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ABSTRACT

In order to expand on potential injury mechanisms to the
brain, a micromechanical structural representation of the gray
matter must be developed. The gray matter contains a high
volume of capillary vasculature that supplies the necessary
oxygen required for maintaining healthy cell and brain
function. Even short disruptions in this blood supply and the
accompanying dissolved oxygen can lead to neuronal cell
damage and death. It has been shown that increased shearing
forces within the blood, such as those found near stents and
artificial heart valves, can lead to platelet activation and
aggregation, causing clots to form and potential disruptions in
blood flow and oxygen distribution. Current macro-scale
computational brain modeling can incorporate the larger main
vasculature of the brain, but it becomes too computationally
expensive to incorporate the smaller vessels. These larger
scale models can be used to reveal how forces to the head are
transmitted down to a scale slightly larger than the smallest
capillaries within the gray matter. In order to investigate the
response and potential damage to capillaries and platelets
within the brain, a micromechanical computational model is
developed incorporating the gray matter, capillaries, and
blood, which is composed of plasma, red blood cells, and
platelets. The red blood cells are a necessary component for
the model for damage as it comprises almost half of the
volume of blood and is the major contributor to the non-
Newtonian behavior. The model combines both fluids and
viscoelastic solid materials (the gray matter and the vascular
wall). The deviatoric stress, strain and strain rate of the
platelets in response to an externally applied load is measured
and will determine the potential for platelet aggregation and
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clot formation. The micromechanical model is also used to
provide verification and refinement for existing constitutive
models for the gray matter used in meso- and macro-scale
computational models.
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1. INTRODUCTION

Traumatic Brain Injury (TBI) is a public health problem
worldwide.  Various studies throughout the past several
decades have managed to shed light on some of the
mechanisms of injury responsible for TBI. It has been well
established that diffuse axonal injury, caused by various forms
of mechanical trauma to the head, can lead to various
cognitive and functional deficits. The cases of medium to
major TBI can be easily diagnosed via various imaging
techniques, such as Diffusion Tensor Imaging (DTI). These
imaging techniques can reveal substantial damage to the
axonal tracks within the brain. The problem of moderate to
major TBI is an ongoing topic of study both experimentally
and computationally. Various models for the whole head have
been developed to create a computational basis for damage
probabilities [1,2], and some progress has been made on
micromechanical models for the white matter [3]. However,
for cases of minor TBI, which make up approximately 75% of
TBI cases [4], the exact mechanism for injury is a topic of
ongoing research, and developing injury criteria and
mechanisms could lead to benefits for patients and for general
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preventative measures. We are investigating the potential for
a shear-induced platelet damage effect that could lead to
localized clotting, ischemia, and hypoxia to the neuronal cell
bodies. ~ Within this study we develop a microscale,
mechanical, finite element approach for studying the potential
for shear-induced platelet damage within the gray matter of
the brain.

The brain can generally be categorized into the white
matter and the gray matter. The gray matter is primarily
composed of neuronal cells, supporting glial cells, and a
network of capillaries, which provide nutrition and oxygen to
the brain. The white matter, composed primarily of glial cells
and axons, which are projections off of the neuronal cell
bodies, is responsible for communication between parts of the
brain. DTI has been used to show that injuries to the head
lead to damage to these axons, and various criteria have been
developed in order to model and potentially prevent axonal
injury.

While axons are easy to image, and are very important to
the proper functioning of the brain, the gray matter plays a
very important role as well. Few studies have been conducted
on the potential damage mechanisms and diagnosis of gray
matter injuries. Due to the increased vasculature present
within the gray matter, we theorize that there is a potential for
blood flow disruption caused by head trauma. It has been
shown that even short 2-6 hour periods of focal ischemia can
lead to cell death, lesions on the brain [5], and the presence of
thrombi can persist for this amount of time or longer. This is
the same mechanism that can lead to a stroke. It has also been
shown that platelets are activated, in part, by shearing forces
within the blood stream [6], and that this activation leads to
further platelet activation aggregation, fibrin formation, and
thrombus formation. It has also been shown that high shear
flow conditions can sensitize platelets to subsequent normal
flow conditions, and lead to increased activation for an hour or
more [7]. Further, exposing platelets to shear of 108 Pa for as
little as 7 ms has been shown to enhance platelet activation
and coagulation [8].

