
 

i

v 

 

 

Cavitation in Blunt Traumatic Brain Injury  

by 

Christopher Paul Eckersley 

Department of Biomedical Engineering  

Duke University  

 

Date:_______________________ 

Approved:  

 

___________________________ 

"ÈÔÌÙÖÕɯȿ#ÈÓÌɀɯ!ÈÚÚȮɯ ËÝÐÚÖÙ 

 

___________________________ 

Jason Luck 

 

___________________________ 

Marc Sommer 

 

___________________________ 

Gianmarco Pinton 

 

___________________________ 

Joel Morgenlander 

 

Dissertation submitted in partial fulfillment of  

the requirements for the degree of Doctor 

of Philosophy  in the Department of  

Biomedical Engineering in the Graduate School 

of Duke University  

 

2021 

 

 



 

i

v 

 

ABSTRACT 

Cavitation in Blunt Traumatic Brain Injury  

by 

Christopher Paul Eckersley 

Department of Biomedical Engineering  

Duke University  

 

Date:_______________________ 

Approved:  

 

___________________________ 

CameÙÖÕɯȿ#ÈÓÌɀɯ!ÈÚÚȮɯ ËÝÐÚÖÙ 

 

___________________________ 

Jason Luck 

 

___________________________ 

Marc Sommer 

 

___________________________ 

Gianmarco Pinton 

 

___________________________ 

Joel Morgenlander 

 

An abstract of a dissertation submitted in partial  

fulfillment of the requirements for the degree  

of Doctor of Philosophy  in the Department of  

Biomedical Engineering in the Graduate School of 

Duke University  

 

2021 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by  

Christopher Paul Eckersley 

2021 

 



 

 

iv  

Abstract 

Traumatic Brain Injury (TBI) has become a marquee injury of this generation, 

prevalent in both military and civilian populations  (Meaney 2014). Blunt impacts to the 

head are the known cause of approximately 1.7 million o f TBI hospitalizations per year 

(Meaney 2014), and while mild TBI has the highest incidence (approximately 75% of TBIs) 

the injuries range from mild concussions to life threating severe bleeding within the brain 

(Meaney 2014). 

Due to wide spread prominence, blunt impact TBI has garnered a wealth of 

academic research interest focusing on the full spectrum of the biological scale, from 

subcellular and cellular response, to global human body modeling. The foundational 

theory of current blunt impact TBI re search is neurological tissue damage by simple shear 

strain caused by motion of the skull (Cullen 2016, Alshareef 2020). While this likely 

contributes to tissue damage, its global perspective does not provide a satisfactory 

solution to the focal symptomology of TBI etiology. This is most lik ely because there are 

less appreciated mechanisms of injury contributing to TB I such as shear shock formation 

or cerebrospinal fluid (CSF) cavitation. 

The focus of this dissertation is to unpack the role of CSF cavitation in blunt impact 

TBI and contribute an important piece missin g from the mechanistic understanding of 

TBI. This work develops an acoustic biomarker that indicates transient cavitation collapse, 
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uses this biomarker to investigate cavitation mechanisms, observes cavitation in fresh, 

non-frozen, full body pig cadaver bl unt impact testing, and provides clinical implications 

for transient cavitation through a reanalysis of live subhuman primate seminal data. It 

takes advantage of the large magnitude wideband acoustic emission of transient 

cavitation collapse, advanced acoustic sensor technology, and novel acoustic analysis 

methods to uncover a piece of the mechanistic mystery surrounding blunt impact TBI.  

There are five major conclusions reached in this dissertation. 1: The blunt impact 

head kinematics that induce cavitatio n are not significantly influenced by neck strength 

or cervical muscle activation. 2: Broadband acoustic emissions can be used as an acoustic 

biomarker to detect the incidence of transient cavitation  collapse through the skull . 3: 

Compliance of the vessel containing a cavitating medium significantly influences the 

levels at which cavitation occurs during a blunt impact. 4: Blunt impact CSF cavitation 

occurs in a fresh, non-frozen, uncompromised pig cadaver head at impact levels below 

catastrophic injury  thresholds. 5: Brain contusions are a potential clinical implication of 

transient cavitation collapse. 

Due to a lack of tools and technology, previous work on blunt impact cavitation 

was restricted to experimentation  with limitations prohibiting the direct st udy of 

intracranial transient CSF cavitation. This innovative work  provide s direct observation of 

blunt impact CSF cavitation  that benefits tools, injury risk functions, safety device design, 

and detection methodologies. 
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1.  Introduction  

1.1  Statement of the Problem 

Traumatic Brain Injury (TBI) has become a marquee injury of this generati on, 

prevalent in both military and civilian populations  (Meaney 2014). Recent literature (Lo 

2020) indicates there is a reported age standardized rate of 605 TBIs per 100,000 United 

States citizens (James 2019), resulting in  2.9 million TBI related emergency department 

visits, hospitalizations , or deaths among all ages (CDC 2014) and approximate ly 17.4 

billion dollars in direct injury related costs (Finkelstein 2006). Blunt impacts to the head 

were the known cause of approximately 1.7 million of these TBI hospitalizations (Meaney 

2014), and while mild TBI has the highest incidence (approximately 75% of TBIs) the 

inju ries range from mild concussion to severe bleeding within the brain  (Meaney 2014). 

When broken down by mode of injury, blunt  impact TBI plagues populati ons in 

society differently . Based on United States adult  emergency department visit d ata from 

2014, ages 15 ɬ 34 had the highest rates of TBI from motor vehicle crashes and being 

unintentionally struck by or against an object  (200 and 172 cases per 100,000 population 

respectively), while ages 65+ saw highest rates of TBI due to unintentional falls (912 per 

100,000 population) (CDC 2014). These three modes account for 78% of TBIs seen in the 

civilian population  (CDC 2014).  

These modes vary in a military population that experiences different daily threats. 

While personnel are in garrison, these same modes (motor vehicle crash, struck by object, 
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falls) account for approximately 53% of TBI while an additional 15% are caused by 

parachute accidents (Regasa 2019). However,  in garrison  TBI accounts for  only  45% of 

military TBI injury, the remaining 55% occur when military personnel are deployed  

(Regasa 2019).  When deployed, 66% of TBI are due to blast wave exposure (Regasa 2019). 

