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ABSTRACT
he length scales involved in the development of diffuse axonal injury, typically range from the

head level (i.e., mechanical loading) to the cellular level, where discrete axonal injuries are located near
inclusions. The aim is to investigate the local axonal strains near an inclusion in relation to the tissue level
strains of the brain stem during mechanical loading of the head and the resulting orientation dependence
of tissue level injury criteria. For this, a multi-scale FE approach is adopted. The results show that the
axonal strains cannot be trivially correlated to the tissuestrain without taking into account the axonal
orientations, which indicates that the heterogeneities atthe cellular level play an important role in brain
injury and reliable predictions of it.
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THE BRAIN is a vulnerable part of the human body in case of an accident, such as in a road traffic crash
situation. In Europe, which has a total population of 330 million people, about 50,000 people die because
of traumatic brain injury (TBI) each year (Tagliaferri et al., 2006). Diffuse axonal injury (DAI) is one
of the most frequently occurring types of TBI (Gennarelliet al., 1982). It is primarily involved with
dynamic non-contact loading, although it is believed to occur in closed head impacts as well (Gentleman
et al., 1995; Smithet al., 2003).

In order to improve the prevention or diagnosis of TBI, a better understanding of the relation between
mechanical loading and TBI is necessary. Therefore, brain injury criteria are developed that can predict
TBI as a results of a mechanical load. The most used brain injury criterion in the automotive industry
nowadays is the head injury criterion (HIC), which is based on head level kinematics (Versace, 1971).
Although the mechanical loading occurs at the head level, injury of the brain is often the result of more
local mechanical phenomena. Because of this, more sophisticated brain injury criteria would account
for these local mechanics. For this purpose, three-dimensional finite element (FE) head models are
developed that simulate the response of a mechanical loading of the head to predict the possibility of TBI
(e.g.,Kleiven, 2007; Marjoux et al., 2008; Takhountset al., 2003; Zhanget al., 2004). FE head models
have a good potential to predict DAI, since they describe local deformations within the brain (Miller
et al., 1998; Smith et al., 2003). However, a well-defined correlation between mechanical loading and
DAI using FE head models has not been achieved yet. A possibleexplanation is that the gyri and sulci
in the brain, which are not included in these FE head models, can play an important role in the local
tissue deformations (Clootset al., 2008; Ho and Kleiven, 2009; Lauretet al., 2009). Furthermore, in
case of DAI, the mechanical loading imposed on the head results in damage of the brain at the cellular
level, which is influenced by heterogeneities within the tissue. Although from a macroscopic viewpoint,
this type of injury has a diffuse appearance, from a microscopic viewpoint, it has been found that DAI
is concerned with discrete focal damage of axons. Accordingto Povlishock (1993), axonal injury is
observed only at locations where the axons have to deviate from a straight path because of an obstruction
(e.g., a blood vessel). This indicates that those axons might be subjected to locally higher strains than the
tissue level strains, because of mechanical heterogeneities at the axonal level. Furthermore, it indicates
that a region with axons near a blood vessel can be consideredas a critical region for axonal injury.
Moreover, in his experiments, Povlishock has found axonal damage mainly within the brain stem. Also,
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other studies concerning TBI have shown that tissue strainscan lead to injury at a cellular level (e.g.,
Bain et al., 2001; Engelet al., 2005; Floyd et al., 2005; Morrison III et al., 2006). This influence of
the microstructure of the tissue might possibly lead to an orientation dependence of the sensitivity of
brain tissue to a mechanical load in regions where the tissuehas a unidirectionally oriented structure,
indicating the importance of a coupling of tissue level brain injury criteria to microstructural aspects of
the tissue.

Within this context, the aim of this study is to investigate the local axonal strains near a blood vessel
in relation to the tissue level strains of the brain stem during mechanical loading of the head. To achieve
a coupling between FE head models that do not contain detailsat a cellular level and cellular based
injury criteria, a multi-scale framework with a macroscopic FE head model and a microscopic critical
volume element (CVE), which is also modeled with an FE approach, is used. The CVE is based on the
microscopic pathological findings for DAI.

