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ABSTRACT

Mechanisms of blast induced traumatic brain injury (b

TBI), particularly the role of primary pressure wave, are still not fully understood. Recent
neuropathological analyses of brain tissue from post-mortem cases of blast TBI indicate that the
brain tissue close to ventricles sustains damage. Two possible explanations for this location of
injury are CSF cut-off pressure effect and skull flexure effect. Here we investigate whether CSF
cut-off pressure and/or skull flexure can produce large strain and strain rate concentrations at the
CSF/brain interface. To test this hypothesis, a two-dimensional human head FE model of blast TBI
is developed, composed of skin, skull, CSF, brain and ventricles. To model CSF volumetric
response under negative pressure, a cut-off pressure was defined in the material model. If the
pressure drops below the cut-off value, it is reset to that value. The CSF cut-off pressure effect was
investigated by comparing brain deformation of CSF material models with and without cut-off
pressure. The effect of skull flexure was studied by increasing skull stiffness. Results shows that
CSF cut-off pressure leads to strain discontinuity at the CSF/brain interface and elevated strain
levels in brain. Similar effects can be seen for strain rate distribution, though the discontinuity is
not as pronounced as for strain distribution. Increasing skull stiffness reduces the strain level
within cranium, but it does not have a significant effect on strain distribution. Interestingly,
increasing skull stiffness did not have a significant influence on the level and distribution of strain
rate. In this study we used a 2D brain model, an approach adopted in previous literature, which
is one of the limitations. We will extend the work by using 3D models. Our results suggest that
blast pressure wave can cause CSF pressure dropping to cut-off pressure, which leads to strain
concentration in the brain near ventricles and that skull flexure increase the level of strain. These
results may have implications for novel ways to better prevent bTBI.
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INTRODUCTION

In recent military conflicts, Traumatic Brain Injury (TBI) is becoming a prevalent injury,
caused by blast waves, inertial loading and foreign impacts (Kulkarni, 2013). These loadings are
usually generated by Improvised Explosive Devices (IEDs), which have been widely used in
modern conflicts. TBI is traditionally divided into closed TBI, where the skull has no fracture, and
penetrating TBI, where the skull is penetrated. Closed TBI is very common in both vehicle
accidents and blast loading scenarios (Okie, 2005).

Currently, most of the literatures are focused on the impact induced TBI (iTBI) and this
area has been extensively studied. Many animal and post-mortem human tests have been
conducted in this field. In the impact scenarios, the acceleration and deceleration of the human
head is the essential mechanism of TBI (Horgan, 2005), and there have been some popular injury
criteria developed for iTBI (Rezaei, 2014). However, research on blast induced TBI (bTBI) is
rather limited.

There are several studies that explore possible injury mechanisms of bTBI, which are well
discussed in Rosenfeld, 2013. As illustrated in Figure 1, the mechanisms of bTBI are summarized
as primary blast injury (1-9), secondary blast injury (10-12), tertiary blast injury (13) and
quaternary blast injury (14). The primary blast injury includes local effect (1-7) and systemic
effects (8, 9). However, the injury mechanisms and criteria for bTBI are still not well understood.
It has been proved by some researchers that the injury mechanism for bTBI is quite different from
iTBI (Cernak, 2001). The mechanism of blast induced TBI is quite complicated. There are many
factors that may contribute to the brain injury in blast injuries.

(1) Acoustic impedance mismatch causes spallation.
{2) Shock-bubble interaction.

(3) Shear stress causing diffuse axonal injury.
(4) Cavitation and collapse of bubbles.

(5) Skull flexure with elastic rebound.

(6) Blast wave reflection within the skull.

{7) brain acceleration and deceleration.

(8) Blood surge from the torso.

£

(10) Penetrating fragments.
(11) Compound fractured skull.
(12) Intracerebral haemorrhage
(13) Contrecoup contusion.

(14) Burns.

(15) Blast wave transmitted through the orbits.
(16) Blast wave transmitted through the nasal sinuses.

Figure 1. Mechanisms of blast induced TBI (Rosenfeld, 2013).