Despite the prevalence of blast induce TBI in deployed populations, blunt impact TBI 

remains a pertinent injury mode for military personnel.  

Due to wide spread prominence, blunt impact TBI  has garnered a wealth of 

academic research interest focusing on the full  spectrum of the biological scale, from 

subcellular and cellular  response to global human body modeling. Despite the varied 

range of focus, current research on blunt impact TBI can be categorized into several 

overarching questions of interest (Meaney 2014): What are the loading conditions that 

result in TBI? How are these loads transferred to the brain, and what characteristics of an 

impact are strong predictors of neurotrauma? What are the mechanisms by which 

neurological damage results in acute symptomology? What mechanisms of injury result 

in the greatest functional impairments, and do these have chronic injury consequences? 

Despite the increased understanding of TBI etiology  achieved, satisfactory 

conclusions to these fundamental questions continue to evade the research field. This 

research problem can seem unbounded in magnitude due to the complexity of the impact 

variables, neurological system, and human variability. However , when particular hurdles  

are cleared, a more nuanced understanding of blunt impact TBI will be reached.  
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The first is experimental technology to enable accurate experimentation  and 

assessment in living models. The complexity of the neurological system makes it difficult 

to create biofidelic surrogates for study , meaning in-vivo experimentation is essential to a 

nuanced understanding of TBI etiology. In the past decade, injury biomechanics has 

witnessed vast improvements  in on field sensor technology, real time imaging techniques, 

and symptomology diagnosis and treatmen t (Sussman 2016, O'Connor 2017, Kontos 2018, 

Knutsen 2020). However, these technologies still have not achieved satisfactory levels of 

accuracy, reliability, and repeatability.  

For example, the limitations of these technologies have made it difficult to reach a 

consensus on the in-vivo properties of neurological tissue  (Chatelin 2010). Furthermore, 

ËÜÌɯÛÖɯÛÏÌɯÉÙÈÐÕɀÚɯanatomical complexity, the field has not tested properties of many brain 

structures vital to TBI etiology,  such as the interface between the skull, dura, and subdural 

space. This has made it challenging to understand the interaction of neurological 

structures under blunt impact loading. The accuracy of f inite element models, a state of 

the art tool for TBI research, hinges on the understanding of these material properties and 

interactions. Until the field has achieved this understanding, the conclusions drawn from 

finite  element models will be limited, regardless of ÛÏÌɯÔÖËÌÓɀÚɯÈÕÈÛÖÔÐÊÈÓɯÎÙÈÕÜÓÈÙÐÛà.  

These issues are primarily relevant to a large portion of TBI research focused on 

determini ng loading thresholds for injury. However,  understanding the mechanisms by 

which these loading conditions damage tissue is equally important to unraveling t he 
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complex etiology of TBI.  The foundational theory for  current injur y threshold research is 

neurological tissue damaged caused a by a shear wave generated from rotational motion 

of the skull (Cullen 2016, Alshareef 2020). While this likely contributes to tissue damage, 

its global perspective does not provide a satisfactory  solution to the focal symptomology 

of TBI etiology . This is most likely because there are less appreciated mechanisms of injury  

also contributing to TBI such as shear shock formation, and cerebrospinal fluid (CSF) 

cavitation.  

The focus of this dissertation is to unpack the role of CSF cavitation in blunt impact  

TBI, and contribute an important piece missing from the mechanistic understanding of 

TBIȭɯ"2%ɯÊÈÝÐÛÈÛÐÖÕɯÞÈÚɯÍÐÙÚÛɯ×ÙÖ×ÖÚÌËɯÈÚɯÈɯÔÌÊÏÈÕÐÚÔɯÖÍɯÐÕÑÜÙàɯÐÕɯÛÏÌɯƕƝƙƔɀs, and has 

since been shown to have implications for neurological tissue damage if CSF cavitation 

occurs within the skull (Canchi 2017, Haniff 2017, Rapet 2019, Dougan 2020). However, 

whether CSF cavitation occurs under blunt impact loading conditions remains an 

unsettled question in the biomechanics community (Nusholtz 1997, Takhounts 2008, 

Singh 2015). This is due to two primary reasons; from a finite element modeling approach , 

the pressure threshold for CSF cavitation is debated due to the difficulty of recreating 

biofidelic conditions of in-vivo CSF (Takhounts 2008, Singh 2015, Salzar 2017).  From an 

experimental approach, the skull serves as a barrier for observing cavitation phenomenon 

in the head with state of the art  imaging techniques. This requires experimental methods 



 

5 

to use surrogates whose lack of biofidelity limit s conclusions (Nusholtz 1995, Nusholtz 

1997, Canchi 2017, Haniff 2017, Rapet 2019). 

The collapse of transient cavitation bubbles have been shown to generate 

wideband  point source acoustic emissions upon collapse (Young 1989). These cavitation 

acoustic emissions have been shown to be audible and highly specific, indicating 

cavitation formation can be identified from its acoustic output  (Ilyichev 1989). Due to 

recent advances in acoustic sensing technology, literature has used acoustic emissions in 

the 1-3 MHz range to detect cavitation in soft tissue (Coleman 1996, Zhong 1997, 

Carstensen 2000, Li 2019). Due to the acoustic impedance mismatch and the viscoelastic 

properties of the skull and surrounding tis sues, acoustic waves at these frequencies can 

be attenuated 10-30 dB through the skull , making them difficult to differenti ate from noise 

(Fry 1978, Eckersley 2020). Lower frequencies emitted by cavitation collapse, while able 

to pass through the skull with less damping, are potentially not distinguishable from 

structural response of other events surrounding the impact. Because of this, any acoustic 

cavitation  signal needs to be decomposed appropriately in both time and frequency space. 

The wavelet transform is a technique for analyzing acoustic data in time and 

frequency space simultaneously. To determine frequency inform ation, the acoustic signal 

is decomposed using a mother wavelet with  particular frequency content that is 

compressed and dilated at a particular location in t he signal. The technique translates each 

transformation through the signal to provide correlation values between the signal and 
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wavelet at given points in  frequency and time. 

