experiment is described and its
results analysed using a sophisticated, highly non-linear,
three-dimensional "nite element model. The forces pre-
dicted by this model are about 31% lower than the
measured ones. Taking into account the large variability
inherent to biological materials, and the apparent
sti!ening of the tissue due to the tethering e!ect of a large
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number of blood vessels in the brain, the agreement, in
our opinion, is good. The constitutive model used in this
study is linear in parameters describing instantaneous
response of the material (Miller, 1999). Therefore the
increase of these parameters by 31% will result in almost
perfect reproduction of the experimental force * dis-
placement curve.

The apparent limitation of this study is that the in vivo
experiment was conducted on one swine only. The pro-
posed numerical model of the brain in vivo is intended to
lead to computer simulation of neurosurgical procedures.
Two cases have to be considered:

(i) Surgical training system with realistic force feedback
* such a system requires a model of an `averagea
brain, with most `commona mechanical properties.
To delineate mechanical constants for such a system
would require tests on humans to be conducted. The
sacri"ce of more pigs will not help.

(ii) Surgical operation planning for a particular patient
* in this case the model with `averagea properties is
not needed. We need to identify the properties of the
patient. Our paper shows that the proposed methods
can provide mathematical framework for modelling.
The numerical values for parameters have to be
ascertained for each patient considered.

At this point the methodology of conducting neurosurgi-
cal simulation can be suggested. Magnetic resonance
images of a patient's head can be used to construct the
mesh. Delicate indentation of the brain can then serve as
a tool to adjust material constants in the mathematical
model, without altering the model structure. The result-
ing model can next be used with some degree of con"-
dence. However, more research is needed, especially into
the appropriate modelling of the interface between the
brain and the skull (boundary conditions). This direction
of research, in the authors' opinion, is at least equally
important to the investigation of the mechanical proper-
ties of brain internal structures.

Recently, Paulsen et al. (1999) conducted "nite element
simulation of the brain deformation based on the bi-
phasic constitutive model of brain tissue. However, the
"nite element model used is linear, so that cannot be
realistically applied to modelling surgical procedures,
which invariably result in large displacements of the
tissue. Moreover, as was shown in Miller (1998), the
standard bi-phasic theory is unable to account for strong
stress }strain rate dependence, which is an important
characteristics of brain tissue mechanical properties. The
hyper-viscoelastic modelling approach proposed here
does not have such de"ciencies.
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