METHODS
In this study, an existing FE head model (Kleiven, 2007) is used of which the loading conditions

are based on the reconstruction of a real sports accident. A CVE representing a critical region for local
axonal injury has been developed and is used in conjunction with this FE head model (see Figure1). The
loading conditions of the CVE are obtained from tissue deformations at specific locations within the head
model. This results in axonal loading taking the orientation of the axons into account. Also, a situation
is simulated in which no blood vessel is considered by takingthe strain in the head model in the main
axonal direction. Since the discrete focal impairments of the axons are found mainly in the brain stem,
as mentioned in the previous section, focus is put on this part of the head model. In order to perform an
in-depth study of the axonal strains in the CVE with respect to the tissue strains in the brain stem of the
head model, one specific loading case of the head model is considered, where for each element of the
brain stem a CVE simulation is performed. Furthermore, an anisotropic CVE is developed separately
from the head model to investigate the influences of anisotropic mechanical properties caused by axonal
orientations on the axonal loading.
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Figure 1: Models at different length scales: a) head model, b) head model showing several internal
components and c) critical volume element. The x, y, and z-direction correspond to the lateral, the
anterior-posterior, and the superior-inferior directionof the head, respectively.

HEAD MODEL: The head model that is used in this study is developed by Kleiven (2007) in the FE
code LS-DYNA 971 (LTSC, Livermore, CA) and it consists of 11158 eight-node hexahedral elements,
10165 four-node shell and membrane elements, and 22 two-node truss elements. The material behavior
of the brain stem in the head model is described by a linear viscoelastic model in combination with a
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second order Ogden hyperelastic constitutive model. For the loading condition, the reconstruction of
case 157H2 (Kleiven, 2007) is used, which is an injurious head impact loading case of a sports accident
in the American National Football League (see Figure2).
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Figure 2: Head model loading condition based on the reconstruction of a struck sports player(concussed,
HIC=472).

CRITICAL VOLUME ELEMENT: The CVE is developed using the FE code Abaqus 6.8-2 (Simulia,
Providence, RI). It contains 27960 eight-node reduced integration hexahedral elements. The geometry of
the CVE is based on pathological observations for axonal injury. It contains a blood vessel represented
by a cylinder with a cross-sectional diameter of 8µm and its surrounding material is assumed to consist
of axons only. The blood vessel is oriented in either the lateral or the anterior-posterior direction as
shown in Figure1. The blood vessel and the surrounding tissue are assumed to be fully compatible at
the interface. The tissue, consisting of axons, is modeled with a continuum approach. In line with the
head model used at the macroscopic level, an isotropic Ogdenmodel is used with the same properties
as the head model (Kleiven, 2007). Note that the amount of critical locations is assumed to besmall,
so that the tissue properties at the microstructural level are assumed to correspond with those of at the
macroscopic level. Although the tissue is modeled with isotropic material behavior, in order to obtain
the axonal strains, each material point has a specific orientation representing the local axonal orientation,
which is depicted in Figure3. For all locations in the brain stem, the main axonal direction is in the
z-direction, corresponding to the inferior-superior direction in the head model.

y

z

Figure 3: Front view of the CVE with the spatial discretization and the axonal orientation in each element
of the part that consist of axons.

Also the behavior of the blood vessel is described with and Ogden model. The material properties
of the blood vessel taken relative to those of the brain tissue: A) equal to those of the brain tissue, B)
three times stiffer, and C) ten times stiffer. The results ofthe simulations with the blood vessel stiffness
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Figure 4: CVE with a) labeling of the corners and faces in the undeformed state and b) deformed model
with periodic boundary conditions.

A will give insight into the influence of only the axonal orientations near a blood vessel on the axonal
strain, whereas the blood vessel stiffnesses B and C will also show the influence of the heterogeneities in
material stiffness at this level. All the material properties are shown in Table1.