To answer fundamental questions on the presence of cavitation in the brain under 

blunt  impact loading, t his work investigates the role of neck musculature in cavitation 

formation,  develops an acoustic biomarker that indicates transient cavitation collapse, 

uses this biomarker to investigate cavitation mechanisms, observes cavitation in fresh, 

non-frozen, full body pig cadaver blunt impact testing, and provides clinical implications  

for transient cavitation through a reanalysis of live subhuman primate seminal data . It 

takes advantage of the large amplitude  wideband acoustic emission of transient cavitation 

collapse, advanced acoustic sensor technology, and novel acoustic analysis methods to 

uncover a piece of the mechanistic mystery surrounding blunt impact TBI. Blunt i mpact 

TBI is a problem plaguing both civilia n and military populations, and a foundation al 

understanding of the injury mechanisms is pertinent to the development of pr eventative 

technologies, detection devices, and treatment plans. 

1.2 Clinical Significance 

With the rapid increase in awareness of the morbidity of less severe blunt impact 

TBI and the increased understanding of its acute and chronic effects on civilian and soldier 

health, it is imperative to develop a nuanced  mechanistic understanding of TBI. Current 

state of the art clinical understanding of TBI has become refined with precise definitions, 

various subsets of TBI diagnosis, and patient specific treatment plans (Collins 2014, 

Kontos 2018, Doperak 2019). Clinicians have identified signs and symptoms of TBI  that 
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span a breadth of impairments including cognitive, physical, emotional , and sleep 

(Kontos 2018). As an example, over 23 common symptoms have been identified for 

concussion alone, 11 of which warrant immediate medical attention (Kontos 2018). These 

do not even consider more severe injuries such as diffuse axonal injury and brain bleeds. 

Based on the treatment of thousands of patients, clinicians have grouped these symptoms 

into six  clinical profiles ( Figure 1-1). Patients then receive a specific active rehabilitative 

treatment plan based on which profiles their symptoms fall into and whether the profile 

is primary, secondary or tertiary.  

 

Figure 1-1: Six Clinical Profiles of Concussion (Collins 2014) 
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However, the mechanistic understanding of TBI  does not currently capture this 

clinical  refinement, limiting the effectiveness of injury criterion and prevention strategies. 

This work aims to  investigate and uncover a particular mechanism of injury, cavitation. 

The work will : elucidate impact conditions that  cause cavitation, determine where in the 

head cavitation is likely to cause injury, and uncover the specific pathology of cavitation. 

This work is imperative to  transitioning the biomechanical understanding of TBI as a 

holistic injury, to a nuanced one, that provides specific injury locations from particular 

mechanisms. This will enable increasingly effective injury criterion, injury prevention 

strategies, and protective equipment.  

My work is clinically significant because it provides an acoustic biomarker for the 

incidence of TBI within the head, a novel component to the toolbox of TBI detection and 

analysis. This differs from current  TBI tools by providing the biofidelity of an  

uncomprom ised skull cavity as seen in epidemiology studies, with specific mec hanistic 

motivation of the limited experim ental methods. This work serves as a cornerstone for the 

development of more useful research tools, sensitive injury risk functions, effective safety 

devices, and accurate detection methods. This work  will bolster the mechanistic 

understanding of TBI closer to the clinical refinement of the injury, and aid to propel 

clinical diagnosis and treatment of TBI  even further .  
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1.3 Specific Aims  

The objective of this dissertation is to complete a series of experiments that will 

deepen the understanding of a particular  blunt impact  TBI mechanism, CSF cavitation. 

This work develops a new tool for intracranial  cavitation detection, uses this to detect 

blunt impact cavitation in a  full body  pig  cadaver model, and provides clinical 

implications for CSF cavitation given a reanalysis of seminal live animal tests using 

modern tools and cavitation theory . The results of this work  elucidate the blunt impact 

loading conditions that produce CSF cavitation and how this loading contributes to  a 

particular TBI etiology.  I used finite element modeling,  surrogate model experiments, 

cadaveric pig testing, and retrospective data analysis to achieve this objective. The specific 

aims of this dissertation include:  

1. Investigate the role cervical muscle strength plays in blunt impact head kinematics and the 

biofidelity of common experimental neck conditions. 

2. Develop and validate an acoustic signature for blunt induced cavitation formation through 

controlled model experiments. 

3. Determine the role container compliance plays in transient cavitation to understand 

cavitation in biological systems. 

4. Investigate cavitation formation under blunt impact in a cadaver pig model using this 

acoustic biomarker. 



 

10 

5. Reanalyze seminal live subhuman primate head injury data to provide novel insight to 

clinical implications of transient cavitation. 

I will use the results of these specific aims to inform these hypotheses: 

1. Head kinematics do not vary with neck activation due to low short term human 

head-to-neck coupling; because of the lack of coupling, free-head experimental 

conditions have higher biofidelity than Hybrid III necks.  

2. Upon collapse, cavitation bubbles will emit a wideband acoustic emission that is 

distinguishable from blunt impact noise and detected across the skull. 

3. Blunt impact causes shear waves in a compliant container, generating transient 

localized volume increases, resulting in localized contre-coup pressure decreases. 

4. Transient cavitation  acoustic emissions can be detected through uncompromised 

pig cadaver heads, and intracranial CSF cavitation occurs at impact levels below 

catastrophic injury  thresholds. 

5. Reanalysis of seminal live subhuman primate testing with novel tools and 

cavitation theory will provide insight to clinical implications of CSF cavitation.  

The achievement of these aims provides an innovative contribution to 

understanding the biomechanics of injury in the brain. This work provides a novel tool, 

an acoustic biomarker defined by frequency content and temporal location w ith respect 

to the impact event. This alleviates many of the limitations o f previous experimental 

methods and enables blunt impact cavitation testing in a novel model, the 
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uncompromised head of a cadaveric pig. These tests provide empirical evidence for the 

presence of cavitation during blunt impact loading, and translate the injuries seen during 

positive cavitation tests to injuries observed in  previous live subhuman primate testing . 

This innovative work  provide s a foundation  for research tools, injury risk functions , safety 

device design, and detection methodologies. 
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2. Literature Review 

This literature review summarizes the current body of work  pertinent to this 

dissertation. I  investigate traumatic brain injury mechanisms and clinical status, relevant 

neuroanatomy, cavitation theory and its potential for injury, and acoustic emission theory. 

