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ABSTRACT

The focus of this dissertation was the biomechanics of blast-induced traumatic brain injury
(bTBI). This study had three specific aims. One of the specific aims was to investigate the
thoracic mechanism of bTBI by characterizing the cerebral blood pressure change during
local blast exposure to head or chest in a rat model. This model utilized a shock tube to
simulate the blast wave. The results showed that there is a blood pressure rise with high
amplitude and short duration during both Head-Only and Chest-Only exposure conditions.
It was shown that cerebral blood pressure rise was significantly higher in Chest-Only
exposure, and resulted in astrocyte reactivation, and infiltration of blood-borne
macrophages into the brain. It was concluded that due to chest exposure to a blast wave,
high amplitude pressure waves that transfer from thoracic large vessels to
cerebrovasculature can lead to blood-brain barrier disruption or perivascular injury and

consequently trigger secondary neuronal damage.

The second and third aims were related to the viscoelasticity and heterogeneity of brain
tissue respectively for blast rate loading conditions. For the second specific aim, a novel
test method was developed to apply shear deformation to samples of brain tissue with strain
rates in the range of 300 to 1000 s™. The results of shear tests on cylindrical samples of
bovine brain showed that the instantaneous shear modulus (about 6 kPa) increased about 3
times compared to the values reported in the literature. For the third specific aim, local
viscoelastic behavior of rat brain was characterized using a micro-indentation setup with
the spatial resolution of 350 um. The results of micro-indentation tests showed that the

heterogeneity of brain tissue was more pronounced in long-term shear moduli. Moreover,



the inner anatomical regions were generally more compliant than the outer regions and the

gray matter generally exhibited a stiffer response than the white matter.

The results of this study can enhance the prediction of brain injury in finite element models
of TBI in general and models of bTBI in particular. These results contribute to development
of more biofidelic models that can determine the extent and severity of injury in blast
loadings. Such predictions are essential for designing better injury mitigation devices for

soldiers and also for improving neurosurgical procedures among other applications.
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CHAPTER 1

INTRODUCTION

While the concept of the blast-induced traumatic brain injury (bTBI) is not new and has
been widely investigated in the last decade, the underlying injury mechanisms are not yet
fully understood. There have been three major proposed biomechanical injury mechanisms
that are not mutually exclusive: 1) Direct entry of the blast pressure wave into the cranium
due to exposure of the head to the blast wave, 2) Acceleration-induced TBI due to the head
motion after the exposure, and 3) Propagation of a pressure wave into the
cerebrovasculature due to the torso being exposed to the blast wave, known as the thoracic
mechanism. The main question this dissertation addresses is whether the proposed
thoracic mechanism phenomenon actually exists as a biomechanical injury pathway
in bTBI. This mechanism was proposed by few authors (Cernak 2017; Cernak et al. 2001;

Simard et al. 2014) and has not been experimentally validated and characterized.

On the other hand, to investigate the deformations and forces at the tissue level and the
importance of each of the injury mechanisms, computational modeling of bTBI, e.g., finite
element method, has been a key tool. For development of biofidelic models,

characterization of the mechanical behavior of brain tissue at blast-rate loadings is critically



important. In this work, two novel experimental methods were developed to better

understand the nonlinearity and heterogeneity of brain tissue for modeling of bTBI.

This dissertation has three specific aims:

Specific Aim 1: To characterize the cerebral blood pressure change during local blast

exposures of the head (Head-Only) or chest (Chest-Only) and compare them. This was

accomplished using a rodent model and a shock tube to simulate the blast wave.

Task-1: To develop a rat blast injury model utilizing a shock tube to target the

animal head and chest separately.

Task-2: To measure cerebral blood pressure in 5 rats during blast exposures with
peak overpressures ranging from 50 to 300 kPa for the two exposure

groups of Head-Only and Chest-Only.

Task-3: To quantify neuronal, astrocyte and microglia/macrophage changes for
one level of peak overpressure for Chest-Only and Head-Only exposure

to show that local chest exposure can cause TBI.

Specific Aim 2: To characterize brain tissue material behavior in high strain rates between

300 and 1000 s, For this aim, excised samples of fresh bovine brain were used.
Task-1: To develop a novel high-rate shear test setup for soft tissues.

Task-2: To test bovine brain tissue samples and 5% gelatin gel that is used as brain

substitute material.

Specific Aim 3: To characterize the heterogeneity of brain tissue at different anatomical

regions. For this aim, fresh coronal sections of rat brain were tested.



Task -1: To configure the existing micro-indentation test setup for testing brain

tissue with 200 um spatial resolution using a spherical indenter.

Task -2: To test inner and outer regions and gray and white matter and compare

the force relaxation results.

The results of this work contribute to the field of bTBI research in three major ways:

1. Experimental measurement and biomechanical characterization of cerebral blood
pressure change during local chest/head blast wave exposure. This experimental
work sheds light on characteristics of bTBI thoracic mechanism.

2. Development of a novel high-rate test methodology for mechanical behavior
characterization of brain tissue. This setup allows for more realistic characterization
of brain material needed for computational modeling of bTBI.

3. Development of a novel test setup for characterizing the mechanical heterogeneity

of brain tissue as another step to improve the computational modeling of bTBI.

The work related to the three specific aims are organized into three stand-alone chapters:

Chapter 2: Biomechanical Characterization of Thoracic Mechanism in a Rodent
Model of Blast-Induced Traumatic Brain Injury. In this chapter, the characteristics of
the cerebral blood pressure rise during local head/chest blast exposure as a function of the
blast peak overpressure are presented. In this work, the cerebral blood pressure was
measured in a bTBI rat model utilizing a shock tube for two different blast exposure
conditions of Head-Only and Chest-Only. The animal was exposed to a military relevant
range of blast waves scaled down to a rat. The cerebral blood pressure was measured by

instrumenting the internal carotid artery of the rat with a miniature pressure sensor. The



findings showed chest-only exposure caused significantly higher amplitude cerebral blood
pressure rise than head-only exposure, and at one-week post-injury neuronal and glial
changes were observed in both groups. The findings of this study support the thoracic

mechanism as an important contributing factor to bTBI.

Chapter 3: Characterization of Bovine Brain Tissue under Blast-Rate Shear Loading
— A Novel Test Method with Low Noise. In this chapter, a novel test method is presented
for characterization of brain tissue under high-strain level shear loading with blast-rate
strain rates (300 to 1000 s™). The major challenge in such material characterization test

method, which is to increase the signal to noise ratio, is discussed.

Chapter 4: Mechanical Heterogeneity of Rat Brain Measured Using a Micro-
Indentation Technique. In this chapter, the local heterogeneous viscoelastic behavior of
rat brain tissue is presented. The developed custom-designed micro-indentation setup that

was utilized and the data processing method are explained.

Chapter 5: Concluding Remarks. In this chapter, a summary of results and discussions
is presented. Also, potential future approaches to expand the results of this study are

proposed.

Some of the works included in this dissertation have already been published in the
following articles. More papers based on the results of Chapter 2 and Chapter 3 are in

preparation.

e S. Assari, and K. Darvish “Characterization of Brain Tissue under High Rate Shear
Loading: a novel test method with low noise”, Annual Injury Biomechanics
Symposium (IBS, Ohio), 2017



S. Assari, and K. Darvish, “Scaling of Mild Blast Brain Injury from Rat to Human”
Annual Northeast Bioengineering Conference (NEBEC), 2017, IEEE

S. Assari, A. Hemmasizadeh, and K. Darvish, “Mechanical Heterogeneity of Rat Brain
Measured Using a Micro-Indentation Technique” Annual Injury Biomechanics
Symposium (IBS, Ohio), 2014

S. Assari, K. Laksari, M Barbe, and K. Darvish, “Cerebral Blood Pressure Rise During
Blast Exposure in a Rat Model of Blast-Induced Traumatic Brain Injury”, Proceedings
of American Society of Mechanical Engineering International Mechanical Engineering
Conference and Exposition (ASME-IMECE), 2013



CHAPTER 2
BIOMECHANICAL CHARACTERIZATION OF THORACIC
MECHANISM IN A RODENT MODEL OF BLAST-INDUCED

TRAUMATIC BRAIN INJURY

2.1 Introduction

Blast injuries have been referred to as the signature wound of war in the past decade, and
over 73% of US military causalities in recent operations are caused by explosive devices
(Cernak & Noble-Haeusslein 2010) and about 15% of troops in Iraq sustained some level
of neurological impairment resulting from blast exposure (Hoge et al. 2008). Although the
concept of the blast-induced traumatic brain injury (bTBI) is not new and has been widely
investigated in many studies in last decade (Cernak et al. 2001; Cernak et al. 2011;
Courtney & Courtney 2009; Goldstein et al. 2012; Gullotti et al. 2014; Saljo et al. 2008;
Simard et al. 2014), the underlying injury mechanisms are not yet fully understood (Song
et al. 2016; DePalma & Hoffman 2016). There have been three major proposed injury
mechanisms that are not mutually exclusive: 1) Direct entry of the blast pressure wave into
the cranium due to exposure of head to the blast wave (Rafaels et al. 2011; Kuehn et al.
2011), 2) Acceleration-induced TBI due to the head motion after blast wave exposure
(Goldstein et al. 2012; Gullotti et al. 2014), and 3) Propagation of a pressure wave into the

cerebrovasculature due to torso exposure to the blast wave, known as the thoracic



mechanism (Cernak et al. 2001; Chen & Huang 2011). The aim of this study was to

investigate into the thoracic mechanism.

The thoracic mechanism of bTBI was initially proposed by Cernak et al (2001) and
considerable support has been reported recently for this idea (Courtney & Courtney 2009;
Long et al. 2009; Chen & Huang 2011; Cernak 2010; Simard et al. 2014). Cernak et al
(2010) showed that head protection did not prevent chronic inflammation and neurological
deficits in mice exposed to mild intensity blast (68 kPa, peak static pressure) during a 1-
month post-injury period. They also reported torso and abdomen protection significantly
reduced inflammation and myeloperoxidase activity in the brain throughput 1-month post-
injury period as compared with animals exposed to the same level of blast wave with
whole-body exposure or head-protected exposure. Their results suggested that the
interaction of blast and torso has a significant role in chronic neurological deficits in mice.
Simard et al (2014) for the first time experimentally showed the thoracic mechanism of
bTBI in rats. They developed a rat thorax-only blast injury model, and exposed the animal
chest to a 450 kPa peak overpressure. Their results showed significant perivenular
neuroinflammation. They measured the internal jugular (1J) vein blood pressure during
blast wave exposure, and then applied the similar pressure profile to 1J in their jugular-only
blast injury model. The results showed they could reproduce similar perivenular
neuroinflammation they observed in thorax-only blast injury model. Their findings
suggested biomechanical mechanism of bTBI due to thorax-only exposure can be the
propagation of a blood pressure wave into cerebrovasculature that is originated in large

torso blood vessels.