Table 1: Material properties of the CVE.
Brain tissue Blood vessel

A (1x) B (3x) C (10x)
µ1 (Pa) 15.8 15.8 47.4 158
µ2 (Pa) -106.8 -106.8 -320.4 -1068

α1 28.1 28.1 28.1 28.1
α2 -29.5 -29.5 -29.5 -29.5

G1 (kPa) forβ1 = 106 s−1 484 484 1450 4840
G2 (kPa) forβ2 = 105 s−1 117 117 351 1170
G3 (kPa) forβ3 = 104 s−1 9.30 9.30 27.9 93.0
G4 (kPa) forβ4 = 103 s−1 12.0 12.0 36.0 120
G5 (kPa) forβ5 = 102 s−1 1.61 1.61 4.83 16.1
G6 (kPa) forβ6 = 101 s−1 4.44 4.44 13.3 44.4

The loading conditions of the CVE are obtained from the deformation gradient tensor of a specific
element of the head model and are imposed by means of periodicboundary conditions (Kouznetsova
et al., 2001). The displacement vector~u of a corner nodeci, as shown in Figure4, is calculated from the
global deformation gradient tensorF̄:

~uci = (F̄ − I) · ~xci (1)

in which~x0 is the initial position vector andI is the unit tensor and is prescribed for corner nodesc1, c2,
c4, andc5. The nodal vector displacements of the remaining parts of the boundary are tied as follows:

~uΓ5678
− ~uΓ1234

= ~uc5 − ~uc1 (2)

~uΓ2673
− ~uΓ1584

= ~uc2 − ~uc1 (3)

~uΓ4378
− ~uΓ1265

= ~uc4 − ~uc1 (4)

whereΓjklm denote the faces of the model (see Figure4). As a result of these kinematical boundary
conditions, antiperiodicity of the tractions is satisfied (Kouznetsovaet al., 2001).
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ANISOTROPIC CVE: The material behavior of the head model is isotropic and therefore the mate-
rial behavior of the underlying CVE is chosen to be isotropicas well. However, in reality, anisotropy has
been found in brain tissue, especially in the brain stem (Arbogast and Margulies, 1998, 1999; Hrapko
et al., 2008; Nicolle et al., 2005; Ning et al., 2006; Prange and Margulies, 2002). In order to investi-
gate the effects of anisotropy on the local axonal strain values, an anisotropic CVE has been developed as
well. The anisotropic material behavior is described by a simplified form of the Holzapfel-Gasser-Ogden
strain energy potential (Gasseret al., 2006):

W = G(Ĩ1 − 3) +K

(

J2 − 1

4
−

1

2
lnJ

)

+
k1

2
〈κ(Ĩ1 − 3) + (1− 3κ)(Ĩ4 − 1)〉2 (5)

whereG is the shear modulus,K is the bulk modulus,̃I1 is the first invariant of the isochoric right
Cauchy-Green deformation tensorC̃ = J−

2

3 C with C the right Cauchy-Green deformation tensor and
J = det(F) is the volume ratio. Furthermore,̃I4 = C̃ : ~n0~n0 is the isochoric fourth invariant and~n0 is
the fiber direction vector in the reference configuration with unit length,k1 is the scalar fiber stiffness,
andκ is the dispersion of the fiber orientations around the preferred fiber direction~n0. The material
properties of the brain tissue in the CVE are derived from theexperimental study of Ninget al. (2006)
on the brain stem of a 4-week old pig. For the material behavior of the inclusion, the same material
property values are used, except that the fibers are assumed to be randomly oriented (i.e.,κ = 1

3 ). The
values of the material properties can be found in Table2. To investigate the influence of the stiffness of

Table 2: Material properties of the anisotropic CVE.
Brain tissue with axonal fiber orientation Inclusion
unidirectionally randomly