This literature review provide s context for the work presented in this dissertation and is 

a sampling of the full body of work on these topics. 

2.1 Traumatic Brian Injury 

2.1.1 Mechanisms of Traumatic Brain Injury 

Two major loading modes can contribute to TBI, blunt impacts and  primary  blast 

wave loading. Blunt impact to the head results in an inertial transfer of momentum and 

energy that causes skull deformation and transformation  that transmit stresses to the 

brain. This deformation and transformation produces damage in  the brain through two  

potential  primary  mechanisms: pressure gradients due to linear compression waves that 

create predominantly tensile stresses, and tissue shear stress from rotational motion of the 

skull  (Unterharnscheidt 1971, Thibault 1985, Margulies 1992, King 2003, Alshareef 2020). 

Biomechanics literature has decades of discussion on the relative importance  of linear and 

angular acceleration of the skull in predicting TBI. In reality, however, since the skull is 

ÕÖÛɯÈɯ×ÌÙÍÌÊÛɯÚ×ÏÌÙÌȮɯȿ×ÜÙÌɀɯÛÙÈÕÚÓÈÛÐÖÕÈÓɯÔÖÛÐÖÕ of the skull will produce rotational local 

ÚÛÙÈÐÕÚɯÐÕɯÛÏÌɯÉÙÈÐÕȮɯÈÕËɯÓÈÙÎÌɯȿ×ÜÙÌɀɯÙÖÛÈÛÐÖÕÈÓɯÔÖÛÐÖÕÚɯÈÉÖÜÛɯÛÏÌɯÏÌÈËɯÊÌÕÛer of gravity 

are not feasible owing to the head connection to the neck. So, both potentially play a role 
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in TBI in various combinations , as the complex geometry and anatomy create linear and 

rotational localized accelerations, regardless of kinematic inpu t.  

There are two additional , potential  mechanisms of injury hypothesized to play a 

role in blunt impact TBI; formation and focusing of shear shock waves and CSF cavitation. 

While historically underappreciated in the biomechanics community, the presence of  

shear shock in the brain has recently been shown under physiologically relevant distances 

and kinematic inputs (Giammarinaro 2016, Espindola 2017, Giammarinaro 2018, Bigler 

2020). The shear speed of sound in brain is approximately three  orders of magnitude  lower 

that the compressive speed of sound (2-5 m/s vs. 1500 m/s). This combined with brain  

nonlinear viscoelastic properties result in shear shocks forming in ex-vivo brain within a 

few centimeters of wave initiat ion (Espindola 2017, Bigler 2020). Furthermore the 

geometric curvature of the skull focuses and strengthens the inward propagation of shear 

waves, magnifying  the effect of shear shocks (Giammarinaro 2018). While CSF cavitation 

ÏÈÚɯÉÌÌÕɯÛÏÌÖÙÐáÌËɯÈÚɯÈɯÔÌÊÏÈÕÐÚÔɯÖÍɯ3!(ɯÚÐÕÊÌɯÛÏÌɯÔÐËɯƕƝƔƔɀÚȮɯÙÌÊÌÕÛ advancements in 

experimental technology have enabled the further study of this phenomenon. Since it is 

the focus of this dissertation, a later section is dedicated to the review of cavitation as a 

mechanism of TBI. 

Because the mode of loading for primary blast wave TBI is energy based with 

small brain strains to produce failure (Panzer 2012), very little deformation or translation 

of the skull occurs. Instead, the mechanism of injury is the phenomenon surrounding the 
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transfer of a high-speed pressure wave through the head. Specifically , localized stresses 

that arise at acoustic impedance mismatch interfaces and CSF cavitation from localized 

negative pressures (Bass 2012, Panzer 2012, Yu 2019). While primary blast wave TBI is not 

the focus of this dissertation, work investigating cavitation in blast injury laid the 

foundation for the acoustic tools and anal ysis used in this study (Yu 2019).  

2.1.2 Clinical Definitions and Treatment 

TBI is defined as a traumatically induc ed structural injury and/or physiologic 

disruption of brain function as a result of an external force  (DoD 2009). The severity of TBI 

is often determined using the Glasgow Coma Scale (GCS) (Teasdale 1974) with gr ades of 

severe, moderate, or mild (McKee 2015). The GCS assigns a score 3-15 with higher values 

being less severe. Scores are determined based on clinically assessed values of ocular, 

verbal, and motor function  (Table 1) (Teasdale 1974).  

Table 2-1: Standard Galsgow Coma Scale Scoring (Teasdale 1974) 

Eye Opening  Best Verbal Response Best Motor Response 

Spontaneous ɬ 4 

To Speech ɬ 3 

To Pain ɬ 2 

None ɬ 1 

Orientated ɬ 5 

Confused ɬ 4 

Inappropriate ɬ 3 

Incomprehensible ɬ 2 

None ɬ 1 

Obeying ɬ 5 

Localizing ɬ 4 

Flexing ɬ 3 

Extending ɬ 2 

None ɬ 1 

Total GCS Score: 3 (Severe) ɬ 15 (Mild)  

 

Severe TBI, associated with GCS scores of 3-8, is related to poor prognosis such as 

neurological disability, vegetative state, and death (McKee 2015). Symptoms of severe TBI 

are often due to subdural or subarachnoid bleeding, brain contusions, diffuse axonal 
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injury  (DAI) , or penetrating injuries.  Commonly , patients with severe TBI have high risk 

of secondary brain injuries, particularly brain swelling  (Hukkelhoven 2006). Acute 

treatment of severe TBI often requires sedation and management of intracranial pressure 

(ICP) through o smotherapy or  extensive decompressive craniotomies (Maas 2008). 

While moderate TBI, associated with GCS scores from 9-12, often results from  the 

same injuries as severe TBI (subdural or subarachnoid bleeding, DAI , or brain contusions), 

patients experience more subdued symptoms such as lethargy and stupor. Moderate TBI 

is often treated similar to severe TBI; a CT scan determines the extent of bleeding and 

structural damage, and the patient is monitored to manage ICP levels. Due to the nature 

of trauma that causes moderate TBI, patients need to be closely observed because 

symptoms can quickly progress from moderate to severe. 