Due to the small scales present, both physical and
temporal, there is an inherent difficulty in the study of any
such possible platelet activation. In addition, due to the
natural thrombolysis mechanisms, there is a high likelihood
that any observation of this effect in vitro would not be
possible. In this case we turn to computational finite element
modeling (FEM) techniques in an attempt to examine this
scenario.

2 FINITE ELEMENT MODEL GENERATION
2.1 Model Geometry and Boundary Conditions

In order to simplify the computational model, we simulate
a single capillary embedded within a gray matter matrix as a
representative volume element (RVE). Within the capillary
we have blood, composed of plasma, red blood cells (RBCs),
and a representative platelet.  For the purpose of this
simulation we neglect the white blood cells due to their low

volume concentration and large cell size. The geometries of
the capillary are based on typical geometries for a capillary in
the brain. Though there is a wide variance in the lumen
diameter, from about 2 pm to 10 pm, the chosen lumen
diameter of the capillary is 7 pm and we assign a wall
thickness of 0.28um [9]. The overall model has length of
18.75 pm and radius of 8 um.

The platelet is modeled as a simple oblate spheroid with a
major diameter of 3.52 um and a minor diameter of 1.12 um
[10]. While it is typical for the platelet to be near the wall of
the capillary in actual flow conditions, due to the
axisymmetric nature of the model it is necessary to place the
platelet along the middle of the capillary. It is believed that
this will lead to lower shear forces and aggregation, and
therefore a more conservative result [11].

The red blood cell deforms as it passes through the
capillaries due the major diameter of the blood cell being
greater than the lumen diameter of the capillary [12]. Due to
this effect, a pre-deformed blood cell was used, based on the
work of Bagchi [13]. This is an approximate representation of
the parachute shape of the RBC.

The entire model is computed using Lagrangian elements
because the short time scale of the simulation in general leads
to low mesh distortions. The whole model, except for the red
blood cell membrane, is modeled using both quadrilateral and
triangular meshes. The red blood cell membrane is modeled
using shell elements, and is present as a surface attached to the
outer part of the red blood cell. The overall model contains
23,488 elements, and the general geometry can be seen in
FIGURE 1.

The model is axisymmetric about the center of the
capillary. Due to the size of the unit cell relative to the
distance between capillary branches [14], we impose a
symmetry condition on both ends of the RVE. In addition, the
boundaries between the components of the model are
considered to have frictionless contact, as a limiting case for
interfacial conditions.

Figure 1. Undeformed model: gray - gray matter, blue - capillary
wall, yellow - plasma, red - red blood cell, green - platelet

2.2 Material Models
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In the following simulation loading rates are very high
due to the load representing a simulated blast event. In order
to accurately model these types of loads, a Mie-Griineisen
equation of state material is used to model the pressure
response. This material model is appropriate for high strain
rates and pressures, and is capable of dealing with the shock
response of solid and liquid materials. The shock response of
the material is related to the particle response by the Hugoniot
equation,

Us=Cy+sU
S 0 P (1)
and the overall Mie-Griineisen form becomes
2
PoCoN ( r 077)
=——|(1——) 4+ TypoE 2
p (1_577)2 2 + 0,0[) m ( )

where pg,co, S, and T, are the mass density, y intercept and
slope of the Us-Up Hugoniot representation, and the
Griineisen parameter, p is the pressure, E, is the internal
energy per unit mass, and # is the volumetric compressive
strain. Because biological materials in general have a bulk
material response very similar to that of water [15], the bulk
response of all materials present, except for the red blood cell
membrane due to shell element limitations, uses the following
material properties for the volumetric response:

Co | 1.56 km/s
S 2.0
Iy 1.65

Densities of the various materials present are all near to
that of water, with slight variations depending on the material.
The densities used are from various sources [12,16-18], and
can be found in the Table 1 below.

Table 1. Material properties of biological constituents

Material Density (g/cm®)
Gray matter 1.04
Capillary wall 1.04
Plasma 1.027
RBC Cytoplasm 1.027
RBC Membrane 1.15
Platelet 1.063

The material properties for platelets prior to activation are
limited. The data available is primarily from micropipette
aspiration [19,20]. Unlike the red blood cells, the platelet has
a large amount of internal structures, so we use an isotropic
homogeneous material property for it. Based on this, a shear
modulus of 56.67 Pa was employed.

