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KEYWORDS Abstract. A computationally efficient 3D human head finite element model was
3D head model: constructed. The model includes the mesoscale geometrical details of the brain including

. N the distinction between white and grey matter, sulci and gyri, the ventricular system,
Traumatic brain . . . . S
foramen magnum, and cerebrospinal fluid. The heterogeneity and anisotropy from diffusion
tensor imaging data were incorporated by applying a one-to-one voxel-based correspondence
between diffusion voxels and finite elements. The voxel resolution of the model was
optimized to obtain a trade-off between reduced computational cost and higher geometrical
details. Three sets of constitutive material properties were extracted from the literature
to validate the model against intra-cranial pressure and relative motion test data within
the brain. The model exhibited good agreement at pressure tests in frontal and occipital
lobes with peak pressure magnitudes of only 8% and 6% higher, which occurred 0.5-3 ms
earlier than those of the experimental curves at coup and countercoup sites, respectively.
In addition, evaluation of the relative displacement at six locations within the brain
indicated acceptable agreement with experimental data. The performance of the authors’
model exhibited the highest overall score compared to several previous models, using the
correlation and analysis rating method.
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1. Introduction of experimental and numerical research has focused on
developing a better understanding of tissue response
to external stimuli. Experimental approaches have
often attempted to replicate real-life impact conditions
using postmortem human subjects under laboratory
conditions (see e.g. [2-4]). Such approaches have led
e EE ' - to the advance of various macroscale criteria such
TBI is still in its primary stage [1]. A vast literature as the HIC (Head Injury Criterion) and HIP (Head

Impact Power) which relate a macroscale measure of

Traumatic Brain Injury (TBI) affects almost 180-250
per 100,000 people in western countries every year, with
a wide range of symptoms from death to temporary and
long-term disability leading to invisible and visible loss
of societal productivity. Biomechanical study of the
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to provide any information regarding the mechanistic
doi: 10.24200/sci.2020.54280.3685 aspect of damage at tissue and sub-tissue levels.
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Along with rapid development of computational
technology, numerical models with various degrees of
complexity have emerged over the last several decades.
These models range from simplified models of a human
head with 20,000 elements to more accurate models
containing 2 million elements [5], aiming to provide
stress/strain distribution in various regions of the
human brain subjected to external stimuli. As the
computational cost of Finite Element (FE) models
increases with anatomical accuracy, the accepted trade-
off for reduced computational time has been a major
challenge. The ultimate purpose of FE models is
to combine accurate representations of the head and
brain anatomy with sophisticated material properties
to simulate deformation patterns and obtain tissue
level mechanical parameters, such as stress and strain,
within the brain tissue. These mechanical parameters
may be extracted and used as injury predictors [6-15].

Recent studies on the mechanical properties
of brain tissue have been greatly influenced by its
anisotropic behaviour, especially within the white mat-
ter [16,17]. This has been illustrated using Diffusion-
MRI, fiber tractography [18], and by histological ob-
servations of the tissue [19]. In particular, several
experimental studies have shown that white matter
tissue displays considerably [20-22] or marginally [23]
higher stiffness along the axonal tracts. In addition
to the direction-dependence, the mechanical properties
within the white matter have been considered region-
dependent (i.e. heterogeneous) [21,23]. This hetero-
geneity is mainly rooted in the spatially variable ar-
chitecture, volume fraction, caliper, and orientation of
axonal fibers [17,21,23] in different regions (structures)
of the white matter, such as corpus callosum, corona
radiata, etc.

While several 3D FE models have been proposed
in the literature, few have attempted to incorporate
the anisotropy and heterogeneity of material properties
within the brain [24]. The inclusion of anisotropy
data has often led to various complications leading
to the reduced efficiency of the FE models. In
addition, due to the dimensional difference between the
baseline geometrical models and the original source of
anisotropic field data, the few anisotropic models have
often relied on scaling techniques and approximations
to connect voxel-based anisotropy data and the FEs
of the model [24,25]. Furthermore, most existing
models employ a simplified geometry of the brain
to meet the requirements of surface contact between
adjacent regions. The simplified geometry is often
the result of surface fitting and smoothing of contact
surfaces between adjacent regions (e.g. CSF and
Skull). While these simplifications often lead to loss
of important tissue detail (e.g. sulci, gyri, ventricles,
etc.), a considerable amount of literature has focused
on the skull-brain boundary conditions (see e.g. [26—

29]), as well as the effect of impact direction [14],
leading to contradictory results. On the other hand,
patient specific models require a direct algorithm to
derive FE mesh from T1 data [30]. Therefore, the
previously proposed FE models entail several major
insufficiencies in geometrical accuracy, incorporation of
anisotropy and heterogeneity, patient specificity, and
computational cost-effectiveness. In order to gain a
deeper insight into the damage mechanisms of TBI as
a result of macroscopic loading at various orientations
and intensities, more efficient anisotropic macroscale
models are required.