Mild TBI (mTBI) , associated with GCS scores from 13-15, accounts for an estimated 

75-85% of TBIs (CDC 2003). While mTBI is often associated with no brain imaging 

changes, behavior consequences can have substantial morbidity. Because of this, many 

ÉÌÓÐÌÝÌɯȿÔÐÓËɀɯÛÖɯÉÌɯÈɯÔÐÚÕÖÔÌÙȮɯÈÚɯÛÏÌɯÐÕÑÜÙàɯÐÚɯÖÕÓàɯÔÐÓËɯÐÕɯÎÙÖÚÚɯÈÕÈÛÖÔÐÊÈÓɯÊÏÈÕÎÌɯÛÖɯ

the brain, not in patient clinical symptomology (Kontos 2018).  Therefore, mTBI is more 

commonly referred to as concussion by clinicians, as it provides a more precise reference 

to the context of the underlying mechanisms  (McCrory 2017). Because it is not associated 

with the same gross physiological changes observed in moderate and severe TBI, 

concussion is more difficult to defin e resulting in  a range of historical clinical definitions 
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(McCrory 2017, Kontos 2018). However, the closest consensus on a clinical definition 

arises from the Fifth International Conference on Con cussion, where a group of healthcare 

specialists and sports organizations developed a consensus statement (McCrory 2017): 

Ɂ2×ÖÙÛɯÙÌÓÈÛÌËɯÊÖÕÊÜÚÚÐÖÕɯÐÚɯÈɯÛÙÈÜÔÈÛÐÊɯÉÙÈÐÕɯÐÕÑÜÙàɯÐÕËÜÊÌËɯÉàɯÉÐÖÔÌÊÏÈÕÐÊÈÓɯforces. 

Several common features that may be utilized in clinically defining the nature of a concussive head 

injury include: 

¶ SRC may be caused either by a direct blow to the head, face, neck or elsewhere on 

the body with an impulsive force transmitted to the head. 

¶ SRC typically results in the rapid onset of short-lived impairment of neurological 

function that resolves spontaneously. However, in some cases, signs and 

symptoms evolve over a number of minutes to hours. 

¶ SRC may result in neuropathological changes, but the acute clinical signs and 

symptoms largely reflect a functional disturbance rather than a structural injury 

and, as such, no abnormality is seen on standard structural neuroimaging studies. 

¶ SRC results in a range of clinical signs and symptoms that may or may not involve 

loss of consciousness. Resolution of the clinical and cognitive features typically 

follows a sequential course. However, in some cases symptoms may be prolonged. 

The clinical signs and symptoms cannot be explained by drug, alcohol, or medication use, 

other injuries (such as cervical injuries, peripheral vestibular dysfunction, etc) or other 

comorbidities (eg, psychological factors or coexisting medical conditions).ɂɯ 
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In sports, concussion was historically something to  play through,  ÖÙɯȿÚÏÈÒÌɯÖÍÍɀ 

(Kontos 2018). When it was treated, patients were often prescribed rest with isolation  or 

even sensory deprivation  (sitting in a dark room), with mixed results  (Kontos 2018). 

Recently, clinical treatment of concussion has shifted to a more active approach through 

rehabilitation based on particular symptomology . Collins and Kontos have built a novel 

treatment model  that combines and formalizes innovative treatment strategies by 

clinicians (Collins 2014). The model breaks down the injury into  six clinical profiles 

(Figure 1-1) based on characterizations of symptoms, impairments, risk factors, and 

clinical outcomes. A concussion patient is given a diagnosis that consists of any 

combination of the six profiles with primary, secondary, and tertiary designation. This 

provides a map for a targeted treatment plan with active intervention and rehabilitation 

strategies for motor and psychological deficits.  

2.2 Neuroanatomy 

This section reviews particular brain regions  potentially  vulnerable to cavitation 

injury,  discussing structure, function , and symptomology that  may result upon damage.  

2.2.1 Cerebrospinal Fluid and Ventricular System 

Cerebrospinal fluid (CSF) is the primary interfa ce with brain matter making it a 

crucial component in understanding  brain biomechanics. CSF surrounds and permeates 

the brain located in the subarachnoid space and ventricles. It is a clear fluid composed 
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primarily of water with small amounts of proteins, electrol ytes, sugars, dissolved gasses, 

and other biological constitue nts (Table 2).  

Table 2-2: CSF Constituent Composition  

Molecule  CSF Composition  

Water 99% 

Sodium 138 mEq/L 

Potassium 2.8 mEq/L 

Chloride  119 mEq/L 

Bicarbonate 22 mEq/L 

Phosphorus 1.6 mg/dL 

Calcium 2.1 mEq/L 

Magnesium 2.3 mEq/L 

Iron  1.5 g/dL 

Urea 4.7 mmol/dL  

Creatinine 1.2 mg/dL 

Uric Acid  0.25 mg/dL 

Carbon Dioxide Tension 47 mmHg 

pH  7.33 

Oxygen 43 mmHg 

Glucose 60 mg/dL 

Lactate 1.6 mEq/L 

Pyruvate 0.08 mEq/L 

Proteins 0.035 gm/dL 

 

CSF experiences a complicated cycle of creation, flow, and absorption through the 

nervous system that indicates a more complex role than a protective buffer for the brain 

(Barshes 2005). Circulation of the CSF appears to act as a waste removal tool for the brains 

extracellular fluid, similar to the lymphatic system for other organs. Circulating CSF 

removes fat soluble, fat insoluble, and toxic molecules to maintain homeostasis within the 

brain (Barshes 2005) 
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Cavitation is hypothesized to occur in the CSF for two reasons. First, since it is 

composed of primarily water and  few tissue components, it has slightly lower  bulk 

modulus than all other  brain components (neurological tissue, skull, dura , vasculature) 

(McElhaney 1973, Ganpule 2018). Lower bulk modulus i ndicates a lower speed of sound 

(Equation 2.1).  

 
ὛὴὩὩὨ έὪ ὛέόὲὨ 

ὄόὰὯ ὓέὨόὰόί

ὈὩὲίὭὸώ
 Equation 2.1 

The shift from stable to transient cavitation occurs as the collapse speed of the 

bubble wall approaches the speed of sound in the material (Young 1989). This means 

transient cavitation is more l ikely to occur for a  given bubble size in a material with a 

lower bulk modulus . Second, CSF is found in brain regions most susceptible to large 

negative transient pressure during a blunt impact. Experimental an d modeling studies 

indicate largest negative pressures occur in boundary regions near the skull and locations 

of acoustic impedance change, such as the ventricles (Nusholtz 1995, Panzer 2012). 