To our knowledge, this blood pressure wave which is generated in thoracic mechanism and



transfers to cerebrovasculature has not been characterized before. The only reported
measure is by Simard et al. (2014) for only one level of high peak overpressure and short
duration wave and in rat internal jugular vein. A comprehensive characterization of the
blood pressure wave, generated in thoracic mechanism of bTBI, as a function of the
incident blast wave could contribute to a more complete understanding of thoracic
mechanism. Moreover, this fact is extremely important in designing effective protective

equipment.

The aim of this study was to characterize the cerebral blood pressure rise during blast
exposure as a function of the blast peak overpressure in a bTBI rat model utilizing a shock
tube. The shock tube setup was designed to simulate human equivalent blast exposure
dosage for a rat due to 500-g to 500-kg TNT-equivalent-charge at standoff distances of 4
to 15 m away, which is a common realistic military personnel exposure range (Panzer et
al. 2014). To investigate the thoracic mechanism, the characterization of cerebral blood
pressure rise during blast exposure was done for two different blast exposure conditions of
Head-Only and Chest-Only. The cerebral blood pressure was measured by instrumenting
the internal carotid artery of the rat with a miniature pressure sensor. Then the animal was
exposed to a military relevant range of blast waves scaled down to a rat. The findings
showed chest-only exposure caused significantly higher amplitude cerebral blood pressure
rise than head-only exposure, and at one-week post-injury neuronal and glial changes were
observed in both groups. The findings of this study support the thoracic mechanism as an

important contributing factor to bTBI.



2.2 Materials and Methods

2.2.1 Animal Subject:

Young adult Sprague-Dawley rats (250-350g) were used in this study. The use of rats for
this study was approved by the Institutional Animal Care and Use Committee of Temple
University and the animals were kept in an International Laboratory Animal Cooperation
(ILAC) approved animal facility with free access to food and water. Animals were

acclimated for one week prior to the onset of any tests.
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Figure 2-1 Shows the pressure history over time curve of an ideal (Friedlander) blast wave (Left). A blast wave can be
characterized by major parameters consist of a rapid rise to a peak over-pressure (POP) at time of arrival (TOA), a positive
phase duration (PPD) and pressure impulse which is the area under the pressure-time curve. Kingery and Bulmash (1984)
reported these parameters for a Hemispherical TNT surface air-blast in terms of high order polynomials. The reported
values were scaled to equivalent of one-unit mass of TNT charge using cube root scaling (Right). Exposure of animal
species with different size/weight to the same blast wave would induce different injury outcomes. The dimensions of
300-g male Sprague-Dawley Rat and a 50" percentile male Human are shown which is used later in the study to scale
the blast wave parameters for rat exposure to simulate an equivalent human loading condition (loading dosage).
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2.2.2 Human-Equivalent Blast Wave Dosage for a Rat (Scaling from Human to

Rat):

The aim of this study was to investigate the thoracic mechanism in a rat bTBI model
simulating human equivalent blast wave exposure due to 500-g to 500-kg TNT-equivalent-
charge at standoff distances of 4 to 15 m away, which is a common realistic military
relevant blast exposure condition. It is known that exposure of animal species with different
size/weight to the same blast wave would induce different level of injury. Therefore, to
produce comparable injury outcomes between two animal species (i.e. human and rat), the
blast wave parameters, (loading dosage) must be scaled. In the current bTBI rat model, to
determine the parameters of the incident pressure wave profile generated by a shock tube
(i.e. induced loading dosage on the animal), dimensional scaling was used to scale
parameters of a realistic open-field blast wave parameters applied on a human to the
equivalent loading on a rat. Table 2-1 summarizes the dimensional scaling factors between
any two species for important biomechanical parameters involved in bTBI models. For
simplification, density and modulus of elasticity are usually assumed to be the same across
species (Panzer et al. 2014). For the purpose of this study, scale factor for 300-g male
Sprague-Dawley Rat to 50" percentile male Human is calculated and compared in Table
2-2 based on length or weight ratios of head/chest/body. The body dimensions are shown
schematically in Figure 2-1. The average scale factor for this study was calculated to be

0.17 from Human to Rat (5.9 from Rat to Human).

An ideal open field blast wave has the characteristics of the Friedlander curve (Figure 2-1-

Left) which is mainly recognized by a sharp rise (shock front) to the peak over-pressure
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(POP) then an exponential decay to the ambient pressure whose duration is called positive

phase duration (PPD), and continue to decay to below ambient pressure and increases back

to the ambient pressure.

Table 2-1 Blast wave parameters (loading dosage) may be scaled using
dimensional analysis to produce similar physical response and consequently
similar injury response between species. For simplification, density and
modulus of elasticity are usually assumed to be the same across species.

Parameter

(4m)
A, =2p=1

Density

Modulus of
Elasticity

Length
Pressure

Mass
Acceleration
Time

Velocity

Pressure
Impulse

[P] =[E] = Ap = A5
[m] = [pl[L]® = A, =234,

[a] = [F][m]~" = [P][A][m]*
= g = 17125450

[¢]2 = [LI[a] ™" = A, = 2,4/%A}

[v] = [Z][e] ™ = 4, = AY/22,1/2

1] = [Ple] = 2y, = 2,27 21}/ z

Blast wave parameters value for a hemispherical TNT Surface air-blast scaled to equivalent

of one-unit mass of TNT charge are given in the chart in Figure 2-1. As it can be calculated

from the chart, blast wave due to 250-g to 1000-kg TNT equivalent charge at standoff

distance of 4 to 50 meter, has a PPD ranging from 2 to 20 ms. As it is shown in Table 2-1,

a pressure parameter (i.e. the POP of a blast wave) does not need to be scaled between

species due to size/mass differences. However the PPD, time parameter, must be scaled

proportional to size or cube root of mass. Therefore, to simulate that range of exposure for
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a Human, the equivalent PPD dosage for a rat should be in the range of 0.3 to 3 ms and

with similar POP range of 10 to 1000 kPa.

Table 2-2 For the purpose of this study, scale factor for 300-g male
Sprague-Dawley Rat to 50th percentile male Human is calculated and
compared based on length or weight ratios of head/chest/body. The body
dimensions are shown in Figure 2-1. The average scale factor is 5.9.

Mass (kg) Length (mm)

Head Body Head Chest

Rat 0.04 0.3 25 40
Human 5 70 170 230
Ratio (H/R) 125.0 233.3 6.8 5.8
Arzn 5.0 6.2 6.8 5.8
Avaerage 5.0
RZH

2.2.3 Blast Wave Simulator Setup:

In order to expose only the head or chest of the animal (rat) to a short duration pressure
wave simulating an open-field blast wave, a 50-mm diameter compressed-gas driven shock
tube (Figure 2-2A) was designed and made based on previously reported shock tube
designs in the literature (Svetlov et al. 2010; Roberts et al. 2012; Desmoulin & Dionne
2009; Long et al. 2009) as a blast injury model tool. Helium gas was used as the driver gas
in order to reproduce pressure profiles with high POP and short PPD, such that after scaling
from rat to human it would simulate the intended realistic human blast wave exposure range
explained above. The shock tube has a modular driver (20 to 610 mm) and driven (610 to
1200 mm) sections, capable of reproducing pressure shock waves ranging 20 to 500-kPa
POP and 0.5 to 2.5-ms PPD. The small diameter of the shock tube makes it possible to
target different body parts of the animal with minimized effect on the other body parts. A

custom-designed animal holder provides the flexibility to target any part of the animal body
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from any direction (e.g. laterally or dorsally). To investigate only the effect of the primary
blast exposure and to minimize any acceleration-induced injury, the animal holder is
designed such that immobilizes the head using three U-shape metal studs on an aluminum
plate without blocking the blast wave or causing any excessive reflection (Figure 2-2B),
and restrains the animal body using four straight metal studs and a plastic mesh wrap
around the body (Figure 2-2C). The small diameter of the shock tube and the animal holder
provided the ability to target head, chest or abdomen of the animal without applying a
significant loading on the other body parts. To ensure local exposure condition when head,
chest or abdomen was targeted, body surface pressure was measured on the other

untargeted areas and pressure was less than 10 kPa on untargeted body parts.

2.2.4 Pressure Distribution around Head/Chest:

Pressure on animal head/chest surface was measured at two points as an indication of the
actual mechanical loading on the animal body. First point was right below the left eye on
head or the left lateral quadrant point of the animal chest, and the second point was the top
quadrant point of the chest/head as shown in Figure 2-2D. Two fiber optic pressure sensors
(FOP-MIV-R3, FISO Technologies Inc., Canada) were used to measure the hydrostatic
(side-on) pressure on the surface of the animal body at these points. The pressure sensors

were sutured and fixed on skin at three points on the body.
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Figure 2-2 Shows the compressed-gas driven shock tube setup (A) including the 27-cm driver tube (1), diaphragm
location (2), 124-cm driven tube (3), three pressure sensors at 0.66, 1.16, and 1.24 m from diaphragm (5), and the animal
holder (6). The custom-made animal holder (B) allows for different exposure orientations and also immobilizes the
animal head and body (C). For this study, the animal was exposed to pressure shock waves laterally from left side (D).
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2.2.5 Cerebral Blood Pressure Measurement:

In order to investigate the occurrence of thoracic mechanism, that is to say existence of any
significant blood pressure wave transferring from torso blood vessels to cerebral vessels
during the blast exposure, the animal internal carotid artery was instrumented with a
pressure sensor. Then head or chest of animals were targeted and exposed to a blast wave
in front of the shock tube to compare the cerebral blood pressure rise due to head-only or
chest-only exposure. Five animals, after instrumentation with a pressure sensor, were
exposed to simulated blast waves with POPs ranging from 50 to 300 kPa in two exposure
scenarios of Head-Only or Chest-Only exposures. Each animal was tested for both Head-
Only and Chest-Only exposure conditions, and was exposed to five POP levels, and tested

for each level for two times.

