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Abstract

We examine the influence of shear anisotropy of brain tissue on the potential for mild traumatic
brain injury. First we develop a new constitutive description for the white matter in the brain that
can capture the anisotropic behavior of the white matter in both tension and shear. The material
parameters for the models are determined using a set of three experiments already published in the
literature. The calibrated and parameterized model is then implemented in a computational (finite
element) model of the head. This computational model is two-dimensional and is used to simulate
a previously published injury-causing event in the National Hockey League, using axonal strain as
criterion to assess the level of diffuse axonal injury. It is demonstrated that the inclusion of shear
anisotropy affects both the nature and the extent of predicted injury. Further, the locations of the
predicted injury are more consistent with observations in the literature.
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INTRODUCTION

Traumatic Brain Injury (TBI)1 is typically caused by a sudden mechanical loading to the
head such as that resulting from a fall, a blast or a car crash. The level of injury is classified
as mild, moderate or severe depending on the degree and nature of damage to the brain.
More than 82% of military TBI in the years 2000-2017 were mild, and hence greater efforts
are typically focused towards mild TBI (mTBI).8 It is difficult to properly diagnose mTBI
and the corresponding damage in the brain at the acute stages of injury, due to a lack of
abnormalities in standard medical imaging immediately after an mTBI-causing event. In this
context, computational simulations offer some hope for both understanding and early
diagnosis of mTBI.
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Finite element models are often used as computational tools to study mTBI and estimate
injury in humans. These models are either two dimensional (2D)314243 or three dimensional
(3D) models,3::11.29.30.39.45 an differ greatly in the anatomical details that are considered,
ranging from low to high fidelity.

Most early TBI computations treated brain tissue as isotropic material :17:36.4547 \Wjith the
discovery of the brain’s fiber network, some TBI models have used anisotropic descriptions
for the white matter and isotropic descriptions to represent gray matter.374243 The
anisotropic models have been developed by using both continuum(e.g. Ref. 26) or structural
(e.g. Ref. 19) approaches. However, all of the TBI models to date have accounted for
anisotropy in tension but not in shear, despite clear evidence of shear anisotropy in white
matter.13

In this work we present a material model for white matter that captures anisotropy in both
tension and shear. The material parameters are determined by calibration with respect to data
from the literature and the calibrated model is then validated against live human data in a
non-injurious context. The validated model is then used to simulate a specific National
Hockey League (NHL) incident that resulted in injury. In order to demonstrate the role of
shear anisotropy in mTBI modelling, the results of the new material model are compared to
the results obtained with model that includes only tension anisotropy.

MATERIALS AND METHODS

The materials in brain tissue are typically separated into two types: white matter and gray
matter. The gray matter primarily consists of neuronal cell bodies and is typically modeled
as an isotropic material. On the other hand, the white matter is largely composed of axons
surrounded by various types of glial cells forming a network of fiber bundles. The existence
of this network causes the material to have a different response if stretched parallel to the
fiber direction than if stretched perpendicular to the fiber direction.3” A similar anisotropy
applies to the shear response.13 Thus, white matter is an anisotropic material in both tension
and shear. In this section, a constitutive model for white matter is described which includes
both modes of anisotropy.

Constitutive Model

We start with a simple volume of material with fibers in one direction. The initial fiber
direction ag in the reference configuration and the new fiber vector a in the deformed
configuration are related through the deformation gradient F and the fiber stretch A by

Fay = Aa. 1)

The strain energy function for a transversely isotropic material is usually represented using
three invariants for the isotropic response of the material,

I =trC, I, = %[(n»C)2 - tr(Cz)], @

and two pseudo-invariants for the anisotropic response33
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I4=a0-C-a0=/12and (©)

where C is the Right Cauchy—Green tensor. Note while /, depends only on the fiber stretch,
Is carries information about both fiber stretch and fiber-matrix interaction.12 Since white
matter is a nearly incompressible material and the model will be used in a finite element
computation, the strain energy function is assumed to be partitioned to avoid shear locking,
S0 that

W = Wvyolumetric + W Isochoric @)

where Whpumerric 1S the strain energy part allowing volume change and Wjgpepnoric Captures
deformation without any change in volume. The deformation gradient tensor F is modified
to