 

Figure 2-1: Ventricular System of the Human Brain (Wikimedia Common s) 



 

20 

The ventricular system of the brain  is responsible for the production, transport, 

and removal of CSF and consists of four ventricles, two lateral, and two along the midline 

of the brain (Figure 2-1). The two lateral ventricles occupy large portions of the cerebrum 

and are located between the cerebrum and deep brain structures. The lateral ventricles 

both drain to the third ventricle, a slit like cavity along the midline of the brain between 

the halves of the diencephalon. The thi rd ventricle  connects to the fourth ventricle, a 

pyramid -like structure located on the anterior portion of the cerebellum. Fro m the fourth 

ventricle, CSF drains to the subarachnoid space and down the spinal cord (Moore 2014).  

2.2.2 Meningeal Layer 

The meningeal layer consists of connective tissues that surround the brain and 

central nervous system components, separating them from overlying bone . The meninges 

serves three primary functions:  protects the brain, provides supporting network for 

arteries, veins, and venous sinuses, and encloses the CSF filled subarachnoid space 

(Moore 2014).  Three distinct membranes compose the meninges, the dura mater, 

arachnoid mater, and pia mater (Figure 2-2). 

The dura mater (dura) is a thick, dense, fibrous, bilaminar membrane. The external 

periosteal layer adheres directly to the internal surface of the cranium, while the internal 

meningeal layer serves as a supporting layer, following the external surface of the brain. 

The two layers are intimately fused except where the dural sinuses and infolding s occur. 

The dural infoldings are influential to brain biomechanics by creating a material mismatch 
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between the stiffer dura and softer nervous tissue. The most significant infoldings are the 

falx cerebri (the infold that runs down the longitudinal cerebra l fissure and separates the 

two brain hemispheres) and the tentorium cerebelli  (the infold that meets the falx cerebri 

at the posterior of the brain and separates the occipital lobes and cerebellum) (Jones 2010).  

 

Figure 2-2: Diagram of the Meningeal Layer  (Henry Gray, Wikimedia 

Commons) 

The arachnoid mater and pia mater, together called leptomeninges, are connected 

through web -like arachnoid trabeculae. The acachniod mater contains fibroblasts and  

collagen and is secured to the dura by CSF pressure and bringing vessels. The pia mater 

is the thinnest of the meningeal layers and is highly vascularized by a network of small 

blood vessels. The pia intimately follows all  the contours of the brain (Barshes 2005). 

The three meningeal layers create three meningeal spaces, the extradural space, 

the interdural space, and the subarachnoid space. Because the dura is attached to the 
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cranial bones, the extradural space only exists in pathology when bleeding from ruptured 

dural vessels pushes the dura away from the cranium.  Much li ke the extradural space, 

the interdural space does not exist as a natural gap and is only present in the event of 

subdural bleeding. Finally, the subarachnoid space lies between the arachnoid and pia 

layers, is on average 1 ɬ 4 mm thick, and is filled with circulating CSF, arachnoid 

trabeculae, and bridging vessels (Moore 2014). The delicate, fluid rich spaces of the 

meninges make them highly vulnerable to damage via CSF cavitation. 

2.2.3 Brain Regions and Functions 

Within the brain, there are six main components, each with their own function  

(Table 2-4): the cerebellum, medulla oblongata, pons, midbrain, diencephalon, and 

cerebrum. The cerebrum consists of two hemispheres, each of which can be divided into 

four separate lobes named after the bones that overlie each region, frontal, parietal, 

temporal, and occipital (Figure 2-3).  

 

Figure 2-3: Illustration of Brain Lobes  (Wikimedia Commons)  
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While these lobes are primarily divided using landmarks on the brain consistent 

across anatomical diversity, they do contain local areas of functional importance ( Table 

2-3)ȭɯ(ÕɯÍÈÊÛȮɯÞÖÙÒɯÐÕɯÕÌÜÙÖÚÊÐÌÕÊÌɯÊÖÕÛÐÕÜÌÚɯÛÖɯÜ×ËÈÛÌɯÈÕËɯÈËËɯÛÖɯ!ÙÖËÔÈÕÕɀÚɯƙƖɯËÐÝÐÚÐÖÕÚɯ

of the human cerebral cortex (Kandel 2013). While breaking these functional areas down 

in detail is beyond th e scope of this work, it is imperative to recognize that localized injury 

to the brain may cause region specific symptomology. This means that the array of 

symptomology can provide insights into the regions of damage in the brain, and TBI 

needs to be considered and discussed as a nuanced localized injury,  not just a holistic 

insult to the neurological system. This concept underlies the revolutionary investigations 

of Collins et al.; by understanding particular symptomology is the result of particular areas 

of damage, they were able to determine patient specific active treatment plans (Collins 

2014). Applying this same conceptual framework  and consideration to mechanisms and 

biomechanics of injury can lead to profound advancements in injury thresholds, injury 

prevention, and safety device design. 

Table 2-3: Functions of the Cortex Lobes (Kandel 2013) 

Cortex Lobe Function  

Frontal (including motor cortex)  Short-term memory, planning future actions, 

movement 
 

Parietal (including soma tic sensory cortex) Somatic sensation, forming body image, 

relating body in extrapersonal space 
 

Temporal (including deep structures)  Hearing, learning, memory, and emotion  

Occipital  Vision  
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Table 2-4: Gross Brain Regions and Associated Function  

Brain region  Function  

Medulla Oblangata  Vital autonomic functions (digestion, 

breathing, heart rate control)  
 

Pons Conveys motion information from 

cerebrum to cerebellum 
 

Cerebellum Modulates force and range of movement, 

critical in learning of motor skills.  
 