Internal Carotid Artery Instrumentation: The animal internal carotid artery was

instrumented with a miniature pressure sensor (SPR-1000, Millar Instruments Inc.,
Houston, TX). As it is shown in Figure 2-3A, the pressure sensor is a strain gage type
pressure sensor with a side-mounted sensing membrane and a tip diameter of 0.33-mm
(1F). The Millar sensor was calibrated quasi-statically in a pressure chamber for the range
of -50 to 400 kPa (Figure 2-3B), and then the calibration was verified with a high
frequency response piezoresistive pressure sensor (8530C-50, Endevco®) inside the shock
tube to capture the shock wave. As it can be seen in Figure 2-3, the Millar pressure sensor
captured the shock wave POP with less than 5% error which verified the calibration, and
validated the use of this sensor to capture high frequency changes of cerebral blood

pressure during the blast exposure.
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Figure 2-3 (A) Shows the miniature pressure sensor (Millar® Mikro-Tip® SPR-1000) that used to measure the rat
cerebral blood pressure. This pressure transducer is 0.33 mm in diameter with a side mounted sensing area that is not
flushed with its body which makes it perfect for measuring blood pressure in very small vasculature. The Millar pressure
sensor was calibrated quasi-statically in the range of -40 to 400 kPa (B). Then the quasi-static calibration was validated
with Endevco® 8530C-50 pressure sensor in measuring the pressure shock wave inside the shock tube (C).
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To instrument the internal carotid artery with the Millar pressure sensor, after anesthesia,
an incision was made in the anterior neck to expose the right common carotid artery (CCA).
Then the CCA was carefully separated from the vagus nerve, and clamped using vessel
clips at two points. First, A V-cut was made between the two clips about 5 mm before the
carotid bifurcation to external and internal branches (location of incision is shown by
yellow arrow head in Figure 2-4 A and B). Then a 10-mm polyethylene tube (PE-50) was
inserted inside the internal carotid artery (ICA) and put a loose suture on it. The PE tube
was to reinforce the ICA wall and prevent the contact of the vessel wall with the sensor
due to any deformation during the blast exposure and consequently causing artifact reading.
Then the pressure sensor was inserted into the tube such that the sensor tip stayed inside
the tube and located in ICA as shown in Figure 2-4 C and with a yellow star in Figure
2-4A and B. The sensor is secured in place by four tied sutures (Figure 2-4 C). Figure
2-4D shows the arterial network of the Sprague-Dawley rat Circle of Willis (CW) and how
the ICA supplies blood to other cerebral arteries. Then the sensor was connected to the data
acquisition system. Proper positioning of the sensor was verified by observation of normal
blood pressure pulsation. The surgery was concluded by closing the incision with sutures
and the animal was secured in the custom-made holder in front of the shock tube. Right
ICA was instrumented and the animal was exposed to the blast from the left side to prevent
any artifact. Animals then exposed to blast waves in two Chest-Only and Head-Only

exposure configurations.
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Pressure Sensor

PE Tube

ICA

Figure 2-4 To visualize the location of the pressure sensor inside the rat ICA, a schematic of rat vasculature (A) and a 3D reconstructed
Micro-CT image (B) of rat head-neck vasculature is shown. Figure (C) shows the schematic of how the sensor is instrumented inside
ICA. Figure (D) shows the vascular network of the Sprague-Dawley rat Circle of Willis (CW) and how the ICA is connected to other
cerebral arteries.

Abbreviations: Circle of Willis (CW) , Common Carotid Artery (CCA, &0.9mm), Internal Carotid Artery (ICA, &0.71mm), External Carotid
Artery (ECA, &0.77mm ), Basilar Artery (BA, ©0.36mm), Superior Cerebral Artery (SCA, ©0.28mm), Posterior Communicating Artery (PComA,
0.15mm) , Posterior Cerebral Artery (PCA, &0.23mm) , Longitudinal Hippocampal Artery (LHA, 0.25) , Middle Cerebral Artery (MCA,
0.24mm) , Anterior Cerebral Artery (ACA, £0.28mm)
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2.2.6 Animal Anesthesia Process:

For animal instrumentation procedure with pressure sensor, animals were anesthetized with
an intramuscular injection (1 mL/kg-body-weight) of mixture of 87 mg Ketamine/mL and
13 mg Xylazine/mL. Level of anesthesia was monitored continuously by toe pinch test,

and more anesthetic cocktail was administered when needed.

For blast-induced injury model, animals were first placed in an anesthesia induction
chamber with 5% isoflurane for 4 min, and then moved to the animal holder and remained
on 3% isoflurane during placement, positioning and blast exposure using a small silicon
tube in front of their nose. Immediately after the blast exposure, anesthesia was stopped
and the animal was transported from the holder to the recovery cage and monitored for

recovery.

For collecting brain tissue samples, animals were anesthetized with an intramuscular

injection (1 mL/kg-body-weight) of Ketamine (87%) and Xylazine (13%) mixture.

2.2.7 Injury Assessments:

Animals were exposed to a 110-kPa POP pressure shock wave in front of the shock tube
in two groups of Head-Only (n = 5) and Chest-Only (n = 5) exposure conditions, and the
sham control group (n = 5) which were only anesthetized and placed in the animal holder
without any blast wave exposure. At one-week post-injury, the brain tissue was collected

for immunohistochemical injury assessments.

To quantify astrocyte reactivation, level of glia fibrillary acidic protein (GFAP)

upregulation was quantified in astrocytes. Microglia reactivation was investigated
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qualitatively by looking at expression level of ionized calcium-binding adapter molecule-
1 (IBA1) as a marker for reactivation of microglia. Macrophage infiltration into the brain
tissue, as a measure of perivascular injury or inflammation, was quantified by counting the
number of CD68+ (cluster of differentiation 68) cells. Cresyl Violet staining was also used
to investigate chromatolysis of neurons. Astrocyte, microglia, macrophage and neuronal
changes were assessed at two major anatomical regions of hippocampus and primary motor

cortex in sections between Bregma -2mm to Bregma -4mm.

Immunohistochemistry: To collect the brain tissue for immunohistochemistry, the animals

were first anesthetized, then transcardially perfused with saline (0.9% sodium chloride)
followed by 4% paraformaldehyde. Collected brain tissues, were kept in the same fixative
overnight and placed into 30% sucrose for 72 hours in 4°C refrigerator. Then the brains
were placed in OCT embedding medium and allowed to freeze on dry ice. Brains were
cryosectioned into 40pum thick coronal sections. Sections were incubated in 25% pepsin in
0.01 NHCI for 20 minutes, then blocked with 25% goat serum in phosphate-buffered saline
(PBS). Sections were then incubated overnight with primary antibody directed against
ionized calcium-binding adapter molecule 1 (IBA1; 1:500; catalog no.: 019-19741; Wako
Chemicals; Osaka, Japan), cluster of differentiation 68 (CD68; 1:250; catalog no.: 125212;
Abcam; Cambridge, UK), glial fibrillary acidic protein (GFAP; 1:500; catalog no.: 33922;
Abcam; Cambridge, UK), at 4°C. Then sections were washed with PBS and incubated with
secondary antibody and mounted on slides using Prolong Gold Antifade mounting solution

with DAPI (catalog no.: P36931, Thermo Fisher; Waltham, MA).
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2.2.8 Statistical Analysis:

All statistical analyses were performed using JMP® Pro 13.0.0 software (SAS Institute,
Cary, NC). The correlations of peak ICA pressure with incident shock wave POP were
evaluated using general linear model fitand ANOVA, and the significance of the difference
of the regression lines between exposure groups was determined by F-test. In significance
tests, two-sided p-values less than 0.05 were considered significant unless indicated.
Histological results were compared using ANOVA and then post-hoc test to compare all
means using Each Pair analysis (two-sided with adjusted o = 0.05). Results are reported as
mean + standard error of the mean and error bars in graphs are one standard error of the

mean unless otherwise stated.

2.3 Results

2.3.1 Characteristics of the Generated Pressure Shock Wave:

The incident pressure was measured at two locations inside the shock tube and at the
opening end of the shock tube. Figure 2-5 shows three representative incident pressure
measurements and calculated pressure impulse curves at the opening end of the shock tube.
These generated incident pressure waves show characteristics of an ideal blast wave
(Friedlander curve) denoted by the sharp rising and exponentially decaying over-pressure
pulse. The shock tube could reproduce blast wave with POP ranging from 30 to 500 kPa
with 0.5 to 2 ms PPD. The shock velocity Mack number was measured ranging from 1.2
to 2.5. Comprehensive characteristics of the generated incident pressure shock wave at the
opening end of the shock tube is summarized in Table 2-3 for five different levels of peak

over-pressure applicable for the current study.
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Figure 2-5 Shows three representative measured pressure shock waves at
the pressure sensor close to the opening end of the shock tube (70 mm from
the open end). The calculated pressure impulses are also shown.

Table 2-3 Characteristics of the generated incident pressure shock wave at
the opening end of the shock tube.

IncidentShock Wave
POP  PPD  Velocity ... Impulse
kPa(psi)  (ms) (mis) (Pa.s)
52 (7.6) 05 408 1.2 15
96 (14) 08 459 1.3 35
179(26) 14 543 16 122
241(35) 16 568 1.7 151

310(45) 1.7 633 1.8 165




2.3.2 Pressure (Loading) on Animal Body Surface:

The measured animal body (chest/head) surface pressure at two points show the
characteristics of the actual mechanical loading induced on the targeted animal body part
in front of the shock tube. The point-1 corresponds to the left quadrant point of the body
which is facing toward the incident shock wave, and point-2 is the top quadrant point of
the body. A representative surface pressure measurement at two points on animal head is
shown in Figure 2-6. These measurements showed the pressure time history at point-1 and
point-2 were different. At point-1, the surface pressure profile was similar to the incident
pressure wave with slightly different POP and PPD. The surface POP was about 30%
lower, for the 50-kPa POP, and about 30% higher for 300-kPa POP. The surface PPD was
about 20% longer than the incident PPD. At Point-2, top of the head, the surface pressure
profile included a short duration positive POP about half of the incident POP followed by
small amplitude fluctuations. Chest of the animal was also instrumented and targeted
separately to see if there was any difference in pressure distribution characteristics from
head to chest. The collected pressure data did not show any significant difference from
head to chest. A representative measurement set is reported in the table shown in Figure
2-6. No value is reported for the two higher pressure levels at point-2 since the sensor at
point-2 location did not show reliable and repeatable measurement. This could have been
due to several reasons, high relative motion of the sensor respect to the body, the very short
duration nature of the pressure change, and the fluctuations afterwards due to flow
separation at top surface of the body. Two phenomena could have affected the POP at
point-1 (Figure 2-6) to be different from the incident wave POP. First, the attenuation of

POP due to sudden expansion of the incident wave at the opening exit of the shock tube
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(Ref), and second, amplification of the POP due to reflection of the incident pressure wave
from the animal surface. It should be noted that, due to the round shape of the animal body
cross section (both head and chest), the reflection amplification from the animal body
surface is not expected to be as high as amplification of a reflected shock wave from a flat

normal rigid surface.
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: Animal Head Animal Head
IncidentShock 1 eft-FISO1)  (Top-FISO2)

