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Abstract

Traumatic brain injuries (TBIS) are a major public health concern and
socioeconomic burden worldwide . In recent years, brain injuries in US service personnel
have focused attention on TBI affecting the military population (Bass et al., 2012)Blast
injuries have become the most common cause ofmortality and morbidity in soldiers
returning from Iraq and Afghanistan (Owens et al., 2008, Warden, 2006)The frequency
ofblast-Ul OEUT EwUIl @gUI OET wi OUCEwWPOWEOODI Ewi OUET Uwi EL
of the wars abroad.

The growing incidence of TBI has spurred an increase in research efforts within
the neurotrauma community to define TBI etiology. Identification of the critical injury
mechanisms underlying TBI is an area of greatest need. Our understanding of TBI
etiology, physical damaging mechanisms, and pathophysiology remains inadequate. The
ability to design specific countermeasures and targeted prevention strategies is restricted
by an incomplete understanding of the underlying damaging mechanisms.

Cavitation, the formation of vapor filled cavities in a liquid medium, has been
proposed as a damaging mechanism of TBI in both blunt impacts (Ward et al., 1948, Gross,
1958) and blast-induced neurotrauma (Moore et al., 2008, Panzer et al., 2012c)The
cavitation hypothesis of TBI centers on observation that high energy events such ashigh-
explosive blast impingement onto the head generate large pressure transients in and

around the brain. Localized areas of low pressure may surpass the tensile limits of the



cerebrospinal fluid vaporizing the fluid and forming cavitation bubbles. These voids
grow, potentially displacing surrounding tissue. When the bubbles collapse, perhaps
violently, jets of liquid with potentially large localized pressures and temperatures may
be created, damaging surrounding tissue.

The main objective of this dissertation was to develop an experimental foundation
and provide empirical evidence for cavitation as a damaging mechanism of blast-induced
TBI. This dissertation uses biofidelic surrogate head models of blast and in vivo animal
models of blast injury to address the unanswered guestions surrounding cavitation and
blast neurotrauma. Foremost, cavitation response was observed in the surrogate head
form exposed to blast conditio ns associated with injury. The 50% risk of cavitation occurs
at a blast level of 262 kPa incident overpressure and 1.96 ms duration. This blastdosage
represents a 62% chance ofmild intracranial bleeding from scaled ferret experiments
(Rafaels et &, 2012) Cavitation onsert, growth, and collapse were confirmed through
high-speed imaging of the fluid layers of the contrecoup, while strong acoustic emission
signatures associated with cavity collapse were captured and time matched with the
video. Near-harmonic frequencies at 64 kHz, 126 kHz, and 267 kHz were associated with
the energetic collapse of the bubbles.Our results provide compelling evidence that
primary blast alone may induce cavitation that leads to TBI.

Evidence of cavitation was recorded in live porcine specimen exposed to blast.

Acoustic sensors mounted to the skull of each specimen recorded acoustic emissions



during blast exposure. Scaled spectral analysis revealed acoustic energy in higher
frequencies bands with peaks at 64 kHz, 139kHz, and 251 kHz, closely matching the
spectral peaks associated with void collapse in surrogate experiments. To our knowledge,
this study is the first to present evidence of blastinduced cavitation in a live animal model
in the field of cavitation TBI research.

The results presented in this dissertation also greatly improve our understanding
of how mechanical loads are imparted onto the head during a blast exposure and how
this loading leads to cavitation onset. Strain analysis of the surrogate head indicates wall
compliance from skull deformation and shear wave propagation through the skull as
significant physical factors driving the tensile fluid responses in he head. Future design
considerations for preventative measures should account for these physical mechanisms.

This dissertation also makes important contributions to blast injury research by
presenting a clinically relevant murine model of blast TBI. Muri ne blast lethality risk and
functional behavior outcomes before and after blast injury are presented. We provide
guidelines for small animal blast testing, along with methodological recommendations for
benchtop shock tube design and specimen placement in elation to the shock tube.

The contributions of this dissertation further serve as an important methodological
guide to the neurotrauma and biomechanics community studying blast -related TBI and

cavitation as a damaging mechanism. The developed surrogate head system and

Vi



cavitation detection techniques provide a research template and are a springboard to

future research efforts elucidating the damaging effects of cavitation during TBI.
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Chapter 1 - Introduction

1.1 Statement of the Problem

Traumatic brain injury (TBI) is a major public health concern and socioeconomic
burden worldwide. In the United States, an estimated 1.5 ¢+ 2 million people sustain a TBI
annually (Faul, 2010) Of these, approximately 275,000 are hospitalized and 52,000 die
(Faul and Coronado, 2015) Medical costs combined with productivity costs bring the
estimated economic toll of TBI to over 85 billion dollars in the U.S. adjusted for the year
2017, with the economic burden expected to increase (Finkelstein, 2006) TBI incidence
worldwide is estimated to surpass 10 million cases per year, with the toll especially
prominent in developing countries (Hyder et al., 2007).

In recent years, brain injuries to US service personnel have focused attention on
TBI affecting the military population (Bass et al., 2012)While falls and motor vehicle
accidents lead the causes of TBI within a civilian setting (Faul, 2010) blast injuries have
become the most common cause of morbidity in soldiers returning from Iraq and
Afghanistan (Owens et al., 2008, Warden, 2006) The increase in blastrelated injuries has
been attributed to the use of improv ised explosive devices in insurgent activities (Taber
et al., 2006)and improved protection of the torso (Wood et al., 2012) The ubiquitous
nature and frequency of blast-related sequelae found in allied forces has led some to call

POwUOT 1 ws UbT @ théwihs hbhuoad§RbBeEispn, 2006) As of 2008, over 80% of all



injuries sustained by personnel in Iraq and Afghanistan were the result of an explosive
device (Owens et al., 2008)

The emergence of blastinduced brain injuries in the absence of lung injuries has
been observed and is attributed to the use of modern personal protective equipment and
ballistic vests worn over the torso (Wood et al., 2012) Soldiers wearing ballistic vests,
especially those with hard ceramic inserts, are surviving explosions that would otherwise
be lethal in the absence of lung protection. Due to this increased thoracic protection, the
head is relatively vulnerable to blast neurotrauma. Though the use of advanced military
helmets is also widespread, current helmets do not protect the face and large portions of
the head and neck, thereby leaving soldiers vulnerable to TBI. As of June 2012, 18 20%
of veterans that left active duty from the conflicts in the Middle East had suffered a TBI
during deployment (Hoge et al., 2008, Tanielian et al., 2008)From 2000 to 2014, over
320,000 service members sustained TBI¢ElIder, 2015) True TBI incidence in the military
is likely much higher as an estimated 80% of TBIs suffered by deployed U.S. troops
between 2003 and 2006 went undocumented(Chase and Nevin, 2015)

A rising number of domestic and international terrorist attacks within civilian
settings demonstrate that explosive threats are not only seen in the military theatre.
Domestic (US) bombings between January 1983 and December 2002 totaled 36,110
incidents, with 79% of those incidents have reached detonation (Kapur et al., 2005)

Domestic bombing incidents are often overlooked, but data clearly indicate that blast



events are not only relegated to foreign territories and warzones. Over a 43-year period
from 1970 to 2018, the Global Terrorism Database reported 58,095 terrorist incidents
worldwide involving an explosion (Edwards et al., 2016) Furthermore, terrori st incidents
continue to be prevalent globally, particularly in areas ofhigh population growth with
collective identity factors and low socioeconomic development (Coccia, 2018)

The growing incidence of TBI in both civilian and military settings has spur red an
increase in research efforts within the neurotrauma community to define TBI etiology.
However, this renewed focus has exposed numerous challenges and unanswered
guestions within the literature (Meaney et al., 2014) What are the loading environments
that lead to neurophysiological injury? How are mechanical loads transferred to the brain
during these particular loading conditions? What are the critical mechanisms for damage
at various length scales? Do these acute mechanisms lead to functional impairments and
what is the duration of injury?

To begin answering these questions, numerous laboratory hurdles and
methodological concerns must be overcome. One such challenge, especi®y within blast
research, is recreating a clinically-relevant blast dosage and encapsulating the physics and
fluid dynamics of a free -field blast in a laboratory setting. Researchers must consider a
variety of experimental factors including how to replicat e the blast (either using a shock
tube or with live charges), where to place the specimen (distance from the charge, or

whether inside or outside a shock tube), and how to properly scale the dosage from the



animal species of interest to the human equivalent. Failure to consider these factors often
leads to unrealistic blast scenarios compared to those on the battlefield(Bass et al., 2012,
Panzer et al., 2014) Specimen placement in shock tube blast experiments is a subject of
controversy and is addressed as part of this dissertation (Yu, 2014)

Identifying the critical injury mechanisms underlying TBI is an area of greatest
need. Our understanding of TBI etiology, physical damaging mechanisms, and
pathophysiology remains inadequate. This may be attributed to failures in translation of
animal models to the human and improper modeling of the physics surrounding
traumatic loading to the head. The ability to design specific countermeasures and targeted
prevention strategies is currently restricted by an incomplete understanding of the
underlying mechanisms of TBI. The high incident of blast exposure underscores the
importance of understanding the damaging m echanism of blast TBI. Currently there are
several proposed mechanisms under investigation, each with merits and weaknesses.

Cavitation has been proposed as a damaging mechanism of TBI in both blunt
impacts (Ward et al., 1948, Grass, 1958)and blast-induced neurotrauma (Moore et al.,
2008, Panzer et al., 2012c)The cavitation hypothesis of TBI centers on observation that
high energy events such as blunt impact loading and blast impingement onto the head
generate large pressure transients in and around the brain. Localized areas of low pressure
may surpass the tensile limits the cerebrospinal fluid (CSF) vaporizing the fluid and
forming cavitation bubbles. When these voids collapse, perhaps violently, jets of li quid
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with potentially large localized pressures and temperatures may be created, damaging
surrounding tissue.

Though cavitation has beenlong speculated as a causal factor in TBI, few empirical
studies existthat assess the role of cavitation on neurotrauma. Impact studies using simple
head surrogates have produced cavitation (Lubock and Goldsmith, 1980, Nusholtz et al.,
1995b) but questions remain regarding the accuracy of the model phantoms used. Simple
head phantoms may not recapitulate the fluid conditions in living systems to accurately
assess cavitation phenomaa. Moreover, direct evidence of cavitating bubbles has yet to
be shown in more complex models or in vivo. Numerical modeling efforts studying
cavitation have persisted despite the lack of validating experimental data. Panzer and
colleagues found that CSFcavitation had a large role in the response of the brain to blast
by exacerbating strain levels in the cerebral cortex and periventricular spaces.
Furthermore, bubble collapse caused localized regions of high pressure found at the tissue
interfaces with CSF (Panzer et al., 2012c)Cavitation was modeled by saturating the tensile
pressure of the CSF at thethreshold gage pressure of -100 kPa(0 kPa thermodynamic
pressure), a limit that remains speculative.

These and prior studies suggest that cavitation can alter the mechanical response
of the brain to external forces, potentially causing or contributing to brain injury. So,
cavitation presents as an intriguing mechanism of TBI. Yet, it remains unclear whether

cavitation phenomena occur during realistic loading events and under what conditions



bubbles form. Additionally, given the transient nature of cavitation, there is great
difficulty in observing and detecting bubble formation and collapse. B ubble nucleation is
highly sensitive to the surrounding fluid conditions, complicating direct measurement.
This dissertation bridge s the knowledge gap between theory and computational models
by developing an experimental foundation for cavitation study and provides empirical

evidence of cavitation as a damaging mechanism of TBI.

1.2 Clinical Relevance

Understanding the clinical symptomology of TBI is vital for improved diagnosis,
categorization, and treatment efforts. The signs and symptoms of TBI exist acrossa broad
spectrum (National Institute of Neurological Disorders and Stroke, 2015) . TBI sequelae
include: deficits in physical function, cognition, sensory processing, communication, and
overall behavior (Jaffee et al., 2009)A brief list of common TBI symptoms is shown in
Table 1-1. Physical signs and symptoms of milder TBI are headaches, fatigue, lethargy,
and dizziness. Individuals with more severe cases may exhibit nausea and vomiting,
severe headaches, convulsions o seizures, and loss of coordination. Cognitive deficits
include memory, attention, concentration, and problem -solving issues. These symptoms
may make employment, school, or even everyday tasks difficult to manage. As TBI
symptomology is multifaceted and ¢ omplex, the clinical appearance of TBI may include

any combination of the described symptoms of various duration.



Table 1-1. Common Traumatic Brain Injury Symptoms (Jaffee et al., 2009,
National Institute of Neurological Disorders and Stroke, 2015, DVBIC, 2015)

Physical Cognitive Behavioral/Emotional
Headache Attention Anxiety
Dizziness Concentration Aggression
Balance issues Memory Depression
Nausea and vomiting Processing Irritability
Fatigue Judgement Impulsivity
Sleep disorders Executive functioning Agitation
Vision problems Confusion or disorientation Mood swings
Hearing problems Combativeness

Sensory sensitivity
Seizures or convulsions
Numbness and tingling

Survivors of TBI often live with long-term or permanent disabilities following
head injury, with numbers ranging from three to five million people in the US (Langlois
et al., 2006, Zaloshnja et al., 20085uch disabilities can result in limited ability to perform
daily activities and hold an occupation, exacerbating the economic toll when loss of
opportunity costs are combined with direct medical costs (Finkelstein, 2006) Though
efforts to alleviate the clinical crisis have increased, TBI remains a significant public
challenge in need of urgent intervention to reduce societal impact.

TBI severity can broadly be categorized into mild, moderate, and severe cases
depending on the chosen criteria and how fast the symptoms resolve. Commonly used
metrics to assess clinicaTBI severity are detailed in Table 1-2. TBI is often associated with

loss of consciousness and postraumatic amnesia, or disorientation and an inability to



recall events (Bagalman, 2015) Individuals that exhibit longer and lasting symptoms are
typically diagnosed with a more severe TBI, whereas mild cases resolve soon after injury.
The Glasgow Coma Scale (GSC) is a systematic clinical assessment incorporating
numerous signs of TBI, assigning scores to eye opening, verbal response, and best motor
response(Teasdale et al., 2014)The sum of the scores is used to classify TBI severity. Due
to the complexity and difficulty in predicting head injuries, multiple metrics should be
used in combination before any definitive statements can be made on patient outcome.

Table 1-2. Mild, Moderate, or Severe Classification of TBI  (Jaffee et al., 2009)

Criteria Mild Moderate Severe
Structural Imaging Normal Normal or Abnormal  Abnormal
Loss ofconsciousness < 0.5 hours 0.5- 24 hours > 24 hours
Alteration of consciousness < 1 day > 1 day > 1 day
or mental state
Posttraumatic amnesia <1 day 1-7 days > 7 days
Glasgow Coma Scale (GCS) 13- 15 9-12 3-8 (coma)

score

TBI prognosis and diagnosis is complicated by the comorbidities that often
accompany individuals with a history of head injury. Chief among these are mental
disorders, notably post-traumatic stress disorder (PTSD) and other mental health
conditions (Capehart and Bass, 2012) Postwar rehabilitation of combat veterans is
complicated by symptom commonality between blast-induced TBI and the

neuropsychological sequelae of PTSD. Though psychotherapy and pharmacologic



options exists for veterans who present with both TBI and PTSD, diagnosis and

management remain a considerable clinical challenge.

1.3 Specific Aims

The main objective of this dissertation is to provide an experimental foundation
for cavitation as a damaging mechanism of blast-induced TBI. The results of this work
will substantially improve our understanding of how mechanical loads are imparted onto
the head during a blast exposure, and how loading may lead to vaporization of the fluid
layers surrounding the brain. This research utilizes simple, but biofidelic surrogate model
experiments, supporting computational work, and in vivo testin g to fill in the gaps in our
current understanding of cavitating bubbles during TBI. The specific aims of this
dissertation include:

1. Develop a comprehensive benchtop methodology to investigate animal and surrogate
models of blaghduced TBILoading inputs will be tailored based on the scaled human
equivalent, with consideration of the blast physics and biomechanics of injury.

2. Create a biofidelic surrogate hdadn containing a skull, brain phantom, and
artificial CSF.

3. Demonstrate cavitatiofin the surrogate heafbrm under blast and characterize the
spectral response from acoustic emission (AE) data.

4. Identify the physical mechanisms leading to cavitation inception.



5. Investigate the presence of cavitation in vivo. Characterize the acousgioam

spectral response in a live pig model of blast and compare to surrogate data.
The result of these specific aims will be used to inform the following hypotheses:

1. Laboratory shock tubes accurately model the clinical blast environment
through the use of scaling laws and careful tailoring of blast methodology

2. Blast causes avitation bubbles in the CSF at blast dosages that produce TBI
symptoms.

3. Cavitation bubbles from blast can be characterized by the spectral responseof
the AE signature. AE frequencies can then be used to corroborate surrogate
model systems and in vivo data.

Achieving these aims is a major advancement in the field of neurotrau ma. This
research provides important contributions to our understanding of the critical
mechanisms of injury to the brain. Specifically, this study provides the first direct
empirical evidence of cavitation in vivo. The unique markers of cavitation identif ied
through AE response may be applied to other classifications of TBI, such as blunt impact
loading or inertial loading. Additionally, the experimental tests will provide reference
data to guide and increase the accuracy of computational models, especialy those
assessing cavitation. Characterizing the cavitation mechanism of injury will increase our
understanding of the range of injurious impact environments of brain injury and how
mechanical loads are transferred to brain structures. These efforts will provide
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information to develop injury tolerance criteria and design preventative strategies to

reduce the societal burden of TBI.
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Chapter 2 - Literature Review

The following literature review provides a concise summary of key background
information up on which this dissertation is based. We summarize TBI epidemiology and
classifications, neuroanatomy, cavitation theory and application, acoustic emission
theory, and blast physics. This review is by no means exhaustive and is meant to provide

contextual information within the scope of this study.

2.1 Traumatic Brain Injury
2.1.1 Epidemiology

TBI is one of the most important public health problems facing the United States.
Currently, TBI is a contributing factor to almost one -third of all injury -related deaths and
is the leading cause of death and disability for people up to 44 years of age, acording to
data from the Centers for Disease Control and Prevention (Faul, 2010) National estimates
of TBI incidence reveal approximately 1.7 million cases per year in the civilian population
(Faul, 2010, Finkelstein, 2006)The latest data from the CDC show that the leading causes
of TBI within the civilian population ( Figure 2-1) are falls, being struck by or against
events, motor vehicle accidents, and assaults(Faul, 2010) TBI is similarly prominent in
the US military. An estimated 20% of all returning service members from overseas have
suffered a TBI (Tanielian et al., 2008, Terrio et al., 2009)When considering the external
events that initiate injury, blast is the source of injury in over 60% of all TBI diagno ses
(Wojcik et al., 2010) An increase in the prevalence of blast-induced TBI has been seen in
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recent conflicts, mostly attributed to the use of improvised explosive devices by insurgent
forces (DePalma et al., 2005, Owens et al., 2008Following blast injuries, blunt trau ma,
penetrating injuries, and other sources comprise the rest of the major military TBI sources
(Figure 2-1) (Wojcik et al., 2010)

There is a wide spectrum of potential TBI sources across both military and civilian
populations. For example, blast TBI may have different biomechanics than blunt TBI
(Meaney et al., 2014, Rafaels et al., 2012)Together, these reports demonstrate the
complexity of TBI from both a medical and biomechanics perspective. TBIs exist across a
broad range of forcing inputs, adding complication to understanding how the brain
responds to forces and the subsequent pathoptysiology. Nevertheless, there is interest

within both military and civilian communities to understand the mechanisms of TBI.
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Figure 2-1. Causes of traumatic brain injury in civilian and military
populati ons (Faul, 2010, Wojcik et al., 2010)

2.1.2 Definition and classifications

TBI can broadly be defined as a complex pathophysiological process affecting the
brain caused by an external biomechanical force or trauma, and associated with one or
more of the following: decreased level of consciousness, amnesia, objective neurologic or
neuropsychological abnormalities, skull fracture, intracranial lesions, or head injury as the

cause of death(Centers for Disease Control and Prevention, 1999) The external force may
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include any of the following: the head striking or being struck by an object, the head
accelerating and decelerating without direct external forcing, foreign body penetration,
blast loading, or some other yet to be defined force.Due to the heterogeneity of TBI causes
and forms of clinical presentation, several classification features have historically been
used to define the nature of TBI. These include clinical severity, pathology, and the
mechanical loading mechanisms, applicable to both military and civilian environments
(Table 2-1) (Gennarelli, 2014, Meaney et al., 2014) Other systems using prognostic
modeling and injury severity assessments are also usd (Table 1-2).

From a clinical perspective using pathology and anatomic classification, TBIs can
be categorized as focal or diffuse (Gennarelli, 1993) Foal injuries typically occur in a
specific location and usually detected through external observation or with common
imaging modalities such as computed tomography or magnetic resonance imaging. On
the exterior, lacerations and skull fractures are common. Intracranially, focal injuries often
manifest as vascular bleeding in the parenchyma (e.g. cerebral contusions) or involving
the meningeal tissues adjacent to the brain (extradural hematomas, subdural and
subarachnoid hemorrhages). Diffuse injuries from head trauma are multifocal, with
pathology regionally present throughout the brain. Diffuse axonal injury (DAI)
commonly occurs in moderate/severe TBI, where widespread microscopic damage occurs
to the white matter tracts of the brain (Adams et al., 1989) DAI exists across a continuum,
from mild to devastating, capable of inducing coma and causing a persistent vegetative
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state (Meythaler et al., 2001, Smith et al., 2003)Commonly comorbid with DAl is cerebral
edema, or the swelling of brain tissue that results from tissue damage. Increased swelling
can raise intracranial pressure (ICP), potentially reducing cerebral blood flow and causing
death or worsening recovery outcomes (MacLaughlin et al., 2015).