Midbrain  Controls sensory and motor functions 

including eye movement and 

coordination of visual and auditory 

reflexes 
 

Diencephalon Processes most information being 

conveyed by CNS to cerebrum and 

regulates autonomic, endocrine, and 

visceral functions 
 

Cerebrum (Deep Structures) Regulating motor performance, memory 

storage, and autonomic and endocrine 

responses of emotional states 

 

2.3 Neck Musculature and Head Kinematics 

Stronger neck musculature is widely hyp othesized as an effective means to 

reducing the risk of sports related concussion, leading to neck muscle strengthening 

exercises being a suggested sports related concussion prevention strategy (Viano 2007, 

Broglio 2009, Collins 2014, Schmidt 2014, Jin 2017). This hypothesis is founded in the idea 

that neck muscle contraction increases head-to-neck coupling. This increased coupling 

leads to higher effective mass, especially for anticipated impacts with pre -tensed 



 

25 

musculature, thereby reducing head acceleration and sports related concussion risk 

(Schmidt 2014). 

A number of studies have investigated this hypothesis  (Reid 1981, Mansell 2005, 

Tierney 2005, Viano 2007, Simoneau 2008, Collins 2014, Eckner 2014, Jin 2017, Eckner 

2018). Collins et al. used a hand held tension scale to obtain neck strength measurements 

of high school athletes who were monitored for  concussion. The study found those who 

received a concussion had significantly weaker necks than those who did not (Collins 

2014). A number of studies took a series of neck strength and anthropometric 

measurements, then subjected participants to low impulse loads while measuring head 

and neck kinematics (Reid 1981, Mansell 2005, Tierney 2005, Simoneau 2008, Eckner 2014, 

Eckner 2018). In each study except Mansell et al., they determined increases in neck muscle 

force led to decreased head kinematics. Mathematical and computational modeling 

approaches have also been undertaken to examine the neck strength hypothesis (Viano 

2007, Jin 2017). Viano et al. utilized a mathematica l model and represented the neck as a 

linear spring with a stiffness determined by neck strength. Jin et al. used a finite element 

approach with the head and neck from the Global Human Body Modeling Consortium 

(GHBMC). Much like the human participant studi es, the two modeling studies also found 

that neck muscle force influences head kinematics.  

Contradicting evid ence to this hypothesis is presented in epidemiological studies 

analyzing the impact of cervical musculature and anticipation on  head kinematic response 
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in football and ice hockey populations. Mihalik et al. instrumented youth ice hockey 

players with the Head Impact Telemetry (HIT) system, and found no statistically 

significant evidence that impact anticipation affects linear acceleration, rotationa l 

acceleration, or Head Impact Telemetry severity profile (HITsp)  (Mihalik 2010). For a 

follow -up study , Mihalik et al. looked specifically at the effect of neck strength on head 

impact biomechanics in youth ice hockey players and found athletes with stronger necks 

did no t experience lower head accelerations (Mihalik 2011). Schmidt et al. investigated 

how cervical muscle characteristics influence head kinematics in a football population 

using the HIT system. After collecting data throughout an ent ire season, the study found 

neither increased neck muscle girth nor neck muscle strength provided a statistically 

significant decrease in head kinematics (Schmidt 2014). This contradiction in the available 

evidence and theoretical biomechanics sets the stage for additional work investigating the 

nuances that lead to the conflicting statements. 

2.4 Cavitation 

2.4.1 Theory 

"ÈÝÐÛÈÛÐÖÕɯËÌÚÊÙÐÉÌÚɯÛÏÌɯÊÙÌÈÛÐÖÕɯÈÕËɯÈÊÛÐÝÐÛàɯÖÍɯÉÜÉÉÓÌÚɯÖÙɯȿÊÈÝÐÛÐÌÚɀɯÞÐÛÏÐÕɯÈɯ

liquid. The process of cavitation bubble formation, particularly in pure liquids, is best 

explained using a phase diagram (Figure 2-4). At room temperature and standard 

pressure water, or CSF, exists as a fluid (Point A, Figure 2-4). To produce a fluid  bubble, 

present tensile forces must be large enough to either rupture the chemical bonds between 
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molecules, or expand existing nucleation sites in the fluid . Two paths can generate tensile 

strength that result  in bubble formation. The first is by increasing the temperature at a 

constant pressure, commonly known as boiling (Point B, Figure 2-4). The second is by 

decreasing the pressure at a constant temperature, commonly known as cavitation (Point 

C, Figure 2-4). In biological systems, transient negative pressures are more common that 

rapid heat changes. This work focuses on cavitation in tissue, particularly CSF, because it 

is anticipated the dilatational tensile stresses from pressure transients are large enough to 

initiate bubble formation.  While fundamental theory around cavitation  often considers 

pure liquids for theoretical simplicit y, it is important to note  most engineering systems, 

including the human body, have dissolved gasses in equilibrium (especially nitrogen and 

argon gas fraction), proteins, and salts that serve as nucleation sites, substantially 

decreasing the tension required for bubble expansion (Brennen 2014). 

 

Figure 2-4: Example phase diagram illustrating cavitation and boiling  
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The mechanism of origin and gaseous contents of a cavitation bubble can dictate 

the behavior of its growth and collapse. Cavitation can be broken up into four categories 

based on how they are created (Young 1989). However the category pertinent to this 

dissertation is acoustic cavitation defined as pressure variations in liquid that reach 

cavitation thresholds (Young 1989). 

Cavitation theory in TBI hypothesizes that pressure variations from impact and 

skull flexure generate cavitation formation, indicating acoustic cavitation is the primary 

mode of interest for this work. Regardless of the mechanism of initiation, the Rayleigh-

Plesset (RP) equation gives a theoretical basis for the oscillation of an idealized spherical 

bubble in an incompressible fluid. The dynamics of bubble collapse were first theorized 

by Rayleigh in 1917 (Rayleigh 1917) and it was not until 1949 that Plesset solved for the 

addition of oscillation with a bubbles radius whose pressure varies with  time (Plesset 

1949). The RP equation can be derived using the first principles of mass and momentum 

conservation and is provided in brief below (Brennen 2014): 

This simplified analysis starts  with a bubble with radius Ὑὸ (where time is ὸ), 

that exists in an infinite domain of liquid with temperature and pressure far from the 

bubble Ὕ  and ὖ ὸ respectively. Ὕ  is constant with time because temperature 

fluctuations over the course of cavitation oscilla tion in the surrounding liquid are 

insignificant and internal heat sources are not considered. ὖ ὸ is considered to be known 

and regulates the growth and collapse of the bubble. The surrounding liquid is considered 
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incompressible making liquid densi ty ” a constant. Liquid viscosity is considered 

constant and uniform. Finally, the bubble contents are considered homogenous and the 

bubble temperature Ὕ ὸ and pressure ὴ ὸ are considered uniform. 