Recent neuropathological analyses of brain tissue from post-mortem cases of blast TBI
show that the brain tissue close to ventricles sustains damage (Shively, 2016). This damage has
not been seen in the civilian cases (impact TBI). This damage is likely to be produced by large
loadings concentrated at the boundary of the brain and ventricles. Two possible explanations for
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this location of injury are CSF cut-off pressure effect and skull flexure effect. The brain tissue and
CSF have a very similar volumetric response under positive pressure, but CSF can only bear
negative pressures up to its vapor pressure (-100 kPa), which usually refers to cut-off pressure
(Goeller, 2012). CSF cut-off pressure can create a discontinuous pressure distribution, which may
lead to strain concentration at its boundary with brain. Blast pressure wave can also generate skull
flexure, causing brain deformations. In this paper, a two-dimensional human head model is
developed to investigate whether CSF cut-off pressure and/or skull flexure can produce large strain
and strain rate concentrations at the CSF/brain interface.

METHODS

A plane-strain FE human head model has been developed with LS-DYNA to explore the
blast wave effect on human head (Figure 2). The geometry of the head model is based on an axial
slice of a 3D head model, developed by Mazdak (Ghajari, 2016). The head is positioned in a blast
domain. The Arbitrary Eulerian-Lagrangian (ALE) method is employed for the simulation of blast
wave generation and fluid-structure interaction. All the simulations are ran for 2.1 ms. Based on
this model, the two possible bTBI injury mechanism mechanisms are investigated.

It has been reported that FE models simulating blast loadings, generated by small charge
weight (<1 kg TNT) and standoff distance (<1 m), may produce realistic peak overpressure but
very short positive-phase duration (Chafi, 2010; Moore, 2009; Nyein,2010) compared with the
real open field blast loading scenarios. The choices of the charge weight and standoff distance in
these simulations are restricted due to the computational costs and the model dimension. Thus, the
positive-phase duration in the simulations are relatively short. In all the simulations, the positive-
phase duration of the blast wave is 0.2 ms and the incident overpressures are 12.5 bar. This loading
is the lung damage threshold of a 70-kg male, subjected to free-field blast (Bowen, 1968).

model under 2D blast

Brain tissue

Figure 2: 2D human head FE model and blast loading generation.

The head components in the model are simplified as scalp, skull, CSF and brain tissue.
Their material properties are listed in Table 1. The deviatoric response of the scalp, skull and brain
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tissue is modelled with a linear viscoelastic model. The deviatoric response of CSF is represented
by the dynamic viscosity at body temperature. The volumetric response of CSF was modelled
using the Gruneisen equation of state, shown below, with the properties of water:

P e ce 21
Pot M (s —Dup2

P =pyC?u for p < 0 (Tension)

for p > 0 (Compression)

The volumetric response of the scalp, skull and brain tissue were modelled by defining a
bulk modulus. LS-DYNA does not accept an equation of state when using
MAT_GENERAL_VISCOELASTIC to model these materials. Panzer, 2012 developed a user
defined material in LS-DYNA to incorporate the volumetric response of scalp, skull and brain. In
their user-defined material, they used Gruneisen EOS. To test whether a nonlinear EOS is required
under typical blast wave pressure, the Gruneisen EOS with their material properties was plotted as
well as the linear EOS used in current study (Figure 3). As can be seen in this figure, the volumetric
behavior is almost linear up to pressures well beyond those predicted within the brain under typical
blast wave pressures (<2 MPa), which can be represented by simply defining a bulk modulus.
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Figure. 3 The comparison of volumetric response (under compression) between Gruneisen EOS
and bulk modulus

The CSF cavitation behavior was modelled by defining the cut-off pressure (Schiffer, 2017
and Panzer, 2012). Once the pressure of an element reaches the cut-off pressure, the element can
expand without decrease of pressure. There are some different cavitation pressures used in various
literatures. Here, the cut-off pressure is set to -100 kPa, according to Klug, 2013.
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Table 1: Lists of acoustic of different materials (Panzer, 2012)

Materials Bulk properties Shear properties
Scalp p=113¢g/cm®* K=2189 MPa |G;=355kPa B1=0.005 ms*
G, = 399 kPa B2 =0.05 ms?
Gs = 35.6 kPa B3 =0.5ms?
G = 408 kPa
Skull p=2.00g/cm® K=10227 MPa | G; =2289.6 kPa B1=0.03 ms?
G, = 4708.5 kPa B2 =275 ms
G. =4720.3 kPa
CSF p=1.00g/cm®* To=0.110 u=8x10"Pas
C=1484m/s  Pca =-100 kPa
S1=1.979
Brain | p=1.06g/cm® K=2188MPa |G:=50kPa B1 =100 ms?
G2 =6.124 kPa B2 =4.35ms?
Gs = 2.496 kPa B3 =0.2ms?
Ga=1.228 kPa Ba =0.0053 ms™
Gs=1.618 kPa Bs =5.1x10° ms™
Goo = 0.27 kPa