POP PPD POP PPD POP PPD
kPa(psi) (ms) kPa(psi) (ms) kPa(psi) (ms)
52 (7.8) 0.5 34 (5) 0.6 28 (4) 0.15
96 (14) 0.8 86(12.5) 1.1 48 (7) 0.15
179 (26) 1.4 214(31) 1.7 79(11.5) 0.2
241 (35) 1.6 276 (40) 1.9 - -
310(45) 1.7 413(60) 2.1 - -

Figure 2-6 Shows a representative hydrostatic pressure measured at top and
left side of the animal body at head/chest using fiber optic pressure sensors
for Head-Only exposure to an incident shock with 170 kPa POP. The table
summarizes the same measurement for other POP levels.
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2.3.3 Cerebral Blood Pressure Alteration during Blast Exposure:

Figure 2-7 shows a representative blood pressure measurement inside ICA for two
exposure conditions of Head-Only and Chest-Only. Figure 2-7A and B show blood
pressure 1s before and 2s after the blast exposure in the range of physiological pressure
range and represented in mm-Hg unit of pressure. The blood pressure pulsation before and
after the blast exposure verifies the proper instrumentation and placement of the pressure
sensor in the ICA. The mean ICA blood pressure at the Circle of Willis before the blast
exposure was about 100 mm-Hg (13.3 kPa), and the pulsation rate was about 300 bpm
which both were in the expected physiological range (Alnas et al. 2007). After the blast
exposure, there was a sudden 20-mm-Hg blood pressure drop in both Head-Only and
Chest-Only groups which recovered back to the pre-blast level in a couple minutes. This
trend can be seen in Figure-7A and B but the whole recovery is not shown. Post-blast heart
rate dropped to about 60 bpm in Chest-Only exposure condition which recovered in a few
minutes to normal level but no significant change was observed in Head-Only group. The
ICA blood pressure change during the few milliseconds of the blast exposure in those two
graphs looks like a spike at time equal to 1 s. Representative ICA blood pressure graphs
during those few milliseconds of blast exposure in two groups of Head-Only and Chest-
Only are shown in Figure 2-7 C and D for five blast wave POP levels ranging from 50 kPa
to 230 kPa. In these two graphs, a significant blood pressure rise in both Head-Only and
Chest-Only groups can be seen which lasts for 2 to 4 ms. As it is shown in Figure 2-8, the
peak ICA blood pressure (ICArop) was almost linearly in correlation with the incident
shock wave POP (ISpop). The correlation for Chest-Only group was ICAprop = 1.25 x ISpop

— 40.4, (R?=0.85), and for the Head-Only group was ICApror = 0.61 x ISeop — 7.2,
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(R?=0.64). F-test showed these two linear regression lines were significantly different
(p<0.0001). Moreover, the peak ICA blood pressure was consistently higher in Chest-Only

group for the same incident blast wave POP and it reached up to 15 times of physiological

pressure (16 kPa).
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Figure 2-7 (A) and (B) show a representative ICA blood pressure
measurement for 1 second before and 2 seconds after the animal exposure
to the pressure shock wave, which verifies the correct placement of pressure
sensor in ICA toward the Circle of Willis. Then the sudden ICA blood
pressure rise due to blast exposure can be seen in both groups (Figures A
and B). This pressure rise lasted for about 2 to 4 milliseconds which can be
seen in Figures (C) and (D) for five different levels of incident pressure
shock wave in both Head-Only and Chest-Only groups. The pressure wave
was stronger in a Chest-Only exposure condition.
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Figure 2-8 The peak ICA blood pressure was consistently higher in Chest-
Only group for the same incident blast wave POP and it reached up to 15
times of physiological pressure (16 kPa). Moreover, almost a linear
correlation of ICA blood peak over-pressure (ICApop) with incident shock
wave POP (ISpop) was observed which was statistically significant and
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different between two groups.

2.3.4 Significance of Abdominal Blast Exposure

To investigate the effect of abdominal exposure to the blast wave on cerebral blood

pressure alteration, the abdomen of animal was targeted and exposed to the pressure shock

wave in front of the shock tube. No significant (less than 5%) change was observed in the

cerebral blood pressure and therefore the graphs are not reported and therefore a test group

was not assigned in experiment design for this study.
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2.3.5 Blast Wave Isolines and Scaled Animal Experiments

In Figure 2-9 two series of blast wave isolines were shown that make it possible to interpret
each point in the POP-PPD graph is equivalent to what realistic blast condition, say it
another way, one can interpret the chart as each point in this space is equivalent to a blast
wave experienced at what distance from how much equivalent TNT charge. The first series
of isolines are the isocurves of standoff distance from the center of the explosive charge
(dotted lines), and second series of isolines are the isocurves of TNT charge weight (Solid
lines). These isolines are calculated based on Modified high-order polynomials fitted
(Swisdak Jr 1994) to blast wave parameters of a hemispherical TNT free air blast reported
by Kingery & Bulmash (1984). The pulmonary injury risks (Bass et al. 2008), and 50%
percentile brain injury threshold reported by Rafaels at al. (2011) are shown in Figure 2-9
which are both based on large animal experiments. The current study test conditions are
also shown in two groups of Head-Only or Chest-Only exposure which corresponds to blast
waves at 4m to 15m due to 500g to 2000kg TNT charge explosion. Some relevant previous
studies are also shown in this figure. The Chest-Only subjects of this study which exposed
to pressure shock waves with higher than 200-kPa POP did not survive due to severe
pulmonary hemorrhage. Although this condition is between 50% and 1% pulmonary
survival lines, it is in agreement with previous reports that showed injury threshold of small
animals (e.g. rat, mouse, guinea pig or rabbit) is lower than of large animals like dog, goat

or sheep (White et al. 1971).
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Figure 2-9 Shows the test condition (POP and PPD) of the current study
and some other related studies scaled to a 70-kg Human. To compare with
realistic blast conditions, the two series of isolines of equivalent TNT-
charge and stand-off distance are shown. These isolines show each point on
the POP-PPD space is equivalent to how far from how much equivalent
TNT charge would create a blast wave with that POP and PPD. Bass et al.
(2008) pulmonary injury risks, and 50% percentile brain injury threshold
reported by Rafaels et al. (2011) are shown which are both based on large
animal experiments.
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2.3.6 Injury Assessments:

Animals in Chest-Only group did not survive blast waves with POPs higher than 200 kPa
due to severe pulmonary hemorrhage and internal bleeding. Figure 2-10 show images of
whole lungs, after whole body transcardial perfusion, in which marks of local hemorrhage
(yellow arrows) in Chest-Only group exposed to low level POPs and bigger defused
hemorrhage areas (yellow ellipse) in higher POP levels can be seen. Lungs from Head-

Only group showed very few small local hemorrhage spots.

Immunohistochemical Assessments: As it is summarized in Figure 2-11, both Chest-Only

and Head-Only groups showed neuronal, astrocyte and microglia/macrophage changes in
hippocampal and primary motor cortex regions in comparison with the control group. The
percentage area of GFAP expression indicating the reactivation of astrocytes (GFAP* cells)
showed more increase in Head-Only group than Chest-Only group compare to the control
(Figure 2-11A). This increase in hippocampus was about 3 (p=0.2) and 5 (p=0.1) times of
the control level in Chest-Only and Head-Only groups respectively. In primary motor
cortex, this increase was about 5 times (p=0.2) in Chest-Only group and 9 times (p=0.2) in

Head-Only group.
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POP - 100 kPa POP - 190 kPa POP - 230 kPa

Head-Only

Lethal bleeding
from the airways

Chest-Only

Figure 2-10 Images of whole lungs, one-day post-injury, after whole body
transcardial perfusion showed marks of local hemorrhage (arrows) in Chest-
Only group exposed to low level POPs and bigger defused hemorrhage
areas in higher POP levels. Lungs from Head-Only group showed very few
small local hemorrhages. Animals in Chest-Only group could not survive
incident shock waves with more than 200 kPa peak over-pressure (POP)
due to severe pulmonary hemorrhage and internal bleeding.

A significant increase was observed in the number of CD68" cells in both Head-Only and
Chest-Only groups comparing to the control (Figure 2-11B), which is an indication of
infiltrated blood-borne macrophages into the brain tissue or phagocytic reactivated
microglia. In the hippocampus region, this increase was about 8 times (p=0.01) and 4 times
(p=0.002) of the control level in Chest-Only and Head-Only groups respectively. In
primary motor cortex, this increase was about 9 times (p=0.08) in Chest-Only group and 4

times (p=0.001) in Head-Only group.
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Figure 2-11 Show neuronal, astrocyte and microglia/macrophage changes
in the hippocampus and primary cortex regions of rats at 7-day post-
exposure to a 110-kPa POP blast wave. (A) Shows upregulation of GFAP
in astrocytes and their reactivation. (B) Shows number of CD68+ cells
which are either infiltrated blood-born macrophages into the brain tissue or
reactivated phagocytic microglia. (C) Shows number of chromatolytic
neurons after Cresyl Violet staining. (Error bars show one SEM)
Symbols represent the p values of post-hoc test in comparison:

e With Sham Control: * p < 0.05, and ** p <0.1.

e Between Head-Only and Chest-Only: # p <0.05, and ## p<0.1

The Cresyl Violet staining showed more number of chromatolytic neurons in both groups
of Head-Only and Chest-Only in comparison with control samples (Figure 2-11C). This
increase was higher in hippocampus region which was about 4 times (p=0.0001) and 3
times (p=0.005) of the control level in Chest-Only and Head-Only groups respectively. In
primary motor cortex, this increase was about 1.5 times (p=0.36) in Chest-Only group and

3 times (p=0.03) in Head-Only group.
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2.4 Discussion

To investigate the thoracic mechanism of blast-induced traumatic brain injury (0TBI), a rat
bTBI model was developed utilizing a compressed-gas driven shock tube. The shock tube
was made based on previously reported shock tube designs in the literature (Svetlov et al.
2010; Roberts et al. 2012; Desmoulin & Dionne 2009) as a bTBI model. The
characterization of shock tube showed its ability to reproduce a pressure shock wave with
characteristics comparable with a realistic range of military personnel common blast wave
exposure but scaled down for a rat (Panzer et al. 2014). The arterial cerebral blood pressure
(ACBP) during the blast exposure was measured for two exposure conditions of Head-
Only and Chest-Only. The measured arterial cerebral blood peak over-pressure (ACB-
POP) for both exposure groups were significantly higher than physiological range, and
showed significant correlation with the incident shock wave POP. The ACB-POP was
higher in Chest-Only exposure group than the Head-Only group and for sublethal
exposures reached up to more than 10 times the physiological pressure range. Animals in
both exposure groups showed neuronal, astrocyte and microglia/macrophage changes in
hippocampal and primary motor cortex regions in comparison with the control group after
exposure to a single 110-kPa-POP shock wave. It can be concluded from the results that
due to torso exposure to a pressure shock wave, a high amplitude pressure wave generated
in large torso blood vessels and propagates toward the brain and induces brain trauma. This
phenomenon was previously proposed and named as the thoracic mechanism of bTBI by a
couple researchers (Garat 1944; Cernak et al. 2001) as the explanation for observed injury
due to different exposure conditions. However, to the knowledge of the authors, the

biomechanical aspect of thoracic mechanism has not been experimentally investigated
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thoroughly, and the current study is the first attempt in biomechanical characterization of

this phenomenon.