G (Pa) 12.7 12.7 12.7
k1 (Pa) 121.2 121.2 121.2

κ 0 1
3

1
3

the inclusion, the material properties of the inclusion arevaried with respect to those of the brain tissue,
for which also brain tissue composed of randomly oriented fibers (i.e.,κ = 1

3 ) is considered.
Since a direct coupling of the existing head model containing isotropic brain tissue and the anisotropic

CVE would be unrealistic, the anisotropic CVE is consideredseparately. An isochoric planar overall de-
formation is applied, in which the principal strain direction is varied (see Figure5). This direction is
indicated by the angleθ with respect to the global z-direction (i.e., inferior-superior direction) of the
model that corresponds with the main axonal direction. The global deformation gradient tensor pre-
scribed is then given by

F̄ = λ̄~m1 ~m1 +
1

λ̄
~m2 ~m2 + ~m3 ~m3 (6)

in which λ̄ = 1.01 is the globally applied stretch ratio and the vectors~mi (for i = 1, 2, 3) can be
expressed in terms of the Cartesian vectors~ej (for j = x, y, z) and the angleθ. These loading conditions
are also used for simulations in which no inclusion and/or isotropy is considered. Since no deformation
is applied in the axial direction of the blood vessel and since the cross-sectional geometry does not vary
in this direction, the anisotropic CVE can be described by a 2D plane strain model.

For the simulations with the fiber-based 2D models, a relative measure of the axonal strain with
respect to a global load measure is evaluated. The axonal strainε is defined as the maximum logarithmic
strain in the axonal direction, which is the material direction ~n0 for unidirectionally oriented axons and
the maximum principal strain direction for randomly oriented axons. By taking the maximum principal
tissue strain̄ε = ln(λ̄), which is imposed on the boundaries, as the global load measure, the relative
strain becomes̃ε = ε

ε̄
.

During realistic loading conditions responsible for DAI, the tissue deformation is strongly driven by
stress, because of the inertial forces acting on the brain. Therefore, also the maximum local strain with
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Figure 5: Isochoric deformation with the principal strain direction ~m1 and the main axonal direction
along~ez.

respect to the global normal stress difference of the tissueis considered,̄εσ = ε
(σ̄11−σ̄22)

, whereσ̄11
and σ̄22 are the homogenized stress components in the rotated coordinate system{~m1,~m2}, which are
computed as inKouznetsovaet al. (2001). This normal stress difference corresponds to the maximum
in-plane shear stress. Then, the axonal strain relative to the applied stress is normalized with this quantity
for a reference situation,̃εσ = ε̄σ

ε̄σ,ref
, where the reference situation is the homogeneous fiber-reinforced

tissue with unoriented axons.

RESULTS
MULTI-SCALE METHOD WITH HEAD MODEL AND CVE: From Figure6, it becomes clear

that the axonal strain has no clear relation to the tissue maximum principal strain for the simulations
with and without a blood vessel. At some moments in time, the axonal strain remains small even though
the tissue strain is large. Although in general, the axonal strains are lower than the corresponding tissue
strains, it can be noticed that the presence of a blood vesselcauses the difference between the axonal
and tissue strain to decrease. For the case without a blood vessel, this difference is related to the angle
ϕ between the tissue maximum principal loading direction andthe main axonal direction, whereas this
relation is not so clear for the simulations with a blood vessel. For the latter case, the orientation of the
blood vessel strongly affects the trajectory in the graph ofthe axonal strain versus tissue strain.

The influence of the stiffness of the blood vessel on the maximum local axonal strain is displayed
in Figure7. The blood vessels A, B, and C have material properties that are equal to those of the brain
tissue, three times higher, and ten times higher, respectively. Although the trajectory of the graph remains
similar for all three cases, the maximum local axonal strainincreases as the blood vessel stiffness relative
to the brain tissue becomes higher.