Table 2-1. Broad classifications for traumatic brain injuries

Clinical/Pathological Mechanics
Focal Injuries Inertial loading
Lacerations Impact loading
Skull fracture Penetrating (open head)
Cerebral contusion Blast
Extradural hematoma Primary Injury
Subarachnoid hemorrhage Occur at onset of injury
Subdural hemorrhage DAI
Diffuse Injuries Hematomas
Diffuse axonal injury (DAI) Hemorrhages
Swelling Contusion
Concussion syndromes Secondary Injury
Penetrating injuries Indirect consequences
Blast injuries Edema

Excitotoxicity

Classification of TBI by physical mechanisms of injury allows researchers to
understand how specific forces at known direction and intensities result in probable
patterns of pathology (Ommaya, 1985) The common physical mechanisms include impact
loading, inertial loading, penetrating or open -head TBI, and blastinduced TBI. Impact
loading occurs when the head directly impacts or strikes against an object. The head can

be loaded indirectly causing inertial loading, such as when the torso experiences sudden
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acceleration or deceleration. Both loading regimes produce both linear and angular

accelerations in the head and brain (King, 2003). Blastinduced TBI occurs when a shock

wave from blast impinges upon the head. Blast isinjurious through a variety of insults ¢

impingement of the primary blast wave itself, fragment penetration, and whole body

translation (Bass et al., 2012)General blast injuries are categorized into four types detailed

in Table 2-2. Blast neurotrauma is primarily focused on primary blast injuries caused by

direct effects of the blast ovepressure wave.Lastly, open head or penetrating injuries can

be caused by high-velocity objects such as bullets or other weapons. Skull fracture can

also be considered an open head injury(Yoganandan et al., 1995)

Table 2-2. Blast injury categorization (White et al., 1971, Bass et al, 2012)

Blast injury
Category Definition Common Injuries
Primary Caused by the direct effects of th Pulmonary barotrauma, eardrun
overpressure wave produceddy rupture, hemorrhaging tir-
high explosiveblast filled organs (e.qg. viscera,
gallbladder), ocular rupture, blas
induced TBI
Secondary Caused by shrapnel, flying debris Penetrating injuries, internal and
bomb fragments, projectiles external bleeding
Tertiary Caused by wholbodytranslation, Crush injuries, blunt trauma,
being thrown into an impacting  fractures, traumatic amputations
surface in the blast environment
Quaternary Caused by factors not already Burns, radiation sickness,

defined or blast byroducts poisoning, toxic imes, secondar
chronic infections or disease

Primary and secondary TBI sequelaeresult from the processes that occur at the

onset and those that occur as an indirect result of injury. Primary injuries occur
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immediately following the initial traumatic event and typically refer to physical changes
such as tissue deformation and necrotic axonal failure (Gennarelli, 1993). Neurologi cal
damage that persists or develops after the initial moment of impact is known as secondary
injury. These events are typically produced by secondary immune or metabolic cascades
in response to the initial event, evolving minutes to months or years after the primary
injury. Clinical management of secondary injury is a major determinant for recovery
outcomes of moderate/severe injuries (Chesnut et al., 1993) These injuries include brain
swelling, excitotoxicity, oxidative stress, and lowered cerebral blood flow (Kochanek et
al., 2000)

It is important to note that TBI symptoms and pathology often share considerable
overlap due to the complexity of the injury itself and its pathological progression. Both
focal and diffuse injuries commonly occur in the same event. Injury categorization into

one type should not exclude classification into another due to the overlap in sequelae.

2.1.3 Proposed Mechanisms of Injury

The damaging mechanisms of brain injury are not well understood, although they
have been the subject ofcontinuous study since the 1940s. Considerable controversy still
exists among neurotrauma researchers regarding the validity of the several proposed
mechanisms within the neurotrauma literature. These hypotheses do not always correlate
well with clinical or pathological observation, adding to the debate (King, 2003). Itz likely

that one or several mechanisms contribute to injury and pathological progression. Several
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hypotheses on the mechanisms of injury have been previously detailed (Hardy et al., 1994,
King, 2003) and a few are summarized here:
Angular acceleration/rotation

Proponents of rotational brain injury assert that damage is due primarily to the
increased sensitivity of the brain to angular acceleration as opposed to linear acceleration.
Shear strains caused by rotation induce tissue damage leading to injurious outcomes
(Holbourn, 1943, Gennarelli et al., 1982, Gennaelli, 1983).
Linear acceleration

Advocates of linear acceleration as the most important injury mechanism assert
that stress, tissue derangement, and mass movement in the brain and brain stemare
primarily caused by linear motions of the head (Gurdjian et al., 1955, Gurdjian et al., 1961,
Hodgson et al., 19699 w( Uz UwOOUI pOUUT awUOwoOl OUPOOwWUT EVUWEU
head, a pure linear or a pure rotation is difficult to achieve in a realistic TBI scenario.
Strain rate

To resolve the linear or angular acceleration debate, focus was instead placed on
the local response of the brain and not the global input. Strain and strain rate were
proposed as the primary causes of injury, independent of the external loading to the head
(King, 2003, Zhang et al., 2004)

Pressure/pressure gradients
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Upon imp act, pressure gradients are generated intracranially. These gradients
create shear and dynamic stresses which may result in local tissue deformation(Gurdjian
and Lissner, 1944, Thomas et al., 1967)

Shear shocking

Recently, investigation into shear wave propagation has demonstrated shear
shocking in soft solids and tissue (Espindola et al., 2017, Pinton et al., 2010)Due to the
EUEDPOzUwl PTT WEUOOWOOEUOUUwmaAl 81 w&/ EAWKPRIOEUDYI u
tissue is more likely to deform in shear when loaded (Arbogast and Margulies, 1997).
Upon an external force or trauma to the head, shear discontinuities, or shocking, may
occur in the tissue, likely damaging neuronal tissue and axons sensitive to shearing
motions.

Cavitation

Cavitation is believed to occur due to negative pressure transients inside the head
caused by mechanical loading. Regional areas of negative pressure could overcome the
tensile limit of the fluid layers in and around the brain, generating cavitation voids
(Holbourn, 1945, Gross, 1958, Benedict et al., 1970These voids may decouple the brain
from the skull or meninges and also create high tensile stress upon their collapse, initiating
injury (Panzer et al., 2012c) Though this hypothesis has been proposed for more than 60
years, it has not been widely investigated experimentally within the injury biomechanics
community. Cavitation is the major focus of this study and will be described in detail.
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2.2 Neuroanatomy
2.2.1 The Brain

The brain is the most complex organ in the body and serves asthe center of the
nervous system. The brain is predominantly composed of two cell types, neurons and
neuroglia. There are an estimated 100 billion neurons and ten times more glial cells
comprising the human brain (Herculano-Houzel, 2009). While only representing
approximately 2% of the total body mass, the brain receives 15% of the total cardiac
output, 20% of the total body oxygen use, and over 25% of the total blood glucose
utilization (Raichle and Gusnard, 2002) The high metabolic demand reflects the vital role
the brain plays. As the largest organ of the nervous system, the brain exerts centralized
control over the functions of the entire body including processing and integrating sensory
information, regulating physiologic processes, and governing higher order cognitive
functioning (Purves et al.,2008a) The major structures of the brain can broadly be defined
by the cerebral hemispheres, the cerebellum, and the medullary portions of the brainstem
as seen inFigure 2-2. A brief summary of major brain regions and their associated
functions is outlined in Table 2-3. The physiologic functions attributed to the different
regions are an important consideration in neurotrauma assessment as dysfunction may

be associated with injury to a localized area in the brain.

21



Cerebrum

Brain stem

Cerenell

Figure 2-2. Major structures of the human brain (mid -sagittal view) (Creative
Commons)

Beginning at the exterior, the largest and most prominent region of the brain is the
cerebral cortex, represering over 85% of the brain by mass (Purves et al., 2008b) The
surface of the cerebral hemisphere is notable for the highly folded and convoluted
architecture, termed gyrencephaly. The convex folds (ridges) are known as the gyri and
the concavities (grooves) the sulci. Though the significance of the folding is debated, the
high degree of infolding permits about 0.6 square meters of cortical surface area to exist
within the skull. The surface of the cerebral hemispheres is a continuous sheet of neuronal
gray matter (cell bodies and glial) and supporting cells of 2 -5 mm thickness called the
cerebral cortex (Shier et al., 1999) Cortical circuitry and higher order functioning such as
learning and sensory processing is governed here. The cortex typically comprises six
cellular layers, with each layer defin ed by a population of neuronal cells of a particular

density, size, shape, and input/output. White matter (axonal tracts) and glial cells make
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up the remaining of the cerebrum. The white color arises from the myelination of the
axons and provides a signaling pathway between regions of the brain.

Table 2-3. Major brain regions and their functions  (Purves et al., 2008b)

Region

Major Functions

Frontal Lobe

Motor functioning
Higher order cognition
Reasoning@nd judgment
Speech

Parietal Lobe

Somatic sensation
Spatial and visual perception

Temporal Lobe

Speech and language
Memoly

Object recognition
Auditory function

Occipital Lobe

Visual processing

Basal Ganglia

- caudate

- putamen

- globus pallidus
- substatia nigra

Information relay
Motor movements
Procedural learning

Diencephalon

Information relay to the cortex

- thalamus Visual attention
- hypothalamus Homeostasis
Reproductive function
Cerebellum Balance
Coordination
Brainstem Breathing
- midbrain Heartrate
- pons Physiologic functioning
- medulla Reflex

The distinct fissures within the cortex divide the brain two hemispheres which are
then broadly divided into four lobes, named for bones that overlie each region ( Figure

2-3). The lobes of the brain serve particular functions, but they do not operate in isolation
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(Purves et al., 2008b) The frontal lobe is separate from the parietal lobe by the central
sulcus, location of the motor and sensory cortices. The temporal lope is separated from
the frontal lobe by the lateral or Sylvian fissure. The upper region of the temporal lobe
serves anauditory function and the lower section concerns visual processing functions.
Posterior to the central sulcus lies the parietal lobe. The anterior portion of the parietal
lobe is the somatic sensory cortex, chiefly responsible for bodily sensation. The mcst
posterior region of the brain is the occipital lobe which governs the initial processing of

vision.
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Figure 2-3. The four lobes of the cerebral hemisphere of the human brain
(lateral view) (Creative Commons)

The diencephalon and cerebellum are easily noticeable along the medial surface of
the brain (Figure 2-2). The diencephalon contains the thalamus, cucial in relaying
information to the cerebral cortex from other brain regions, and the hypothalamus which

coordinates the autonomic nervous system and activity of the pituitary to maintain
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homeostatic balance. Located in the posterior cranial fossa is thecerebellum, largely
devoted to coordinating motor activity and motor learning, posture, and balance. The
largest internal structures of the brain are a group of subcortical nuclei called the basal
ganglia (Figure 2-4) (Lanciego et al., 2012) The three nuclei as called the caudate,
putamen, and globus pallidus. These large nuclear complexes receive inputs from
interconnections with the cortex, thalamus, brainstem, and several other brain areas. The
complexes of the basal ganglia primarily help to coordinate voluntary motor movement.
Diseases affecting the basal ganglia typically manifest as movement disorders such as
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Figure 2-4. The basal ganglia of the human brain (Wikimedia Commons)
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2.2.2 Cerebrospinal Fluid and the Ventricular System

The brain contains many features and substructures that are important for the
study of injury biomecha nics. Namely, the meningeal layers that cover the brain, the
cerebrospinal fluid (CSF) that bathes the brain, the ventricular system that governs the
flow of CSF are believed to play crucial roles in protecting the brain from external loads
and impacts.

The meninges are the connective tissue coverings that surround the brain and
spinal cord, separating the nervous system tissue from the overlying bone (Treuting et al.,
2017, Barshes et al., 2005)Considered as protective membranes, the meninges play an
important role in central nervous system (CNS) maintenance and shielding the brain from
mechanical trauma (Huff and Dulebohn, 2017). Starting with the layer closest to the skull
and moving towards the brain, the three layers that comprise the meninges are the dura

mater, the arachnoid mater, and the pia mater (Figure 2-5).
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Figure 2-5. The meningeal layers of the brain (Wikimedia Commons)

311 WEUUEWOEUTI UOwOUwsUOUTT wOOUT 1 Uz OwbUWEWEI
of strong fibrous tissue (Vandenabeele et al.,1996) The outer periosteal layer connects the
dura to the skull and the inner meningeal layer is considered the actual dura mater.
Between these two layers run the dural venous sinuses which drain blood from the brain
to the internal jugular veins. The arachnoid layer lies interior to the dura mater and gets
the name from the spider web-like arachnoid trabeculae that traverse across the
subarachnoid space to the layer below. The arachnoid layer resembles a loosditting sac
as it does not follow the granulation of the brain. The subarachnoid space is filled with
circulating CSF, bathing the brain in a thin layer (1 ¢+ 4 mm) of fluid (Weller, 2005,
Armstrong et al., 2002). Following the contours of the brain and at the most interior lies

UT 1 wxPEWOEUI UOwOUws Ul OET UwOOUT T Uz6 w311 wxDEwWOEU



arachnoid and pia are together called the leptomeninges (Barshes et al., 2005)Intracranial
bridging veins are located in the subarachnoid space and empty into the dural venous
sinuses (Mortazavi et al., 2013). Due to the vasculature traversing through the arachnoid
to the dura, rupture of these veins due to trauma may be catastrophic, leading to life -
threatening brain hematomas.

The CSF around and within the brain is a clear fluid composed of water and a
small percentage of proteins, electrolytes, sugars, dissolved gases, and other constituents
to maintain the chemical balance of the CNS(Fishman, 1992, Barshes et al., 2005\ more
comprehensive list and comparison to serum constituents are detailed in Table 2-4. Later
chapters of this dissertation will revisit the compo sition of the CSF and assess the critical
components of artificial CSF for experimental cavitation testing.

CSF is produced at a rate of 20 mL/day and the volume of CSF within the CNS is
estimated to be around 150 mL, though this volume is highly variable (Johnson and
Sexton, 2011) CSF is believed to have several important functions including physical
support, excretory function, intracerebral transport, and control of the chemical
environment within the brain and the rest of the CNS(Fishman, 1992, Huff and Dulebohn,

2017)
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Table 2-4. Normal composition of cerebrospinal fluid and arterial seru m
adapted from (Fishman, 1992

CSF Serum (arterial)

Osmolarity (mOsm/L) 295 295
Water content % 99 93
Sodium (mEg/L) 138 138
Potassium (mEqg/L) 2.8 4.5
Chloride (mEqg/L) 119 102
Bicarbonate (mEg/L) 22 24
Phosphorus (mg/dL) 1.6 4
Calcium (mEqg/L) 2.1 4.8
Magnesium (mEqg/L) 2.3 1.7
Iron (g/dL) 15 15
Urea (mmol/dL) 4.7 5.4
Creatinine (mg/dL) 1.2 1.8
Uric acid (mg/dL) 0.25 5.5
Carbon dioxide tension (mmHgQ) 47 41
Oxygen tension (mmHQ) 43 104
pH 7.33 7.41
Glucose (mg/dL) 60 90
Lactate (mEg/L) 1.6 1
Pyruvate (mEq/L) 0.08 0.11
Proteins (gm/dL) 0.035 7

The fluid layers surrounding the brain provide physical support or buoyancy for
the brain. A typical brain with a mass of 1.5 kg has an effective weight of only 50 g, given
the specific gravity of the brain at 1.040 and CSF at 1.00{Fishman, 1992) Dissipation of
this downward force reduces the stress on the brain and helps maintain brain shape and
perfusion, especially in the event of sudden accelerative motions such as those during an
impact to the head. Potential damage is mitigated as CSF helps to cushion and absorb
OOEEDPOT wOOwWUT 1 wEUEDOS W OwbOUI Ul UUPOT WEOUOOOEUA

29



Kellie hypothesis (Mokri, 2001). In 1783, Alexander Monro observed that the cranium is a
rigid spaEl Ewi DOOI EwbPPUT wWwEwW? Ol EUCAWDPOEOOXxUI UUPEOI 2 u
within the head must always be constant or nearly constant. Animal work by George
Kellie in 1824 confirmed these observations. Together, the Monro-Kellie doctrine states
that the fluid volume within the head does not change (Fishman, 1992) If the blood
volume rises, the amount of CSF decreases, and vice versa, maintaining a near
homeostatic balance. Current research on cerebrovascular regulation and presure-
volume studies has provided substantial evidence supporting this hypothesis.

Due to its continuous production, flow, and excretion, CSF is also thought to play
important roles in excreting wastes (Fishman, 1992) The byproducts of brain metabolism
such as carbon dioxide and extracellular solutes are transferred directly to the CSF and
removed through reabsorption across the arachnoid villi. Recently, renewed discovery of
a perivasculature network has shed light on a glymphatic pathway, a system of waste
removal through CSF transport (Benveniste et al., 201Y. This system is particularly active
during sleep, as CSF sweeps through the brain parenchyma and clears metabolites and
other waste products (Xie et al., 2013) Deficiency in CSF waste clearane has been
implicated in multiple neurodegenerative diseases while possibly exacerbating symptoms

and pathology (lliff et al., 2012).
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(lateral view) (anterior view)
Figure 2-6. The ventricular system of the brain (Wikimedia Commons)

The ventricular system shown in Figure 2-6 governs the production, storage, and
flow of CSF and consist of a series of freely interconnected channels and reservoirs within
the forebrain and brainstem (Mortazavi et al., 2014) The most prominent cistern within
this system are the lateral ventricles, one located in each hemisphere. The third ventricle
forms a narrow midline cavity, connecting the lateral ventricles and the fourth ventricle
through the cerebral agueduct along the midbrain. Within each ventricle is a region of
choroid plexus, a network of ependymal cells involved in the production of CSF (Cserr,
1971) The CSF produced within the ventricles passes through the fourth ventricle into the
subarachnoid space, percolating through the layer and surrounding the brain. The fluid
is reabsorbed through the arachnoid villi and returned to venous circulation. The
ventricular system may play an important r ole in how the brain responds to a mechanical
insult. The fluid -filled cavities are thought to be shear decouplers, protecting the local
tissue from large shearing forces during head motion (Viano et al., 1997) The ventricles

31



are also areas of impedance mismatch between the fluid and tissue which may be sensitive

towards spalling type injuries during high rate blast events (Bass et al., 2012)

2.3 Cavitation
2.3.1 Background and definitions

Cavitation is the formation of bubbles (or voids) in a liquid when subjected to
reduced pressure at constant ambient temperature (Young, 1989. We qualify the term
si OUCEUDPOOzZwWEUWI PUT T UwWUOT 1T wi RxEOUDPOOWOT wxUI 1 P
macroscopic, observable sizes.Liquids under negative pressure (compared to ambient
pressure at atmospheric conditions, or gauge pressure)will eventually phase separate if
the reduction in pressure surpasses the tensile strength of the liquid, causing nucleation
of a small bubble that fills with liquid vapor and any dissolved gases within the liquid
(Brennen, 2014) Formation of voids occurs on the microsecond time scale, with growth to
collapse of the bubble persisting depending on the length of negative pressure. Voids may
be highly unstable and will collapse violently once the negative pressure returns to
ambient conditions, loading the surrounding regions. The process of void growth after
nucleation is distinct thermodynamically from the process of boiling, where a liquid is
brought into its vapor phase through the addition of heat, rather than pressure reduction
(Figure 2-7). Cavitation can be specified by inertial (transient) or non-inertial (stable)
cavitation (Young, 1989) Inertial cavitation occurs transiently , with one cycle of rapid
growth and collapse. This is in contrast to non-inertial cavitation where a bubble is forced
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into oscillation due to some energy input, such as an acoustic field from ultrasound

(Gaitan et al., 1992)

Pressure

liguid

oiling
solid

cavitati

gas

Temperature
Figure 2-7. Thermodynamic pathways for liquid phase transition to gas

Cavitation can be initiated in a number of ways (Young, 1989)
Hydrodynamic cavitation

Hydrodynamic cavitation is produced by pressure variations in a flowing liqui d
due to the geometries of the system Local liquid velocities vary in a flowing system
depending on geometry. At locations of fast flow, low pressure and cavitation may occur.
Hydrodynamic cavitation is further distinguished by travelling cavitation (bubb les form
in the liquid and travel with the flow), fix cavitation (bubbles stay adhered to a cavity or
pocket on a surface), and vortex cavitation (bubbles form in regions of high shear in the
cores of vortices, such as a ship propeller).

Acoustic cavitatio

33



Acoustic cavitation is produced by sound waves in a non-flowing fluid system due
to pressure variation. If the amplitude of the pressure changes drops locally to the vapor
pressure during the negative sweep, bubbles may. Acoustic cavitation is classified as
stable, when bubbles oscillate for many periods such as those being driven by high
frequency ultrasound, or transient, when cavities exist for only one cycle.

Acoustic cavitation is a highly nonlinear process in that the radius of a cavitation
bubble and the subsequent energy of collapse is not directly proportional to the local
sound pressure. Transient cavitation is notably nonlinear, given that a low energy density
sound wave is transformed into a highly energetic and focal point of collapse.

Optic cavitation

Optic cavitation is produced by high intensity photons causing the liquid to
rupture . Many experiments employ laser pulses to cause localized points of rupture and
subsequent bubble formation (Kurz et al., 2006)

Particle cavitation

Particle cavitation is produced by any other type of elementary particles (e.g. a
proton). A charged particle sent through a fluid medium leaves an ionization trail and
superheats the fluid to the point of cavitation.

The classification of cavitation based on how bubbles are produced (Figure 2-8)
can broadly be split into local energy deposition (optic and particle) and tension in the
liquid (hydrodynamic and acoustic).
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: Energy

Figure 2-8. Cavitation classification scheme (Lauterborn, 2012)

Though numerous physical mechanisms may lead to TBI, traumatic forcing on the
head can be considered transient events on the order of milliseconds of less. No additional
energy is transferred to the head other than the forces driving pressure variation. As such,
our interest lies in tension driven, transient acoustic cavitation for the scope of this study.
This contrasts with other neurotrauma studies, typically in an in vitro environment,
utilizing ener gy deposition of pulsed lasers or exploding filaments to incite cavitation, e.g.
(Canchietal., 2017, Zhou et al., 2012, Hong et al., 2016} his topic will be further discussed

in section 2.3.4.

2.3.2 The Rayleigh-Plesset Equation

Rayleigh in 1917 first described the collapse of a spherical cavity in a fluid
(Rayleigh, 1917) The solution was then adapted by Plesset to solve for the oscillation of
the bubble radius where pressure is variable with time (Plesset, 1949) Together, the

Rayleigh-Plesset (RP) equation describes an idealized case of oscillation of a spherical
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bubble in an infinite body of incompressible fluid. The liquid density, kinematic viscosity,

and surface tension are assumed constant and known. Due to the likelihood of cavitation

near boundaries within the meningeal layers, non-spherical collapse, and other

complexities within a surrogate or living system that violate required assumptions, the

RP equation is unlikely to accurately model cavitation collapse for th e scope of this study.

Still, this simple case is amenable to added complexity and reveals important bubble

phenomena. The RP equation can be derived from first principles of mass conservation

and momentum conservation, and will be described in brief here (Brennen, 2014, Young,

1989)

P.(). T,

Liquid s u (rt)

* p ()
T (1.t)

Vapor/Gas

Py(0), Ty(t)

Bubble Surface

Figure 2-9. Idealized case of a spherical bubble in an infinite liquid  (Brennen,

2014)
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We consider a spherical bubble of radius R(t) in an infinite body of liquid ( Figure
2-9). The temperature and pressure far from the bubble, denoted Pe(t), Te are assumed
known or set to a constant. Liquid density . E OE wE a OE O D E wai¢ BIsbESSUhed) & w4
uniform. Within the bubble, the pressure P s(t) and temperature Ts(t) are homogenous and
constant. Lastly, pressure, p(rt), radial outward velocity of the surface, u(r,t), and
temperature, T(r,t,), are designated as functions of time, t, and radial position from the
center of the bubble, r.

By conservation of mass, the radial outward velocity must be inversely
proportional to the square of the distance from the center of the bubble. We let F(t) be
some function of time.