This study aims to develop and validate a com-
putationally inexpensive FE human head model (the
SUTHM, Sharif University of Technology Head Model)
including anisotropy and heterogeneity from DTI data
using a voxel-based mesh generation approach, suitable
for patient specific modelling. Two major challenges of
FE-based head modeling are tackled:

1. Accurately reproducing the geometry of an original
scan;

2. Accurate inclusion of patient specific anisotropy
and heterogeneity of white matter into the FE
model.

In order to obtain a FE model with acceptable com-
putational cost, the voxel resolution of the model
is optimized to obtain a trade-off between reduced
computational cost and geometrical details. The one-
to-one correspondence between the FEs and DTT voxels
allows for incorporation of anisotropy and heterogene-
ity. The main orientation and dispersion factor from
DTI voxels are inserted into the FE models in the
form of global elemental orientation and dispersion
matrices. Three sets of hyperelastic parameters are
assigned to the model from previous experiments. The
model is then validated against intra-cranial pressure
by applying a frontal impact, and evaluating the coup
and countercoup response at two opposite points in
the frontal and occipital lobes. Finally, the model
is validated against the relative motion data of 6
points within the brain using CORA (Correlation and
Analysis Rating Method) to evaluate the similarity of
two curves, and the results are compared to some other
existing FE head models.

2. Methods

2.1. MRI/DTI data acquisition

T1 and Diffusion Weighted Images (DWI) were ob-
tained from a 25-year-old male healthy subject. The
original data included 176 slices with 1 mm in-plane
resolution. Imaging was performed using a single shot
imaging pulse sequence with gradient sectors in 12

directions and b-value = 1000 s/mm?. The obtained
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slices were realigned by selecting a single coronal slice
as reference. A linear mapping algorithm was used
to adjust the size matrix of coronal sections to the
reference image through displacement, rotation and
scaling. Normalization was carried out by adjusting
the pixel intensity of all voxels in grey scale to meet
the optimum values based on Eq. (1):

new max — new min

Iny = (I — min) + new min, (1)

max — min
where I denotes the numerical pixel intensity, Iy is
the normalized intensity, min and max are the old
minimum and maximum intensity in greyscale, and
new min and new max are the new minimum and
maximum pixel intensity in greyscale, respectively. In
order to smooth the pixel matrix and enhance the
Signal to Noise Ratio (SNR), a linear Gaussian kernel
was applied to all coronal sections. Finally, a Statistical
Parametric Mapping (SPM) method was used to clas-
sify and extract 4 tissues (i.e. skull, CSF, grey matter,
white matter) via the SPM toolbox. Each voxel was
assigned to a class with the highest probability based
on the probability map of each class (Figure 1).

Exploratory DTI was utilized to register DTI data
onto T1 images and to extract the 4D diffusion tensors
for all voxels of the white matter [18]. A method
similar to that explained by Karimi et al. [31] was
employed with distortion/subject motion correction,
and rigid co-registration. The results were verified
by using the DTIFIT tool of the diffusion toolbox in
FSL software package (Oxford Centre for Functional
MRI of the Brain, FMRIB [32]). The diffusion tensor
was then calculated for all voxels using the weighted
nonlinear least square method [31]. The eigenvalue and
eigenvector maps were extracted for all voxels using
custom MATLAB scripts. Negative eigenvalues were
set to zero to guarantee the positive definitiveness of
the diffusion tensor.