F = J3F ()

where J= detF is the volume ratio (W\pumetic = fJ)) and F is the deformation gradient with
constant volume (W rsochoric = f(F)). Accordingly the invariants T; are expressed in terms of

the modified Cauchy—Green tensor C = F'F. We now assume that the isochoric strain

energy, Wisocroric: 1S cOmposed of two parts, one representing the isotropic response of
white matter (assumed to be Neo-Hookean) and the other representing the fiber
reinforcement:

W rsochoric = WIsotropic + WAnisotropic (6a)
Wlsotropic = Cl(fl - 3) (6b)

=2 =
WAnisotropic = C2(14 - 1) + C3(15 - 14) (6c)

where Gy, G, and G are material parameters. The W apjsotropic inCOrporates anisotropy in
both tension and shear, and 7y, I, and 5 are defined analogously to /4, /; and /& when F is
replaced by F. Note that the second term in Eq. (6¢) represents the fiber-matrix interaction
only. The values of the material parameters Cy, C, and C; can be determined (e.g.) from
three experiments:

1. Tension perpendicular to the fibers to obtain C; since this mode is dominated by
the matrix response to deformation.

2. Tension along the fiber direction to obtain & (mode dominated by the fiber
stretch contribution).

3. Shear perpendicular to the fibers to obtain C3 (mode dominated by the fiber-
matrix shear interaction).
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We note that, to our knowledge, previous mTBI anisotropic white matter models have not
accounted for the fiber-matrix interactions and / in the formulation.

Finally, the volumetric part of the strain energy is described in terms of the volume ratio J
and the bulk modulus K; as is widely used in other studies for white matter4>11

2
K|J -1
WV otumetric = 7( )

—InJ ) @

With these definitions of the strain energy, the constitutive equation of white matter can be
derived following'2 with the Cauchy stress tensor o related to the strain energy density by

2= oW W  —0Wl- oW
= h—I+|—=+1—|b——Db
’ J[ 39T (dIl 1@12) oL o
+I_40—Ii/a®a+ﬂﬂ(a®5a+a5®a)]
dly ols

where | is the identity tensor and b = FF! is the modified Left Cauchy-Green tensor.

To understand the effects of the shear anisotropy (/), we compare our results to those
obtained using an anisotropic model without shear anisotropy: the Holzapfel-Gasser—-Ogden
(HGO) model which was used by Wright et a/42 For a single family of fibers in a
representative volume, the HGO model used by Ref. 42 was:

WIsotropic = CI(I_I - 3)’

ky =2
WAnisotropic = Z_IQ{ekZ(E) _ 1}’

©)

where E = k(I - 3) + (1 — 3x)(I14 — 1), & is a parameter representing tension anisotropy, A is
a scaling factor and ks the fiber dispersion parameter. Note that the special case of k=0
and a single fiber family and for small 4, (as in Wright et a/#2), Eq. (9) reduces to the same
form as Eq. (6) with C3 =0 (i.e., only the T5). The major difference between our model (Eq.
6) and the HGO model (Eq. 9) is the following: our model accounts for tension and shear
anisotropy but fiber dispersion is not included, while the HGO model accounts for tension
anisotropy and includes fiber dispersion but no shear anisotropy. Both models include fiber-
induced anisotropy, but the HGO model allows the fiber directions to vary somewhat
(depending on the dispersion).