‘00 Equation 2-1

In the case of zero mass transport across the interface, it follows that u(R,t) = dR/dt, so

v QY Equation 2-2

00 Y 9%

In cases where mass transport occurs such as evaporation or condensation at the
interface, Equation 2-2is still a good approximation. Assuming the liquid is a Newtonian
fluid, the incompressible Navier -Stokes equation in spherical coordinates for motion in
the r direction gives,

pT N TO OT_O t pT T 06 <O Equation 2-3
"TirTo T i

TiEoT

After substituting for u from Equation 2-1, we arrive at,
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pT N pPQROC Equation 2-4
: A

o Qo i
Equation 2-4is integrated to give
n n E’Q_“O E"E Equation 2-5
§ 1Qo0 ¢i

The dynamic boundary condition on the bubble surface is defined as follows. Let
br be the normal stress in the liquid that points outward radially from the center of the
bubble. The net force per unit area acting on the lamina is

i Y Equation 2-6
! Y

For a fluid with constant density and viscosity,

—a

6 Equation 2-7
A D ot g

—a

Therefore, the force per unit area is,

T QY QY Equation 2-8

In the absence of mass transport across the boundary, this force must be zero. Combining
Equation 2-2, Equation 2-5, and Equation 2-8 yields in the generalized Rayleigh-Plesset

equation.
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Solutions to the ordinary differential equation have been obtain analytically
(Kudryashov and Sinelshchikov, 2014), though often they are solved numerically. Figure

2-10depicts a numerical solution for bubble radius as a function of a sinusoidal pressure
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Figure 2-10. Bubble radius as a function of sinusoidal pressure from a
numerical solution to the Rayleigh -Plesset Equation (Wikimedia Commons)
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2.3.3 The Cavitation Theory of Injury

The damaging effect of cavitation is well -appreciated and has historically been
studied in mechanical systems such as spinning ship propellers and pumps, where the
energy of hydrodynamic cavit ation has been observed to fatigue and degrade metal
(Blake and Gibson, 1987, Lauterborn et al., 1972)At the point of collapse of a cavitation
cavity, pressure and inertia from the quickly degenerating bubble is focused into a single
point. This often violent action can cause numerous consequences Figure 2-11) including
immense spikes in pressure, shock formation, temperature spikes, and high-powered jet
streaming (Young, 19896 w( Uz Uwx OEUUDPEOI wUOT EVwHPIT wlOT PUwxT 1 OC
brain, nearby tissues would be deformed locally during bubble formation and
subsequently damaged during bubble collapse from cavitation erosion. However, the
differences in fluid environments between large spinning propellers in a body of water
versus the thin CSF layer inside a living nervous system is evident, and thus the effects of

cavitation may not be similar.
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Figure 2-11. Characteristics of cavitation collapse
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Holbourn in the 1940s assessed the prevailing theories of the mechanisms of brain
injury of that era through simple gelatin brain phantom experiments and theoretical
analysis based on the physical properties of the brain (Holbourn, 1945, Holbourn, 1943).
He surmised that forces to the head are only important in so far as they lead to distortion
(shear) of the brain or a drop in intracranial pressure sufficient to cause cavitation
(Holbourn, 1945). The cavitation hypothesis of brain damage was again assertedin 1948
from observations by Ward and colleagu es(Ward et al., 1948) They observed that sealed
tubes of gelatin exhibited bubble formation when exposed to rapid changes in pressure,
followed by energetic collapse of the voids. Ward postulated that if this process were to
occur in the head during injury, the production of transient local shearing forces from the
energetic collapsewould likel y affect nearby cells and blood vessels.

Gross et al. in 1958 outlined the mechanism of cavitation action for blunt injury by
observing the outcome of striking a liquid -filled flask (Figure 2-12) (Gross, 1958)
Assuming the container represents the human head during impact, the acceleration from
the impact will cause atensile stress gradient like the one depicted, with the highest
tension at the contrecoup, or opposite side to the impact. Similarly, the pressure gradient
will have the highest positive values at the impact location of the strike. Pressure
decreases until negative at the contrecoup, creating tension in the fluid . If the tension is
enough to cause cavitation, the bottle may break upon collapse or return of the liquid. An
informal analog to this is a common party trick where one is able to break a glass botle
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half filled with liquid by striking the top of the bottle  (Figure 2-12), also known as the

water hammer phenomenon (Daily et al., 2014, Kiyama et al., 2016)

Acceleration )
Tension in
fluid

Figure 2-12 Tensile stress gradient when impacting a liquid filled flask

Figure 2-13. Bubbles form at the bottom of a water -filled glass bottle after
being struck

The study by Gross detailed the possible cavitation phenomena occurring at the
coup and contrecoup impact locations of the brain after a blunt impact. If the crown of the

head is impacted and accelerated, a tensile stress gradient is createdhtracranially (Figure
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2-14). At the coup, or impact site, positive pressure is highest. The pressure gradient

decreases along a continuum until the contrecoup, the location of the lowest pressure.

Acceleration
—

Force

Figure 2-14. Pressure gradient in the head due to blunt impact

If pressure gradients are the mechanical basis for cavitation, a likely explanation
is clear for how impact may lead to cavitation injury. For contrecoup injuries, cavitation
will occur at a point opposite of the impact ( Figure 2-15). Upon head impact, several
events are initiated: The scalp and skull are compressed, and stress waves are generated
which propagate away from the area of impact. If skull fracture does not occur, stress
waves will propagate through the skull faster than through the brain. The distal portion
of the brain and skull may move differentially, causing tension and cavitation at the

contrecoup.
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Force

Figure 2-15. Hypothesized mechanism of contrecoup cavitation

Cavitati on formation at the site of impact can be explained by the elastic return of
local skull deformation . If fracture does not occur due to impact, the locally depressed
skull will quickly recover and return to its unstrained state The movement of the skull
away from the brain may lead to localized negative pressures and cavitation at the coup

(Figure 2-16) (Gross, 1958)

Figure 2-16. Hypothesized mechanism of coup cavitation
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More recently, the cavitation theory of injury has applied toward blast-induced
neurotrauma (Goeller et al., 2012, Moore et al., 2008, Panzer et al., 2012c, Salzar et al., 2017)
Blastimpingement and pressure transmission through the head is complex and may lead
to localized tensile regions within the fluid filled CSF layers.

The precise mechanism leading to a drop in intracranial pressure is current still
unknown. Some authors have noted that simple free-field blast, characterized by a
Friedlander waveform ( Figure 2-17), contains a negative phase, or tensile charaaristic
(Franck, 2017, Moore et al., 208). The subatmospheric pressures is thought to cause local
intracranial pressure to fall below the vapor pressure, inducing void formation. However,
blast from high explosives used in a military environment typically contain a relatively

low negative p eak pressure, impulse, and duration, unlikely causing much pressure drop.
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Figure 2-17. Friedlander waveform representation of idealized blast

45



Negative intracranial pressures are more likely caused by acougic impedance
mismatch (Cooper and Jonsson, 1997, Bustamante, 2016, Bustamante and Cronin, 2019)
Acoustic impedance is a measure of the transmission capability of sound through the
material of interest. As a compressive wave transmits through the head, an impedance
mismatch exists between the skull and air boundary at the contrecoup. Because the
acoustic impedance within the head is higher than that of the air, a reflected rarefaction
wave is generated and returned into the head (Figure 2-18, right). This tensile reflection
may be sufficient to cause cavitation. This is the primary driving mechanism for studies
that use Hopkinson apparatuses or similar pressure bars to induce cavitation

(Bustamante, 2016, Bustamante and Cronin, 2019)
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Figure 2-18. Transmission through two materials of different acoustic
impedance
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Two other contributing factors may play important roles in generating cavitation
bubblest skull compliance and foraminal compliance. Nush oltz postulated that when the
head receives a blow, a small volume is needed to create the cavity at the contrecoupas
the brain is nearly incompressible. This can only be accomplished by forcing a small
amount of tissue through the foramen magnum or throu gh skull deformation (Nusholtz,
1997) To our knowledge, no investigation has been made into foraminal compliance as a
contributing factor for cavitation, but skull deformation has been noted as contributing to
the onset of cavitation (Panzer et al., 2012c, Goeller et al., A2, Salzar et al., 2017)Evidence
from computational simulations and physical models of the head have associate skull
flexion to be associated with various stages of cavitation inception and collapse, but the
exact details are unknown. The current investigation with present a thorough analysis of

skull motions and the associated stages of cavitation.

2.3.4 Existing Cavitation Research

Since the early theories asserting cavitation as an injury mechanism more than 70
years ago, only a limited number of studies have specifically focused on cavitation. Far
more research has been conducted on the other TBI mechanisms detailed in Section 2.1.3.
(e.g., strain, strain rate, head rotation). The gaps in cavitation research for TBI application
have at times spanned decades.In part, this is attributable to the difficulties in directly
viewing cavitation through an intact skull. The experimental research published in the

literature has largely used simple physical models of the head subjected to impacts or
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blasts. Due to the transient nature of nucleation and bubble collapse, numerical and
computational models have taken the forefront in cavitation TBI research in recent years.
Finally, in vitro models have attempted to map cavitation injury pathology, typically
using laser-induced or particle driven nucleation. However, questions remain regarding
the lack of experimental validatio n and accuracy of testing environment. We outline
seminal cavitation studies and summarize key findings and conclusions.

Simple head models investigating negative pressure and the onset of cavitation
have lent credence to the hypothesis that cavitation may form during mechanical loading
to the head. Due to the opacity of the skin and skull in standard photography, researcher
have sought to replace the calvarium with clear acrylic or substitute the head entirely with
a surrogate. Pudenz and Shelden in 1946 eplaced the calvarium of macague monkeys
with clear lucite and observed the motions of the underlying brain during blows delivered
to the head to varying degrees of succesgPudenz and Shelden, 1946) Though they did
not directly observe cavitation, the authors concluded that blows to the head cause
differential motion between the brain and lucite calvaria, contributing to injury.

Lubock and Goldsmith in 1980 investigated impact-induced cavitation in two
simple head surrogates consisting of 1.) an acrylic shell (3.708 mm wall thickness, 92.35
mm radius) and 2.) ahuman calvarium with a clear polyester resin occiput along with
different CSF substitutes (distilled water, glycerin, Fluorinert, artificial CSF) (Lubock and
Goldsmith, 1980). When the acrylic surrogates were impacted by steel projectiles,
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cavitation bubbles were observed at the contrecoup side along five or six cycles of
negative pressure, with peak tensile stresses on the orderof -1330 kPa. Large positive
pressure spikes between 400t 500 MPa occurring at the end of the tensile interval were
attributed to the collapse of contrecoup cavitation. It was unclear how the different CSF
permutations changed cavitation onset, as cavitation was observed for all acrylic head
models without further discussion. Moreover, the thin skull thickness and relative large
radius may not accurately model the dynamics of an impact onto a real head.

Nusholtz and colleagues performed head impact cavitation studies with a simple
surrogate head and corresponding numerical validation analysis (Nusholtz et al., 1995a,
Nusholtz et al., 1995b). These studies impacted aluminum cylinders (14 cm diameter)
filled with boiled tap water with a 10 kg free -flying mass and identified cavitation from
150 to 200 G impacts Internal negative pressures were limited to a drop of one atmosphere
due to fluid vaporization at the boundary. Computational analyses confirmed these
findings. Authors recommended that for cases of non -fracture concussion, computational
models need to incorporate some form of fluid vaporization at the skull -brain boundary.
The study also notes that cavitation may be more common than previously postulated
due to multiple potential damaging mechanisms. In impact injury studies using
repressurized cadavers and live Rhesus monkeys, Nusholtz and colleagues saw sharp
pressure spikes and areas of negative pressure, though it was unclear if cavitation had
occurred asthe authors did not directly mention its occurrence (Nusholtz, 1984).
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As blast-induced TBI came to the forefront of neurotrauma research, so did
renewed interest in blast-related cavitation studies. Using a transparent polycarbonate
ellipsoid filled with degassed water and Sylgard gel, Goeller and colleagues observed
cavitation at the contrecoup to blast-exposed surrogate heads (Goeller et al., 2012)
Cavitation bubbles coincided temporally with periods of negative pressure, followed by
spikes in pressure attributed to collapse. Numerical simulations agreed with experimental
tests. As an extension to the study, Salzar et al. reconstituted cadaveric heds with
degassed normal saline and 20% ballistic gelatin surrounded by degassed normal saline.
Instrumentation included intracranial pressure transducers and strain gauges.
Intracranial pressure data and strain results indirectly show cavitation phenomena from
140 kPa incident blast.

Recently developed computational models of TBI suggest that cavitation may
occur in the CSF due to blast exposure.Panzerin 2012 developed a 2D transverse plane
finite element model of the human head and simulated shock waves of varying impulse
(Panzer et al., 2012c) Cavitation occurred during high impulse blast using a CSF
cavitation threshold pressure of -100 kPg a limit that remains unvalidated . Typically,
within nume rical models, cavitation is modeled by imposing a pressure floor, allowing
water to essentially nucleate at a threshold value and expand quickly without any
restraining tension. Results showed that cavitation has a large effect on the mechanical
response of the brain to blastand an increasein local pressures due to cavitation collapse
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Furthermore, cavitation allowed the brain to decouple from the skull, increasing strain
levels in the cerebral cortex and periventricular tissue compared to non-cavitating
simulatio ns. Similar CSF cavitation methods and pressure thresholds have been used to
study FE head response to blast. Often, blished experimental blast literature has shown
that negative pressure can occur during shock transmission, however these studies do not
focus on cavitation phenomenology nor can we infer the presence of CSF cavitation due
to the currently unknown cavitation limits of CSF (Bir, 2011, Singh et al., 2014, Moss et al.
2008)

Though empirical evidence of cavitation as an actual TBI mechanism is still scarce
and in vivo testing has yet to be explored, researchers have surged forward and have
sought to characterize the pathology of cavitation-induced TBI. To generate cavitation,
many in vitro studies looking at the effect of cavitation on cells or tissue cultures have
induced nucleation through laser pulses (Selfridge et al., 2015) split Hopkinson bar
pressure systems (Canchi et al., 2017, Hong et al., 208), high-intensity ultrasound
(McCabe et al., 2014) or a variety of other means (Kang et al., 2014) Most of these
cavitation models lack validation data confirming their model accurately initiates and
evolves cavitation events that would occur in a human head. As indicated earlier, our
interest lies in inertially driven acoustic cavitation. A cavitation bubble gene rated by a
laser pulse may generate pressures in excess of 1000 atmospheres and 600Q Kkhatov et
al., 2001) Currently, little to no evidence indicate that these same conditions are met in a
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human head after impact or blast. Inaccuracies in the model system may lead to erroneous

conclusions regarding the extent of cavitation damage.

2.3.5 Methodological Concerns and Unanswered Questions

Though previous studies have detected cavitation in surrogate models and have
showcased the effects of cavitation computationally, providing support for the hypothes is
that cavitation is an injury mechanism for TBI , there are severalfundamental concernson
the fidelity of the experimental models. Furthermore, there are no in vivo studies
demonstrating cavitation and its damaging effects. The lack of supporting experi mental
data from live animal models is a severe impediment for the hypothesis that cavitation as
an injury mechanism of TBI. With cavitation studies progressing through computational
modeling, corresponding validation is required. Empirical evidence is nee ded supporting
the occurrence of cavitation due to head impact or blast loading. Once this link is
established, further analysis on cavitation injury pathology, severity, and risk functions
can be generated.

The limited number of studies and lack of in viv o data may stem from the
difficulty in directly capturing and visualizing cavitation phenomena due to its transient
nature and location behind the photo opaque scalp and calvarium. Cavitating bubbles
form on the millimeter or smaller length scale, existing at millisecond or shorter time
scales. Often, bubble formation is highly localized to a particular tensile region with

sufficient nucleation sites. These factors make detecting cavitation very difficult.
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However, the collapse of an inertial cavitation bub ble produces physical events, the same
that may be the cause of tissue damage, that enable the detection of cavitation phenomena
through a number of means (Figure 2-11). As previously mentioned, cavitation collapse
may be accompanied by highly energetic outputs such as a localized pressure and sound
(Young, 1989) Though not well understood, sonoluminscence, or the emission of short
bursts of light, can also be observed (Gaitan et al., 1992) If direct observation is not
possible or highly difficult as in the neurotrauma regime, we can utilize the consequences
of bubble collapse to indirectly detect the presenceof cavitation . As such, recording the
unique acoustic emission (AE) signatures is an intriguing method to capture surrogate
cavitation data when high speed video is unable to directly capture the dynamics of the
fluid layer. The next section will discuss AE in more detail.

To determine the specific AE characteristics of cavitation, we must first be able to
unequivocally generate cavitation and match the temporal profile of the formation and
collapse with the acoustic profile. Optically clear, biofidelic su rrogates and high-speed
video are well suited to accomplish this. Several conditions should be met to accurately
model cavitation -induced TBI. Given that our interest lies in blast-induced TBI and
therefore blast-induced cavitation, a blast should be the primary driving mechanism.
Cavitation characteristics are strongly dependent on the mechanism of initiation. Particle
or optically driven cavitation using laser pulses may indeed generate cavitation bubbles,
but the resulting fluid dynamics may not be repre sentative of blast-induced cavitation.
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The surrogate head form must accurately model the human head, especially
concerning the material speed of sound and bulk modulus properties as these material
properties likely dictate cavitation response. For example, Nusholtz used an aluminum
cylinder head form with a speed of sound approximately 6000 m/s, more than twice that
of bone (Nusholtz, 1997, Nusholtz et al., 1995a, Nusholtz et al., 1995h)The timing of stress
propagation and subsequent deformation may differ from stress transmission in a real
human head. In attempts to replicate a brain, Goeller and colleagues used a Sylgard 527
brain phantom within their head form (Goeller et al., 2012) The bulk modulus of Sylgard
527 is estimated to be 1.1 GPa, well less than the bulk modulus of brain around 2.2 GPa
(Zhang et al., 2009) Models utilizing inaccurate surrogate materials may more readily
generate cavitation compared to in vivo conditions, since Sylgard more readily cavitates
compared with brain.

The CSF may be the most crucial component within a surrogate head, serving as
the fluid setting for cavitation. However, it is often neglected and missing important
preparation detail. The cavitation threshold, defined as the tensile stress needed to induce
cavitation, is dependent on the cohesive strength of the body of fluid of interest (Brennen,
2014) Given the high bulk modulus of water, the theoretical cavitation threshold of pure
water devoid of any nucleation sites is on the order of megapascals (Young, 1989) In a
review looking at the ultimate degree of metastability at which liquid water can exist, a
50% likelihood of cavitation for water at 4°C was approximately -25 MPa (Caupin and
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Herbert, 2006). This immense negative pressure or tension is required to overcome the
enormous cohesive properties and intermolecular forces to rupture or tear the liquid to
generate a nucleation site. However, for all practical purposes, the actual cavitation
threshold is much lower as stress can concentrate on preexisting nucleation sites (e.g.
dissolved gases), drastically lowering the tension required to grow cavitation bubbles
(Holl, 1970). This is particularly applicable to CSF as it contains nucleation sites in the
form of dissolved gases, salts, proteins, and other impurities that would facilitate
cavitation onset (Table 2-4).

Published neurotrauma models on cavitation often fail to incorporate, consider, or
guantify these nucleation sites, often relying on simple degassed or boiled water (Goeller
et al., 2012, Nusholtz, 1997, Nusholtz et al.,1995a, Nusholtz et al., 1995b, Lubock and
Goldsmith, 1980) or degassed saline in their protocol (Salzar et al., 2017)Using a split
Hopkinson bar-confinement chamber, Bustamante and Cronin determined that reducing
dissolved gases or using a wetting agent significantly changes the cavitation threshold
(Bustamante and Cronin, 2019). Tests were conducted by changing the temperature of
distilled water from room temperature to body temperature and using a wetting agent to
reduce surface tension. Minimizing surface tension was hypothesized to reduce the
entrapped air, lowe ring dissolved gases. Regular distilled water at 21°C was the easiest to
cavitate at-528 kPa + 25% followed by degassed distilled water at 37C at-1369 kPa + 16%.
The cavitation threshold of distilled water with a wetting agent at 37 °C and at 21°C were
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not significantly different, at -3195 kPa + 5% and3195 kPa + 3%, respectively. In summary,
authors concluded that fluid sample preparation for cavitation tests had large effects on
cavitation inception probability and should be incorporated into experimen tal models.

The possibility of nucleation sites within CSF is so often overlooked that
considerable confusion exists regarding cavitation within the injury biomechanics
community. The misperception again centers on equating the theoretical cavitation limi ts
of pure water versus that of CSF. Though the actual cavitation threshold of CSF is
unknown, it has been estimated to be on the order of-100 kPa, or a drop of one atmosphere
(Panzer et al., 2@.2c)to -500 kPa(Bustamante and Cronin, 2019) If one were to assume
the CSF cavitation threshold is on the order of several negative megapascals, then a
realistic injurious head impact would n ever drop the intracranial pressure low enough to
achieve nucleation. This confusion had led some to entirely dismiss cavitation as a
possible TBI injury mechanism altogether (Takhounts, 2015)

The sensitivity in fluid environment is another reason why inserting pressure
probes or other sensor devices into the CSF space should be avoided. To measuréhe
pressure transients at various locations, the previously discussed studies introduced
pressure transducers into the intracranial space, directly into the fluid environment
(Goeller et al., 2012, Nusholtz, 1997, Nusholtz et al., 1995a, Nusholtz et al., 1995b, Salzar

et al., 2017) This may artificially introduce contaminants and dissolved gases that act as
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nucleation sites, altering cavitation thresholds. The listed studies do not consider this
contamination effect.

The following are additional factors that warrant further research but will not be
investigated for the current dissertation:

The effect of the microanatomy that surround the brain on cavitation inception is
unknown. C avitation within the CSF depends on surpassing the tensile limits of the fluid.
However, the meningeal layers are not simply pools of water as in most surrogate models.
The meningeal layers and other complex microstructure that surround and envelop the
brain (Figure 2-5) likely provide tensile support, thus lowering the probability of
cavitation onset. This effect may extend to the arachnoid villi, outgrowths of the ar achnoid
mater, and bridging veins, which traverse through the dura mater and into the sinuses.
This phenomenon has not been demonstrated experimentally and the extent of the local
tensile support is unknown.

Additionally, compliance from the foramen magnum is a variable requiring
further assessment Due to the near incompressibility of brain tissue, the only major
sources of bulk movement are skull flexure and compliance of the foramen magnum.
Nusholtz postulated that vertical loading on the head by the nec k before impact can affect
the potential for cavitation in the brain. This case is particularly true if such preloading
causes pressures at the base of the head, leading to increased compliance from the
foramen magnum and an inertial outflow effect (Nusholtz, 1997). Lubock and Goldsmith
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noted in their head model that the presence of the spinal canal did not significantly affect
the observed cavitation processes(Lubock and Goldsmith, 1980).