Figure 8 shows the axonal strain field of the CVE with the blood vessel in the anterior-posterior
direction with respect to the head. The tissue maximum principal strain is obtained att = 30 ms,
whereas the maximum axonal strain is much lower at that time.Although the tissue maximum principal
strain is lower att = tend, the maximum axonal strain in the CVE is higher than att = 30 ms. One
can also notice that the axonal strain values more distant from the blood vessel are in agreement with the
strain values of the case without a blood vessel (see Figure6).

When the axonal strain is plotted against the tissue maximumprincipal strain for all elements of the
head model brain stem at each time step, a similar relation between the angleϕ and the strain difference
between tissue and axons is obtained for the situations without a blood vessel (see Figure9). The results
of the simulations with a blood vessel show only a small difference in axonal and tissue strain for a range
of anglesϕ from 0◦ to about 40◦. The axonal strains are never higher than their corresponding tissue
maximum principal strains. However, it is also clear that the maximum principal strain observed in the
tissue of the head model is not able to predict strains occurring at the axonal level.
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Figure 6: Maximum axonal strain in the CVE versus the tissue maximum principal strain at each time
step fromt0 to tend during the mechanical loading for the element of the brain stem in the head model
with the highest tissue maximum principal strain. Angleϕ denotes the angle between the tissue maxi-
mum principal loading direction and the main axonal direction.
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Figure 7: Maximum axonal strain in the CVE versus the tissue maximum principal strain at each time
step fromt0 to tend during the mechanical loading for the element of the brain stem in the head model
with the highest tissue maximum principal strain.

Figure10depicts the axonal strain of the CVE versus the tissue strainof the head model in the main
axonal direction for all elements of the brain stem. It can benoticed that the blood vessel causes the
axonal strains to increase when the angle between the loading direction and the main axonal direction is
large. Only for lower values ofϕ, the axonal strain is close to the corresponding tissue strain in the main
axonal direction.

ANISOTROPIC CVE: In Figure11, the maximum relative axonal strains, which were previously
defined, are plotted as a function of the loading angle for theconfigurations with unidirectionally oriented
fibers. The maximum axonal strain relative to the globally applied strain is about 1.2 for the situation
with an inclusion. This value is obtained when the tissue is loaded in the main axonal direction. Large
axonal strains are found for a small range of loading angles.At a loading angle of around45◦, the tissue
with the inclusion reaches a normalized maximum axonal strain relative to the applied stress that is 2.5
times the value obtained at the loading direction in the mainaxonal direction (i.e.,θ = 0◦). For lower
loading angles, the maximum strains relative to the appliedstress are lower than for the 45◦ loading
angle, because of the stiffening effect of the fibers that areoriented closely towards the loading angle.
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For higher loading angles, the normalized strain relative to the applied stress decreases, because it is
affected by the decrease of the axonal strain relative the applied strain. The configuration without an
inclusion has a peak value for the relative strain at aroundθ = 36◦, with a value that is 1.7 times the
value obtained atθ = 0◦. For higher loading angles, the axonal strain relative to the applied stress drops
to lower values more rapidly compared to the model with inclusion.

The maximum axonal strain relative to the applied tissue strain is plotted against the relative inclusion
stiffness in Figure12, which is defined asGinclusion

Gtissue
=

k1,inclusion

k1,tissue
. For a high relative stiffness of the

inclusion in the configuration with unidirectionally oriented fiber, the maximum axonal strain can exceed
1.7 times the global maximum principal tissue strain. This value is approximately 1.4 for the randomly
oriented fiber configuration.
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Figure 12: Axonal strain relative to the applied strain,ε̃, as a function of the stiffness of the inclusion
with respect to the tissue stiffness at a loading angle ofθ = 0◦.