Material Properties

Now that we have defined the constitutive models, we need to determine the parameters ¢,
G, and G3 of Eq. (6), 41, k> and kof Eq. (9) and the bulk modulus K of Eq. (7). Parameters
for Eq. (9) were taken directly from Wright et a/#2 (Table 1). The bulk modulus K is chosen
to be 2.19 GPa, consistent with some (but by no means all) of the prior literature for TBI
computations.34:40.44
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Since we expect the brain tissue to be strain-rate dependent,2-10:35 we incorporate
viscoelastic effects through a Prony series (described in the next subsection). For this
particular implementation, C;, G, and C3 should be determined from low strain rate data of
tension and shear experiments performed with respect to the dominant fiber direction, and
there are few studies that have this information. Jin et a/13 examined tissues from four
regions of human adult brains: Cortex, Thalamus, Corpus Callosum and Corona Radiata.
Compression, tension and shear tests with respect to fiber direction were performed for all
four regions using three strain rates (0.5, 5 and 30 s71). An attempt to fit all the material
parameters to the 0.5 s™1 strain rate data (lowest strain rate in Jin’s et a/13 dataset) results in
a negative value for Cs, which is not allowed in this hyperelastic model. It is possible that
there are variations in the experimental data because of effects such as the long post-mortem
time of the samples (averaging 4 days post mortem) or the fact that each test direction was
performed on a different subject (gender and age differed, the latter ranging from 48 to 94
years). The net result is that we can not use the three tests of the low strain rate (0.5 s71) in
Jin’s et al13 experiment to determine the full set of C;, G, and C;. Instead we consider
Velardi et al's.3” work. They performed tensile tests on fresh adult porcine brain tissue from
three different regions: Cortex, Corpus Callosum (CC) and Corona Radiata (CR) at a strain
rate of 0.1 s™1. For both CC and CR, tension tests were performed both parallel and
perpendicular to the fibers allowing us to obtain C; and G, [Fig. 1 (top and middle,
respectively)]. However, Velardi et a/37 did not perform shear testing with respect to the
fiber direction. To obtain Cs, therefore, we used the work of Jin et a/13 The parameter C; is
determined by fitting the Jin er a/.13 results for shear perpendicular to the fiber direction
[Fig. 1 (bottom)]. A nonlinear least squares method was used for all parameters, which are
shown in Table 1, and the corresponding A2 values are above 0.9 for the three parameters.
Since both experimental studies!3:37 we used for the fitting are performed under low strain
rate loading (0.1 and 0.5 s™1 respectively), we consider the fitted parameters to define the
long-term response of the material. The viscoelastic modulus behavior will be described in
the next subsection.

Given the availability of data, we have had to mix two tissue sources (porcine and human)
when obtaining our parameters. Prange and Margulies?’ compared the properties of porcine
and human brain tissue, and found that human brain tissue was stiffer than the porcine
tissue. On the other hand, Nicolle ef /2> obtained shear viscoelastic material properties for
porcine tissue, compared them to human tissue properties reported in the literature, and
concluded that porcine tissue stiffnesses were within the range of human tissue stiffnesses.
Similarly, Nicolle er a/2* found no difference in the material properties of the brain tissue
between the two species. In this context of the data in the available literature, we believe that
using two different tissue sources to calibrate our model is reasonable.

Finite Element Head Model

Our finite element (FE) head model is based on magnetic resonance image (MRI) data of a
healthy human.#2 For simplicity, and to provide insights into when building and running a
more realistic but much more expensive 3D simulation is necessary (such simulations are
underway), we consider three 2D slices (extracted from the 3D MRI), one for each plane:
axial, coronal and sagittal. Each slice is segmented for the following brain structures when
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appropriate: skull, dura (with falx and tentorium), cerebro-spinal fluid (CSF), gray matter,
white matter, cerebellum, bridging veins and ventricles (Fig. 2).

The shear anisotropic model described in the previous section is used for white matter, with
the primary fiber bundle direction assigned by co-registering the MRI with Diffusion Tensor
Imaging (DTI) of the same subject, with the dominant direction of the fiber bundle for each
voxel recorded. Since gray matter does not have a preferred orientation, we used Eq. (9) with
the fiber dispersion kset to 1/3 for gray matter. Since the brain tissue mechanical behavior is
dependent on the strain rate,”:10.28.35 e adapted a one-term Prony series shear modulus to
compensate for the strain rate effect from Wright ef a/*2 The calibrated shear modulus (2C;)
is considered as the long-term shear modulus, and using a commonly reported ratio long-
term and short-term moduli*246 the value of the long-term modulus is extracted. Table 2
summarizes the material models for all other structures.

All other details about the material models and properties used for each structure (other than
what we derived here for the white matter) may be obtained from Wright et a/,*2 which we
use as a benchmark. Both our computational simulations and Wright et a/42 are two
dimensional with identical head structure and mesh (identical element types as well-both
three (CPE3) and four (CPE4R) node plane strain elements were used in the mesh, with
reduced integration procedures described in the Abaqus documentation) and simulations are
performed using the explicit Abaqus commercial software simulations (Dassault Systémes
Simulia Corp., Providence, RI). Validation of both models is performed using an /in-vivo
brain deformation experiment on a human subject (covered in the next subsection). In this
way, we focus on the effects of shear anisotropy and eliminate all other sources that could
produce differences in the results.