A number of studies have been done for the constitutive
properties of gray matter [21-23]. For this research, we chose
the work of Kaster et al. [21], which was based on nano-

indentation of the tissue and FEM modeling to determine
constitutive constants for various material models. A
linearized version of the Yeoh hyperelastic model was used,
giving a shear modulus for the gray matter of 370 Pa.

The red blood cells are specialized cells whose primary
role is oxygen carrying capacity. They have a number of
specialized characteristics that are beneficial for this purpose.
Unlike most other cells, RBCs lack internal structure, and are
essentially a hemoglobin containing fluid cytoplasm,
surrounded by a flexible membrane. The membrane is
composed of a number of layers that give the RBC the
flexibility needed to pass through the smallest capillaries. Due
to the structure of the membrane, it has anisotropic material
properties. However, for this simulation, we are primarily
interested in the effects on the platelet, so we assume an
isotropic material with an effective thickness to provide the
appropriate bending stiffness. We linearize the material
properties found by Dao et al. [24] and Suresh et al. [25] using
optical tweezers. In those works a neo-Hookean form of the
strain energy potential is used, given by

G
U= @+ +8-3) 3)

where G is the initial shear modulus and 44, 4, and A5 are the
principal stretches. The material constants found were a
bending stiffness of 2.0 x 1071° N-m and an in-plane shear
modulus of 5 x 10~¢ N/m. The membrane shear modulus can
be calculated from Equation (3) by taking the volume as
constant and applying uniaxial strain, so that 1, = 4,and A, =

Az = J% giving an energy function and nominal stress in the

direction of strain as

=Go(242_
U=2(2+2-3). @
_ au —¢ (1 1
On1 = 6_/11 i} 1 A_% (5)
Letting the current thickness be h = hyi; = hy \/% and
1
Oy = g == (FL1 5 We can find the uniaxial membrane stress,
o\b0/2
r-bB__fH
Ll ALy,
Fy
= /A ——— = hg /A1 0, = hAy0,
\/_I(LO)Z 0\/_1 n 1%n (6)

au
Tl = hﬂ.l ﬁ = Goho(lils - AILS).
1

Then, as per Evans [26], with T,=0, the membrane shear stress
is given by
u
Ty =2uy; =5 (4 — 23)

Go

h (7)
o= (1 = 2719)

1
T =§(T1 _Tz) =
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and the instantaneous membrane shear modulus can be
computed as
10T, 3Gohy(A3° + A7%°)

w) = 20y, 202M + A2) (8)

which gives an initial in-plane shear modulus of u, = Gyhy, as
in Mills et al. [27]. Given that the equation for initial bending
stiffness is [12],

5 - Eohy®

T 12(1—-12) ©)
and that for an incompressible linear isotropic material,
Young’s modulus is related to the shear modulus by E = 3G
and Poisson’s ratio v = 0.5, we can show that

_ Gohi

B=-3 (10)

From solving with the equation for the in-plane shear
modulus, we find that hy=0.346um and Gy=14.4Pa.
Simulations were performed to replicate the experiments of
Suresh et al. in order to confirm that a linearized model is
usable for low strains.

While the viscous behavior of blood as a whole is non-
Newtonian and highly shear-rate dependent, the individual
fluids present, the plasma and the RBC cytoplasm, are
effectively Newtonian fluids with a linear viscosity. The
viscosity of the plasma is near that of water, with a viscosity
of 1.06 cP [12]. The cytoplasm’s viscosity is dependent on the
hemoglobin concentration, with a typical value of 5.9 cP [28].

The capillary wall is composed of a single wall of
endothelial cells. Due to the scarcity of information available
for material properties for capillaries within the brain, the
properties of pulmonary endothelial cells were used [29].
These give a shear modulus of 582 Pa. A summary of the
material properties used can be found below.