Finally, the pathology of cavitation -induced TBI remains unknown. The location
of the voids within the cranial cavity may be evidence for the appearance of petechial
contrecoup hemorrhages (Lubock and Goldsmith, 1980). Nusholtz postulated that
cavitation inside the brain may cause local cell damage without immediate cell death,
likely contributing to diffuse axonal injury (Nusholtz, 1997). In vitro studies using a
Hopkinson pressure bar to initiate cavitation in proximity to rat brain slices showed
disintegration of the plasma membrane and loss of neuronal content (Canchi et al., 2017)
Computational studies investigating nanobubble collapse near lipid bilayers have
observed membrane rupture and poration (Adhikari et al., 2016) These studies have
limited clinical application but do shed some light on the potential damaging effects of

cavitation.

2.4 Acoustic Emissions
2.4.1 Cavitation Acoustic Emission

Acoustic emission is defined as an acoustic wave generated by the retase of
energy from localized sources in a material subjected to an external stimulus (Kohn, 1995)
When cavitation bubbles are generated, their subsequent collapse create spherical waves

in the fluid medium and are thus point sources of acoustic emission (Young, 1989) We
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cantake advantage of the AEsproduced during cavitation by using acoustic sensors and
hydr ophones of sufficient operating frequency and record emissionsfor spectral analysis.
For a steady oscillating cavitation bubble, as in the case of focused ultrasound as
the driver, AE s appear at the fundamental or driving frequency , but may also appear a
other frequencies asthe motion of the bubble is non-linear (Young, 1989) As the acoustic
power is increased, harmonics appear, with subharmonic and ultraharmonic resonances
appearing superposed on a background continuum. Impact induced cavitation may only
be a single event as opposed to an oscillatory one, so dominant frequencies of AE obtained
by signal decomposition will be very information. Cavitation AEs are k nown to be very
audible and highly specific, allowing us to determine the occurrence of cavitation by
recognizing its acoustic output (llyichev et al., 1989). Researchers have used AE from
clinical lithotripsy techniques to externally detect cavitating events in tissu e (Zhong et al.,

1997, Coleman et al., 1996)

2.4.2 Continuous Wavelet Transform

A continuous wavelet transform (CWT) can be used to decompose the recorded
AE signal into a time -frequency representation. This is a very powerful tool to determine
the dominant frequencies and frequency variation through time. CWTs are a convolution
of a scaled and modulated mother wavelet with the time series data of interest. Frequency
information is derived by compressing and dilating the mother wavelet while translating

the wavelet provides correlation coefficients through time. The signal analysis for this
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dissertation follows the techniques and equations described by Torrence and Compo for
CWT (Torrence and Compo, 1998) Wavelet analysis will be described in brief here. The

CWT is calculated for continuous signals with the following equation:
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a is the scale (a > 0) of the wavelet basis function, and b the translational time value. By
changing the scale parameter a, scaled versions of the mother wavelet can be generated
(daughter wavel ets) to provide information on lower frequencies (compression) or higher
frequencies (dilation) of the original signal. The time translation allows temporal
frequency information to be extracted. The CWT for discretely sampled is defined as the
convolution of the discrete sequence with a scaled and translated version of a wavelet
basis function:

g 1 O Equation 2-11

i

where xn is the time series,] — is the wavelet function, * the complex conjugate, and N
the number of points in the series. Varying the wavelet scale s and translating along index

n builds a 2D image of frequency and its associated power with time. To increase
efficiency and lower compu tation time, the above convolution can instead by calculated

as an inverse Fourier transform of the discrete Fourier transform of the signal and the

wavelet:
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By choosing N points in the time series, the convolution theorem allows us to efficiently
perform all the convolutions simultaneously in Fourier space. The wavelet function at
each scale s is normalized to have unit energy.

For this study, a Morlet wavelet, consisting of a plane wave modulated by a
Gaussian, was chosen as the wavelet basis function due to its similarity to an AE trace
(Figure 2-19). Furthermore, Morlet is a good choice as the function is complex (contains
both real and imaginary values in the time domain), is able to return information on both
amplitude and phase, and is well suited for capturing oscillatory signals while providing
good frequency and time resolution. The function is given by:

r - « T q 7 Equation 2-14

where — is the time factor and] is the nondimensional frequency chosen to satisfy the
admissibility criteria (must have zero mean and localized in both time and frequency

space). In the frequency domain, the Morlet wavelet is defined as:
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where "O7 is the Heaviside step function.
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Figure 2-19. Morlet wavelet in real and imaginary parts in the time domain
(left) and frequency domain (right)

2.5 Blast-Induced Traumatic Brain Injury
2.5.1 Blast Characterization and Laboratory Testing

The cavitation mechanism of TBI has been associated with both blunt impacts and
blast-induced neurotrauma, but this study will focus only on blast as the injury model.
Future investigation will build upon the current study and incorporate blunt impact
cavitation testing. Blunt injuries typically occur on time scales over 5 ms with lar ge

momentum transfer to the head. The physics of blast is different from blunt impacts due
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to the overall short duration (1 + 5 ms) and relative minimal momentum transfer. Herein
we briefly discuss the physics associated with shock waves and common experimental
techniques to recreate ideal blast waves in a laboratory setting.

Detonation of high explosives create a rapid expansion of gases in a small localized
volume. This sudden increase in pressure expanding supersonically from the detonation
leads to a shock wave that moves faster than the speed of sound of the surrounding
environment with a near discontinuous pressure, density, and temperature (Iremonger,
1997) An idealized simple pressure wave created from an expanding shock in a free field,
an area free of reflecting surfaces that may otherwise distort the pressure field. The simple
pressure wave can be described by a Friedlander waveform shown in Figure 2-17, which
is defined as:

s . s o, Equation 2-16

where PmaxDUwUOT T wxT EQwOYI UxUT UUUUT OQwl OwUT 1T wxOUBPUP?Y
decay coefficient. The pressuretime waveform is characterized by a near instantaneous
rise in pressure to the peak overpressure, followed by an exponential decay just below the
ambient pressure, and then a return to ambient conditions. The period of overpressure is
known as the positive phase duration. The overpressure impulse measures the energy

contained within the blast and is the area under the pressure curve for the duration o f the
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positive overpressure. The negative phase and associated negative impulse should be
small relative to the positive impulse in high explosives.

Blast researchers typically aim to recreate Friedlanderlike waveforms as they are
easily described by the peak pressure, duration, and impulse. This is vital in order to have
consistent blast dosages between tests and between different laboratories. Lack of
description of the blast dosage makes interpreting results difficult and experimental
confirmation impo ssible. In a laboratory setting, shock tubes are a common tool to
consistently generate blast waves figure 2-20). Shock tubes typically consist of metal
piping, ideally circular in cross section, in which high pressure gas in the driver end is
separated from ambient conditions in a longer driven end. Upon sudden bursting of the
diaphragm, a compressive wave propagates down the driven section eventually forming
a shock. The shock impinges upon the test specimen, placed either inside or just at the exit

of the shock tube.

Figure 2-20. 3 inch shock tube from the Injury Biomechanics Laboratory at
Duke University

The current controversies with shock tube experimental testing stems from the

distinct lack of recognized guidelines and standardized protocols for shock tube use and
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design (Bass et al., 2012)This had led to numerous studies using improper blast dosages,
overinjurious loading, or dose ambiguity.

Attention to pressure measurement technique is an important consideration.
Using a pressure transducer, measurement can be made in either a 1). side®n or incident
configuration where the flow field travels parallel to the sensing surface or 2.) a face-on
or reflected configuration where the flow is into the sensing surface. Misidentification or
confusion between the two is an appreciable mistake as eflected pressures may be 2 to 8
times the incident pressure for the same blast wave (Iremonger, 1997) The relationship
between the incident and reflected pressures is defined through the Rankine-Hugoniot
relations and is defined as:

Equation 2-17

Cca| C=
cq C2
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. . X0 10 Equation 2-18

Many other considerations must be accounted for when designing shock tube
experiments if the goal is to recreate planar blast waves representative of freefield

explosions from high explosive charges. The shock tube itself should be circular in cross
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section to avoid shock interaction with corners, the driven section should be at least ten
times the length of the driver section to ensure a sharp exponential decay, and specimens
should be placed at a location where the impinging shock front is planar (Celander et al.,

1955, Sharma and Wilson, 1995, Yu, 2014)

2.5.2 Scaling in Animal Models of Blast Neurotrauma

Numerous animal models of neurotrauma have been developed to investigate the
biomechanical response and neuropathological consequances of TBI. Among the most
popular TBI models are fluid percussion injury, controlled cortical impact, weight -drop
impact acceleration injury, and shock tube injury models (Xiong et al., 2013) Reseach
using these models has generated an abundance of data in attempts to gain insight on
TBI, yet a proportional increase has not been seen in the clinics for drug and therapeutic
development (Marklund and Hillered, 2011) . Though no single model is entirely able to
reproduce the entire spectrum of pathology seen in human injury, the lack of translation
may be attributed to the absence of scaling and design features accounting for the
biomechanics of injury (Bass et al., 2012, Panzer et al., 2014, Morales et al., 2005)

Scaling procedures are recessary to convert theoutcomes of a neurotrauma animal
model to the human equivalent response (Panzer et al., 2014, Bass et al., 2012, Panzer et
al.,, 2012b) There are considerable allometric and physiological differences between
humans and experimental test species, especially for small animals, which must be

accounted for within injury loading conditions that result in equivalent human exposures.
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Neurotrauma models that fail to scale the mechanical insult often produce unrealistic and
over-injurious conditions that do not simulate real world human exposures.

Scaling rules may be based on several determinants and endpoints. Historically,
the approach has used dimensional analysis methods based on the three fundamental
guantities o representative length, tissue density, and tissue stiffness (Melvin, 1995).
Scaling techniques may also be based on physiology such as metabolism ad heart rate.
Typical biomechanical scaling relationships are listed in Table 2-5.

Table 2-5 Scaling rules between two species based on different biomechanical
parameters (Panzer et al., 2014)

Length scale A= Ly/Ly

Mass density scale No =pi/p2 =1

Modulus of elasticity scale Ne = Eq/E>

Mass scale Nm = my/my = N\{

Time scale Nt =Ty /Ty = No/VAE
Velocity scale N =Vi/Va =V
Acceleration scale Na = ar/az = Ng/Ng

Force scale Ne = Fi/Fa = NiNe

Moment scale Ne = My/My = NiNe

HIC scale Nuic = HIC,/HIC; = N3 Ay = NE/NL2
Head angular acceleration scale Ao = /02 = A\ =N\ °

In the blast regime, mass scaling laws based on historical pulmonary blast models
have been used successfully to scale the blast waveluration to a 70 kg human reference
level (Bowen et al., 1968a) The scaling rule is based on the cubed root of body mass,
comparable to simple length scaling laws for blunt impact injury (Equation 2-19)

(Eppinger, 1976).
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Equation 2-19
For small animal models, this form of scaling requires a much shorter blast positive phase
duration to achieve realistic human equivalent value s for high explosive blasts (Panzer et
al., 2014) Blast scaling for this dissertation will rely on the cubed root of body mass,

though many other scaling rules have been developed for other endpoints of interest

(Wood, 2015)
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Chapter 3 - Surrogate Head System
3.1 Objectives

A biofidelic head surrogate modeled the human head during shock tube
experiments investigating blast-induced cavitation. The main design criteria for this head
form was to create a model system that recapitulates the fluid conditions and mechanical
properties of a human head and faithfully repl icate the conditions that may lead to
cavitation. The surrogate was designed and constructed with materials that closely match
real tissue properties. A design prototype of the surrogate head consisting of a shell, brain

phantom, and artificial CSF layer i s shown in Figure 3-1.

Figure 3-1. CAD prototype of surrogate head form. An acrylic shell acts as a
skull and holds a phantom brain surrounded by a layer of CSF fluid layer

Cavitation inception is sensitive to the fluid makeup and relies on impurities or

gas tension for nucleation (Mori et al., 1976, Holl, 1970) Published surrogate studies
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discussed in Section 2.3.5 share questionable modeling techniques that may violate the
fluid environment and consequently alter the likelihood of cavitation or cavitation
characteristics. The fluid layer or surrogate CSF is often relegated to simple degassed or
boiled water (Goeller et al., 2012, Nusholtz, 1997, Nusholtz et al., 1995a, Nsholtz et al.,
1995b, Lubock and Goldsmith, 1980)or degassed saline(Salzar et al., 2017)without any
guantification or details regarding dissolved gases or solutes. Furthermore, the use of
unrealistic materials for the skull and brain phantom may cause unrealistic stress
propagation and deformation during blast. Altogether, the objective was to improve upon
these studies and build a surrogate head system from which we can observe cavitation
and characterize the cavitation AE response.

This chapter will discuss each of the three model constituents (skull, brain, CSF),
their design criteria, and the final build. We will also discuss som e of the limitations of

the final design and their potential effects.

3.2 Skull
3.2.1 Design and Construction

A cylindrical container and removable lid modeled the skull of the surrogate head
form. The main design criteria for the skull was to replicate the dynamic s and deformation
of a human head during blast impingement. To accomplish this, the size, geometry, and
material was chosen to closely match those of a human head. Acrylic, or polymethyl
methacrylate (PMMA), was selected as it shares similar material properties with the
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human skull ( Table 3-1). The compressive speed of sound and shear speed of sound of
acrylic are within 10% of that of the calvarium. Additionally, acrylic i s optically clear,
allowing direct observation into the cranial space. This is essential as high-speed video
was used to confirm the presence of cavitation bubbles.

Table 3-1. Material properties of PMMA  (acrylic) and bone

PMMA Reference Bone Reference
Compressive 2746 (Christman, 1972) 2820 + 40 (White et
speed of al., 2006)

sound (m/s)
Shear speed 1392 (Christman, 1972) 1500 * 140 (White et

of sound al., 2006)
(m/s)

Modulus of 2.763.30 (MatWeb, 2019) ~5 (McElhaney
Elasticity et al., 1970)
(GPa)

Acrylic sheets and tubing were laser cut to roughly the size of an adult human
head. The cylinder is 14.6 cm in diameter, 14.6 cm in height, and has a wall thickness of
6.3 mm. These measurements fall within the average range of adult head diameter
(Young, 1993)and skull thickness (Adeloye et al., 1975) The end cap and cylinder were
glued together using acrylic welding solvent. The final construction of the container
features a mounting ring with eight bolt holes rigidly welded along the open end of the
cylinder. The lid could then be bolted downtothe UDOT WEOE wUIl U wb O w300EET whf
bolts and wing nuts. Blue RTV silicone formed a gasket along the mating surface to ensure

a water-tight fit. The final construction of the skull is shown in Figure 3-2.
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Figure 3-2. Final construction of the surrogate head skull

3.2.2 Stiffness Testing

We assessed the response of the surrogate head under noffiailure quasistatic and
dynami c loading using a servo-hydraulic actuator (Material Testing System, Eden Prarie,
MN). The head was filled with water and placed on its side between two fixed aluminum
plates, one on the actuator piston below and another on the load cell from the top (Figure
3-3). The orientation of the head and lateral loading was chosen to reflect the direction of
the oncoming blast wave during experimental testing. Two quasistatic loadi ng velocities
(0.1 mm/s and 2.5 mm/s) and one dynamic loading condition (300 mm/s) of three repeats
each were conducted. Data was recorded at 10 kHz for quasistatic tests and 100 kHz for
dynamic tests. A 21.4 kN load cell (AMTI MC5 -6-5000, Watertown, MA) rigidly adhered
to the upper fixture recorded the force data. Head stiffness was calculated from the
regression of the force displacement curves Figure 3-4). The test batery and the
calculated stiffness is shown in Table 3-2.
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Figure 3-3. Stiffness testing of the surrogate head form using a MTS servo -
hydraulic actuator

Table 3-2. Stiffness of the surrogate head from loading tests

Test Loading Rate Peak Displacement Stiffness R?
(mm/s) (mm) (N/mm)
Test 1 Quasistatic 0.10 1.01 642 0.998
Test 2 Quasistatic 0.10 1.01 648 0.998
Test 3 Quasistatic 0.10 1.01 648 0.999
Test 4 Quasistatic 2.49 2.51 1145 0.999
Test5 Quasistatic 2.49 2.51 1180 0.999
Test 6 Quasistatic 2.47 2.51 1182 0.999
Test 7 Dynamic 290 2.38 1929 0.998
Test 8 Dynamic 298 2.38 1937 0.998
Test 9 Dynamic 394 2.44 1946 0.997
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The upper 50% of the force-deflection data was regressed due to the linearity of
this region and to avoid the toe region during early loading. At the lowest loading rate of
0.10 mm/s to 1 mm displacement, the stiffness was 646 + 3.5 N/mm. The 2.5 mm/s loadg
rate to 2.5 mm displacement displayed an increased stiffness of 1169 + 20.8 N/mm. The
fastest loading rate of 300 mm/s to 2.5 mm resulted in a stiffness of 1937 + 8.5 N/mm.
Figure 3-4 shows the force-displacement response for Test 4, a quasistatic test at 2.5 mm/s

The stiffness regression plots for all other tests are in the Appendix.

Force Displacement
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Figure 3-4. Force displacement response of surrogate head form under
quasistatic loading (2.5 mm/s to 2.5 mm displacement; Test 4 from Table 3 -2)

Our stiffness results compare well with prior studies measuring calvarium
stiffness. Yoganadan and colleagues in 1995 tested unembalmed intact luman cadaver

heads during quasistatic and dynamic loading rates of 2.5 mm/s and 7.1-8.0 m/s,
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respectively (Yoganandan et al., 1995) Skull stiffnesses ranged from 467¢ 1290 N/mm
during 2.5 mm/s loading (average 812 +139N/mm) and 2462¢ 5867 N/mm during
dynamic loading (average 4023 £54IN/mm) . Total deflections ranged from 7.8¢ 16.6 mm
during quasistatic loading and 3.44 + 9.74 mm during dynamic loading, though tests were
conducted to failure. The large range in stiffness values may likely be a result of changing
impact sites and impact angles onto the skull (vertex, 45° and 78 lateral, 45° frontal, and
45° rear) and much higher loading rates during dynamic testing. Quasistatic tests by
McElhaney loaded cadaver heads set between two steel plates, giving stiffnesses from 150
to 3500 N/mm (McElhaney et al., 1973) The stiffnesses of the surrogate head are
comparable to both these studies, particularly for quasistatic loading. Taken together, the

surrogate head models the human head well for the purposes of this study.

3.3 Brain
3.3.1 Design and Construction

Several soft tissue brain phantoms have been proposed or usedin experimental
testing. These include animal or ballistic gelatin across a range of concentrations, Sylgard,
and PermaGel (Zhang et al., 2007, Nguyen et al., 2014, Brands et al., 1999, Pervin and
Chen, 2011) For the current study, the primary criteria for the brain phantom was a
realistic transmission of compression and rarefaction waves. We hypothesize that blast
loading on the head will send compressive waves through the brain parenchyma which
then reflects as a rarefaction wave due to impedance mismatch on boundary. To match
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the brain speed of sound, the ideal phantom should match the density, ", and bulk
modulus, K, of the brain (Equation 3-1). A density of 1.06 g/cn® and a bulk modulus of
2.19 GPa are commonly attibuted to the brain and have been successfully used in
computational models (Panzer et al., 2013)

B Equation 3-1
[

E

A beef gelatin mold at 3% concentration was selected as the brain surrogate. The
material properties of gelatin are within 5% of the stated in vivo brain properties, and has
been shown to accurately model the shear behavior of brain (Nguyen et al., 2014)

To create the 3% gelatin phantom, distilled water was heated to 40°C. 60 g of
gelatin powdered was slowly mixed into the water until fully dissolved and a final
volume of 2 L. The mixture was degassed in a vacuum chamber and poured into the
cylindrical mold shown in  Figure 3-5. The mold consists of an acrylic shell lined with a 3.5
mm layer of sorbothane and an inner layer of PET film. The 3.5 mm layer will eventually
become the CSF layer after the cast is placed into the skull outlined in the previous section.
The gelatin mixture was then poured in, and again degassed. The mold was removed from
the vacuum chamber and allowed to set overnight. The surrogate brain can be placed in
the refrigeration to prevent spoilage. After setting, the cast brain phantom is visibly clear
with little imperfection. The mylar film allows easy removal and placement into the

acrylic skull.
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Figure 3-5. Mold for setting the gelatin brain

3.4 Cerebrospinal Fluid
3.4.1 Design and Construction

As the hypothesized location of cavitation, the chosen CSF surrogate is critical to
the accuracy of the surrogate head system. The primary criteria for the surrogate CSF was
matching the constituents of in vivo CSF, ideally replicating the concentration of the
dissolved gasses and salt concentrations shown in Table 24. This allows the surrogate
fluid to have similar cavitation nuclei as would be found in the fluid layer surrounding

the human brain. Great care and effort were taken to quantify the constitue nts within our
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CSF surrogate, vastly improving upon published studies that neglect to discuss their CSF
preparation.

Commercially available artificial CSF was acquired and served as the starting
formulation ( Figure 3-6). However, when the full surrogate head was prepared with the
artificial CSF, the fluid layer was cloudy and semi -opaque. During initial shock tube
testing, the murky fluid layer obscured more internal cavit ation while partially
obstructing the view of the fluid and skull interface. Lowering the concentration below
manufacturer recommendations helped but did not solve the issue. Due to this, pure
distilled water with a controlled quantity of dissolved gas was chosen as the CSF
surrogate. This was deemed an acceptable replacement as dissolved gases within the fluid
are the most important factor that contributes to cavitation (Bunkin et al., 1997) Though
salts may contribute to nucleation sites, when a tensile stress is induced, the stress will
primarily concentrate on the microbubbles from dissolved gases. This was later confirmed
as the final distilled water preparation behaved similarly to the artificial CSF preparation

during blast experiments.
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NaCl 125mM

KCl 3mM

CaCl2 2.5mM
MgS0O4 1.3mM
NaH2PO4 1.25mM
NaHCO3 26mM
Glucose 13mM
pH 7.4

Figure 3-6. Artificial CSF from Ecocyte Bioscience

Table 3-3. Dissolved gas concentrations of oxygen, car bon dioxide, and
nitrogen in CSF

Gas Gas tension (mmHg) Reference
Oxygen 47 (Barshes et al., 200%
Carbon Dioxide 43 (Barshes et al., 2005
Nitrogen 573 (Strauss, 1979)

Our efforts then focused on creating a CSF layer of distilled water containing an
accurate concentration of dissolved gases. The target gas tensions are shown iffable 3-3.
A handheld multiparameter probe (YSI Professional Plus, Xylem Inc., Yellow Springs,

OH) was used to quantify the dissolved oxygen and total dissolved gas concentration.
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Figure 3-7. YSI multiparameter pro be used to measured dissolved oxygen
concentration

To convert the target gas tension to gas concentration, the following equations

were used (Colt, 2012)

0 T ion 3-
066 0t | &0 2 X (Pl Equation 3-2

Equation 3-2 can be rewritten as

006 0t | REOQ 6 Equation 3-3

Bl
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The term in the bracket is the conversion factor between mg/L and mmHg and are defined
for freshwater in Table 3-4 (Colt, 2012) For example, the target oxygen gas tension of 43
mmHg requires the distilled water at 22°C to have a measured concentration of 2.4 ppm.