2.2. FE model

The FE model of SUTHM was initially developed with
four different voxel sizes of 1, 1.5, 2, and 4 mm for
the means of parametric study. The resulting number

Figure 1. Post-image processing segmentation of tissue
by using SPM 12: (a) Grey matter, (b) white matter, (c)
cerebro-spinal fluid, and (d) skull.

of cubic elements in each model is shown in Table 1.
The mesoscale morphological details of the tissue, such
as sulci and gyri, on the cortex of the grey matter,
ventricles, and foramen magnum were captured by all
models. In order to avoid increased local stresses at
the contact surfaces and the zigzagging effect [30],
smoothing was applied to surface elements at skull-
CSF, and CSF-brain contacts. However, in order to
avoid loss of element quality, the smoothing was applied
partially to keep the Jacobian of all surface elements
above 0.8. The contact between adjacent regions of
skull-CSF, CSF-grey matter, and grey-matter-white
matter was modelled with a tie constraint between
nodes on adjacent voxels. This mode of interaction
led to more reliable results, while other modes, such as
frictional or frictionless contact, resulted in excessive
boundary deformations and invalid results. Linear
hexahedral elements with reduced integration (C3D8R
in ABAQUS) were used for CSF, grey, and white
matter in explicit dynamic analyses. Total hourglass

Table 1. Number of elements in voxel-based Finite Element (FE) models generated with four different voxel resolutions.

Revolution No. of Hexahedral elements
(voxel size (mm)) Skull CSF Grey matter White matter Total
1 115010 42831 159301 120921 438063
1.5 75991 28563 106213 80599 291366
2 57387 21410 79635 60475 218907
4 27963 10723 39802 30221 108709
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Figure 2. 2D view of the parasagittal slice of the
assembly model (1 mm voxel resolution) showing
morphological details and voxel boundaries between
adjacent regions skull (black), CSF (green), grey matter
(grey), and white matter (white).
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Figure 3. Variation of the maximum pressure at two
points with the voxel resolution of the model.

energy was checked at every step to be lower than
10% of the peak internal energy at deformable parts
of the model (i.e. CSF, grey matter, white matter).
Mass scaling was applied to elements whose stable
time increments were less than le-5 seconds at the
beginning of each step. The percentage change in total
model mass caused by mass scaling was checked to be
less than 2% during every analysis. Skull elements
were modelled as rigid. CSF was modelled with
incompressible linear elastic behavior, with a density
of 1 kg/m® and bulk modulus of 2.1 GPa [30]. A
parasagittal slice of the model is shown in Figure 2.
In order to examine the effect of the grid size
on the response of the FE model, four realizations of
the model with linear elastic material properties and
variable voxel size (in the range of 1-4 mm) were sub-
jected to an anterior-posterior acceleration of 500 m /s?
in 15 milliseconds. The maximum intracranial pressure
(ICP) was measured at two nodes, one in the frontal
lobe and one in the occipital lobe, as shown in Figure 3.
The results indicated that the voxel size of 2 mm was
sufficiently fine to stabilize the pressure at both points.
Based on the results of Figure 9, the voxel-based FE
model with element size of 2 mm was used to validate

TZ

Figure 4. 3D sectional view of the voxel-based assembly
of human head Finite Element (FE) model (SUTHM)
with hexahedral cubic elements of skull, CSF, grey matter
and white matter.

the model. A sectioned 3D representation of the model
is shown in Figure 4.

2.3. Material properties

A wide variety of material properties have been pro-
posed and applied to human brain FE models, ranging
from linear elastic to viscoelastic and hyper-viscoelastic
constitutive models. However, few hyperelastic models
have the capacity to account for anisotropy at the
sub-tissue level of the human brain. In this study,
a hyperelastic model based on the Holzapfel-Gasser-
Ogden (HGO) strain energy function was used [33].
This model has been recently generalized to account
for fiber dispersion in the white matter [34].

2.3.1. Hyper elastic constitutive model
The general form of the HGO function may be written
as:

where W denotes the strain energy per unit volume,
and G and K represent the shear and bulk moduli,
respectively. N is the number of existing fiber families
in the fiber-matrix composite model, [; is the first
invariant of the isochoric Cauchy-Green deformation
tensor, and J = det(F) is the volume ratio. E;
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represents the strain in the direction of the ith fiber
bundle (i.e. axonal bundle) defined as:

Ei=r(l =3) +(1-3kr) (Is — 1), (3)

where, Ij; = C : iig;itg:, C = J3 C is the isochoric
part of the right Cauchy-Green deformation tensor
and 7lp; is the unit vector of fiber direction in the
reference (undeformed) coordinate system. & is a
material parameter describing the dispersion of the
fiber orientations around the main fiber direction y;
(zero for fully aligned fibers denoting full transverse
isotropy and % for isotropic orientation denoting ran-
domly oriented fibers). The Macaulay brackets cause
E; to become zero, in case its value is negative, and
thus the fibers do not contribute to compression.