Material Properties
Gray Matter G=370 Pa
Capillary wall G=582 Pa
Plasma n=1.06 cP
Cytoplasm n=5.9 cP

RBC membrane B=20x10"1 N-m
Uo =5X10"°N/m

Platelet G=56.67 Pa

Figure 2. Summarized Material Properties

2.3 Loading

The loads applied to the boundary are pure pressure loads
along the edge opposite the axis of symmetry. These pressure
loads are based on the work of Taylor, et al.[2], and are the
pressure loads found within the thalamus, a region of

primarily gray matter, when the model is exposed to a 360 kPa
shock wave impinging on the side of the head. The peak
overpressure found within the thalamus is approximately 345
kPa, followed by a -100 kPa underpressure. This loading can
be found in FIGURE 3.
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Figure 3. Pressure loading in thalamus showing first 500 ps
(From Taylor, et. al)

3 RESULTS

Simulation was performed using Abaqus/Explicit with
23,488 elements on eight processors, with 20 ps of real time
taking approximately 4 hours to simulate. Stability of the
solution was monitored, and the simulation was stopped after
slightly over 20 ps when mesh distortions lead to errors.
Stresses and strains were recorded, and a volume averaged
von Mises stress and in-plane shear stress were calculated and
plotted (FIGURE 4). Maximum von Mises stress occurred at
approximately 18 ps and was found to be 54.4 Pa, whereas
shear stress maximum was 16.7 Pa. Von Mises stress at 18 ps
is plotted in FIGURE 5. During the simulation time period,
applied pressure loads reached a maximum of 69.5 kPa.
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Figure 4. Resultant average shear and von Mises stress for
platelet from pressure loading to RVE
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Figure 5. Von Mises stress experienced by platelet at 18 ps,
ranging from 12.6 to 170.1 Pa

4 DISCUSSION

Shear stress develops within the platelet even though only
pressure loads are applied to the RVE, due to mismatches in
shear responses of the material, and the geometry of the RVE.
Due to these effects, the shear stress within the platelet reaches
relatively high levels even with applied loads only reaching
approximately 20% of maximum loading.

Considering the platelet damage due to shearing results
found by Wourzinger et al. [8], one can deduct that
experimentally significant platelet activation effects occurred
after a 7ms exposure to 108 Pa. Because this was done via
Couette viscometry a hypothesis of uniform shear stress
throughout the flow can be made, and therefore an average
shear stress for the platelets of 108 Pa can be assumed. If one
employs the above as a damage criterion, we can deduce that
the platelets have only reached 15.6 % of that necessary for
activation. However, it is important to note that the stress
conditions of our simulation only reached 20% of maximum
before being terminated due to mesh distortion. Since our
predicted stress levels increase monotonically, it is possible
that the shear stress will approach the threshold level for
platelet activation if the simulation could be carried out to 100
us or better. In addition, there is likely a delayed shear
response due to the viscosities present within the simulation,
which could lead to a higher average shear stress occurring
after the pressure peak. During a blast injury, the strain rates
present can be very high, on the order of 10 s~1. Currently,
to the best of the authors’ knowledge, there does not appear to
be any research on strain rate dependent platelets. However,
other biological materials, such as neurons, experience
damage related to strain rate [30], so a strain rate effect for
platelets is a likely prospect as well.

There is also a possibility of damage based on a pure
pressure response, similar to that found by Jérusalem et al.
[31] for neuronal cells. That simulation was conducted on a
much shorter time scale, 150 ns, and indicated a possibility for
neuronal damage even at that time scale. An investigation of
this potential damage mode would be of value for platelets,
and will be pursued in future studies.

In addition, future work will be performed in order to
provide a homogenized material model for the gray matter for
use in large scale head models. This process is accomplished
by applying various loadings to the RVE, such as tension,
shear, and compression, and observing the mechanical
response of the material.  This response can then be
incorporated into an anisotropic, non-linear material model.

5 CONCLUSIONS

In this work, a continuum based, finite element model for
a platelet within a capillary embedded in gray matter was
developed. A pressure load was applied to the model, and
shear stress was recorded. Based on this work, there is some
evidence for a potential shear stress platelet activation effect
for a blast induced TBI.

The model revealed increasing deviatoric stress within the
platelet under blast loading conditions. It successfully
captures some of the possible injury mechanisms for platelets,
and is a novel computational model for platelet damage.
Further research both experimentally as well as
computationally is needed to determine if stress and strain
criteria for damage are met for the platelets, as well as
determine what those criteria would be.
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