Table 3-4. Conversion factor between gas tension and gas concentration for
pure water

Gas Conversion
(mmHg per mg/L)

Oxygen 17.733
Nitrogen 39.824
CarbonDioxide 0.46788

To prepare the CSF, distilled water was first degassed using a vacuum chamber.
The water was left in a near perfect vacuum for 10 minutes before removal from the
chamber and a return to ambient conditions. After placing the brain phantom into the
acrylic container, the distilled water was poured in, filling the 3.5 mm gap between the
brain phantom and the skull. Though the CSF thickness in humans is variable, 3.5 mm
represents the median thickness from a number of reports (Koyama et al., 2005, Wang et
al., 2010, Libicher and Tréger, 1992, Barshes et al., 2005)

Exposing the degassed water to atmospheric conditions and pouring the water
into the head allows the dissolved gas to return and gas tensions to rise. The probe was
used to confirm the target gas concentration before the lid was attached at the head sealed.

Typically, this should be done within 5 minutes. The entire head was then placed onto a
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vibrating platform to confirm that no gas bub bles were trapped within the sealed head. If
so, the process is repeated.

Before experimental testing, the components of the surrogate head system were
prepared in advance before assembly. The brain was prepared at least a day beforehand
to allow time fo r the mold to set. After sealing the brain and the CSF within the skull,
testing commenced immediately. After two days, the brain phantom will fully absorb the
fluid layer, and new components must be made. Therefore, a fresh surrogate head system
should be made for each new test battery, typically once a day. The assembled surrogate

head is shown in Figure 3-8.

Figure 3-8. Fully assembled surrogate head system during testing
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3.5 Design Limitations

The surrogate model was designed s that the same physical mechanisms that
elicit cavitation in a human head may elicit cavitation in the surrogate head. However, the
surrogate model is still an oversimplified version of a human head. The material
substitutes may cause differential behaviors compared to the in vivo condition. We
address some of these concerns here.

The shape of the surrogate head is an appreciable limitation. The skull
morphology would ideally adhere closely to the ellipsoid shape of the human head rather
than a simple cylinder. However, this would impose difficulties in experimental setup
including filling the volume with fluid, creating and placing a brain phantom that
contoured the interior shape, and creating a water-tight seal. Electing to use a cylinder
simplified the setup and made filling the head with the brain phantom and CSF an easier
process. Moreover, the circular cross section generally resembles the cross section of a
human head (Figure 3-9). Skull deformation and stress propagation within a 2 -D plane
should replicate the in-plane dynamics of a human head, though the exact mode of
deformation may be different due to the near perfect geometry of the surrogate. Panzer
and colleagues used similar justification for a planar model to create a 2-D finite element

model to study CSF cavitation (Panzer et al., 2012c)
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Axial View

Surrogate head form Cadaveric head slice (Visible Human Project)

Figure 3-9. 2-D slice of the surrogate head form and a cadaveric head slice from
the Visible Human Project (Ackerman, 1998)

The final construction of the brain phantom within the surrogate head is a solid
block of homogeneous gelatin. The cylindrical geometry lacks the shape and
gyrencephaly of a human brain, along with missing other features such as gray and white
matter and ventricles. Though these features would greatly increase the biofidelity of the
brain phantom, for the scope of this study, we simplified th e brain geometry to maintain
a consistent CSF thickness between the skull and the brain. This was an acceptable
simplification as we are interested in stress propagation through the brain and the fluid
boundary between the brain and the skull. The current investigation did not focus on
deformation or damage to the brain itself. Though, the damaging effects of cavitation on
the brain and the influence of brain gyrencephaly on cavitation is a worthwhile future

investigation.

84



The CSF surrogate of distilled water with a controlled quantity of dissolved gas
would preferably also contain the proper concentration of CSF solutes, sugars, proteins,
and other constituents. However, it would be impractical and time consuming to
incorporate all the substances listed in Table 24. Moreover, previous studies looking at
the effects of salts and dissolved gases on cavitation have noted that cavitation probability
depends strongly on dissolved gas concentration than salts (Bunkin et al., 1997) Stress in
the fluid likely concentrate on the microcavities from dissolved gases rather than those
from salt ions in solution. It may be possible to use ex vivo CSF from surgical patients or
live animals in place of our surrogate fluid, though there would be some difficulty in
acquiring the necessary volume to fill the head container.

The current system relies on skull compliance for cavitation generation. Future
iterations of the surrogate system should include the effect of foraminal compliance, as it
is currently unclear what the effect it may have on cavitation phenomena. To our
knowledge, compliance from the foramen magnum during impact or blast has yet to be
guantified in the literature with the exception of the slow translation of the cerebellar
tonsils during Chiari malformation. Displacements in the range of 7 mm have been
observed which may have a large effect an brain displacement and the subsequent
creation of a void space within the meninges (Aboulezz et al., 1985) To model this effect,
a circular window should be cut to simulate the foramen magnum and an elastic cover
placed over the foramen allowing minimal bulk displacement of the brain phantom.

85



Previously, we discussed the possibility that the meningeal laye rs provide tensile
support during loading, potentially decreasing the likelihood of cavitation. The current
head form does not include a physical model of the meningeal layers, perhaps a
considerable limitation. The surrogate system was simplified and did not include the
meninges due to the complexity of modeling a multi -layer structure and the unknown
mechanical properties of the meninges. One study has looked at the biomechanical
response of bovine pia-arachnoid complex to tension (Jin et al., 2006) but it is unclear
what the contribution of the dura mater and bridging veins would be and if this effect is
the same in humans. Furthermore, the CSF layer would need to be encapsulated within
this layer, requiring a tedious setup. Characterizing the load bearing potential of the
meninges is required before an accurate physical model of the meninges can be
implemented.

Lastly, there is a distinct lack of overlying tissue over the bone. Skin and muscles
over the skull may attenuate the blast or dampen some of the induced vibrational modes.
However, we required a clear viewing path into the fluid layers for our experiments.
Future investigation should implement an overlying layer of viscoelastic dummy skin to
assess any dampening orabsorptive effects.
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model system to investigate cavitation and the physical mechanisms that influence
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cavitation. Further complexity such as a more realistic morphology or modeling foraminal

compliance can be added to the surrogate for future studies.
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Chapter 4 - Cavitation in a Surrogate Head from Blast

4.1 Objectives

Although there is an increasing awareness that blast related events cause damage
to the brain, there remains an incomplete understanding of the physical mechanisms from
blast that lead to injury. The formation of cavitation bubbles and their subsequent
imp losion have been speculated to be injury mechanisms of blastinduced TBI (Section
2.3.3). Though existing literature supports the hypothesis that cavitation likely occurs
from blast loading, there are currently no in vivo empirical studies published in the
neurotrauma literature demonstrating cavitation or its damaging effects (Section 2.3.4).
This may likely be due to the difficulty of observing cavitation in situ or capturing the
consequences of cavitation due to the microsecond timescales of bubble phenmena.
Furthermore, experimental studies using biomimetic head forms often fail to model the
fluid environment of the human head through use of inaccurate surrogates.

The primary goal of the research presented in this chapter was to investigate
cavitation in a biofidelic surrogate head form to find cavitation acoustic emission (AE)
signatures that may also be indicative of cavitation events in live animal models of blast
injury. We hypothesize that the collapse of cavitation bubbles emits higher characteristic
frequencies than the blast fundamental that can be captured externally through surface

mounted acoustic sensors. By characterizing the spectral features of cavitation AE in a
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physical model, a frequency biomarker for cavitation collapse can be established and used
to predict and detect cavitation in vivo.

To accomplish our primary goal, the developed surrogate head form from Chapter
3 was exposed to blasts using a cylindrical shock tube. We hypothesize that cavitation
phenomena would appear during blas ts for blast dosages associated with injury. Blast
intensities were increased until cavitation bubbles were invariably generated. The
transparent acrylic skull allows direct intracranial observation of bubbles in the CSF with
a high-speed camera, allowing us to confirm bubble presence and view the complete
stages of cavitation from initial nucleation to bubble growth and finally collapse.
Investigation focused on the contrecoup, as previous studies have indicated cavitation at
the site opposite impact, but high-speed video also assessed the coup and lateral sections
of the surrogate head. Acoustic emissions were recorded externally and correlated with
the stages of cavitation from high-speed video. Notable trends within the AEs were
assessed using continuous wavelet transforms and Welch power spectral density
estimations (Section 2.4.2). Our objective was to define the characteristic frequencies of
cavitation collapse correlated with the high -speed video. When cavitation is not observed
during lower level bla sts, higher frequency emissions should not be detected.

A secondary objective was identifying the physical phenomena associated with
the blast wave that drive cavitation bubble growth. Previous publications have surmised
that the negative phase of the blast wave, acoustic impedance of the pressure wave, or
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skull flexure may be the physical cause of cavitation (Section 2.3.5). We discuss the
influence of each of these factors from analysis of the high-speed video and data from
externally mounted strain gau ge rosettes measuring the deformation of the surrogate

skull during blast.

4.2 Methods
4.2.1 Shock tube and blast intensities

The surrogate head system was prepared as described in Chapter 3. In brief, the
3% gelatin brain was cast in the designed mold a day before experimental testing and
allowed to set overnight. After setting, the brain was removed from the cast, washed with
distilled water, and placed into the acrylic skull. Surrogate CSF was poured into the
container until full. The head was then degassed in a vacuum chamber for ten minutes
before removal from the vacuum chamber and a return to ambient conditions. A
multiparameter probe was used to check the quantity of dissolved gases until the target
concentration was reached at which point the head was sealed The surrogate head system
was remade for each experimental test day due to the eventual swelling of the gelatin
brain phantom.

A 30.5 cm diameter, helium-driven, cylindrical shock tube was used to generate
repeatable Friedlander-type blast waves. The slock tube has previously been used to
generate short duration blasts representative of high explosives (Shridharani et al., 2012,
Wood et al., 2012) The shock tube has a 30.5 cm long driver section and a 3.06 m driven
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length (Figure 4-1). The thickness of the polyethylene terephthalate bursting diaphragms
was varied to create six blast intensities of increasing incident pressure and positive phase
duration (Table 4-1). High pressure helium is released into the driven section until the

diaphragm ruptures, producing a planar shock front as it exits the tube and impacts the

surrogate head. The surrogate head was fixed to a rotary index table using zip-ties and
positioned immediately at the exit of the shock tube (Figure 4-2). The centerline of the
shock tube was aligned to the center of the surrogate head. Given the overall smaller siz
of the surrogate head and the placement immediate at the exit of the tube, this was an

acceptable location to allow impingement of a planar shock (Yu, 2014)

o

Figure 4-1. Schematic of the cylindrical shock tube used to ge nerate blasts

Table 4-1. Surrogate head blast levels

Blast Level Membrane Thickness Peak Overpressure Positive Phase Duration

(mm) (kPa) (ms)
1 0.254 110.0 0.85
2 0.508 190.8 1.58
3 0.762 262.0 2.01
4 1.016 306.5 2.32
5 1.270 338.7 2.55
6 1.524 387.0 2.74
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Figure 4-2. Surrogate head form mounted onto a rotary index table at the exit
of the shock tube

High -speed cameras (Phantom v711, VisionResearch, Wayne, NJ) recording at a
minimum of 24,000 frames/sec were used to record the coup, lateral, and contrecoup
regions of the surrogate head (Figure 4-3). Cameraswere triggered by the passing shock
front as it exited the tube end. The experimental setup was illuminated with high -intensity

LED lighting.
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Figure 4-3. High -speed cameras recorded the coup and contrecoup CSF layers
during blast

To better understand the clinical relevancy of the blast exposures, blast loading
levels were plotted against existing risk curves for intracranial bleeding risk from scaled
ferret blast experiments (Figure 4-4) (Rafaels et al., 2012)Mild and moderate bleeding
were defined as brain surface area covered by less than 3% and 3 10% hemorrhaging,
respectively. Ferret blast positive durations were scaled to a 70 kg human using a cube
root of body mass scaling. Blast intensities for the current study were not scaled due to
the approximate similarity of size and mass of the surrogate head system and an adult
human head. Blast levels 1and 2 for this investigation were below the 50% risk of mild

bleeding while blast levels 4 -6 fall above the 50% mild bleeding risk threat.
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Figure 4-4. Blast dosages used in this study and associated brai n bleeding risk
curves from scaled ferret blast experiments (Rafaels et al., 2012)

4.2.2 Instrumentation and data analysis

Three pressure transducers (Endevco 8530B, San Juan Capistrano, CA) were
flushed mounted (acquiring incident pressure data in a s ide-on configuration) and spaced
evenly around the end of the shock tube to acquire overpressure data. Data was recorded
using a data acquisition system (meDAQ, Hi-Techniques, Madison, WI) sampling at 1
MHz with a hardware anti -aliasing filter at 500 kHz and post-processed with a 4-pole
unbiased Butterworth filter with a 10 kHz cutoff frequency. Strain gage rosettes (C2A-13-

125LR-350 Micro Measurements, Vishay Precision Group, Inc., Wendell, NC) were glued
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to the contecoup and 90 degrees offset on the lateal side of the head using cyanoacrylate
glue. Maximum principal strains were calculated from the strain tensors using 2 -D
coordinate transformations (full derivation shown in the Appendix). Strain data was
sampled using the same data acquisition system & the pressure data.

Instrumentation to record AE during testing included hydrophones (Reson TC
4013, Teledyne RESON, Slangerup, Denmark) and piezoelectric acoustic sensors (S9220,
Mistras, Physical Acoustics, Princeton Junction, NJ). Hydrophones were pressHit into
custom acrylic mounting blocks and zip -tied to the contrecoup of the surrogate head. The
smaller acoustic sensors were glued directly onto the contrecoup surface using
cyanoacrylate. For each test, one acoustic sensor or both an acoustic sensor and a
hydrophone was instrumented. Ultrasound transmission gel was applied to all sensors to
enhance the transmission of AE from any cavitating events to the sensing elements. AE
data was captured using four channel oscilloscopes (PicoScope 5444B, Pico Technology,
Tyler, TX) sampling at 10 MHz.

All sensors and instrumentation adhered to the surr ogate head system were
mounted externally with no sensors protruding into the fluid space. The carefully
controlled environment of the surrogate head system may be violated if sensors entered
the fluid layer of the surrogate head. For this reason, no pressure sensors were used to

record intracranial fluid pressure.
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Cavitation probability based on peak incident overpressure was analyzed with a
parametric survival analysis with an assumed Weibull distribution accounting for
censored failure (observed cavitation from high -speed video) and non-failure (no
observed cavitation) data. Four blast tests had no observable cavitation from the high-
speed video and spectral analysis while 13 tests produced evidence of cavitation. A 50%

cavitation probability and 95% conf idence interval were determined from the blast data.

4.2.3 Surrogate head variations

The standard formulation of the surrogate head system as described in Chapter 3
was altered for a few experimental tests to assess a specific variable in cavitation outcome.

To assess the role of skull flexure and induced breathing mode on cavitation, rigid
acrylic rings were attached to the surrogate head using large hose clamps. Two separate
6.35 mm thick rings were clamped one-thirds and two -thirds of the way from the lid of
the surrogate head (Figure 4-5). The restriction rings provided increased structural
rigidity to the surrogate head, decreasing the degree the blast warped the crosssecional
shape. The spacing between each clamp allowed easier routing of the cables of the strain
gauges and acoustic sensors mounted along the midline of the contrecoup. Tests were
conducted at Blast Level 4 both with and without the clamps.

The formulation of the CSF surrogate was modified to assess the effect of lowering
the total dissolved gas concentration. This change would ideally lower the number of

nucleation sites and thus lower the likelihood of cavitation. Distilled water was left to
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degas for one hour inside a vacuum chamber and then poured into the surrogate head.
The surround head was again degassed for 30 minutes before immediately sealing the
head.

To assess the effect of the bulk modulus of the surrogate CSF, the surrogate head
system was prepared using glycerin as the CSF surrogate rather than distilled water. The
phantom brain was prepared as previously described. Glycerin was degassed for 10
minutes in a vacuum chamber and then poured into the surrogate head, filling the volume
between the phantom brain and the skull. The surrogate head was degassed again and
then sealed at ambient conditions after 5 minutes. As the dissolved gas probe did not

function for glycerin, we were unable to quantify the dissolved gas .

Figure 4-5. Acrylic rings were clamped to the surrogate head system to stiffen
the flexural response
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4.2.4 Signal analysis

The acoustic data recorded during blast testing was analyzed using a continuous
wavelet transform (CWT) with a Morlet wavelet basis function due to its similarity to an
AE signal. The CWT allows a time-frequency representation of the AE in order to correlate
the timing of bubble growth and collapse as captured on the high -speed video with any
dominant frequencies from the CWT (Section 2.4.2). The Welch power spectrum density
(PSD) estimate was used to detect the spectral peaks and corroborate the findings from
the CWT. The Welch PSD was effective at reducing the noise in the resulting spectral
density output, an advantage over a simple periodogram. The AE data was minimally
preprocessed before analysis for spectral content. Unfiltered data was used for the Welch
PSD estimates while CWTs were performed on AE data high pass filtered with a cutoff
frequency of 15 kHz. This CWT filtering was necessary as the magnitude of lower
frequency signals would overpower the higher frequency content visually on the

spectrogram.

4.3 Results

Seventeen shock tube tests were conducted on the standard formulation surrogate
head form. These rangedin peak incident overpressure from 186 kPa and 1.58 ms duration
to 389 kPa and 2.74 ms duration. Average peak incident overpressures for each test were
determined from the pressure transducers while the positive phase durations were
estimates based on theequivalent free field condition. Cavitation was visible at all blast
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dosages Level 4 and above while no bubbles were observed for all tests below Level 3 (see
Table 4-1). Intotal, 14 of the 17 blasts resulted in cavitation as seen in the highspeed video.
Table 4-2 lists the tests, the resulting blast parameters, and observed cavitation.

Table 4-2. Shock tube tests and observed cavitation results

Test Blast  Observed Cavitation Peak Incident Positive Phase
number Level (Y/N) Overpressure (kPa) Duration* (ms)
1 4 Yes 294.0 2.32
2 4 Yes 285.1 2.32
3 4 Yes 291.7 2.32
4 4 Yes 301.5 2.32
5 4 Yes 298.0 2.32
6 6 Yes 389.0 2.74
7 2 No 186.0 1.58
8 4 Yes 287.0 2.32
9 4 Yes 296.6 2.32
10 4 Yes 2955 2.32
11 2 No 193.8 1.58
12 4 Yes 305.4 2.32
13 4 Yes 306.0 2.32
14 4 Yes 307.0 2.32
15 3 Yes 260.9 2.01
16 3 No 263.2 2.01
17 2 No 190.8 1.58

*Positive phase duration estimated from equivalentfiedd blast conditions

Using a parametric survival analysis with an assumed Weibull distribution, the
50% probability of cavitation for our surrogate head system is a blast of 262 + 14 kPa peak
incident overpressure, corresponding to a 1.96 ms duration. Cavitation probability an d

95% confidence interval corridors as a function of peak incident pressure are shown in
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Figure 4-6. Cavitation occurrence (1 = observed cavitation, 0 = no observed cavitton) are

also shown.
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Figure 4-6. Cavitation risk based on peak incident overpressure from a
parametric survival analysis (Weibull distribution)

High -speed video screen captures of contrecoup portion of the surrogate head for
Blast Test 9 are shown inFigure 4-7. Test 9 was a Level 4 blast of 296.6 kPa peak incident
overpressure and an approximate 2.3 ms positive phase duation. Blast test 9 is
representative of a positive cavitation case. High-speed cameras recorded at a frame rate
of 39,374 fps at an acquisition resolution of 304 x 400. The screen captures presented will
only depict the fluid layer of the contrecoup. For all blast tests, including tests that
generated visible cavitation at the contrecoup, no additional cavitation events were

observed at the coup or on the lateral sides of the head.
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The high-speed cameras were triggered as the shock front passes the pressa
transducers mounted at the exit of the shock tube (Panel A, Figure 4-7). This is referenced
as the standardized zero time for all tests. At 0.95 msafter shock exit, the blast wave has
impinged the surrogate head and passed out of view. The first cavitation event is the
formation of small cavitation bubbles 0.4 ms to 0.9 ms after trigger (Panel B, Figure 4-7)
followed by a quick collapse and disappearance (Panel C,Figure 4-7). These bubbles are
less than one millimeter in diameter and only last approximately a third to one half
millisecond from formation to collapse. At 1.13 ms after trigger, larger bulk cavitation
bubbles can be observed, growing to several millimeters in diameter (Panels D-F, Figure
4-7). The largest bubbles appear at the direct contrecoup, with smaller bubbles around
this periphery. The bubbles begin to decrease in size at 1.5 ms (Panel &, Figure 4-7) until
all the bubbles have collapsed by 1.87 ms after the initial trigger (Panel I, Figure 4-7).
During some tri als, the larger cavitation bubbles would collapse and reinitiate a second
growth and collapse sequence. After approximately 2 ms, no addition nucleation events

can be observed. The surrogate head system begins to move right out of view (not shown).
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Figure 4-7. Blast Test 9. High-speed video screen captures of cavitation
timeline ¢ blast, bubble nucleation, bubble growth, collapse).
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The externally mounted acoustic sensors on the surrogate head captured the
acoustic events during and after the blast. The AE trace and CWT for Blast Test 9 are
shown in Figure 4-8. The 0 ms time marks the same trigger as the highspeed video (the
blast front exiting the shock tube). An initial acoustic event is detected at 0.08 ms, marking
the arrival of the pressure wave after transmission through the surrogate head. From the
CWT, we see a sharp rise in the energies associated with frequencies up to 300 kHz.
Between 0.5 ms and 1.5 ms, the higher frequency magnitudes drop out and is followed by
a lower frequency response between 30 kHz and 60 kHz. Thisquieter region can be time-
matched with Panel C in Figure 4-7. The screen capture then shows the absence of any
bubble formation or collapse. Between 1.8 ms and 1.9 ms, sdden highly energetic acoustic
events appear in both the AE trace and the CWT. Frequencies centered around 65 kHz,
130 kHz, 260 kHz, and near 1 MHz are noticeable in the CWT. The highspeed images
from Figure 4-7 (Panel H & ) indicate that the larger cavitation bubbles are collapsing
during this time. The high frequency content quickly fades, and no further acoustic events
are detected.