The idea of thoracic (transvascular/transthoracic) mechanism of bTBI was postulated first
during World War 11 (Garat 1944). Then decades later, several studies by Cernak and
colleagues (Cernak et al. 1996; Cernak et al. 2001; Cernak 2010) indicated the importance
and influence of local thoracic exposure in blast-induced neurotrauma (BINT). Their
experimental results showed that local exposure of thorax can cause similar effects on
central nervous system (CNS) as a whole-body exposure. They explained their observation
by suggesting that the kinetic energy must have been transferred from the torso to the brain
and the probable mechanical pathway probably could be through the vasculature. However,
no mechanical measurement was done to show the existence of such pressure wave in the

vasculature during the blast exposure.

On the other hand, Saljo et al. (2008) rejected the idea of transmission of significant
pressure from body to the brain during blast exposure. They used a pig bTBI model
utilizing a shock tube, with a very similar setup to the current study, and exposed the
abdomen of the animal to a pressure shock wave and measured the pressure inside brain
tissue. Their results showed the POP in the brain was only 3% of that in the abdomen and
therefore not supported Cernak idea of thorax mechanism. However, they measured
pressure using a hydrophone in the brain parenchyma, rather than inside the vasculature
which could be totally different. Moreover, they exposed the animal abdomen and did not
investigate the effect of thorax local exposure. Our findings also showed a similar result
that the abdomen exposure did not cause transmission of any significant pressure wave

from abdomen to cerebral vasculature.
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Recently, the thoracic mechanism has received more support from other researchers
(Courtney & Courtney 2009; Chen & Huang 2011; Simard et al. 2014; Long et al. 2009;

Drobin et al. 2007).

Drobin et al. (2007), investigated high-velocity behind armor blunt trauma (i.e.,
nonpenetrating injury resulting from ballistic impact with personal body armor). They
showed a transient disruption of the EEG which closely resembled the pattern observed in

animal head injury models.

Long et al. (2009) investigated the physiological, neuropathological, and neurobehavioral
consequences of exposure to a 126-kPa pressure shock wave and the effect of a Kevlar
protective vest in a rat bTBI model utilizing a shock tube in a very similar setup to the
current study. Their results showed the Kevlar vest, which covered the thorax and part of
the abdomen, greatly reduced mortality, and also ameliorated the widespread fiber
degeneration observed prominently in brains of the other rats not protected by a vest. They
supported the idea of thoracic mechanism and explained their observation by proposing
that blood vessels could possibly provide a particularly effective conduit for blast energy
transfer to the brain. They suggested the transmission of such pressure wave through
vasculature (venous as well as arterial) could cause fiber degeneration and could provoke

a series of intracranial disruptions, including a multi- phasic increase in ICP.

Cernak et al. (2010) performed real-time, in vivo imaging of myeloperoxidase activity of
activated phagocytes in mice exposed to mild intensity blast (68 kPa, peak static pressure)
during a 1-month post-injury period. Their result showed that head protection did not
prevent chronic inflammation and neurological deficits. Moreover, they reported torso and

abdomen protection significantly reduced inflammation and myeloperoxidase activity in
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the brain throughput one-month post-injury period as compared with animals exposed to

the same level of blast wave with whole-body exposure or head-protected exposure.

Simard et al. (2014) investigated the bTBI in rats using a thorax-only blast injury model.
They showed that a blast wave impacting the thorax would induce a hydrodynamic pulse
in jugular vein that would cause pathological changes in the brain. The animal chest was
exposed to a complex peak incident overpressure. They only investigated one level POP
using a modified 0.22 caliber, single-shot, powder-actuated tool. The pressure profile was
not a replication of free field air blast. The generated pressure wave had two peaks, a
sudden rise to about 450 kPa peak and dropping to zero in about 1 ms, and then followed
by a few pressure peaks between 100 to 200 kPa which lasted for about 3 ms, and then a
negative pressure of about 100 kPa which lasted about 300ms and then another positive
peak of about 50 kPa with duration of more than 500 ms. The collimated blast wave was
delivered to the right lateral thorax of the animal, precluding direct impact on the cranium,
and measured blood pressure inside the jugular vein during the blast exposure. They
measured jugular vein blood pressure showed a 62-mmHg POP with 5-ms PPD following
by long duration negative pressure of about 50-mmHg with duration of more than 500 ms.
They characterized the observed injury by apnea and diffuse bilateral lung hemorrhage,
and up-regulation of tumor necrosis factor alpha, ED-1, sulfonylurea receptor-1 (Surl), and
glial fibrillary acidic protein in veins or perivenular tissues and microvessels throughout
the brain 24 hour after injury. They also reported ligation of jugular vein reduced
perivenular inflammatory responses which itself shows the jugular vein can be a

mechanical pathway for transfer of a pressure wave from torso to brain.
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The results of current study showed the existence of a significant pressure rise in
cerebrovasculature during blast exposure. Moreover, local chest exposure resulted in
higher amplification of ACB-POP. In addition, observation of more infiltration of blood-
borne macrophages after chest exposure could be correlated to the higher level of blood
pressure rise during blast exposure. This cerebral blood pressure rise is diffusive in nature

and therefore may explain the diffusive nature of brain injury after blast exposure.

Cerebral Pressure Measurement - Although the sensor was located in ICA, it can be
explained why it was a good representative of cerebral blood pressure. The ICA
(0.71mm) originates from CCA (20.9mm) at the level of inferior border of the thyroid
gland and continues in a dorsal and medial direction entering the cranium. Then ICA gives
off posterior cerebral artery (PCA, ©0.23mm) and middle cerebral artery (MCA,
©@0.24mm) which supply blood to hippocampus through longitudinal hippocampal artery
(LHA, &0.25mm), and cerebral cortex respectively (Figure 2-4D). Since the pressure
sensor is located in ICA and the ICA is closed by sutures toward the CCA, it can be said
that the pressure sensor shows a representative measure of blood pressure in the Circle of
Willis which itself is a good measure of cerebral arterial blood pressure (Ganpule et al.

2011).

One of the limitations of the current study is the location of the animal outside of the shock
tube. Although many recent studies are still locating their animal outside of the shock tube
(Svetlov et al. 2010; Roberts et al. 2012; Desmoulin & Dionne 2009; Long et al. 2009) so
that a smaller shock tube size can be used to conduct the research, it is known that the
pressure wave at the open end of the shock tube is not the best replication of a free field

blast wave comparing to locate the animal inside of the tube which needs about 8 times
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larger tube size (Needham et al. 2015; Chandra et al. 2012). However, in the current study,
since the main aim was to investigate the existence of the mechanical pathway of pressure
transfer from torso to brain through vasculature, and not characterizing the nature of brain
injury, the animal was located right at the opening end of the shock tube. Such setup
facilitated local exposure of head or chest without causing excessive shock reflection from
protected body parts and precluding other complexities of locating animal inside the tube.
Moreover, the measured pressure on the animal body (Figure 2-6) showed that the loading
on the animal body (reflected pressure and the pressure-impulse) is actually an acceptable
representation of a free field air blast wave exposure (Kuppusamy & Chandra 2013; Long
et al. 2009). In the current injury model, the generation and transfer of a pressure wave
from torso blood vessels to brain vasculature is occurring due to the deformation of chest
after impact of blast wave. It is important to notice that this phenomenon can also happen
due to high-velocity behind armor blunt impact on chest and causing TBI. (Courtney &

Courtney 2009; Chen & Huang 2011; Drobin et al. 2007)

Although the aim of this study was not to characterize the tissue injury level or to
investigate into the biological mechanism and pathway of injury due to direct head
exposure or chest exposure, some injury assessment were done only for one level of POP
to show if there exist any kind of inflammatory response in brain tissue and if there is any
sign of difference in that response due to different local blast exposure. The level of
astrocyte reactivation, infiltration of macrophages to the brain parenchyma or reactivated
phagocytic microglia (Walker & Lue 2015) observed in Chest-Only group was different
from the Head-Only group in both hippocampus and primary motor cortex. Head-Only

group generally showed higher reactivation of astrocytes than the Chest-Only group which
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could be because of more axonal damage which is known pathological change in TBI
(Kamnaksh et al. 2011). In direct head exposure, it is expected to have more brain tissue
deformation and therefore more tissue strain level which could lead to more defuse axonal
injury and upregulation GFAP in surrounding astrocytes. On the other hand, more
infiltrated blood born macrophages or phagocytic reactivated microglia were observed in
Chest-Only group comparing to Head-Only group. This could be due to more vascular or
perivascular damage or blood-brain-barrier disruption because of higher level blood
pressure in vasculature during the exposure in Chest-Only group. (Chen & Huang 2011)
The point of these injury assessments was only to show the local chest exposure can cause
neuronal, astrocyte and glial changes in brain tissue. More comprehensive study needs to
be done in order to characterize the cellular injury and threshold or to identify biological

pathway of injury in thoracic mechanism.
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CHAPTER 3
CHARACTERIZATION OF BRAIN TISSUE UNDER BLAST-RATE

SHEAR LOADING: ANOVEL TEST METHOD WITH LOW NOISE

3.1 Introduction

Recently the need for understanding the material properties of brain tissue in high loading
rates has been increased. While Traumatic Brain Injury (TBI) continues to be the leading
cause of accidental fatality (CDC 2017), over the past decade, there has been a significant
increase in the number of TBI incidents among the military combat personnel (Tanielian
& Jaycox 2013) as a result of prominent use of Improvised Explosive Devices (IEDs). The
Department of Defense reported that over 5,500 soldiers had suffered Blast-Induced

Neurotrauma (BINT) as of January 2010 (Fischer 2010).

Blast-induced trauma is a result of several mechanisms including primary injury which is
due to overpressure wave, secondary injury which is the result of propelled objects hitting
the individual, tertiary injury which is caused by the individual blown into solid objects,
and miscellaneous injuries, e.g., burns and inhalation of toxic materials (DePalma et al.
2005; DePalma & Hoffman 2016). The effects of secondary and tertiary injuries are similar
in nature to the ones resulting from automotive accidents (Adams et al. 1982) which include
diffuse axonal injury, subdural hematoma, and focal contusions; the mechanisms of which

have been extensively studied over the past several decades (Smith et al. 2003). However
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the mechanisms of primary blast injury and how overpressure wave affects the brain is not
completely understood at present (Cernak 2017). Recent studies suggest that the blast
overpressure wave affect the brain tissue at the rate of 0.5-1.5 kHz (Cernak & Noble-
Haeusslein 2010) which requires a material test methodology with loading duration of

about 1 ms.