Since finite element calculations can be affected by the mesh size, we conducted a mesh
sensitivity analysis. A constant angular acceleration is applied to three mesh sizes: (1) Fine
mesh with max element size of 1 mm (2) Medium mesh with max element size of 2 mm (3)
Coarse mesh with max element size of 4 mm. For the medium and coarse meshes, elements
were a combination of four and three node plane strain elements while the fine mesh is
composed of only four node plane strain elements (by converting MRI voxels directly to
elements). For each mesh, we examine the evolution of the area fraction of white matter that
has been deformed to axonal strains (strain along the fiber direction) greater than some
threshold (Fig. 3 shows the mesh convergence results for one of the examined thresholds,
which is 15%). For all strain thresholds/levels, we observe that the difference between the
fine and medium meshes is smaller than the difference between medium and coarse meshes.
We have also examined convergence with respect to the locations of the largest damage.
Given this convergence, we selected the medium mesh for the results presented here.

Validation of the Head Model for Non-Injurious Loading

Accurate modelling of the brain tissue is a key factor in determining the level of injury
during traumatic events. We validate our head model by simulating the /n-vivo brain
rotational motion experiment of Knutsen er /.18 Volunteers with no history of brain injury
used a device that induces a non-injurious rotation about the horizontal/axial plane of the
head inside the MRI at Henry Jackson Foundation (HJF). The tagged MRI technique was
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then used to extract the 3D brain motions. The acceleration profile obtained from the
experiment is applied to the axial slice of our model, and the resulting computed shear
strains are compared to the experimental values.

Figure 4 shows the computed shear strains in the axial slice from our shear anisotropic
model (Eg. 6) and from the HIF experiment at four times. These times are based on the
experimental data, which were collected and processed every 18 ms, beginning 9 ms after
the loading. The evolution of shear strain is captured by the model in the following senses.
After 45 ms, both the experiment and the model have the maximum shear strains reaching
the middle of the brain, indicating consistent shear wave speed, and the locations of
maximum and minimum strains are generally consistent between the simulation and the
experiment.

To quantify this full field spatial validation for the model, we examine the statistical level of
agreement using four different tests discussed by Ganpule et a/11: (1) index of agreement
(d) (2) coefficient of efficiency (£,) (3) root mean squared error (RMSE) to observations
standard deviation Ratio (RSR) and (4) correlation score (CS) (Table 3). For these statistical
measures, we define the measured shear strains from the HJF experiment as the observed
data O;, and the results from our shear anisotropic model simulation as the predicted data ~;.
Table 4 shows the results of all the statistical measures. For d;*! £,20 and RSR,23 the results
are closer to the “better” end of the range (the upper end for d,and £, and the lower end for
RSR). Unfortunately, these particular metrics do not yet have a defined “level of goodness”.
For the CS results, the first two time frames (27 and 45 ms) are classified as fair agreement
while the last two time frames (63 and 81 ms) are classified as marginal agreement.14
However, since our model is intended to be used for injurious loading which typically lasts
between 15 and 36 ms, we find the overall statistical results to be acceptable.

The simulation, of course, has some advantages over the experiment: higher temporal
resolution and higher structural resolution. While the experimental data is available only
every 18 ms, the simulation data can be extracted with much finer resolution, e.g. every
millisecond. Since injurious loading usually lasts from 15 to 30 ms, the simulation produces
a finer sense of the evolution of strains. Moreover, the experiment does not capture strains
within the ventricles, which could affect the calculated strains in the surrounding tissues. We
note also that Knutsen er a/18 eliminated rigid body rotation only at the first part of the
experiment (before the head stops completely by 3—4 degrees), but did not correct for rigid
body motion afterwards. Other discrepancies between the experiment and the simulation
could arise from structural differences between the subject heads in the experiment and the
computation, or the large spacing of the experimental tag lines in comparison with
simulation element size (8 mm as compared to 1-2 mm).

Injury Criteria
Defining an injury threshold for mTBI remains very difficult. No single injury threshold has
yet been globally accepted. The difficulty arises because of the contribution of so many
factors in any traumatic event, including but not limited to: location of impact (if any),
direction of motion, rotational and translational accelerations, duration of the event, nature
of the subject’s neck, age and so forth. Accordingly multiple biomechanical thresholds have
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been used in the literature such as coup and contrecoup pressure,3® von Mises stress,16
principal strains,8 strain ratel® and axonal strains.#? Since our new model is intended to
better describe the white matter tissue, we selected the axonal strain injury threshold. Bain
and Meaney! tested the optic nerves of guinea pigs at starin rates of 30-60 s~2! and
suggested an optimal threshold for axonal strain injury of 18% (Note: the simulations in our
study use strain rates of 25 s~21 based on the time of onset of damage). In our simulations
(using both madels), the elements are only labeled as “injured” once they reach or exceed
the injury threshold of axonal strain = 18%. They continue to carry load and to deform after
the threshold, but once identified as injured, they remain labeled as injured throughout the
simulation even if the axonal strain decreases in the next timesteps.