Skull flexure has also been reported to be a main factor that causes brain injury (Moss,
2009), but the previous simulations cannot distinguish the effect of skull flexure and cavitation.
The skull flexure effect is studied by changing the skull stiffness and comparing the brain strain
contours. Two simulations are conducted. In both simulations, the CSF is modelled with cavitation
behavior, but in one the normal skull material is used and in the other simulation the skull stiffness
is increased 5 times to decrease the effect of skull flexure.

RESULTS

Cut-off pressure effect

The CSF cut-off pressure effect was identified by comparing brain deformation of CSF
material models with and without cut-off pressure. The first principal Green-Lagrange strain and
strain rate (called strain and strain rate hereafter) contours are shown in Figure 4. Figure 4(a) shows
the strain distribution of brain, using CSF material model without cut-off pressure. There is no
strain concentration in the brain tissue around the ventricles. However, when cut-off pressure is
included in the CSF model, clear concentration of strain in brain is observed, as illustrated in Figure
4(b). Similar results are also indicated in strain rate contour. Figure 5 indicates that CSF cut-off
pressure also contributes to the increase in strain rate in the brain near the ventricles.
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Figure 4: Strain distribution of brain tissue, using CSF models (a) without cut-off pressure and
(b) with cut-off pressure.
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Figure 5: Strain rate distribution of brain tissue, using CSF models (a) without cut-off pressure
and (b) with cut-off pressure.
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Figure 6: History of strain in brain tissue of simulation with cut-off pressure
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Figure 6 shows the time history of the strain distribution of simulation with cut-off
pressure. It shows that the strain concentration in brain increases gradually. This is because the
shock wave transmits and reflects within the head many times. Cavitation will occur each time
when a tensile wave passes the CSF and reaches the cavitation pressure. Correspondingly, the
strain concentration increases each time a cavitation occurs. Thus, on the strain contour, the
concentration phenomenon increases with time.

Skull flexure effect

Figure 7 shows the strain distribution of brain with a 5 times stiffer skull. Figure 4(b) and
Figure 7(a) have the same strain contour range (0-0.03). Figure 7(a) has a lower overall strain level
than Figure 4(b). This comparison shows that the skull flexure is an important factor to the overall
strain level in the brain. Stiffer skull can reduce the overall strain level because of smaller
deformation. But when the range is reduced to 0-0.02 (Figure 7(b)), the strain concentration in the
brain tissues near the ventricle becomes obvious. This shows again that the cavitation of CSF
contributes to the strain concentration of surrounding brain tissue. Figure 8 shows the strain rate
distribution of brain with 5 times stiffer skull. There is no significant change, comparing with a
normal skull (Figure 5(b)).

Strain ‘

Figure 7: Strain distribution of brain with 5 times stiffer skull (a) strain contour range: 0-0.03 and
(b) strain contour range: 0-0.02.
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Figure 8: Strain rate distribution of brain with 5 times stiffer skull (a) strain rate contour range:
0-400 /s and (b) strain contour range: 0-300 /s.
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CONCLUSIONS

CSF volumetric response contributes to the strain and strain rate concentration in the brain
tissue near the ventricles. This effect is caused by the CSF element volumetric stiffness reducing
to zero when reaching cavitation pressure, which means the pressure of CSF element continues to
decrease with the expansion of the element. This created a discontinuous effect on the nearby brain
tissue and cause strain/strain rate concentration.

Skull flexure can increase the overall deformation of brain tissue because of the
compression on the internal brain tissue. Increasing skull stiffness reduces the strain level within
cranium, but it does not have a significant effect on strain distribution. Interestingly, increasing
skull stiffness did not have a significant influence on the level and distribution of strain rate.

In this study we used a 2D brain model, an approach adopted in previous literature (Panzer,
2012), which is one of the limitations. We will extend the work by using 3D models.
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