A common experimental method to characterize brain tissue in high strain rates is
oscillatory loading (Shuck & Advani 1972; Darvish & Crandall 2001) but the frequency of
loading has been limited to about 300 Hz due to inertial effects and the fact that strain
amplitude in higher frequencies were infinitesimal. Step and hold experiments were
generally conducted with 10 s** or lower ramp rates (Meaney & Thibault 1995; Prange &
Margulies 2002) and resulted in viscoelastic time constants of 20 ms and higher. Donnelly
and Medige (1997) showed that high rate ramp tests are more appropriate to characterize
the material properties of brain tissue at strain rates above 10 s. They tested cylindrical
fresh cadaveric samples in a custom-made shear device at strain rates of 0 (quasi-static),
30, 60, and 90 s up to 50% Lagrangian shear strain and reported stress versus strain

responses and clearly observed a rate dependent behavior.

The highest applied strain rates on brain tissue are reported by Pervin and Chen (2009) that
used a modified split-Hopkinson bar to test thin tissue slices (1.7 mm) in compression at
strain rates of 1000, 2000 and 3000 s* and showed significant rate sensitivity and at least
one order of magnitude higher stiffness compared to the highest results of Donnelly and
Medige (1997). Since their test methodology was not validated for materials as soft as
brain (they only provide validation results for Aluminum) their results should be treated

with caution.
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This work aimed at developing a high rate shear test setup for determining the mechanical
behavior of brain tissue at strain rates from 300 to 1000 s*. Development of such model
ameliorates the understanding of brain tissue behavior under large deformations in a wide
range of strain rates and improves the prediction of stress in computational simulations of

TBI from falls and sports injuries to automotive accidents and BINT.

3.2 Materials and Methods

3.2.1 Sample preparation:

Fresh bovine brains were used as test specimens because of their availability, having
similar material properties as human brain (Takhounts et al. 2003), and their large size
which makes extracting homogeneous samples more practical. The specimens were
obtained from a local slaughter house with no visible damage to the brains (J.W. Treuth &
Sons, Inc., Baltimore, MD). For maintaining their ionic balance and water content, the
brains were kept in PBS solution immediately after purchase and kept at 0-5°C before

testing that was conducted 3 to 6 hours post-mortem.

Cylindrical samples (n=6) were excised from 2 brain specimens from the Corona Radiata
region approximately along the direction of axon fibers using a 8 mm diameter boring tool
(Figure 3-1). Homogeneous samples with mainly white matter were selected for this study
with approximately 10 mm height. To verify the test setup and the methodology, 5% gelatin

gel samples with the same geometry were also tested as brain surrogate material.
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Figure 3-1 Shows a bovine brain that cylindrical samples were cut from.
3.2.2 Experimental setup:

The test apparatus consisted of an actuator (piston) that was driven by a 2-in diameter shock
tube with peak over pressure levels ranging from 50 kPa to 300 kPa (Figure 3-2). The
sample was placed between two parallel plates (fixed with super glue) with the lower plate
being pushed by the actuator. The top plate was connected to a 250-gram load cell (model
11, Honerywell) recorded at 50k samples/s and the sample deformation was recorded by a

high-speed camera at 10 kfps (Phantom v4.2, Vision Research).
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Shock Tube

Figure 3-2 Shows the high rate test setup apparatus. The sample is placed
between two parallel plates. The lower plate is pushed by a shock tube
driven actuator (piston). The top plate is connected to a load cell and the
sample deformation is recorded by a high-speed camera.
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3.2.3 Data Analysis:

The effective shear modulus was calculated based on the measured propagation velocity of

the shear wave front along the sample.

u=p.Viy
where u is the shear modulus, p is the density, and Vg, is the shear wave velocity.
The shear wave velocity was measured and verified using two methods:

1. The deformation of the sample was captured using the high-speed video and
quantified by tracking the markers placed along the length of the sample after
image processing. Then the shear wave front was identified by a sharp change
in angle of the markers along the length of the sample. The effective shear wave
velocity was calculated as the velocity of propagation of that sharp angle along

the sample length.

2. The effective shear wave velocity was calculated from the travel time of the
shear force from the bottom plate to the top plate. This time period can be

measured in the recorded force-time history.

3.2.4 Statistical Analysis:

All statistical analyses were performed using JMP® Pro 13.0.0 software (SAS Institute,
Cary, NC). In significance tests, two-sided p-values less than 0.05 were considered
significant unless indicated. Results are reported as mean + standard error of the mean and

error bars in graphs are one standard error of the mean unless otherwise stated.
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3.3 Results

3.3.1 Characterization of the Setup:

The nominal (average) velocities of the bottom plate were 3, 6, 9, and 14 m/s that
corresponded to strain rates of approximately 400, 500, 750, and 1000 s at 15%
Lagrangian shear strain (3 mm displacement for a 10mm sample height) respectively

(Figure 3-3).
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Figure 3-3 Kinematic characteristics of the high rate actuator for four levels
of nominal velocities Vi, = 3, 6, 9, and 14 m/s corresponding to nominal
strain rates of 400, 500, 750, and 1000 s at 15% Lagrangian strain level
for a 10-mm sample height.

3.3.2 Effective Shear Modulus Measurement

The propagation of shear wave in a representative brain sample with 6 m/s nominal velocity

is shown in Figure 3-4. The corresponding force time history is shown in the bottom figure,
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which shows the shear wave travel time, followed by a rapid rise in the force (in about 0.5

ms) and then reducing to zero because of sample failure.
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Figure 3-4 The effective shear modulus was calculated based on the
measured propagation velocity of shear wave front (white arrow) along the
sample. The shear wave velocity was measured using two methods: A)
quantifying the deformation captured from high speed video (Top Figure)
and B) the time delay (marked region in the graph) in the rise of force
(Bottom Figure). The agreement of the two velocities (Table 3-1) verified
the test methods.
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The test results for brain and 5% gelatin gel for 6 m/s nominal velocity are summarized in
Table 3-1. The values of shear wave velocity calculated from the two methods were in

close agreement which verifies the test method. The value of shear modulus « was

estimated based on the shear wave velocity (,/1/p ) with the brain density assumed to be

p = 1000 kg/m®. The shear modulus found for 5% gelatin gel was about 40% higher than
the values found from step and hold shear tests at 10 s strain rate (Laksari et al. 2010).
For brain tissue, however, the high rate shear modulus is 3 times the reported values based
on step and hold tests (Laksari et al. 2012). This shows that brain tissue is highly rate

sensitive at strain rates that occur at BINT.

Table 3-1 Average shear properties for brain and 5% gelatin gel calculated
from two methods of high speed video image processing and force
measurement. VValues in parentheses are the standard error of the mean.

Video Force
: Shear Modulus
Sample | gpear wave | SUaIN Rate o Wave (kPa)
. at 15% Strain .
Velocity (m/s) (s Velocity (m/s)
Brain 2.5(0.21) 635 (22) 2.5(0.24) 6.3 (1.1)
5% Gel 1.3 (0.04) 635 (7) 1.4 (0.05) 1.7 (0.2)

3.4 Discussion

A critical factor in development of computational models of TBI is the material properties
of brain tissue. Only few studies address the material behavior of brain tissue at high rate
loading conditions which could be applicable to modeling BINT (Donnelly & Medige
1997; Pervin & Chen 2009). However, these studies either do not reach blast rate loading

or lack sufficient validation. The FE models of head in blast loading developed over the
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past decade (Chafi et al. 2010; Taylor & Ford 2009; Roberts et al. 2012) have used material
properties that were developed for automotive crash applications with viscoelastic decay
rates below 100 s, which impose a limitation on these models. Donnelly and Medige
(1997) showed that high rate ramp tests are more appropriate to characterize the material
properties of brain tissue at strain rates above 10 s™. In this study, a novel low-noise (non-
impact) high-rate shear test setup was developed to determine the material behavior of

brain tissue under shear loading at strain rates from 100 to 1000 s.

Much effort has been invested toward characterizing the mechanical properties of brain
tissue in shear stress relaxation experiments. Arbogast et al. (1995) tested porcine
brainstem samples with strain rate of >1s™ in 3 Lagrangian strain levels of 2.5, 5 and 7.5%
in 2 different orientations (transverse to axonal fibers and parallel to predominant fiber)
and studied the directional dependency of tissue material properties. They developed a
QLV model with a 3rd order polynomial instantaneous elastic response and determined the
parameters of the reduced relaxation function. Their results showed no directional

dependency in the material properties and the linear shear modulus to be 3.73+0.17kPa.

Prange and Margulies (2002) applied shear stress-relaxation to fresh porcine cubic samples
(10x5x1mm) from white matter and gray matter and studied the homogeneity and
anisotropy of brain tissue. They applied Lagrangian shear strains of 2.5, 5, 10, 20, 30, 40
and 50% with ramp time of 60ms which resulted to strain rates ranging between 0.42 to
8.33s! and hold time of 60s. In their approach, a first-order Ogden hyperelastic material
was considered and the time dependency was accounted for using a time-dependent shear
modulus. Their results also showed that gray (thalamus) and white matter (corpus

callosum) have inhomogeneous and anisotropic behavior. Their instantaneous linear shear
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modulus was in the range of 130 to 300 Pa while the average value for Corona Radiata
samples (a mixture of white and gray matter) was 254.2 Pa. Their results are lower than
value reported in the current study (6.3 kPa for 635s™ strain rate) which could be due to
order of magnitude difference in the strain rate. Due to nonlinearity of the brain material,

it is expected to show stiffer response in higher strain rates.

A rigorous study on the material properties of brain tissue under shear stress-relaxation is
by Takhounts et al. (2003) in which they applied Lagrangian shear strains to human and
bovine cylindrical samples at 12.5, 17.5, 20, 25, 30, 32.5, 37.5 and 50% with strain rates
of 0.5 to 4s%. In their analysis, they considered the relaxation section of experimental stress
and showed a linear viscoelastic model is sufficient to model the tissue behavior for strain
levels below 20% with 1.4+0.25 kPa instantaneous shear modulus. For strains above 20%
a QLV model with a 3rd order odd polynomial instantaneous elastic response was
considered. They also showed there was no significant difference between the material
properties of human and bovine brain tissues. They reported a higher shear modulus (~ 5
times) for almost half strain rate in comparison with Prange and Margulies (2002).
However, their shear modulus value is almost one third the values reported in this study
for the high strain rate of 635s%. These discrepancies could be due to heterogeneity of the

brain tissue which is addressed in the next chapter or could be due to sample preservation.