The AE traces, CWT, and Welch PSDfor all tests are in the Appendix.
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Figure 4-8. Acoustic emission trace and CWT of Blast Test 9 (Blast Level 4,
regular surrogate head formulation). Cavitation observed on high -speed video
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The surrogate head system was modified such that the CSF fluid was degassed for
one hour and quickly sealed to lower the total dissolved gases compared to the standard
formulation. The head was then blast tested using the same blast intensity as implemented
for Blast Test 9, presented previously. Figure 4-9 shows the AE trace and CWT. The
sudden acoustic event at 0.08 ms indicates the initial passage of the blast wave thragh
the head, reaching the mounted acoustic sensor at the contrecoup. However, immediately
noticeable is the lack of any further acoustic events. The high-speed video for this test did
not produce any observable formation or collapse of cavitation bubbles (not shown). No
other energetic frequencies are evident in the CWT, aside from the initial blast event. The
large spike at 1.8 ms after trigger, indicative of cavitation bubble collapse for the

previously shown test case, is markedly absent.
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Figure 4-9. Acoustic emission trace and CWT of a blast case using the surrogate
head with degassed CSF. No observed cavitation

A Welch power spectral density was used to determine the spectral peaks of the
AE data. The PSD for the entire AE trace for Blast Test 4 (observed cavitation) and the

CSF modified test (no observed cavitation) is shown in Figure 4-10. Compared to the non-
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cavitating test, the AE for the cavitating blast case shows higher power in frequency bands
between 65 kHz and 900 kHz. Three distinct peaks at 58 kHz, 137 kHz, and 268 kHz are
denoted by the blue dots in the figure. The non-cavitating test shows stronger lower
frequencies between 15 kHz and 50 kHz with no obvious peaks at the higher frequencies.

The higher frequency power is at least 20 dB lower for the non-cavitating blast.
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Figure 4-10. Welch powe r spectral density of a blast test producing observable
cavitation and a blast test without cavitation
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The first three spectral peaks above 30 kHz were determined from the PSD
estimates of all blast cases producing cavitation. The average and standard deiation of
these peak frequencies were 63.7 = 15.0 kHz, 126.0 + 14.0 kHz, and 267.0 = 22.8 kHz.

Blast tests using lower blast intensities did not result in observable cavitation. The
acoustic response for these cavitation negative showed similar trends as the degassed CSF
blast from Figure 4-9. The AE trace and CWT for Blast Test 7 that did not produce
observable cavitation is shown in Figure 4-11. The initial blast is detected after the trigger,
and but the high frequency magnitudes fall off by 0.25 ms after trigger. No additional
acoustic events are detected. The Welch PSD also showedo distinct peaks above 50 kHz

with power higher than -70 dB (Figure 4-12).
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Figure 4-11. Acoustic emission trace and CW T of Blast Test 7 (Blast Level 2,
regular surrogate head formulation). No observed cavitation.
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Figure 4-12. Welch power spectral density of Blast Test 7 (Blast Level 2, regular
surrogate head formulatio n). No observed cavitation.

Strain gage rosettes adhered to the surrogate head captured the vibrational mode
of the head induced by blast. For the strain rosettes used in this study, a positive strain
indicates compression and a negative strain indicatestensions. Due to the orientation of
the rosette on the outer surface of the skull, a positive strain would indicate a flattening
of the adjacent surface and a negative strain a bending of the surface Figure 4-13 (top)
shows the maximum principal strain and time profile of the contrecoup and the lateral
portion of the head (90 degrees offset from the contrecoup). Strain data shows a first order
vibrational mode induced by the blast. The first large positive peak of the contrecoup
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indicates that the skull diameter along the direction of blast (along the coup -contrecoup)
is shortening, while the lateral diameter of the skull is elongating. After 2 ms, the axial
diameter shortens while the lateral diameter elongates. This first order vibrational mode
continues through cycles of compression and relaxation, alternating between the coup-
contrecoup axis and the lateral axis, but the response is dampened. The damping ratio of
the head was 12.3% as determined by logarithmic decrement.

The peak maximum principal strain at the contrecoup is 2.37 x 103 which occurs
at 1.13 ms after trigger. Notably, this peak is time-matched to when the bulk cavitation
bubbles begin to grow, shown in Panel D of Figure 4-7. Physically, the surrogate head is
maximally compressed along the coup-contrecoup axis at this peak. After 1.13 ms, the
strain rate is negative, approximately -3.6 /s, indicating the skull is rebounding back to its
undeformed shape. The contrecoup side of the head is unstrained and the skull moves
differentially away from the brain. At 1.8 ms, the vibrational mode reverses. This point is
time-matched to the collapse of the cavitation bubbles, stown in Panel | of Figure 4-7. No
other cavitating events are visible even though the dampened oscillations of the skull
continue.

Figure 4-13 (bottom) shows a periodogram of the vibrational response of the
surrogate head to blast. The first peak with the highest magnitude occurs at 400.5 Hz (1.4

dB) and a second peak occurs at 721 Hz-3.2 dB).
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Figure 4-13. Skull vibrational response measured by strain rosettes mounted
laterally and at the contrecoup (top). Periodogram of the skull vibration (bottom)
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Rigid rings were clamped to the surrogate head system (shown in Figure 4-5) and
then tested at Blast Level 4. The rings increased the stiffness of the skull and eliminated
cavitation response (high-speed video screen shots not shown).Figure 4-14shows the AE
trace and associated CWT of the acoustic profile. No identifiable acoustic events
associated with cavitation can be observed after the initial blast.

Figure 4-15 (top) shows the maximum principal strain of the contrecoup and
lateral sides of the skull. The vibrational mode of the head system is how overdamped,
compared to the underdamped vibrational mode of unrestricted surrogate head without
the rings (Top, Figure 4-13). The surrogate head is similarly compressed along the coup
contrecoup axis after blast impingement, but the vibrational response after is noticeably
absent. The maximum principal strain is 1.91 x 10-3, occurring 1.13 ms after trigger. The
skull rebounds to near its undeformed state at 2.95 ms. The strain rate was calculated to
be -1.0 /s for this rebound region. The periodogram of the skull vibrational response is flat
up to 400 Hz, exhibiting no outstanding peaks except for the power at 131 Hz and 278 Hz

slightly more prominent (Bottom, Figure 4-15).
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Figure 4-14. Acoustic emission trace and CWT of a blast case using rigid rings
to clamp the surrogate head (Blast Level 4). No observed cavitation.

114

Magnitude



%1073 Skull Strain

3 T T T T T T T T
—— 90 degree offset
c B —— Contrecoup |
T 2
-
w
©
o
o
£
—
o
P
@®©
=
| | | | | | | | | |

-2 0 2 4 6 8 10 12 14 16 18 20

Time (ms)
50 Power Spectral Density
o O
S
()
S 50
c
()]
©
= 100
_150 L 1 I SR T R S A | L L P SR T R A | L L PR SR S T S W |
10 102 10° 10

Frequency (Hz)
Figure 4-15. Skull vibrational response of a surrogate head blast modified with

rigid ring clamps. Strain measured by strain rosettes mounted laterally and at the
contrecoup (top). Periodogram of the skull vibration (bottom)

The distilled water CSF surrogate was replaced with glycerin to assess the effect

of using a higher bulk modulus fluid on cavitation outcome. Experiments were tested at
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Blast Level 4. Due to the inherent variance of the resulting blast overpressures, both
cavitation positive and cavitation negative tests were produced. The sequence of events
for the cavitating blast is shown in Figure 4-16. Approximately 1 ms after trigger,
cavitation inception can be observed. No other cavitation bubbles form before this time.
Only a single cavity develops and grows to approximately 10 mm in diameter. The cavity
begins to decrease in size followed by full collapse at 1.9 ms. A secondary collapse event
can be observed at 2.1 ms.

Strain gages at the contrecoup measured the max principle strain (figure not
shown). For the cavitating case, the peak strain was 2.52 x 18 with an elastic rebound
strain rate of -3.6 /s. For the norcavitating case, the peak strain was 2.36 x 18 with a
strain rate of -2.8 /s.

AE traces and the CWTs for the cavitating case are shown inFigure 4-17 and the
non-cavitating case in Figure 4-18. For the cavitating blast, an acoustic event is visible at
approximately 1.8 ms after trigger which is correlated with the collapse of the bubble in
Figure 4-16. This event is noticeably absent for the non-cavitating case (high-speed video
stills not shown for the non -cavitating blast).

The Welch PSD for both cases are shown inFigure 4-19. More energy at higher
frequencies is apparent for the cavitating blast. Spectral peaks at 132 kHz and 278 kHz are

also present.
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Figure 4-16. High -speed video screen captures of cavitation in glycerin as the
CSF surrogate. A single cavitation bubble nucleates, grows, and collapses.
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Figure 4-17. Acoustic emission trace and CWT of a glycerin CSF blast
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Figure 4-18. Acoustic emission trace and CWT of a glycerin CSF blast with no
observed cavitation
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Figure 4-19. Welch power spectral density estimates of two blast tests
(observed cavitation and no observed cavitation) using glycerin as the CSF surrogate.

4.4 Discussion

This chapter explores the hypothesis that blasts associated with hjury induce the
formation of cavitation bubbles within the CSF. Blast tests were performed on the
biofidelic head form developed in Chapter 3 across a range of blast intensities. For blasts
at Levels 4 and above, cavitation bubbles at the contrecoup werecaptured by the high -
speed imaging. Additionally, externally mounted acoustic sensors captured the acoustic
events from the initial blast wave to the formation and collapse of the cavitation bubbles.

Acoustic events associated with the collapse of the bubldes were prominent in the acoustic
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trace and were particularly highlighted in the CWT. Spectral peaks in the Welch PSD from
60 kHz to 900 kHz also supported the hypothesis that high frequency spectral peaks are a
biomarker of cavitation.

The parametric survival analysis on the cavitation data gave a 50% risk of
cavitation at 262 kPa peak incident overpressure/1.96 ms duration for our surrogate
system. Comparing this to established risk curves from Rafaels et al., 2012, we see that the
50% risk of cavitation is associated with a 61.7% chance of mild bleeding or a 75.8% chance
Ol uwOPOEWEOI 1 EPOT wbi wE OE FAgudapll EHowmyidtBisusmutly@id O WE E E O U
not investigate cavitation-induced injury, we hypothesize that cavitation is a damaging
mechanism for blast-induced TBI. Cavitation associated with a high likelihood of
intracranial bleeding supports this notion, though further studies directly assessing
cavitation pathology are needed.

The high-speed images and the strain data are immensely informative in
elucidating the physical mechanisms leading to bubble nucleation and collapse. To begin,
the blast impingement upon the surrogate head initiates several events. The transmitted
compressive wave travels in two paths ¢ a path through the skull and brain from the coup
to the contrecoup, and a path around the skull to the contrecoup. Though the first direct
path is shorter, the sound speed is higher in the skull, so canpressive waves for both paths
arrive at approximately the same time at the contrecoup. Assuming the compressive
speed of sound in the surrogate skull is 2750 m/s, and the compressive speed of sound in
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the brain is 1440 m/s, the compressive wave for our surogate head should reach the
contrecoup at 0.19 ms after exiting the tube for the direct path. Using the same parameters,
the second path is slightly faster, reaching the back of the head at 0.17 ms. However,
cavitation was not observed at this time. The first cavitation event was later, occurring
approximately 0.4 ms after trigger.

The discrepancy between the timing of our observation of cavitation and the
theoretical timing of the cavitation refutes the hypothesis that the reflection of the shock
off the back of the head (due to impedance mismatch) causes cavitation. Reflection of the
compressive wave off the skull and air boundary should occur at around 0.2 ms, but our
observations are well beyond this timing. Furthermore, our observed cavitation half a
millisecond after trigger takes place long after the blast has transited the head. Combined
with our previous analysis, the hypothesis of the negative phase of the blast causing
cavitation is also unsupported.

If we then consider the shear wave and the Rayleigh surface waves that propagate
from the blast impingement site, we see that these may be responsible for the first
cavitation bubbles. The shear speed of sound is 1392 m/s and the Rayleigh speed of sound
is 1200 m/s(Zerwer et al., 2000) These waves would then arrive at the contrecoup at
between 0.3 and 0.4 ms, later than the arrival of the compressive wave. As the timing of
the bubbles is more in line with that of the Rayleigh surface waves and shear waves, it
may be the rolling and shearing of these waves along the skull that cause the first instance
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of cavitation. Mechanistically, the perpendicular movement of the shear and Rayleigh
waves would separate the fluid layer and the skull, causing tension in the fluid. This may
surpass the tensile limits, nucleating the fluid layer. Further investigation is required to

confirm this.

Brain Bleeding Risk Curves from Scaled Ferret Blasts
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Figure 4-20. The 50% cavitation risk is associated with a 61.7% chance of mild
bleeding

The second, larger bulk cavitating event that begins at 1.1 ms after trigger is
induced by the skull breathing mode caused by the blast. At 1.1 ms, the skull is deformed
maximally, with the ¢ oup-contrecoup dimension compressed and the lateral dimension

elongated. The CSF layer under the contrecoup is compressed as the adjacent skull is
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moved maximally in towards the brain. This inward motion quickly reverses direction
due to the elastic rebound of the skull outward to regain its undeformed shape. This is
noted by the negative slope of the maximum principal strain rate. If this rebound happens
with enough speed and displacement, the fluid layer underneath is pulled into tension as
the skull move away from the brain, generating cavitation growth. This is indeed what is
visible on the high -speed screen captures as the bubbles collapse at 1.85 ms, the precise
moment when the vibrational mode flips, with the coup -contrecoup axis how elongating
past the undeformed state.
The results from using a rigid ring to dampen the vibrational response of the head
and eliminate cavitation supports the finding that skull breathing mode is vital to large
cavitation phenomena. The blast case using the ring on the surogate head produced a
maximum peak strain 20% lower than the unrestrained case. Furthermore, and perhaps
more importantly, the rebound rate dropped from -3.6 /sto-ud YwyUS w( Uz UwODOI
slower movement of the skull away from the brain did not exc eed the tensile limits of the
fluid at that interface, thereby effectively eliminating cavitation nucleation. These findings
may have potential implications in preventative measure design.
Goeller and colleagues arrived at similar results and concluded that skull
deformation may be a significant factor causing cavitation after exposing surrogate head
forms to blast (Goeller et al., 2012p w' OP1 YI UOWEUUT OUUwOOUI EwlT EQw
inward at the time of inceptionofcav DPUEUD OO 2> w3 T PUwPUwWbOWEOOUUEU U
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show the skull deflecting outward at the time of bubble nucleation and growth.
Mechanistically, the skull deflecting inward would induce a local compression rather than
tension. It is unclear why this discrepancy exists.

The acoustic data and analysis from the CWT and Welch PSD provide strong
evidence that cavitation bubble collapse is associated with more energy at the higher
frequencies. As shown in Figure 4-8, the high magnitude acoustic event is time matched
with the bulk cavity collapse from the screen captures. The spectral response of cavitating
blasts and non-cavitating blasts (Figure 4-10 and Figure 4-19) show particularly strong
frequencies around 130 kHz and 270 kHz. Averages of the three major peaks above 60
kHz for all cavitating tests results in frequencies of 63.7 + 15.0 kHz, 126.0 £ 14.0 kHz, and
267.0 £ 22.8 kHz. Notably, these frequencies may be harmonics of a fundamental
frequency: f, 2f, and 4f. Cavitation events are known to generate harmonic frequencies,

though typically for oscillatory cavitation events (Young, 1989)
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Chapter 5 - Cavitation in a Live Porcine Model of Blast

5.1 Objectives

The lack of empirical evidence of cavitation from in vivo models is a severe
POx1 EPOI OUwPhOwUT T WwEEYPUEUDPOOWUIT T OUa wdOl w3! (3 w6
cavitation which can be detected externally from its acoustic signatures. The primary goal
of this chapter was to characterize the AE spectral response from a live pig model of blast
TBI. Acoustic sensors surgically placed into the parietal bone of a live pig would record
any acoustic events during and immediately after blast. We hypothesize that low level
blasts would not generate high frequency spectral signals while higher levels of blast
would cause cavitation and thus emit frequencies associated with cavitation collapse as
determined in Chapter 4. By detecting high frequency emissions associated with void

collapse, we are capable ofindirectly detect ing cavitation in vivo.

5.2 Methods
5.2.1 Live animal preparation and instrumentation

All animal procedures in this study followed the Guide for the Care and Use of
Laboratory Animals and were a pproved by the Duke University Institutional Animal
Care and Use Committee (IACUC) in efforts to minimize animal discomfort . Four blast
tests (n = 4) were conducted onseparate Yorkshire pigs with approximate body mass of
45 kg. The experimental blast procedures used in this study follow a previous study
(Wood et al., 2012) except for the following changes.
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Figure 5-1. Acoustic sensor mounting location on the parietal bone of the
porcine skull. A second transducer is placed on the opposite side (not visible)

To measure intracranial acoustic emission response, two acousticsensorswere
mounted bilaterally on the parietal bone of the skull Figure 5-1. Prior to incision, a local
block was performed with bupivicaine (0.25%) on the site. Two incisions were made in
the skin above the parietal skull in order to expose the parietal bone on both the left and
right side (Figure 5-2, Top). An area of approximated 1 cm2was cleared and the sensing
element of an acoustic sensorwas glued onto the exposed area using cyanoacrylate glue
(Figure 5-2, bottom). Hemostasis was maintained using an electrosurgical generator for
cauterization. Upon securing both acoustic sensors, the incisionswere closed,and medical

tape sealed over the crown of the head.
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Figure 5-2. Surgical incisions made by electrosurgical generator and mounting
of acrylic sensors onto the parietal bone of the porcine skull

After instrumentation, the p ig was positioned on alift table such that the long axis
of the shock tube delivers the blast along the superior-inferior axis of the head. Viscoelastic
foam padding was placed beneath the head of the pig in order to minimize head excursion
and rotation after impact. Straps were used to maintain the position of the pig and prevent
movement due to the blast. After blast, the acoustic sensorswere removed. Anesthesia
wasmaintained for one-hour post-blast injury. At th attime, one final whole blood sample

was taken and the pig euthanized as specified in the protocol.
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5.2.2 Shock tube, blast intensities, and data processing

The same shock tube used for the surrogate head tests was used for this portion of

the study (see section 4.2.1). The blast dosages used in this study followTable 4-1. The

four tests consisted of blasts at Blast Level 1, Blast Level 4, and two tests at Blast Level 6.

Instrumentation for the shock tube and data acquisition parameters were the same as

those used for the surrogate head tests. These are detailed in Section 4.2.2.

5.2.3 Scaling

Due to the size differences between the pig skull and brain and the surrogate skull
and brain, time scaling is necessary to equate the frequency response of the pig to the
frequency response of the surrogate head. We make the following assumptions: two
scaling factors are needed (Equation 5-1) ¢ one scaling factor for the size difference
(Equation 5-2) and another for the shearspeed of sound difference (Equation 5-3) between
the acrylic (PMMA) of the surrogate skull and the pig skull. From the post-test necropsy
analysis, pig brains were approximately 90 grams in mass. The shear speed of sound in

the pig skull was determined to be 1750 m/s (Zhu et al., 2013)
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5.3 Results

The scaled acoustic emission traces, CWT, and Welch PSD estimates for the live
pig tests are shown below. The lowest level live pig blast did not produce any high
frequency content or any noticeable peaks (Figure 5-3). The acoustic trace was in the

millivolt range while the CWT displayed low wavelet coefficient magnitudes.
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Figure 5-3. Acoustic emission trace and CWT of Live Pig Test 1 (Blast Level 1).
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The Welch PSD confirms the CWT response, displaying low power in frequencies above

30 kHz.

Welch Power Spectral Density
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Figure 5-4. Welch PSD of Live Pig Test 1 (Blast Level 1)

The live pig test at Blast Level 4 begins to generate higher frequency content
(Figure 5-5). However, the energy is still dominated by the lower frequencies around 32
kHz. There is a slight spectral peak at 250 kHz from the Welch PSD(Figure 5-6), while the
CWT slows a slight increase in wavelet coefficient magnitude from 130 kHz to 250 kHz.

Note the timing of the trigger was different in this test due to equipment error.
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Figure 5-5. Acoustic emission trace and CWT of Live Pig Test 2 (Blast Level 4).
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Figure 5-6. Welch PSD of Live Pig Test 2 (Blast Level 4)

The live pig test at the highest blast intensity of Blast Level 6 generated strong
acoustic emissions at higher frequencies(Figure 5-7). Wavelet coefficient magnitudes are
the highest centered around 130 kHz and 250 kHz frequencies.The Welch PSD estimate
confirms this spectral response, producing peaks at 30 kHz, 64 kHz, 139 kHz, and 251

kHz.
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Figure 5-7. Acoustic emission trace and CWT of Live Pig Test 3 (Blast Level 6).
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Welch Power Spectral Density

A
o
T
1

-100

Power/frequency (dB/Hz)
o
o

-120 1

/T e N S S N S S S
10" 102 10° 10%
Frequency (kHz)

Figure 5-8. Welch PSD of Live Pig Test 3 (Blast Level 6)
5.4 Discussion

This chapter explores the premise of using acoustic emissions as a biomarker for
intracranial cavitation during a live pig model of blast brain injury. To our knowledg e, no
published experimental studies have shown cavitation to occur in an in v ivo setting.
/ Ul YPOUUOGawbkli zYl wili Ol UEUI EWEEYDUEUDOOWEOEWET E
response from a biomimetic head system. Results from those tests indicate that cavitation
collapse generates acoustic emission at frequencies higher than 30 kid with pronounced

peaks at 64 kHz, 126 kHz, and 267 kHz. These are potential harmonic frequencies from

unstable void collapse. Using these spectral signaturesas a basis for comparison live
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porcine blast tests at the highest level of Blast Level 6generated similar frequency
responses. Using this method, we indirectly show evidence of void collapse indicative of
cavitation. The specimen tested at Blast Level 6 produced peaks at 64 kHz, 139 kHz, and
251 kHz, well within the range of the three proposed frequencies associated with
cavitation. Though further studies are needed to confirm our results, this dissertation
would be the first to provide evidence of cavitation in vivo.

Welch PSD estimates and CWTs for the lower level blasts did not produce the
higher frequencies associated with cavitation. However, there does appear to be a dose
response. The trial at Blast Level 4 did generate some emissions within the range we
consider positive for cavitation, but the energies in these frequencies were low. Additio nal
trials are warranted to establish a porcine risk curve to cavitation. In general, t he
conclusions reached in this chapter are limited by the number of live animal specimen
tested. Ideally the study would examine a spectrum of blast dosages, with consistent
spectral response for higher blast intensities.

Tissue damage and histological analysis will be performed in a future analysis.
Due to the superior impingement of the blast front, we predict the inferior region (or
contrecoup) of the brain to sustain injury. However, injury to the inferior regions may not
be the only injury sustained. As blast may lead to additional injury mechanisms aside

from cavitation, tissue damage may also manifest elsewhere.
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Chapter 6 - In vs. Out: Controversies in Shock Tube Blast
Experiments

Whether to test inside or outside a shock tube to simulate blast remains a key
controversy in blast biomechanics. Furthermore, inconsistencies in blast experimenial
methodologies confound the proper characterization of primary blast exposure.
Comparisons across models of blast injury are virtually impossible due to non-
standardized testing protocols. The placement of test subjects relative to the shock tube
exit, interior vs exterior, remains a major ambiguity. This study characterizes
overpressure waveform at potential test locations to determine ideal placements for blast

specimens.