Assuming a single direction for fibers in the above
equation and neglecting the nonlinear stiffness effects
of the fiber (ky — 0), Eq. (2) is reduced to:

2 _ _
W:G<[1—3)—|—I((J 1—11HJ>+k1<E1>2
2 4 2 2 (4)

In this study, the HGO constitutive model was used for
both white and grey matter, with a difference wherein
the grey matter is assumed to have isotopically oriented
fibers (i.e. k = %), while the dispersion of fibers
within the voxels of white matter are assigned from
DTI data using a discrete field. The bulk modulus is
assumed constant and equal to 2.19 GPa for the brain
and CSF. Based on previous studies, three candidate
sets of hyperplastic parameters were generated. The
first set of parameters (the “Low Modulus” parameter
set) was obtained by fitting the HGO model to the
tensile experiment results by Velardi et al. [20]. The
fitting procedure is further described in a study by
Wright and Ramesh [35]. The long-term shear moduli
and fiber reinforcement parameter were reported as
1= 286 Pa and k; = 121 Pa, respectively. As the tests
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were conducted at relatively low strain rate, the moduli
were assumed to represent long-term behavior. A long-
term to short-term shear moduli ration of 0.16 was used
from Zhang et al. [6] to derive the instantaneous shear
moduli and fiber reinforcement parameter.

The “High Modulus” set of parameters were
obtained from the optimal fit of the HGO model
to a tensile-compressive experiment on white matter
samples at a higher strain rate of 30/s [22]. The
average instantaneous shear modulus was reported by
Hoursan et al. [36] as pu = 2210 Pa. The ratio of
fiber reinforcement parameter to shear moduli was
assumed constant and equal to the average modulus.
The “Average Modulus” was considered as the average
of high and low moduli in terms of shear modulus.
The ratio ki /p was considered equal to those of high
and low moduli parameter sets. Fiber contribution to
the stiffness was assumed linear (i.e. ko — 0). The
material parameters are displayed in Table 2.

In order to include the anisotropy data of axonal
tracts into the model, the voxel-based implicit method
has been employed rather than the explicit embedment
of axonal tract structures [16]. A series of MATLAB
scripts were used to calculate the dispersion parameter
(representing the heterogeneity) and elemental orien-
tation (representing anisotropy) for each element of
the white matter. For each voxel (corresponding to
a single hexahedral element), the position vector p in
the global coordinate system was obtained from the T1
image, and the diffusion tensor of the corresponding
voxel was extracted. Next, the diffusion tensor was
diagonalized using Eigen decomposition. Subsequently,
in order to obtain the dispersion parameter x (rep-
resenting heterogeneity), the eigenvalues were used to
calculate FFA (Eq. (5)). The dispersion parameter k is
then calculated from FA (Eq. (6)), further explained
in Giordano and Kleiven [11] and written into the
elemental dispersion matrix. On the other hand, the
eigenvector corresponding to the highest eigenvalue

Table 2. Three sets of hyperelastic material parameters for grey and white matter regions of the SUTHM model.

P K Mo Hoo k1o kiso ko
(kg/m®) (GPa) (Pa) (Pa) (Pa) (Pa) (Pa)

High ‘White matter 1040 2.19 2210 420 935 179 0.0001  From DTI
modulus  Grey matter 1040 219 2210 420 935 179  0.0001 1/3
Average White matter 1040 2.19 1865 353 786 150 0.0001  From DTI
modulus ey matter 1040 2.19 1865 353 786 150  0.0001 1/3

Low White matter 1040 219 1520 286 637 121  0.0001 From DTI
modulus oy matter 1040 219 1520 286 637 121  0.0001 1/3
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Figure 5. Schematic illustration of inclusion of anisotropy and heterogeneity into the voxel-based white matter of

SUTHM. P is the position vector of a representative voxel

in the white matter, corresponding to a single element in the

Finite Element (FE) model. Elemental orientation and dispersion matrices are formed for white matter.

was considered as the main orientation of the fibers
within the voxel and used to create the elemental
orientation matrix. The obtained elemental orientation
and dispersion matrices are finally written into the

analysis input file via a custom python code. The
procedure is illustrated in Figure 5.
+ (A1 = A3)? + (A2 — A3)?

i

2 2 2
X+ + A2 (5)

FA = \[\/ (M = A)?