The nonlinear behavior of brain tissue reported in this study is consistent with Darvish and
Crandall (2001) who observed nonlinear hysteresis curves in oscillatory shear tests from
7.5% engineering strain. They found the linear shear modulus at 10% engineering strain

and frequency of 50Hz (~100s?) to be about 1.6kPa which is in reasonably lower than the
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results this study, 6.3 kPa for shear modulus at 635s™ strain rate. This could be due to lower

level of strain and strain rate.

Previous studies with step and hold experiments were generally conducted with 10 s or
lower ramp rates (Meaney & Thibault 1995; Prange & Margulies 2002) and resulted in
viscoelastic time constants of 20 ms and higher. They tested cylindrical fresh cadaveric
samples in a custom-made shear device at strain rates of 0 (quasi-static), 30, 60, and 90 s
up to 50% Lagrangian shear strain and reported stress versus strain responses and clearly

observed a rate dependent behavior.

The highest applied strain rates on brain tissue are reported by Pervin and Chen (2009) that
used a modified split-Hopkinson bar to test thin tissue slices (1.7 mm) in compression at
strain rates of 1000, 2000 and 3000 s* and showed significant rate sensitivity and at least
one order of magnitude higher stiffness compared to the highest results of Donnelly and
Medige (1997). Since their test methodology was not validated for materials as soft as
brain (they only provide validation results for Aluminum) their results should be treated

with caution.

The material behavior of the brain tissue was studied in high strain rates in the range of
100 s to 1000 s*. This range is higher than any previously reported results in brain shear
deformation and corresponds to strain rates experienced in blast injuries. Development of
such material model for brain tissue ameliorates the understanding of brain tissue behavior
under large deformations in a wide range of strain rates and improves the prediction of
stress in computational simulations of TBI from falls and sports injuries to automotive

accidents and BINT.
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A current limitation of this test setup is that it is not possible to apply controlled low strain
levels, i.e., the samples are failed during the test. Due to the nature of high rate dynamic
tests, the inertial effects are significant and characterization of a constitutive model for the
sample will require a finite element mode of the experiment which is beyond the scope of

this dissertation.
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CHAPTER 4
MECHANICAL HETEROGENEITY OF RAT BRAIN MEASURED

USING A MICRO-INDENTATION TECHNIQUE

4.1 Introduction

Characterizing the heterogeneity of the mechanical properties of brain tissue is a
fundamental step in improving our evaluations of brain deformation and tissue stresses and
strains during high-rate events that lead to Traumatic Brain Injury (TBI). Head impacts or
head acceleration may cause large brain deformations at high strains rates leading to
patterns of injury that are spatially heterogeneous (Budde et al. 2013). This pattern of injury
could be due to spatially heterogeneous material properties of brain tissue as well as
biological heterogeneity or due interactions between the brain and the skull. Brain is
biologically very heterogeneous and that itself can be a source of heterogeneity pattern of
injury in TBI. And this biological heterogeneity can also cause heterogeneous mechanical
properties at different anatomical regions (Elkin et al. 2007; Christ et al. 2010; Finan et al.
2012; Mao et al. 2010). In high-rate loadings like in bTBI, wave reflection may happen at
the boundaries of regions with different mechanical properties and cause injury. In
medium-rate loadings (car accidents), it may cause high strain levels at more compliant
areas under a uniform loading. Recent advances in FE models of brain tissue with sub-

millimeter resolution have brought forth more attention to the heterogeneity of brain
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material properties (Wright et al. 2013; Chafi et al. 2010). Although rat brain has been
frequently used in in vivo neurotrauma studies and its heterogeneous injury patterns are
well characterized, little is known about its regional viscoelastic material properties (Finan
et al. 2012; Elkin et al. 2011). Modern imaging tools are now capable of capturing the
geometry of the rat brain with a high spatial resolution, and modern computational methods
and resources can handle the complexity of three dimensional models with more
anatomical details (Cloots et al. 2012; Cloots et al. 2008). However, the biofidelic
mechanical properties of the different anatomical regions are currently lacking. The
literature on the mechanics of brain injury is extensive (Chatelin et al. 2010; Laksari et al.
2012; Darvish & Crandall 2001). However, only a few studies have examined the
anatomical variation of stiffness in the rat brain (Finan et al. 2012; Elkin et al. 2011; Elkin
et al. 2007). Prange and Margulies (2002), using shear and compression tests on porcine
brains, found gray matter (thalamus) was 45% stiffer than the white matter (corpus
callosum). Elkin et al. (2011), using micro-indentation tests with flat punch, found the gray

matter is stiffer from 50% at high rates to more than 100% at the steady state.

The goal of this study was to determine the local mechanical behavior of several anatomical
regions of rat brain using a custom-designed micro-indentation device. The results of this
study can contribute to developing a heterogeneous constitutive model for brain tissue and

improving the predictability and reliability of FE models in predicting TBI.
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4.2 Materials and Methods

4.2.1 Sample Preparations:

Brains of five adult Sprague-Dawley rats (average 370 grams) were harvested shortly after
euthanasia, and 2-mm coronal slices were cut using a brain matrix (Figure 4-1). Slices
were kept in artificial cerebrospinal fluid to maintain their viability. A slice including the
hippocampus was selected from each brain for this study. Gray matter regions were divided
into Inner, Middle and Outer Cortex (OC), Thalamus (T), Hippocampus (CA1, CA2, CAS3,
and DG) and white matter regions were divided into Corpus Callosum (CC), Alveus (Alv).

These regions were consisted with another recent study (Elkin et al. 2011).
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Figure 4-1 (Top-Left) Shows the brain matrix used to cut the coronal
sections of a rat brain. (Top-Right) Shows the mounted coronal section
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submerged in aCSF ready for indentation. (Bottom) Shows the different
anatomical regions of the rat brain on a coronal section, and the typical
indentation points in the current study. Gray matter: Inner, Middle and
Outer Cortex, Thalamus, Hippocampus (CA1, CA2, CA3, and DG), and
White matter: Corpus Callosum (CC), Alveus (Alv).

4.2.2 Indentation Test Setup and Methodology

A custom-designed micro-indentation test setup (Kermani et al. 2017) was used, consisting
of Z-axis nano-positioner with resolution of 0.2 nm and 100 um range (Nano-Z100,
MCL,WI), and an XY positioner with resolution of 0.02 mm. A spherical indenter (1.5 mm
diameter) was attached to a force transducer (Aurora Scientific, Ontario, Canada, Model
406A) with resolution of 10 nN (1 pg) and range of 0.5 mN (50 mg). The setup was
equipped with a horizontally positioned 300x Stereo Microscope (Olympus SZX7) for
contact visualization and the whole setup was mounted on an active vibration isolation

table (TMC 63-533 Peabody, MA) to eliminate environment vibration.
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Figure 4-2 (Top) The custom-designed micro-indentation test setup.
(Bottom) The spherical indenter used for the indentation of rat brain coronal
section. The coronal brain section sample is submerged in aCSF.

Rapid ramp and hold displacement was applied to the specimen with 10-ms ramp time, 20s

hold time, and penetration depth of 40 um. This would result in ~200-um diameter
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indentation contact area. A Quasi-Linear Viscoelastic (QLV) model was used to describe
the indentation force history P(t) in terms of the indentation depth h:

P(t) = fo G- <aP ;}Eh)> (Z—i’) dr (4-1)

where P¢(h) is the instantaneous elastic force that is generally a nonlinear function of h.

For a spherical indenter we have (Sneddon 1965):

8uvR } 1312 (4-2)

P = {1

where u, R, and v are the shear modulus, the indenter radius, and the Poisson’s ratio
respectively. v was assumed to be 0.49 (almost incompressible). G(t) is the reduced

relaxation function and was assumed to be a Prony series:

4
6(5) = Gor+ ) Giexp(—fit) (4-3)
i=1
where f3; are the decay rates and ; , = 0.1,1,10,100 s~ were chosen to represent the
time scales of the ramp and hold. G; are the relaxation amplitudes that together with u were

obtained using an optimization algorithm written in MATLAB.

4.2.3 Statistical Analysis:

All statistical analyses were performed using JMP® Pro 13.0.0 software (SAS Institute,
Cary, NC). In significance tests, two-sided p-values less than 0.05 were considered
significant unless indicated. Shear moduli results were compared using ANOVA and then
post-hoc test to compare all means using Each Pair analysis (two sided with adjusted o =
0.05). Results are reported as mean + standard error of the mean and error bars in graphs

are one standard error of the mean unless otherwise stated.
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4.3 Results

The QLV material parameters (Equations(4-2) and (4-3) were determined by optimizing
for G; and u to match the experimental data. Figure 4-3 shows representative force and
displacement time history curves of typical indentation tests at two different anatomical
regions of cortex and hippocampus, and provides a comparison between the experimental
data and the corresponding optimized QLV model. The comparison of experimental force

curves with the theoretical model demonstrated that the application of the QLV model was

valid.
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Figure 4-3: Shows representative time history of indentation force and
displacement curves for two different anatomical regions.

To look at the tissue viscoelastic heterogeneity, the shear moduli at relaxation times of
10ms, 100ms, 1s, and 10s were calculated and compared (u1oms: H100ms: H1s, and tios
respectively). The results showed that several anatomical regions had significantly

different material properties. Generally, the brain tissue showed more compliant behavior
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moving from Cortex (surface) toward Thalamus and Hippocampus (inner regions) Figure

4-4. Moreover, there was more difference in between longer-term shear moduli than the

shorter terms.

Table 4-1 lists the overall range of shear modulus with regions that had the highest and the

lowest shear moduli and their differences ranging from 8% in 10-ms shear modulus to 25%

for 10-s shear modulus. Outer Cortex showed the maximum stiffness among tested regions

and the Thalamus and Corpus Callosum were the most compliant regions. Comparison

between the average values of the shear moduli indicated that the gray matter was generally

stiffer than the white matter for all time scales (Table 4-2). The difference was ranging

from 4% to 14% for short term to long term shear moduli respectively.

Table 4-1 Overall ranges of the shear moduli in the rat brain. All values are
mean values (Pa) + one standard error of the mean. Outer Cortex (OC),
Thalamus (T), Corpus Callosum (CC)

H1oms H100ms His Hios
Min CcC 72816 T 470+13 T 328+12 T 229+11
Max oC 78348 oC 55649 oC 41648 OoC 30848
Diff 8% 18% 27% 25%
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Connecting Letters Report

Level Mean
Middle Cortex A 782.65000
Outer Cortex A 782.43529
Inner Cortex A B 767.50000
Hip B 750.45800
Alv B C 741.73571
Thalamus C 730.16154
CcC B C 727.93333

Levels not connected by same letter are significantly different.