6.1 Background

The recognition of the importance of blast-related neurotrauma in current military
operations constitutes a critical need for examining primary blast injury (Elder and
Cristian, 2009, Okie, 2005) To elucidate the pathophysiology of blast in humans, many
animal models of blast traumatic brain injury (TBI) have been established. These include
small animal models of mouse (Celander et al., 1955, Cernak et al., 2011yat (Saljo et al.,
2000a, Svetlov et al., 2010, Garman et al., 201,19nd rabbit (Richmond et al., 1961, ,Rafaels
et al., 2011), and other larger animals including swine (Shridharani et al., 2012, Saljo et al.,
2008)and sheep (Bowen et al., 1968b, Clifford et d., 1984, Yang et al., 1996)To simulate

blast in a laboratory setting, gas-driven shock tubes have been extensively used and
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provide the advantage of replicating primary blast in a controlled and repeatable manner
(Panzer et al., 2012b) However, many studies fail to consider the issues of proper shock
tube use, limiting considerations to simx O1 ws POUDPET wY U3 w@RasseEnEl 7z WEOO
2012) Due to variation in experimental shock tube methodologies, ambiguity and
inconsistencies confound the proper characterization of primary blast exposure. These
variations include the direction of the impinging wave front, immobilization of the head
and body of the test animal, use of thoracic protection, appropriate scaling of blast inputs,
and placement of the test specimen relative to the location of shock initiation and shock
tube exit, amongst others (Bass et al., 2012, Wood et al., 2012Fach factor can alter the
biomechanical loading of the specimen thus potentially altering injury type and severity.
As such, subsequent blast sequellae and histopathological findings cannotbe compared
across the diversity of injury models performed with inconsistent protocols. This issueis
not widely recognized by funding agencies and thus, there exists no push for
standardization. Without some consensus view, blast research will continue to employ
disjointed injury models without any corroboration or validation.

Standardizing blast procedures begins with understanding the desired loading
condition. The ideal planar wave is characterized by a Friedlander curve as depicted in
Figure 6-1. Friedlander-type blasts represent a realistic free field high explosive blast
exposure as measured from a stationary location and serves as the ideal comparison for
laboratory conducted tests (Bass et al., 2012) Often, shock tube testing is performed
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without regard to whether the profile represents an ideal waveform or a complex
waveform, nor the details of the time history beyond the peak pressure. For a Friedlander
profile, the pressure profile follows a sharp rise of less than 1 ms durati on, followed by an
exponential decay to a relatively short negative phase before returning to ambient
pressure. Considering the numerous methodologic inconsistencies in published blast
injury models, this study focused on assessing overpressure waves atlocations inside, at
the exit, and outside the shock tube into the free field. As most injury tolerance is a
function of some combination of peak overpressure, overpressure duration, and impulse
for ideal waveforms, these three metrics must be considered together and were used to
assess the experimentally and numerically derived pressure behavior (Bass et al., 2008)
By characterizing blast wave profile progression at multiple distances, locations of planar
and deteriorated waveforms can be established. Placing testsubjects in locations that
encounter an ideal planar wave reduces complex loading and allows for better
characterization of loading condition. Deviation from an ideal waveform can lead to
applied impulse that is larger than that expected for an ideal wave form and difficult to

characterize inputs.
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Figure 6-1. Graphical representation of a planar Friedlander waveform (Bass et
al., 2012)

Little agreement has been reached on valid placement locatons for shock tube
tests, and there is a distinct lack of experimental validation. In order to provide
clarification on this issue, the goals of this study were to (1) characterize blast wave profile
evolution using pressure transducers at predetermined landmarks corresponding to
common specimen placements, (2) identify locations of ideal waveform impingement
during shock tube experiments, (3) validate shock tube experiments with finite element
numerical simulations, and (4) consider the benefits and limita tions of various specimen

placements.

6.2 Methodology

Shock Tube
Shock waves were generated using a 305mm diameter, cylindrical shock tube
(Figure 6-2) consisting of a 305mm long driver section, and a 3.05 m long driven section

140



(10:1 driven to driver length ratio). The bursting diaphragm was composed of two
polyethylene terephthalate (PET) sheets of total thickness 0.508mm. Nitrogen was the

driver gas. All factors were kept constant for the entire test battery.

Driver Driver
Gas Tank Section

Figure 6-2. Shock tube schematic

Driven Section

Pressure Measurements

Pressure profiles were acquired at predetermined landmarks as shown in Figure
6-3. Each point represents a pressure transducer (PT; Endevco8530B200; San Juan
Capistrano, CA) measuring incident pressure. Replicates of three trials were tested for
each location. Standoff distances were determined by number of tube diameter lengths
(D) from the exit of the shock tube: Standoff A (61 cm inside; -2Dr ), Standoff B (30.5cm
inside; -Dt ), Standoff C (0 cm/exit; 0D7), Standoff D (2.5cm outside; D1/12), Standoff E
(15.25cm outside; ¥2Dr ), Standoff F (30.5cm outside; Dr), Standoff G (61cm outside; 2Dr),
and Standoff H (91.5 cm; 3Dr). Far each standoff, measurements were taken at various
radial distances starting at the tube central axis. Marked in red, Location 1 (tube central
axis) through Location 5 (Shock tube wall) are equally spaced apart. Locations 1 through

3 marked in blue measured pressure from the spherical expansion of the shock front in
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the free field. Location 3 increased in radial distance equally with increased standoff, and

Location 2 marked the midpoint of Location 1 and 3.

Standoff {cm) 54?21 A o
A -61
B -30.5 30.5cm
C 0
D 2.5 L B T
E 15.25
F 30.5
G 61 AT T ¢ |
H 91.5 Nidd g
3 2 1
L 1 E
15.3cm
FooT
23cm/
7 G T
38cm
t l f - B
53.3cm

Figure 6-3. Pressure transducer locations varied in both standoff and radial
distance from the central axis.

Locations A through H mark standoff distance from tube exit (positive standoffs are
downstream from exit, negative standoffs are upstream). Loc ations across the tube
diameter are marked Location 1 through 5 (red) for standoffs A through D, and Location

1 through 3 (blue) for standoffs E through H.

Wedge (Figure 6-4, A) and pie-shaped (Figure 6-4, B) mounting fixtures were
machined to allow a blast wave to pass undisturbed across a PT, permitting incident
profile measurement. PTs are mounted flush with the housing surface at a right angle,
incident to the oncoming wave. The wedge is a 15cm x 15¢cm x 1.25cm aluminum plate

with a 30-degree wedge. The flat surface is placedhorizontally in the plane of the tube

142



axis. The wedge is fixed onto a horizontal support and can be moved along the center-axis
along Standoffs A through D. Four PTs are mounted approximately 3.8 cm apart,
accounting for locations 1 through 4. Shock tube wall mounted sensors account for
location 5. The pie plate is a 23 cm diameter aluminum plate with a 30-degree bevel. A
single pressure transducer is mounted in the center. The flat surface is placed horizontally
in the plane of the tube axis and moved through the different locations across and

downstream of the shock tube exit.

Figure 6-4. (A) Wedge pressure transducer housing fixture (B) Pie plate
pressure transducer housing fixture

Finite ElementModeling

A finite element number model of free field blast was established to validate
experimental shock tube results. To observe the full response field during the blast, a 2D,
symmetric shock tube model was built in LS -DYNA (Livermore Software Technolog y
Corporation; Livermore, CA). The model consists of over 250,000 plane elements and
includes a high pressure nitrogen driver section ( Figure 6-5, red) with an initially a mbient
driven mesh (Figure 6-5, blue) and ambient free field (Figure 6-5, green). Areflecting plane

of symmetry was assumed, and a 2mm mesh was chosen as it has been shown to
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sufficiently capture blast waves in simulation while still maintaining computational

efficiency (Panzer et al., 2013) The model uses the DYNA arbitrary Lagrangian Eulerian
(ALE) formulation with 2 nd order accurate Van Leer advection and builds upon existing
shock tube FE models(Panzer et al., 2012b) Initial conditions in the driver section were

set to mimic an empirical burst pressure levels.

Plane of symmetry

0.5*D

A

Driven section, L = 10*D
(initially ambient)

]

Driver section, L =D
{high-pressure nitrogen)

Figure 6-5. Finite element ALE model of shock tube with high  -pressure
nitrogen driver section (red) and 10 diameters length driven section (blue) to match
the experimental setup.

Sampling and Statistics

All d ata was sampled at 1 Mhz with a 500 kHz anti-alias hardware filter and post-
processed using an 8pole Butterworth filter with a cut -off frequency of 40 kHz (Bass et
al., 2005) Matlab R2012b (Mathworks; Natick, MA) was used to process the raw data
Statistical comparisons were performed using JMP Pro 10.0.2 (SAS Institude Inc; Cary,

NC). The interactions between dependent variables pressure, duration, and impulse were

144



considered correlated, and thus univariate analysis of variance comparisons were
conducted to assess shock tube parametersThe effects of sensor standoff and location
across the diameter on generated blast response (pressure, duration, and impulse) was
analyzed using ANOVA to see general effects and Tukey post hoc analysis of means
comparisons to assess specific effects. Normalized experimental and numerical
simulation data was compared using ANCOVA. Results were considered significant at p
GwYAwydYyks?b
6.3 Results
Shock Tube Characterization

For Standoff A through D, results showed no significant differences across the five
radial distances for peak overpressure, duration, and impulse. Thus, measurements across
the tube diameter were nominally similar at all standoffs inside the tube and D /12 past
the exit. This trend was not found across Locations 1 through 3 for Standoffs E, F, G, and
H. Significant differences were found in all standoffs past %D 1 from the exit of the shock
tube.

Peak overpressureacross the shock tube diameter grouped by stardoff is shown
in Figure 6-6. Across Locations 1 through 5, Standoffs A through D and Location 1 for
Standoff E exhibited no significant differences. Peak overpressure for the given

experimental tube conditions were approximately 160 kPa. Peak overpressure declined
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into the free field at standoffs F, G, and H, at a distance of greater than one Db from the

shock tube exit.

RadialDistance

M Location 1

® Location 2
= Location 3

Location 4
® Location 5

A(-6lcm) B(-30.5cm) C(Ocm) D (25cm) E(15.25cm) F(30.5cm) G (61cm) H (91.5cm)
Axial Distance Down Length of Shock Tube (Standoff)

Peak Pressure (kP&)Std

Figure 6-6. Peak overpressure measured at various radial distances grouped by
standoff

Positive overpressure duration across the tube diameter by standoff is shown in
Figure 6-7. At Standoff A, the furthest inside the tube, positive duration was found to be
significantly different from all other standoff distances. A positive duration of
approximately 6 ms was measured at A. Standoff B saw a positive duration of
approximately 4 ms and was also significantly different from all other standoffs.
Durations were not found to be significantly different at Standoffs C and D, the shock tube

exit and D+/12 outside the exit. These standoffs saw durations of approximately 2.6 ms.
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Duration increased with distance into the free field starting one D routside the exit. This

trend is most notable at Location 1, down the length of the shock tube central axis.

Location 4
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()] . .

# RadialDistance
3 m Location 1
c

2 ® Location 2
g
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E w Location 3
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o
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m Location 5

A(-61cm) B (-30.5cm) C(0cm) D (2.5cm) E(15.25cm) F(30.5cm) G (61cm) H (91.5cm)
Axial Distance Down Length of Shock Tube (Standoff)

Figure 6-7. Positive duration measured at various radial distances grouped by
standoff

Impulse results across the tube diameter by standoffare shown in Figure 6-8. Like
the duration results, impulse at standoffs A and B showed significant differences from
each of the rest of the standoff locations. Impulses of approximately 450 and 350 kPams
were measured at A and B, respectively. At Standoff C and D, impulse was not found to
be significantly different. This range of standoffs produced impulse of 140 to 150 kPa-ms.
Further outside the shock tube, impulse was significantly different at Location 1 than at

Location 2 and 3, the more lateral PT locations.

147



RadialDistance

M Location 1

W Location 2

Location 3

Location 4

Impulse (kPams)+ Std

® Location 5

EhkLL

A(-61cm) B(-30.5cm) C(0cm) D (2.5cm) E(15.25¢cm) F (30.5cm) G (6lcm) H (91.5cm)
Axial Distance Down Length of Shock Tube (Standoff)

Figure 6-8. Impulse measured at various radial distances grouped by standoff

Incident pressure-time histories along the tube central axis (Location 1) show
distinct waveform evolution as the shock front travels down the length of the driven
section and expands into the free field (Figure 6-9). Beginning with Standoff A at 2D r
inside the exit, the curve shows a sharp rise but a fairly slow return to ambient conditions.
Of note is the slight plateaued peak in the trace. Standoff B, one Ix inside the exit, displays
a similar profile but with a slightly faster decay. By the time the blast front reaches the exit
of the tube, Standoff C, the pressure profile is Friedlander-like with a sharp rise and a
quick exponential decay. Standoff D, 2.5 cm past the exit of the shock tube, retains this
this profile and is indistinct from the exit pressure profile. When pressure wave reaches
14Dr at Standoff B, the curve shows deviation from the ideal Friedlander -like profile. A

large negative duration develops as the peak overpressure diminishes. By Standoff H, at
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3Dt outside, the peak is drastically reduced, and duration lengthened for the given peak

as shavn by the complex profile in gray.
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Figure 6-9. Experimentally derived pressure -time profiles .
Profiles are along the tube central axis (Location 1) for Standoff A (black; -2DT ),
Standoff B (red; -DT ), Standoff C (blue; 0D T), Standoff D (magenta; D T/12), Standoff
E (green; ¥2DT ), Standoff F (cyan; D T), Standoff G (brown; 2D T), and Standoff H (gray;
3DT).

Computational Modeling
To compare relative exposure at each location, both numerical and experimental
results were normalized to their respective peak pressure, duration, and impulse at the

tube wall exit (Standoff C, Location 5 from experimental setup ). This location is conserved
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across experimental tests and not affected by variation in wedge or pie plate positioning.

Results show excellent agreement with experimental tests in the free field, overestimating

the peak pressure inside the tube by on avelage 6% EFigure 6-10) and underestimating

peak pressures outside the tube by on average 4%. Duration results were underestimated

in the simulation by approximately 2% inside the tube and 20% outside. Overall impulse

was overestimated by on average 13% inside and 8% outside tle tube. No statisical

differences were found between normalized data acrossall three metrics.
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Figure 6-10. One-to-one comparison of experimental and finite element results.
Left - peak positive overpressuu re. Middle - overpressure duration. Right - impulse.

Simulation shock tube pressure-time history at exit is shown in Figure 6-11. As the

shock exits, the expansion wave generated at the edge of the tube movesinward and

meets at the tube centerline at approximately one half of a diameter. The pressure pulse

after this point is greatly diminished due to geometric spreading of the shock energy.
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s,

t=3.75ms (B8

Figure 6-11. Shock tube time -history with experimental pressure locations
shown as white dots

Simulation incident pressure -time histories along the tube central axis (Location
1) show distinct waveform evolution dow n the driven section of the shock tube (Figure

6-12). Pressure profile trends show a good match with experimentally derived curves .
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Figure 6-12. Numerically derived pressure -time profiles .

Profiles are along the tube central axis (Location 1) for Standoff A (black; -2DT ),
Standoff B (red; -DT ), Standoff C (blue; 0D T), Standoff D (magenta; D T/12), Standoff
E (green; ¥2DT ), Standoff F (cyan; D T), Standoff G (brown; 2D T), and Standoff H (gray;
3DT).
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6.4 Discussion

The shock tube performance characteristics with the chosen setup clearly
demonstrate a distinct range of locations at which test subjects would experience ideal
loading conditions. First, pressure data across the diameter of the shock tube suggest that
the shock wave was planar by Standoff A, a distance of 8Dr down the driven section.
Overpressure, impulse, and duration across the diameter of the tube showed no
significant differences at this standoff. On average in this planar regime, the relative error
for these measurements across Locations 1 through 5 was wthin 5% of the mean. At
Location 1 down the central axis, peak pressure is unchanged until Standoff F, 1Dr past
the exit, where peak pressure begins to decrease. Moving out radially for Standoffs F, G
and H, we see increased waveform complexity and a decrease in all blast parameter
values. Deviations away from the central axis occur due to the spherical expansion of the
shock front from the exit of the tube as noted visually in the simulations and reconfirmed
by the data. For lateral positioning, specimens must be placed as close as possible to the
shock tube central long axis.

Analysis of standoff locations of non -planarity, where pressure, duration, and
impulse drop off significantly, determine inside vs. outside placement validity. A
consistent overpressure is maintained over the range of-2Drto 1D outside the tube. This
indicates that subjects along the major axis within 1Dt outside the tube will experience

similar peak overpressure values. Across the tube diameter, no significant differences of
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blast parameters were found between Standoff C, the tube exit, and standoff D, Dr/12 past
the exit. Pressuretime histories for both standoffs are also indistinct ( Figure 6-9), and
similar to the intended Friedlander type loading curve. Consequently, specimens tested

outside the shock tube in this regime will see the same loading condition as those
measured directly at the exit as the shock maintains planarity. Thus, placing specimens
outside is indeed an appropriate experimental shock tube experiment method. The drop

off of duration and impulse past Standoff E at ¥2D v downstream indicate that a test
specimen should ideally be placed before this standoff. Further out into the free field,
Standoffs G and H exhibit complex pressure profiles that are difficult to characterize

(Figure 6-9). Similarly at these standoffs, for a given peak pressue at more than 1Dr,
duration and impulse can increase relative to values immediately outside the exit ( Figure
6-7 and Figure 6-8). Injuries from impinging pressure waves here and farther out are more

momentum dominated events not representative of common primary blast exposure. For

testing specimens outside the shock tube, this study recanmends the standoff to be
minimized, allowing a maximum standoff of 2D .

Loading conditions for subjects placed at distances inside the shock tube must also
be considered. Though pressure was not shown to vary with standoff distance inside the
shock tube, positive duration and impulse were significantly different between Standoffs
A, B, and C (Figure 6-7 and Figure 6-8). Impulse measurements at 2Dr inside the exit were
a twofold increase over impulse measured at 1Dr inside, and nearly a threefold increase
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over impulse measured at the exit. The pressuretime histories at 1 Dr and 2D~ inside the
exit can by characterized by a more complex decay than a Friedlandertype pressure trace
as seen at the tube exit Figure 6-1, Figure 6-9). A relatively slow decay to ambient
conditions results in a longer duration and a subsequent increase in impulse.

Upon rupture of the diaphragm separating the hi gh pressure driver from the rest
of the shock tube, a compression wave is sent upstream into the driven section and an
expansion wave towards the driver. A shock front is formed as the tail of the compression
wave moves faster than the lead end. With a sufficiently short driver, the expansion wave
reflects off the back wall of the driver and can reach the shock, attenuating the pressure.
The attenuation due to the expansion fan results in Friedlander-like waves. If the shock
front reaches the test subject @ PT before the expansion fan catches it, blast waves can
plateau, are not attenuated, and can deliver excessive impulse. Using a driver gas with a
high speed of sound or a short driver section allows placement closer to the test driver.
Still, a conservative estimate is to test at least 810 Dr down from the driver. Any closer
and the shock front will not have sufficient distance to fully develop a Friedlander -type
pressure profile. (Bass et al., 2012)

The higher impulse loading condition fr om testing deeper inside the tube must be
considered if a clinical and realistic blast model is to be established. For the given shock

tube setup conditions for this study, approximate similar exposure levels from the
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resulting unscaled peak overpressure and duration according to the Conventional
Weapons Effect Program (CONWEP) are as follows (Table 6-1) (Hyde, 2004)

Table 6-1. CONWEP determined exposure levels for standoffs in this study

Standoff Overpressure  Duration Equivalent Exposure
(cm) (kPa) (ms) TNT (kg) Distance (m)

-61 (A) 160 6 1 2.6

-30 (B) 160 4 5 4.4
0(C) 160 2.5 16 6.5

Equivalent exposures at Standoff A and B are fairly large charge sizes at close
distances. As many blast injury models study mild to moderate injury, Standoff C
provides the appropriate loading condition (Bass et al., 2008)Some blast models may
indeed desire a large impulse loading condition. However, failure to scale the
biomechanical response across species leads to unrealistic injury. Moreover, many injury
models are conducted on smaller animals such as mice. Even with a simple scaling
technique, such as the cuberoot of mass (Bowen et al., 1968b) scale factors may be 1615
times the experimental positive duration value. Neglecting these factors and not
considering specimen placement ultimately lead to scaled exposures outside the realm of
clinical interest.

The confinement effect of the tube wall on the test subject is another consideration
for placement inside vs. outside the shock tube (Panzer et al., 2012b) The impinging wave
front will reflect off the specimen onto the shock tube wa Il. Shock reflections off these

boundaries generate higher pressures that would otherwise be experienced by an object
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in the free field. Complex waveforms may interact with the specimen and measuring
instruments, confounding the exact state of exposure level. Since the shock at exit is
preserved within %D v, testing within this outside region and allowing reflections to
dissipate into the free field may be beneficial if an ideal blast is desirable. Confinement
effects can be mitigated with a sufficiently large shock tube diameter. However, the
minimum 8 to 1 driven to driver ratio may result in large and impractical shock tubes to
be used in a laboratory setting.
We have shown that specimen placement both inside and outside the shock tube
is appropriate wit hin a certain range. This study well characterizes overpressure for a
single shock tube setup configuration, but can be scaled to all shock tube sizes by diameter
lengths. Numerical simulations provided good validation against experimentally derived
blast results as shown through blast parameters and wave profiles. Further configurations
include using other driver gases and testing further upstream than 2D r to fully
characterize compression wave generation, progression, and attenuation.
Important conclusi ons of this study include:
- Specimen placements interior and exterior to the shock tube exit are

appropriate with the following conditions:

Inside: At least 8-10 shock tube diameters down the driven section

Outside: Minimize standoff as close to the exit as possible. At most %2 a tube

diameter away from the exit.
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- A higher impulse loading condition is found for specimens placed inside the
shock tube. This must be considered when developing a realistic and clinically
relevant blast injury model that is p roperly scaled from humans to the test
animal species.

- Confinement effects may generate complex loading scenarios for large
specimens placed inside a shock tube. Using a sufficiently large shock tube or
placing specimens outside minimize these effects and allow exact

measurement of loading input.