_1-6+ AFA? + 24/3FA% — 2FA4

—9 + 6FA>

(6)

2.8.2. Viscoelastic behaviour

In order to incorporate viscoelasticity, a Quasi-Linear
Viscoelastic (QLV) model was used, as proposed by
Fung [37]. Assuming the time-dependent behavior to
be given by a Prony Series, the stress can be written
in the following form [25]:

S(t):/o [Mg—ZM@ ”

where p is a time variable that spans from initial time
to current time, S, is the deviatoric elastic stress, and
M, is the instantaneous material parameters G and
k1. M; and 7; are time dependent coefficients obtained
from material response in a relaxation test. Here, the
constants proposed by Cloots et al. [25] were used, as
shown in Table 3.

ds.
dp

(7)

3. Model validation

3.1. Nahum’s impact

Simulation results of the SUTHM are compared with
the intracranial pressure-time recordings from exper-
iment no. 37 conducted by Nahum et al. [2], where

Table 3. The proposed viscoelastic parameters of axon
and ECM in brain white matter [25].

M, for 1 =107%s  0.7685
M, for ;1 =10"%s  0.1856
Ms for mp =107%s  0.0148
My for 11 =107% s 0.0190
My for 11 =107% s 0.0026
Mg for 1 =107t s 0.0070

Moo 0.0025

the forehead of the cadaver, inclined forward by 45
degrees, was impacted by a padded impactor. The
acceleration pulse resulting from the force measured
upon the impact was applied to the skull (Figure 6).
The intracranial pressure-time curves in the frontal and
occipital regions from this experiment were compared
to the predictions of models with different material
properties.

3.2. Relative motion between the skull and
brain

A test of relative motion between the brain and the
skull was performed based on the experimental data
presented by Hardy et al. [3] and King et al. [38],
which describes the relative displacement between the
brain and skull of a human cadaver, using a high-speed
biplane x-ray system and Neutral Density Targets
(NDTs). In the experiment, cylinders of 3.9 mm length
and 2.3 mm diameter were used as NDT's, implanted in
two vertical columns located in the occipitoparietal and
temporoparietal regions, spaced approximately 10 mm
apart (Figure 7). The cadaver head was inverted
and suspended in a fixture that allowed rotation and
translation. The NDT’s numbered “ag”and “pg” were
located in the brain toward the apex of the skull,
while the “a;” and “p;” were located just above the
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Figure 6. Frontal head impact from the cadaver experiment no. 37 by Nahum et al. [2]. Force measurement (left) and

head acceleration (right).

Figure 7. Schematic of suspended head and NDT
locations from experiment C383-T1 [38]. The green NDT
locations have been chosen for analysis in the current
study. The Y-relative displacement was measured during
simulation at a1, as, as, p1, ps, and pe locations.

base of the skull (Figure 7). Experiment C383-T1 was
simulated, which evaluates anterior-posterior relative
displacements when the cadaver is subjected to a
frontal impact described by the acceleration pulse of
Figure 8. The relative displacement was measured
at 6 locations in the FE model corresponding to 6
NDT locations from the experiment (i.e. a;, ag, ag, p1,
D3, D6, as shown in Figure 7). In order to replicate
experimental conditions, the model was hinged at
the skull base (neck joint) with 80 N/m rotational
stiffness [3] and subjected to a constant gravitational

200
Nm 0
R
£
K 4
19 -
B! 200 « y
-
3
5] y
£ -400
—— Linear acc. Y
Linear acc. Z
-600
0 150

Time (ms)

acceleration of 10 m/s? in the +z direction (inverted
suspended cadaver). The absolute Y-displacement at
each NDT point was measured relative to a certain
point at the base of the skull.

4. Results

The results of the simulation of Nahum’s impact are
shown in Figure 9. The predicted response in terms of
the ICP was recorded at two nodes in the frontal and
occipital lobes. The results are indicated for three sets
of material parameters in Figure 10. It was observed
that, while the three sets of material parameters
resulted in 0.5-3 ms earlier pressure peaks than those
of the experimental curves, the high modulus model
displayed better agreement with the experimental re-
sults, especially at the occipital lobe. The frontal and
occipital peak pressure magnitudes were only 8%, and
6% higher than those of the experiment, respectively.
In addition, tensile resistance at the occipital lobe, due
to the tie constraint at the brain-skull boundary, is
well reflected in the negative pressures at the occipital
lobe (Figure 2(b)). This can also be inferred from
temporal evolution of ICP gradients within the brain.
As observed in the contour plots of Figure 10, the
first wave of pressure propagates upon impact (¢t =
0 ms), causing almost simultaneous positive (coup) and
negative (countercoup) values of pressure at frontal
and occipital lobes, respectively. The second pressure

5

3000

(rad/52)

Angular acc.