Has
Connecting Letters Report
Level Mean
Outer Cortex A 416.20588
Middle Cortex A 410.72500
Inner Cortex A B 389.40625
Hip C 344.20600
CcC B C 34273333
Alv C 340.69286
Thalamus C 328.05769

Levels not connected by same letter are significantly different.

Figure 4-4 Shows the heterogeneity of shear moduli at different time scales
at different anatomical regions. The statistical significance of the
differences between the mean values of the tested regions is shown using
connecting letters report after all-pairs comparison post-hoc test. (Error bars

Connecting Letters Report

Level Mean
Outer Cortex A 556.46471
Middle Cortex A 553.28750
Inner Cortex A B 530.51250
Hip C 495.24200
Alv C 486.97143
CcC B C 476.73333
Thalamus C 47047692

Levels not connected by same letter are significantly different.

Hios
Connecting Letters Report
Level Mean
Outer Cortex A 308.02941
Middle Cortex A 306.13750
Inner Cortex A B 282.91250
cC B C 239.63333
Alv C 23737857
Hip C 237.17600
Thalamus C 228.55000

Levels not connected by same letter are significantly different.

are the indication of one standard error of the mean)
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Table 4-2 Average shear moduli in white and gray matter. All values are
mean values in Pa + one standard error of the mean.

Gray matter: Inner, Middle and Outer Cortex, Thalamus, and Hippocampus
White matter: Corpus Callosum, Alveus.

H1oms H100ms His H1os
White Matter 73510 482+15 342+14 23914
Gray Matter 7638 521+11 378+11 273+10
Diff 4% 8% 11% 14%

4.4 Discussion

Considering the rate of increase in the computing power and recent advances in FE models
of brain tissue with sub-millimeter resolution have brought forth more attention to the
heterogeneity of brain material properties (Wright et al. 2013; Chafi et al. 2010). Although
rat brain has been frequently used in in vivo neurotrauma studies and its heterogeneous
injury patterns are well characterized, little is known about its regional viscoelastic material
properties (Finan et al. 2012; Elkin et al. 2011). However, the biofidelic mechanical
properties of the different anatomical regions are currently lacking. The literature on the
mechanics of brain injury is extensive (Chatelin et al. 2010; Laksari et al. 2012; Darvish &
Crandall 2001). However, only a few studies have examined the anatomical variation of
stiffness in the rat brain (Finan et al. 2012; Elkin et al. 2011; Elkin et al. 2007). This aim
of study was to characterize the mechanical heterogeneity of rat brain tissue utilizing a

high-rate (10-ms ramp time) micro-indentation technique.
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The results of current study showed that brain tissue is heterogeneous. More difference was
observed in longer term shear moduli between the anatomical regions. Corpus Callosum
and Thalamus showed the lowest stiffness in comparison with Outer Cortex ranging from
8% to 25%, for short term to long term shear moduli respectively. This trend is in close
agreement with Elkin et al. (2011), which is the only study on heterogeneity of brain tissue
viscoelasticity. This would be particularly important in modeling applications with low
loading rates, e.g., neurosurgery, hydrocephalus, and tumor growth. Since the core regions
were found to be more compliant than the outer layers, it is expected that the inner regions
would be more susceptible to injury due to higher shear strain levels under uniform shear

loading.

Results of this study showed that the gray matter showed generally stiffer behavior than
the white matter (range 4% to 14%) which the trend is in agreement with the results
reported by Elkin et al. (2011). Elkin et al. (2011), using micro-indentation tests with flat
punch, found the gray matter is stiffer from 50% at high rates to more than 100% at the
steady state. The shear moduli and the difference reported in our study are slightly smaller
than the results reported by ElKkin et al., which could be due to nonlinear response of brain
tissue (Darvish & Crandall 2001) at higher strain levels because of the larger and flat

indenter that was used in their experiments.

One of the limitations of this study is that the indentation was performed with a 40 um
depth that corresponds to about 15% strain level in which the brain tissue behaves almost
like a linear viscoelastic material. To investigate into the heterogeneity of brain tissue in
higher strain levels, the indentation test must be done with larger depths and the

nonlinearity of brain tissue must be included in the formulation.
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Although the ramp time (10ms) of the indentation tests in this study is the fastest reported
indentation ramp time for micro-indentation of brain tissue (Elkin et al. had a ramp time
>50ms), the shortest reliable shear modulus that can be measured here is still not fast

enough for the bTBI modeling applications.

The heterogeneous brain properties characterized in this study is a step toward
implementing more accurate brain constitutive models in TBI FE models which would

improve the predictions of such models.
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CHAPTER 5

CONCLUDING REMARKS

In this dissertation, the thoracic mechanism of blast-induced traumatic brain injury (bTBI)
was investigated from biomechanical point of view. A rat bTBI model was developed
utilizing a compressed-gas driven shock tube. The characterization of shock tube showed
its ability to reproduce a pressure shock wave with characteristics comparable with a
realistic range of common military personnel blast wave exposure but scaled down for a
rat. The arterial cerebral blood pressure (ACBP) change during blast wave exposure due to
local head/chest exposure was measured and showed a significant linear correlation with
the incident shock peak overpressure (POP). It was observed that the ACBP was higher in
Chest-Only exposure group than the Head-Only group and for sublethal exposures reached
up to about 10 times the physiological pressure range. Animals in both exposure groups
showed neuronal, astrocyte and microglia/macrophage changes in hippocampal and
primary motor cortex regions in comparison with the control group after exposure to a
single 110-kPa-POP shock wave. It can be concluded from the results that due to torso
exposure to a pressure shock wave, a high amplitude pressure wave generated in large torso
blood vessels and propagates toward the brain and induces brain trauma. In addition,
observation of more infiltration of blood-borne macrophages after chest exposure could be
correlated to the higher level of blood pressure rise during blast exposure. This cerebral
blood pressure rise is diffusive in nature and therefore may explain the diffusive nature of

brain injury after blast exposure. To the knowledge of the author, the biomechanical aspect

66



of thoracic mechanism has not been experimentally investigated thoroughly, and the

current study is the first attempt in biomechanical characterization of this phenomenon.

One of the limitations of this part of the study is the location of the animal outside of the
shock tube. Locating the animal inside the shock tube would need a shock tube about 8
times larger which could be a future expansion of this work to develop such shock tube
research facility center. Another future extension to this work could be measurement of the
venous cerebral blood pressure and compare with the arterial cerebral blood pressure.
Another future study could be investigating into how this cerebral blood pressure rise can
cause deformation and strain in cerebral blood vessels. This can be done by applying the
measured pressure profile in the current study to the internal carotid artery and look at the
brain surface blood vessels through a cranial window in a rat. Such study can shed light on
whether this measured high amplitude but short duration cerebral blood pressure could

cause high strain levels in cerebral vessels.

In order to study what actually happens at tissue level (e.g. vasculature wall and
perivascular brain tissue) in thoracic mechanism of bTBI, the best approach would be a
biofidelic finite element modeling (FEM) of bTBI. A critical factor in development of FE
models of bTBI is the material properties of brain tissue at different anatomical regions.
Only few studies address the material behavior of brain tissue at high rate loading
conditions. However, these studies either do not reach blast rate loading or lack sufficient
validation. The current FE models of head in blast loading developed over the past decade
have used material properties that were developed for automotive crash applications with
viscoelastic decay rates below 100 s, which imposes a limitation on these models.

Moreover, a better understanding of the heterogeneity of the mechanical behavior of brain
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tissue at different anatomical regions are critical in diffuse injuries like bTBI. Among the
work done for this dissertation, a novel low-noise (hon-impact) experimental setup was
developed that can be used to determine the material behavior of brain tissue in shear at
strain rates from 300 to 1000 s*. This range is higher than any previously reported results
in brain shear deformation and corresponds to strain rates experienced in blast injuries. The
preliminary results showed highly rate dependent behavior, providing the foundation for

developing a constitutive brain material model for bTBI.

A current limitation of this test setup is that it is not possible to apply controlled low strain
levels. Due to the nature of high rate dynamic tests, the inertial effects are significant and
characterization of a constitutive model for the sample will require a finite element mode
of the experiment and inverse optimization of the material parameters to fit the
experimental data. Development of such FE model and the material parameters
optimization is beyond the scope of this dissertation and is a potential future extension to

this work.

As the third part of this dissertation, a custom-designed micro-indentation devise was
developed and it was shown that brain tissue material property is heterogeneous. More
difference was observed in longer term shear moduli between the anatomical regions which
would be particularly important in modeling applications with low loading rates, e.g.,
neurosurgery, hydrocephalus, and tumor growth. Since the core regions were found to be
more compliant than the outer layers, it is expected that the inner regions would be more
susceptible to injury due to higher shear strain levels under uniform shear loading. This
could also explain the observation of more inflammatory responses in Corpus Collosum

and Hippocampus in TBI and bTBI. Moreover, the gray matter showed generally stiffer
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behavior than the white matter. The heterogeneous brain properties characterized in this
study is a step toward implementing more accurate brain constitutive models in TBI FE

models which would improve the predictions of such models.

The results of this work contribute to the field of bTBI research in three major ways:

1. Experimental measurement and biomechanical characterization of cerebral blood
pressure change during local chest/head blast wave exposure. This experimental
work sheds light on characteristics of bTBI thoracic mechanism. Our findings
suggest that:

e Strong enough blunt impacts into the chest (e.g. behind armor blunt ballistic
impact) may cause TBI due to a similar mechanism.

e Shoulder launched missiles could cause TBI due to transfer of the pressure
wave through the vasculature in the neck.

e A more comprehensive research on the perivascular injury is crucial and
could reveal potential treatment strategies for bTBI victims.

e Blast protective gears designers may take the thoracic mechanism of injury
into consideration to improve the efficiency of the protective gears for
soldiers.

2. Development of a novel high-rate test methodology for mechanical behavior
characterization of brain tissue. This setup allows for more realistic characterization
of brain material needed for computational modeling of bTBI. The findings suggest
that brain tissue is highly nonlinear and rate dependent, therefore the brain material
model used in FE models are very critical in predicting bTBI.

3. Development of a novel micro-indentation test setup for characterizing the
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mechanical heterogeneity of brain tissue as another step to improve the
computational modeling of bTBI. The findings suggest:
e Brain tissue is mechanically heterogeneous and the inner regions are more
compliant and more susceptible to injury.
e Part of the injury pattern observed in bTBI could be due to mechanical

heterogeneity of brain tissue.

e Including the mechanical heterogeneity of the brain tissue to FE models

would improve the bTBI prediction.
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