DISCUSSION AND CONCLUSIONS
In this study, a multi-scale approach was used with a macroscopic FE head model to simulate the

tissue response to mechanical loading and a micro mechanical FE model or CVE to obtain the local
axonal strains due to the heterogeneities at the cellular level, which are assumed to be the cause of the
discrete local axonal impairments in case of DAI. The strainvalues of the CVE and the FE head model
have no trivial correlation, which indicates that the braininjury criteria for DAI should be developed at
the cellular level instead of at the tissue level. Even more differences in the strains between the tissue and
the cellular level might exist for more realistic material configurations (e.g., anisotropy or differences in
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stiffness between inclusion and axons).
The FE head model has a geometry that distinguishes several parts of the brain (e.g., cerebral cortex,

brain stem). Although it does not include a detailed geometry (e.g., sulci), the influence of these details
are assumed to be local and therefore do not affect the tissuedeformations of the brain stem. Although
the brain stem in the model, in reality would be more cylindrically shaped, the total volume is close to
MRI volumetric measurements of the brain stem for healthy volunteers.

The material properties of the head model are isotropic, whereas in reality areas of the brain with
aligned axons show anisotropic material behavior (Arbogast and Margulies, 1998, 1999; Hrapkoet al.,
2008; Nicolle et al., 2005; Ning et al., 2006; Prange and Margulies, 2002). Although this can have an
effect on the macroscopic tissue deformations, the influence of the axonal orientation locally can still
be obtained from the CVE with isotropic material behaviorby means of the local strains in the axonal
direction. Nevertheless, a separate CVE with anisotropic material properties is developed to find the
influence of anisotropy on the local axonal strains. At the tissue level, the anisotropy causes the strain
to become smaller in the main axonal direction. Therefore, also the axonal strains reduce for tissue
strains in the main axonal direction. Although other loading directions result in higher tissue strains for
the same stress, the axonal strain decreases, since the loading direction is not aligned with the axons
anymore. Still, for the axons that have to deviate for an inclusion, this alignment exists for a wider range
of loading directions than without an inclusion. Because ofthis, these axons have a higher strain locally
caused by anisotropic material behavior.

The loading conditions of the FE head model are based on the reconstruction of one specific injurious
sports accident using HIII dummies (Kleiven, 2007). Because of this, only the motion of the head could
be applied to the head. Therefore, the possibly important influence of spinal cord bending could not
be included in the analysis, which might affect the strain levels in the brain stem. Nevertheless, since
this study is concerned with the maximum local axonal strains with respect to the tissue strains, the
conclusions drawn from the results are expected to be relatively independent of the global mechanical
load. In a future study, more loading cases, both injurious and without injury, have to be simulated to
better investigate the relation of the axonal strains at thecellular level and the probability of brain injury.

The CVE has a geometry with a simplified blood vessel in only two different directions. It is expected
that more realistic geometries give quantitatively different results for a single CVE simulation, but will
show the same mechanisms to affect the sensitivity of brain tissue to a mechanical load as those observed
in the current study.

Currently, the CVE is coupled only to the brain stem of the head model. Because also other parts
of the brain can be involved with DAI, it is necessary to couple these parts as well. In general, axons
in other parts of the brain are less aligned than in the brain stem. This will probably result in different
axonal strains relative to the tissue strain than for the brain stem. Furthermore, the brain stem has a
relatively simple geometry, whereas other parts of the brain might need more detailed geometries of the
FE head model to obtain true tissue deformations.

This study shows that axonal strains can deviate from the tissue strains that are predicted in a FE head
model. This is caused by the local heterogeneities at the cellular level, which are local axonal orientation,
difference in stiffness between the axons and the inclusion, and anisotropic material behavior of the
axons. The latter factor also influences the tissue strain inthe FE head model. A tissue level mechanical
output parameters obtained from the head model, such as the tissue maximum principal strain value and
direction or the tissue strain in the main axonal direction,have no clear correlation to the maximum
axonal strains in the CVE. Since DAI is a type of injury, in which the mechanical load occurs at the head
level and the actual injury occurs at the cellular level, a multi-scale method with a FE head model and
CVE is a promising approach to obtain cellular based injury criteria. However, ultimately, macroscopic
head model simulations can account for the cellular level effects by merely applying these injury criteria.
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