Time (ms)

Angular acc. X

-3000
0 150

Figure 8. Acceleration pulse applied by King et al. [38], C383-T1 frontal impact.
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Figure 9. Simulation of intracranial pressure results from the cadaver experiment of Nahum et al. (1977) applied to the

SUTHM model with three sets of material parameters: (a) Frontal lobe pressure and (b) occipital lobe pressure.
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Figure 10. Deformed configurations and contour plots of intracranial pressure within the brain during the simulation of
Nahum'’s frontal impact (SUTHM with high modulus parameter set).

wave, characterized by negative ICP at the impact site
(frontal lobe) and positive ICP on the opposite side of
the impact site (occipital lobe), propagates after the
collision and damping of the first wave (¢ > 10 ms).
The results for the relative displacement in Y-
direction are displayed in Figure 11 for 6 locations
in the occipitoparietal and temporoparietal regions of
the SUTHM model. As expected, the magnitude of
the relative motion in the NDT points increases with
decreasing stiffness. In particular, the low modulus set
the highest positive and negative peaks of displacement
at all NDT locations, overestimating the experimental
maxima and minima by an average of 72 percent. On
the other hand, under the stiffest set of material prop-
erties (i.e. high modulus parameter set), the maxima
and minima were underestimated by an average of 40
percent for relative displacement in the Y-direction.
An average delay of 5 ms was observed at the peaks of
model-predicted data, with respect to the experimental
data. In particular, the most compliant model (i.e. low

modulus parameter set) displayed 10 ms and 20 ms
delay in the first peak at a; and ag locations.

In order to compare the model performance
against the previously published models, the CORA
rating method was used to evaluate the similarity of
the model-predicted and experimental curves using two
independent sub-rating methods: a corridor method
and a cross correlation method [39]. The CORA
scores of the current model with three different sets
of material parameters were compared against the
CORA ratings published for other human FE head
models for relative motion in a Y-direction under
frontal C383-T1 impact (Figure 12). The previously
published models considered here include the DHIM
(Dartmouth Head Injury Model [40]), KTH (Kungliga
Tekniska Hogskolan [8,29]), GHBMC (Global Human
Body Models Consortium [7]), SIMon (Simulated In-
jury Monitor [9]), and ABM (ATLAS-based Brain
Model [5]). A CORA rating of 1 indicates a perfect
match of the curves.
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Figure 11. Simulation of relative skull-brain motion for the frontal impact C383-T1. For marker locations and coordinate
system directions, see Hardy et al. (2001) [3]. Experimental data (black curves) are plotted together with the anisotropic

model responses (colored lines).
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Figure 12. CORA analysis result of similarity between the curves obtained from different models in the relative motion
test by comparing the present model findings with those of previous models.

5. Discussion

A novel 3D FE human head model with enhanced
computational cost was developed from MR Imaging
data using a voxel-based mesh generation algorithm.
The anisotropy and heterogeneity of material prop-
erties within the white matter were introduced into
the model using a direct one-to-one correspondence
between the FEs and voxel-based diffusion data. In
order to insert the diffusion information into the white
matter, the DTI voxel belonging to a single FE of the
brain was identified based on spatial coordinates, and
the diffusion information was derived from the diffusion
matrix, directly. In previous anisotropic models, due
to the incompatibility of DTI data and FE mesh,
the diffusion information was averaged to extract the
mean element anisotropy information considering the
normalized distance from the center of the voxel to

the center of the FE for each selected voxel [11,24].
The anisotropic SUTHM model presented here offers
refined mesh with more local accuracy which avoids
the systematic loss of information due to averaging. In
addition, the current model achieved a relatively lower
computational cost by investigating the influence of
mesh resolution on the pressure response of the model.