1 Tube Diameter Length,D %
“ﬂs

msm) |deal specimen placement

Appropriate placement with considerations
m==) Non-ideal specimen placement

Figure 6-13. Ideal specimen placement for a 10:1 driven to driver length shock
tube
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Chapter 7 - A Clinically Relevant Mouse Model of Blast
Brain Injury

Blast neurotrauma research has garnered increased attention, yet a consensus has
not been reached on blast etiology and the mechanisms of blastinduced traumatic brain
injury. Previous literature has shown a wide spectrum of functional and histological
deficits in animal models of blast-induced neurotrauma. However, th is research often
does not include the effects of interspeciesscaling of blast loading conditions from the test
species to the human equivalent response.So, blast conditions are often overinjuriou sand
not clinically relevant. By appropriately scaling the blast dosage and using torso
protection to model hard body armor, t he present study examines a murine model of
operationally relevant blast conditions with the use of a gas driven shock tube to generate

blast overpressure

7.1 Introduction

Traumatic brain injury (TBI) caused by exposure to explosive weapons continues
to be an important source of injury and mortality among service members in ongoing
military operations. Recent reports on combat wounds from conflicts in Iraq and
Afghanistan have listed blast as the most common cause of morbidity (Warden, 2006)
with an explosive mechanism accounting for 78% of sustained battlefield injuries (Owens
et al.,, 2008) An estimated 20% of all returning veterans from current conflicts have

suffered a TBI (Tanielian et al., 2008, Terrio et al., 2009and blast is the source of injury in
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63% of all TBI diagnoses(Wojcik et al., 2010) Moreover, modern military conflicts have
seen an increased irtidence of TBIs due to the largescale use of improvised explosive
devices in insurgent activities (Wade et al., 2007, Zouris et al., 2006, Taber et al., 2008)he
growing significance of blast related neurotrauma is a major cause for concern and the
need for better prevention strategies and therapeutics is urgent. This recognition has
prompted a focus on elucidating the underlying mechanisms and biophysics of blast-
induced brain injury. Numerous animal models investig ating blast TBI have been
developed, yet no consensus has been reached othe etiology and pathogenesis of blast
neurotrauma (Champion et al., 2009)

Reproducing realistic blast conditions seen in the field of battle is crucial in
developing a clinically relevant animal model of blast -induced TBI (Bass et al., 2012)
Scaling procedures are necessary to convert the clinical outcomes of a neurotrauma
animal model to the human equivalent response (Panzer et al., 2014, Bass et al., 2012,
Panzer et al., 2012b) There exists considerableallometric and physiological differences
between humans and experimental test species, especially for small rodents, which must
be accounted for within the experimental design and injury loading conditions.
Neurotrauma models that fail to scale the mechanical insult often produce unrealistic and
over-injurious conditions that do not simulate real world exposures. High explosives
commonly found in the military theater typically r ange50-1000 kPa in peak overpressure
and 10 ms or less in positive phase duration (Panzer et al., 2012¢c)Assuming blast brain
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injury scaling follows historical pulmonary injury scaling from Bowe n et al. 1965(Bowen
et al., 1965) many small animal studies are conducted at scaled durations above 50 ms,
equivalent to long -duration blasts representative of very large or nuclear blast exposures
(Panzer et al., 2012b)Injury mechanisms of exposure to long duration and high impulse

blast may be fundamentally different than those of more typical , shorter duration blast
exposuresfrom common high explosives (Bass et al., 2008)Behavioral consequences and
histological outcomes vary greatly across the spectrum of blast neurotrauma animal

models depending on the scaled blast intensity (Panzer et al., 2014)Comparisons across
the variety of injury models to validate realist ic blast sequelae remains difficult due to the
diversity of blast methodology and lack of s caling in published research.

Since many animal models are sensitive to the effects of pulmonary blast, he use
of thoracic protection on test animals is necessaryfor reproduction of military pathology
Recent studies have shown that modern protective equipment and body armor in
widespread use by military personnel, especially those with hard ceramic inserts, is
immensely protective against blast and increases the tolerance of the pulmonary system
to overpressure insults (Wood et al., 2012) Effective shielding of air -filled organs raises
the threshold of pulmonary system injury above the threshold of blast brain injury,
allowing blast TBI to occur before the onset of blast lung injury. In effect, the blast insult
must be limited to the head in a realistic blast neurotrauma animal model. Sincelung and
other air-filled organs are more vulnerable to b last, overpressure insults to an unprotected
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torso may manifest as altered brain function due to leakage of inflammatory mediators
and subsequent immune cascades, otherwise confounding neurotrauma investigation
(Ballabh et al., 2004, Gorbunov et al., 2006)

Recognizing the limitations in current blast -induced brain injury animal models,
there is a strong motivation to create a small animal, mild to moderate TBI blast model
that faithfully recapitulates injury conditions found in the military environment. A
repeatable, operationally relevant blast injury animal model will provide insight into
equivalent human b last response and mechanisms of injury while providing the basis for
experimental testing for prevention and mitigation strategies. We present in this study a
novel murine model of blast neurotrauma with blast duration and peak overpressure
levels scaled fom a more typical human exposure. A helium driven shock tube was used
to deliver blast shock to the exposed head of murine specimens with a protected torso.
Motor and behavioral outcomes are presented at multiple endpoints along with
representative, time matched histological outcomes to detect frank neuron degeneration.
We establish murine lethality risk levels to blast and present in situ intracranial pressure
measurements due to blast wave transmission at multiple blast levels for cadaveric

specimens.
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7.2 Methods

Shock Tube and Protective Mouse Chamber

A 78 mm diameter aluminum shock tube (Figure 7-1, A) was used to generate blast
shocks representative of real world, open-field high explosives. The shock tube consists
of a 1240 mm long driven section and a 25 mm driver, permitting the generation of planar
EOEUUWPEYI UwbbPUTl wEwWUT OUUwxOUDPUDPYIT wxT EUI wEUUEUE
the exit of the shock tube. The diaphragm is composed of sheets of polyethylene
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driver section until the diaphragm ruptures, generating the shock wave that travels down

the driven section of the shock tube. Repeated tests at the same diaphragm thickness

produced a 4% standard deviation in peak overpressure. Full shock tube design and

specifications are detailed in a prior publication (Panzer et al., 2012h) Three flush-

mounted pressure transducers (Endevco 8530B, San Juan Capistrano, CA, USA) spaced

evenly around the end of the shock tube acquired overpressure data in an incident (side

on) configuration. Overpressure data was recorded using a data acquisition system

(meDAQ, Hi-Techniques, Madison, WI, USA) sampling at 1 MHz with a 500 kHz

hardware anti -aliasing filter. An 8 -pole unbiased Butterworth filter with a 40 kHz cutoff

frequency was used to postprocess the data.
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Figure 7-1. (A) Shock tube schematic and protective specimen chamber, (B)
behavior testing timeline, (C) ICP measurement procedure

(A). Short duration blasts were generated by an aluminum shock tube (left) adapted
from Panzer et al. 2012 (Panzer et al., 2012b)A protective mouse chamber (right) was
used to protect the torso and hold the animal specimen in place during exposure to the
blast.

(B). Timeline of behavior testing for the four survival cohorts for Rotarod (RR) and
Morris wate r maze (MWM) testing. Animals are survived until their designated
survival length after which were euthanized and brain tissue taken for histological
assessment.

(C). ICP measurements were recorded during blast transmission on fresh cadaveric
mice. A small 1.5 mm bore hole was made through the skull adjacent to the lambda. A
pressure transducer was inserted into the brain parenchyma. The bore hole was back -
filled with saline and sealed with a small amount of casting resin, anchoring the
transducer in place and closing the incision.
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A protective mouse holder was used to hold the animal at a set standoff distance
(15 mm) from the exit of the shock tube during testing ( Figure 7-1, A). The test mouse lies
prone in the chamber which is then mounted immediately beneath the vertically place
shock tube. At this standoff, the blast shock wave has been measured to be planar when
it impinges upon the head of the specimen (Panzer et al.,2012b) The unprotected head of
the mouse is exposed to the wave while the body is encased within the aluminum
chamber, simulating the protection of hard body armor and preventing any overpressure
exposure to the torso. A pressure transducer mounted to the body of the protective
chamber acquired overpressure data to check that any rise in pressure for the thorax was
minimal. The torso shielding and position of the chamber effectively isolates the blast to
the head and brain. Full protective chamber design and parts are detailed in a separate
publication (Gullotti et al., 2014).
Scaling Law

To translate the mouse response to blast to the human equivalent esponse, mass
scaling laws based on historical pulmonary blast models were used to scale the blast wave
positive duration to a 70 kg human reference level (Bowen et al., 1968a) The scaling rule
is based on the cubed root of body mass, comparable to simple length scaling laws for
bluntimpact injury (Eppinger, 1976) For small animal models as in the present study, this
form of scaling necessitates a much shorter blast positive phase duration to achieve the
human equivalent value.
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Animal Preparation and Injury

All animal procedures in this study followed the Guide for the Care and Use of
Laboratory Animals and were approved by the Duke University Institutional Animal
Care and Use Committee (IACUC) in efforts to minimize animal discomfort . Adult 14to
16-week-old C57BI/6J male mice (Jackson Laboratories, Bar Brbor, Maine) were
randomized into control and experimental groups. Anima Is (n = 76) weredivided into the
following cohorts: 1 day survival (control n = 6, blast injured n = 7), 7 day survival (control
n = 7, blast injured n = 12), 14 day survival (control n = 5, blast injured n = 15, and 34 day
survival (nominally 5 weeks; control n = 8, blast injured n = 16. Animals were survived
the number of days after injury as indicated by their cohort then euthanized for brain
tissue histopathology assessment.The average mass of the mice was 27.7 + 3 g.he
animals were housed with free access to food and water in al2-hour light -dark cycle at a
housing temperature of 22° C. Mice were allowed a minimum of five days to acclimate
before experimental testing began. All procedures and behavioral assessments were
performed by researchers blinded from the experimental conditions .

The mice were anesthetized with 4.3% isoflurane in oxygen at a FiO2 of 30% in an
anesthesia induction box for 90 sec. The mouse trachea was theintubated with 20-gauge
teflon catheter, and the lung mechanically ventilated with a 0.7 ml tidal volume at 110
breaths per minute. The concentration of isoflurane was reduced to 1.6% to maintain
anesthesia. Body temperature was regulated at 37.0°C witha heating pad and a heating
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lamp connected to a temperature controller unit. To minimize interaction with the blast
wave, the head and neck was shaved. Anthropometric measurements were taken of the
head and neck. Polyurethane foam ear plugswere inserted into the ear canal of the mouse
to prevent damage to the tympanic membrane. 0.2 mL of 0.5% standard bupivacaine was
injected into the intraperitoneal space as a general analgesic. At this point, the intubated
mouse was placed into the mouse chamber and postioned prior to blast exposure as
indicated in Figure 7-1, A. Animals remained on 1.6% isoflurane while lying prone within
the chamber. Immediately before the blast, the animal was extubated to prevent any
damage from the catheter during the blast. The shock tube was triggered, initiating the
shock wave for the blast cohort animals. Sham control animals did not receive the blast
injury. Immediately post injury, the animal was removed from the chamber and brought
to a recovery area. Mice were checked f@ spontaneous recovery of breathing. Recovered
animals were monitored for their righting response . We noted the time it took for the
animal to adopt a prone position after an initial supine position. Apneic animals that did
not recover spontaneously were reintubated and lungs mechanically ventilated at a FiO2
of 30% until breathing returned, after which the catheter was removed. Animals were
inspected for ear, eyes, mouth, and trachea damage. A recovery cage was used to house
the animals upon completion of the experiment at which point they were returned to the

home cages.

166



Testing of Motor Deficits

Behavioral testing followed the timeline and indicated in Figure 7-1, C.
Vestibulomotor function before and after injury was assessed using an automated
Rotarod (RR; Ugo Basile, Comerio, Italy) (Hamm et al., 1994) Mice are placed onto
rotating, accelerating rod and walk until they can no longer maintain a stationary position.
The latency time to fall is defined as the time until the mouse fell from the rod (maximum
of 300 s) or until the mouse held onto the rod for two full revolutions without attempting
to walk. One day prior to blast injury, mice underwent two consecutive training trials at
a set rotational speed (16 RPM) for 60s followed by three additional trials (inter trial
interval of 15 minutes) with an accelerating rotation (4 to 40 RPM over a maximum of 300
s). The average of these three replicates is considered the prénjury baseline level. All
mice underwent daily tests of three trials on post -blast injury days 1-7, 14, 21, and 28,
depending on the survival cohort (e.g., 14-day survival cohort underwent RR assessments
post-blast injury days 1-7 and 14, but not on days 21and 28 as the cohort was euthanized
following assessment for histopathology exam).
Testing of Cognitive Deficits

Long term spatial learning and memory deficits were evaluated using the Morris
Water Maze (MWM) four weeks following blast injury for animals in the 35 day survival
cohort (Morris, 1984). Performance was assessed in a blackened pool @5cm diameter,
60cm depth) filled with water (25 -27°C) made opaque with powdered milk. The pool was
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kept in a room dedicated to behavioral assessments with a consistent environment

throughout the phase of testing. A small escape platform (7.5 cm diameter) is submerged

1cm below the water surface. Prior to assessment, mice were trained with a visible escape

platform to habituate mice to handling and swimming, as well as learning the goal of the
maze. This pretraining decreases stress which can negatively ifluence MWM
performance (Holscher, 1999) Hidden platform tests for te sting of spatial acquisition
(Vorhees and Williams, 2006)were performed for four days on post -blast injury days 294
32, with four trials per day (30 minute intertri al interval). The goal platform was placed at
a constant location and extramaze markers provided visual cues. During each trial, mice
were placed into the pool facing the wall and were allowed to locate the hidden platform
for a maximum of 90 s. If the seach was not successful within the timeframe, they were
guided to the platform and remained on the platform for 10 s before returning to heated
home cages. One of four different starting quadrants was selected for each trial with
starting quadrants randomly determined each day. The latency time to find the
submerged goal platform was recorded by a video tracking system (Ethovision 2.2.14,
Noldus Information Technology, Leesburg, VA). A visible platform test was conducted
on the final day to ensure that any deficits were not due to simple visual pathologies.
Brain Tissue Acquisition an#fistologyPreparation

Brain tissue was acquired from all mice on days after blast injury in accordance
PDUT wi EET wEOT OUUZzZUwWOI O1T UT woi wUUWed welddaney
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mice were euthanized and subject to slow transcardial perfusion with 50 mL phosphate
buffered saline (PBS). Whole brains were promptly removed and immersion fixed in 4%
formaldehyde for 24 hours, then transferred into 30% sucrose/PBS and $ored at 4°C.
Sagittal sections (40 um) of fixed brain were cut on a freezing microtome and collected in
a cryoprotectant solution of ethylene glycol, sucrose, and sodium phosphate. Standard
protocols were used for all histological preparations and as prev iously described (Lei et
al., 2013, Wang et al., 2013a, Wang et al., 2013Bor immunostaining, sectioned tissue was
incubated in 1% hydrogen peroxide, permeabilized with 0.1% saponin, and blocked with

10% goat serum.

Brain sections were stained with hematoxylin and eosin (H&E), silver staining for
degenerating neurons (FD NeuroTechnologies Inc., Columbia, MD), Fluoro-Jade B for
early neurodegeneration (FJB; Histo-Chem Inc., Jefferson, AR), biotinylated goat anti-
mouse IgG for blood brain barrier disruption (Vector Laboratories, | nc., Burlingame, CA),
and anti-rat F4/80 antibody specific for activated microglia (rat monoclonal, 1:10,000;
Serotec, Raleigh, NC). Brain sections were mounted on glass slides, dehydrated, cleared,
and cover slipped using DPX mounting media (Fluka, Milwau kee, WI, USA).
Stereological analysis was performed using a Nikon 218912 light microscope interfaced
with the Stereolnvestigator software package (MicroBrightField, Williston, VT).
Representative histology results are presented as formal quantitative analysis was
unnecessary due to the absence of any detectable gross neurodegenerative changes.
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Corpus callosum thickness was measured on mounted brain slices stained with
H&E from the 35 day survival cohort. Measurements were taken at three locations across
the CC midbody and isthmus, superior to the CA1 and CA2 regions of the hippocampus.
A one-way ANOVA was used to compare the CC thickness of blast injured and sham
control groups.
Intracranial Pressure Measurements

Intracranial pressure (ICP) due to blast wave transmission through the head was
assessed using twelve cadaveric C57BI/6J mice. Animals were euthanized and prepared
within 45 minutes to minimize effects of brain tissue degradation ( Figure 7-1, C). An
incision is made along the dorsal midline to expose the calvarium. A small 1.5 mm bore
hole was made through the skull adjacent to the lambda to fit a fiber optic pressure
transducer (FISO FORM-PK, FISO Technologies, Inc, Quebec, Canada). The pressure
transducer is inserted into the brain parenchyma. Insertion depth of 5 mm and location
were kept constant across cadavers. The bore hole was backilled with saline and sealed
using a small amount of two -part polyurethane c asting resin. The animal was then placed
into the protective mouse chamber and subjected to blast as shown in Figure 7-1, A.
Experimental setup and data acquisition followed the shock tube methodology as
indicated previously. Four pressure ranges, corresponding to four diaphragm
thicknesses, were selected to anajze ICP across a range of exposures (approximate peak
reflected pressures of 450 kPa, 800 kPa, 1150 kPa, and 1300 kPa). As peak reflected
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pressure is more representative of the applied pressure measured intracranially (Panzer
et al., 2012c) incident overpressure data from shock tube pressure transducers were
converted to reflected overpressures using Rankine-Hugoniot relations (Iremonger, 1997)
Statistical Analysis

Blast lethality risk based on peak overpressure was analyzed with a parametric
survival analysis with an assumed Weibull distribution accounting for censored failure
(lethality) and non -failure (survival) data. A total of 8 mouse subjects out of the 50 animals
subjected to blast injury died after blast exposure across the animal cohorts. A 50%
lethality risk and 95% confidence interval was determined from the survival data and the
range of peak overpressures.

Rotarod performance was first assessed globally with all animal subjects with a
two -way analysis of variance (ANOVA) of time (day) and group. A repeated measures
ANOVA with time as the repeated variable then was performed on RR data for only the
35-day survival cohort (repeated measures ANOVA could not be run on the entire dataset
due to missing data points from animals euthanized for histological examination).
Significance of group, time, and group by time interaction were the same in both analyses
so a repeated measures analysis for RR éhavior was deemed valid. RR data was further
examined by breaking down time into two phases of recovery { days 1-7 and days 1428
post-blast injury. Assessment of recovery of motor deficits were based on results of the
group by time interaction. Morris Wa ter Maze performance was analyzed using a three-
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way, repeated measures ANOVA of time (day), group, and trial (trial within day), with
time as the repeated measure. Differences in learning of the MWM task between blast and
sham control groups were determined by the group by time interaction. Statistical
significance was set at p < 0.05 for all tests. All reported values are expressed as mean *

S.D. unless otherwise indicated.

7.3 Results

Mouse lethality risk from clinically relevant blast loading

The present bast injury model can generate Friedlander-like blast waves while
modeling the use of protective hard body armor. An example pressure -time history
measured in an incident configuration at the end of the shock tube is shown in Figure 7-2.
Example pressure-time history from the current shock tube injury model . Evident in the
trace is the nearinstantaneous rise in overpressure, a sharp overpressure peak, and an
exponential falloff to ambient conditions with minimal negative phase. There is a distinct
OEEOQwOi w?NI OwbpbOE > wE U land thésmalii ghswdlumérigddedfolbarst | UwE T U
the diaphragm to generate the shock wave. The injury model generated peak incident
overpressures of 241 + 10.5 kPd).77 £ 0.03 mgositive phase duration, and 69.4 + 4.9%Pa-
ms impulse using the same diaphragm thickness of 0.5842 mm. Scaling these results to a
70 kg human using Equation 1, blasts had a scaled positive duration of 10.5 + 0.5ms,
approximately equivalent to a 75 kg TNT charge size at a range of 9 m as indicated by the

Conventional Weapons Effects Program (CONWEP) (Hyde, 1991).
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Figure 7-2. Example pressure-time history from the current shock tube injury
model

An example Friedlander -like pressure response for a 241 + 10.5 kPa peak incident
overpressure and 0.77 £ 0.03 ms unscaled positive phase duration blast. There is a quick
rise in pressure from ambient conditions with an  exponential decay. The lack of a long
Ol TEUDYI wxT EUIl wbUwl YPEI OUWEUT wUOOwWUT T wOEEOWOI w?
driver sections.

A total of 42 out of the 50 blast tested mice survived the injury. Mice in tests with
fatalities were not able spontaneously recover from apneic responses despite reintubation
to a ventilator delivering supplemental oxygen. Gross tissue autopsy in fatal subjects
showed no bleeding or injury to air -filled organs. Examination of the head and neck
showed no overt damage. Further gross analysis on nonperfused brain tissue showed no
brain bleeding or hematomas. A parametric survival analysis performed on lethality and

survival outcomes shows a 50% risk of lethality on mouse subjects exposed to peak

incident overpressure of 260+ 12 kPa at positive overpressure of 0.77 ms Figure 7-3, A).
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Mice that survived the blast displayed a delayed righting reflex response
compared sham animals (Figure 7-3, B). The righting response is indicative of neurologic
restoration after injury or anesthesia. In blasted animals, this response was suppressed
with ri ghting time of 460 + 284 seconds compared to 42 13 seconds for sham animals A
significant group difference was found (p < 0.001) between the two treatment groups.

A Mouse 50% Lethality Risk from Blast:
260 =12 kPa, 0.77 ms
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Figure 7-3. (A) Mouse lethality risk fr om blast and (B) post-blast righting
response
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(A). Fatality data from all animals are shown (1 = fatal, O = survival). A parametric
survival analysis assuming a Weibull distribution was conducted. The lethality risk
curve and 95% confidence interval corridors as a function of peak incident overpressur e
are presented. The 50% risk of lethality from blast in this injury model is 260 = 12 kPa
peak incident overpressure at overpressure duration of 0.77 ms.
(B). The box plots display the righting time for animals to return to a prone position
after being p laced on their backs after removal from the blast chamber. A significant
group difference was found (p < 0.001) between the blast injured and sham groups.
Blasted animals displayed a righting time of 460 + 284 seconds compared to 42 + 13
seconds for sham animals.
Blast injury is associated with immediate vestibulomotor deficits and a slow recovery period
Performance on the Rotarod test (RR) revealed that blast injury was associated
with an immediate motor function deficit compared to uninjured control animals. RR data
was first analyzed with a global ANOVA including all animals at all times assessed. Prior
to injury on day 0, no significant differences in RR performance were observed between
the two experimental groups. A significant group effect (p < 0.0001), reflecting overall
differences between control and experimental groups, a significant time effect (p < 0.0001),
indicating the attenuation of fall latencies over time, and no significant group by time
interaction (p > 0.09), were observed over the course of 28 days. As only the animals in the
35-day survival cohort were assessed up to postblast day 28 a repeated measures
analysis was then performed on data from mice in this cohort. A repeated measures
ANOVA is appropriate for comparing control and injured groups over time as RR data
tend to be normally distributed and the assessment for this cohort was conducted

repeatedly over a course of five weeks(Hamm, 2001). RR data for the 35-day survival mice

are shown in Figure 7-4, A. A significant group effect (p < 0.0001), a significant time effect
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(p < 0.0001), and no significant group by time interaction (p > 0.12), were observed over
the course of pre-injury to 28 days. Since trends were similar to the global analysis, only
results from the repeated measures ANOVA on the 35day survival cohort was

considered in the subsequent analysis.

+ Sham Control
© Blast

Vision Test

+ Sham Control
© Blast

Figure 7-4 Rotarod and Morris water maze assessment
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