An Injurious Event

We now assign the known injury-causing loading conditions for each model/orientation
(sagittal, coronal and axial). A reconstructed NHL incident previously used by Wright et al.
42 js examined, so as to directly compare model results. For each orientation, the
corresponding linear and angular accelerations are applied in explicit FE simulations. Since
the known loading curves*2 have a duration of only 15 ms and cutoff at non-zero values, we
extend the curves so that the acceleration magnitudes are linearly decreased to zero over 5
ms (and remain zero thereafter). However, the total simulation time is determined by the
time needed for shear wave propagation inside the brain.11 The simulations are stopped
when the damage of white matter ceases to evolve (change in damage of 0.25% or less for
three consecutive milliseconds) in all loading cases.

The shear anisotropy simulation results for the injury case are presented in Fig. 5a in terms
of the axonal strain (damage) distributions in the three cross-sections. The degree of damage
in each case is quite different from that previously obtained by Wright er /2 using the
HGO model with only tension anisotropy.

The injury levels predicted by the two models are compared in Fig. 5b. Red areas in the
figure indicate elements of white matter in which the axonal strain reached or exceeded the
injury threshold of 18% (any element that fulfills the injury criterion is considered damaged
for the rest of the simulation). Overall, the damage predicted by the shear anisotropic model
is clearly higher than the HGO model predictions.

Beside comparing damage location, the area of damage in each slice was also investigated.
The percentage of damaged area Q, is calculated as
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A > 18%dA

€Axon 2

Aw M

x 100 (10)

AdA

AW M

where A, 4,.,,> 18% IS area of white matter elements with axonal strain exceeding 18% and
A is the white matter area.

Using Eqg. (10), the percent damage for each slice predicted by both models are calculated.

In the axial slice, the predicted damage by the shear anisotropic model is almost three times
the value predicted by the HGO model and the coronal and the sagittal slices also show more
damage (compare values at end of simulations in Fig. 6).

In addition to damage comparison, radial-circumferential shear strains are compared for the
two models as shown in Fig. 7. For all orientations, the overall shear strains are higher in the
shear anisotropic model (top row of each sub-figure) compared to the HGO shear strains
(bottom row of each sub-figure). This observation is also mainly due to the difference in
material properties between the shear anisotropic model and the HGO model.

DISCUSSION

Significant differences in resultant damage between the two models are evident, as shown in
Fig. 5b.We note that most computational models show damage primarily at the boundaries
between white and gray matters, due to the differences in stiffness between the two tissues.
However, using the shear anisotropic model, some damage begins and remains in the deep
white matter tissue, away from the boundaries between white and gray matters. This
observation is supported by MRI studies on both animal and human injuries?! and the work
of Smith and Meaney32 in which diffuse axonal injury was characterized to be deeper in the
white matter.

We find it useful to examine the damage history, i.e. the progress of damage throughout all
time-frames of the simulation. Figure 6 shows the damage predicted by the shear anisotropic
(solid lines) and the HGO (dashed lines) models as a function of time. The damage in the
axial slice was not only higher than the other cases but also developed over a longer time.
This is consistent with the loading conditions, and more specifically the angular acceleration
in the z direction (applied to the axial slice) which has the maximum magnitude compared to
the other two directions (applied to coronal and sagittal slices). Nevertheless, the damage
predicted by the HGO model stops evolving as soon as the loading is stopped at 15 ms while
in the shear anisotropic model, the damage continued increasing until around 40 ms. This
may be because of the slower shear wave speed in the shear anisotropic model (0.5 m/s
compared to 2.4 m/s in the HGO model).
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A comparison of the radial-circumferential shear strains reveals differences between the two
models in addition to the damage differences. For the coronal and the sagittal slices, the
shear anisotropic model predicts higher levels of shear strains (Figs. 7b and 7c) and damage
in the brainstem. Such damage is not seen in the HGO simulation. Montgomery et a/.?2
examined mild traumatic brain injury patients and found that the majority of the patients had
abnormal brainstem function even after six weeks from the injury. Another study by Delano-
Wood et a/® on veterans with chronic mild to moderate traumatic brain injury revealed a
link between brainstem white matter integrity and the loss of consciousness after the injury.
Due to the inclusion of shear anisotropy in the shear anisotropic model, the brainstem
experiences higher shear strains which translate to higher predicted damage compared to
HGO predictions (Fig. 5b). Note, however, that our simulations include only one family of
fibers in each element.