Simulation of intra-cranial pressure at two lo-
cations in the frontal and occipital lobe subjected
to Nahum’s impact shows the model predictions are
highly dependent on the choice of constitutive material
properties. The high modulus parameter set exhibited
the strongest agreement with experimental data, with
the frontal and occipital peak pressure magnitudes only
8% and 6% higher than those of the experiment, while
the low modulus set displayed the weakest correlation
with peak pressures 51% and 31% lower than those
of the experiment at frontal and occipital lobes, re-



1280 H. Hoursan et al./Scientia Iranica, Transactions B: Mechanical Engineering 28 (2021) 1271-1283

spectively. The maximum ICP of the high modulus
set was 153 kPa at coup site, slightly higher than
that of the experimental curve (141 kPa), while the
most compliant set (low modulus) displayed the peak
pressure of only 50 kPa. In addition, while the high
modulus material set peaked simultaneously with the
experimental curve at the countercoup site (negative
pressure), the negative pressure peak of the average
modulus parameter set occurred 2 ms earlier. The
patterns of pressure wave propagation at coup and
countercoup sites were similar to previous observations
in terms of pressure changes within the tissue [41]. In
particular, the irregular trauma distribution reported
in coup and countercoup injuries [42] may be explained
by dynamic pressure transients observed to be carried
around the skull by flexural waves [43], from coup to
countercoup.

The important effects of tissue compliance, re-
flected in the constitutive material properties, were also
found in the simulation of the relative displacement
between the brain and skull. There was considerable
difference between the responses of the SUTHM with
different sets of material properties, especially at oc-
cipitoparietal NDT locations (i.e. pi-ps-ps). It was
observed that, while several models can capture the
experimentally measured relative motions, the SUTHM
model with the high-modulus parameter set has the
highest overall CORA score (marginally higher than
the ABM model) for three temporoparietal NDT's (a4,
ag, ag), while the average-modulus model has the third
place (slightly below the ABM model). Furthermore,
while all models perform relatively well at the a;
location, there is a considerable difference across the
CORA scores at the ag location with the DHIM model
exhibiting the best response with a CORA score of
0.52. In addition the CORA scores at occipitoparietal
NDT locations (p1, ps, pe) are marginally lower in
almost all models, where the highest overall score goes
to GMBHC, ABM, and SUTHM with high modulus
parameter sets, at almost equal values. On the
other hand, the previously proposed models displayed
considerable variation of CORA score across different
locations. For instance, the GMBHC response at three
temporoparietal NDTs range from the CORA score of
0.53 at a; to 0.18 at ag. However, the CORA scores
of our SUTHM model displayed less variation across
different locations (0.39-0.55 at temporoparietal and
0.36-0.57 at occipitoparietal NDT locations), indicat-
ing more reliability.

Finally, although the voxel-based SUTHM model
presented in the current study exhibited better results
compared to previous models in terms of the Y-relative
displacement, it remains to be studied under impact
in other directions, as well as rotational accelerations,
in the future. In addition, although the effect of
neck flexural stiffness was modelled in the course of

analyses, the presence of neck tissue in the FE model
has been shown to have important effects, especially in
case of rotational accelerations. In particular, Newman
et al. [44] reported a minimal effect of neck stiffness
on linear accelerations but larger effects on rotational
accelerations. Since the model was validated against
linear accelerations in the current study, this effect was
simplified with a fixed flexural moment applied to the
base of the skull for the time being. However, the model
remains to be validated under rotational accelerations
in future studies. Furthermore, although the CSF-skull
and CSF-brain boundary conditions were assessed in
this study, the important effects of CSF geometry and
material properties on the results remain to be inves-
tigated in future applications of the model. Finally,
while previous studies have shown that the vasculature
has a minimal biomechanical influence on the dynamic
responses of the brain in a 3D FE head model [30,45],
it can be simulated in order to account for the damage
to vessels as the result of the strain field in TBI.
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Nomenclature

w Strain energy density (N.m)

G Shear modulus (Pa)

E Strain (-)

I Invariant of the deformation tensor (-)
J

Volume ratio (-)

ky Fiber stiffness (Pa)

ko Nonlinear effects coeflicient (-)

N Number of fiber bundles (-)

C Right Cauchy-Green deformation
tensor (-)

K Bulk modulus (Pa)

A Eigenvalue of diffusion tensor (-)

FA Fractional Anisotropy (-)

S Stress tensor (Pa)

Material parameter (-)

i Unit vector of fiber direction (-)
Material parameter for dispersion (-)
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