Our simulations using our validated material model strongly suggest that considering shear
anisotropy (addition of Is) is important for computational predictions of mTBI. The injury
predictions of the shear anisotropic model are significantly different than those predicted by
the HGO model in terms of level of injury, location of injury and shear sensitivity. Although
the injury threshold that we use is often used in the literature, we believe that more work is
needed to correlate the symptoms presented by the injured subject with the predicted
damage outcomes. Further, since the real fiber network of the brain has many crossing
fibers, the shear anisotropic model needs to be improved to accommodate multiple families
of fibers. Finally, we intend to extend this work for full 3D simulations of brain injury.
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FIGURE 1.
Determination of the material parameters for the shear anisotropic model (Eq. 6). The first

Piola—Kirchhoff (PK) stress is plotted vs. the corresponding stretch (top and middle), and vs.
the shear strain (bottom). The experimental measurements are taken from the work of
Velardi et a/37 and Jin er /13 The fits allow us to obtain C; (top), C, (middle) and C;
(bottom). Note: the relationship between the 1st PK stress (P and the Cauchy stress o (Eq.
8) is J,= FPT,
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HT

FIGURE 2.
The 2D finite element head models from the three representative planes: Axial (left),

Coronal (middle) and Sagittal (right). The models include multiple brain structures that have
been segmented from the MRI data.
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Examination of mesh convergence in the shear anisotropic model for the particular case of
the axial cross-section (we expect similar results for the other cross-sections). The evolution
of white matter area fraction that sustains axonal strains greater than 15% is presented as a
function of time for three mesh sizes: fine (max. element size = 1 mm), medium (max.
element size = 2 mm) and coarse (max element size = 4 mm). The same analysis is
performed for multiple axonal strain thresholds and all revealed similar results.
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FIGURE 4.
Comparison of the measured (HJF) and the computed (shear anisotropic model) shear strain

distributions for the axial cross-section for every 18 ms beginning 9 ms after loading. Note
that the simulation resolution is higher than the experimental resolution, leading to the
appearance of more detailed strain distributions in the model results. The HJF results are
derived from thel8 paper.
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FIGURE 5.
Simulation results for: (a) The shear anisotropy of the injury case are presented in terms of

the axonal strain (damage) distributions in the three cross-sections. Note: If axonal strain
reached or exceeded the threshold of 18%, the element is labeled “damaged” for the
remainder of the simulation. (b) The comparison of the injury predictions of the previous
HGO model and the current shear anisotropic model. Damaged regions (£4xo, = 18%) in
each slice shown in red for the axial (left), coronal (middle) and sagittal (right) orientations.
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FIGURE 6.

Time evolution of the total damage predicted by the HGO and shear anisotropic models.
Solid lines represent the shear anisotropic model and dashed lines represent the HGO model.
Note the higher amounts of damage predicted by the shear anisotropic model.
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FIGURE 7.

Comparisons of the evolution of the radial-circumferential shear strains predicted by the
shear anisotropic model (top row) and the HGO model (bottom row) in the (a) Axial (b)
Coronal and (c) Sagittal orientations. Note the shear strain concentrations in the brainstem
predicted by the shear anisotropic model in the coronal and sagittal cases.
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TABLE 1.

Page 20

Values for the material parameters in the shear anisotropic model (Eq. 6) determined by fitting the results of

Velrdi et a/37 and Jin et al,13 and in the HGO model (Eq. 9) used by Wright er a/#2

Shear anisotropic model HGO model

C, (Pa)
G (Pa)
G (Pa)
ki (Pa)
k
k

148
61
505

3200

2716
0.0001
From DTI(0 - 1/3)
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TABLE 4.

Page 23

The degree of agreement between the shear anisotropic model and the HIJF experiment at four specific times,
using the measures described in Table 3.

Time (ms) 27
d, 0.42
5 -0.28
RSR 1.13
CS 53.70

45 63 81
0.23 0.28 0.29
-098 -0.73 -0.66
1.40 131 1.29
4716 3944  42.29
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