Ὑὸ denotes the radius of the bubble, and the radial position in the fluid will be 

designated as ὶ from the center of the bubble. The radial outward velocity of the bubble 

wall is designated as όὶȟὸ. The conservation of mass indicates the radial velocity must 

be proportional to the i nverse square of the distance from the center of the bubble: 

 
όὶȟὸ

Ὂὸ

ὶ
 Equation 2.2 

Where Ὂὸ is some function of time. If we consider zero mass transport across the 

boundary of the bubble, it can be stated that όὶȟὸ  therefore: 

 
Ὂὸ Ὑ

ὨὙ

Ὠὸ
 Equation 2.3 

Given a Newtonian liquid such as water or CSF, the Navier -Stokes equation for motion in 

spherical coordinates in the direction of ὶ can be used: 
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Substituting ό from Equation 2.2 yields: 
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The viscous condition is eliminated, as the only viscous component is incorporated with 

the dynamic boundary condition. E quation 2.5 can then be integrated to give: 
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Next the dynamic boundary condition of the bubble surface can be implemented. Let „  

be the normal stress in the liquid that directs outward radially from the center of the 

bubble. This makes the net force per unit area acting on this surface „ ὴ  

Where Ὓ is the surface tension of the bubble. For a fluid with constant density and 

viscosity, the radial stress is: 
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 Equation 2.7 

Therefore the force per unit area on the bubble surface is: 
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 Equation 2.8 

Given the assumption of no mass transport across the boundary of the bubble, Equation 

2.8 must be equal to zero. Combining Equation 2.3, Equation 2.6, and Equation 2.8 yields 

the generalized Rayleigh-Plesset equation. 
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Given ὖ ὸ is known and a variable ὖ ὸ is applied to the system, the RP 

equation can be solved to determine bubble radius in time Ὑὸ. In a biological system, 

specifically the CSF, cavitation is likely to occur in a boundary restricting space, the 
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meninges, to experience non-spherical collapse, and to encounter other complexities that  

violate the RP assumptions. While this makes it difficult to predict CSF cavitation bubble 

size using the RP equation, the RP equation still provides insight to bubble behavior as 

the driving pressure ὖ ὸ increases. As this pressure increases the bubble oscillation 

becomes non-linear and the collapsing wall speed begins to approach the speed of sound 

of the fluid  (Figure 2-5).  Eventually this reaches a point where the nonlinearity at bubble  

collapse generates physical phenomenon that halts the bubbles cyclic nature, resulting in 

a single phase of growth and collapse. This represents the transition from stable cavitation 

to transient cavitation.  

 

Figure 2-5: Cavitation bubble radius for low (green) and high (blue) driving 

pressure (Shmuel Ben-Ezra, Wikimedia Commons)  
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2.4.2 Mechanism of Injury 

As outlined  in the theoretical analysis above, cavitation appears in two modes, 

stable and transient. Stable cavitation bubbles non -linearly oscillate around an 

equilibrium size, and may continue to oscillate for many cycles depending on the driving 

frequency and pressure. Stable cavitation oscillations utilize a residual compressed gas 

from a seed bubble that cushions bubble implosion, and resul ts and a relatively controlled  

event (Young 1989). While stable cavitation may have negative consequences for 

surrounding tissue due to surface oscillations and microstreaming, its controlled 

predictable nature makes it ideal for positive medical uses (Tang 2002, Sun 2015, Burgess 

2018).    

Unlike stable cavitation, transient cavitation occurs over o ne cycle; bubbles 

expand, generally creating an evacuated void, and then collapse violently, often creating 

a mass of smaller bubbles. This collapse generates high pressures and temperatures, 

resulting in local shockw aves and micro-jets (Figure 2-6). The phenomenon results in 

destruction  such as erosion, emulsification, and molecular degradation (Young 1989). The 

destructive components from transient cavita tion  are so violent, they contribute to the 

degradation of ship propellers and other fast moving metallic components operating in a 

fluid (Knapp 1955). Given its propensity for damage, it is plausible  that if cavitation were 

to occur within the CSF layer, these shockwaves and micro-jets will displace and damage 

surrounding tissue.  
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Figure 2-6: Illustration of damaging phenomena upon cavitation collapse  

There are multiple mechanistic theories for the generation of negative pressures 

within the head that may result in acoustic transient cavitation . The first is that linear 

acceleration caused by a blunt impact creates a pressure gradient along the axis of impact  

leading to negative pressures on the impact contre-coup (Gross 1958).  This theory 

however ignores the transient aspects and rotational components of a blunt impact, which 

may influence this pressure gradient (Lubock 1980). Another theory for contre -coup 

transient cavitation is flexion of the skull which generates a shear w ave that travels around 

the head and creates a localized increase in volume resulting in a localized drop in 

pressure (Sheldon 1946). This theory has been further shown as a contributing factor to 

cavitation in blast as increasing the rigidity of a vessel reduced the incidence of cavitation 

(Yu 2019). Skull flexion also has been postulated as a mechanism for cavitation on the 

coup, where skull  ɁÚÕÈ×ɯÉÈÊÒɂɯafter indentation creates negative pressures (Gross 1958). 
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2.4.3 Cavitation in Soft Tissues 

Cavitation as a mechanism of injury has been thoroughly investigated in the field 

of shockwave lithotripsy. In this process, targeted compressive acoustic shockwaves are 

used to break down kidney sto nes so they can be more easily passed through the body. 

This technique takes advantage of the acoustic impedance mismatch between the kidney 

stone and surrounding tissue to impart forces that break up the stone. Additionally, this 

mismatch creates localized negative pressures that may generate transient cavitation 

bubbles. While the micro jets and additional shockwaves produced by the collapse of 

these cavitation bubbles aid in the destruction of the kidney stone, the chaotic event is also 

shown to cause microvascular rupture  and kidney soft tissue damage (Carstensen 2000, 

Zhong 2001, Zhu 2002, Pishchalnikov 2003, Matlaga 2008, Li 2019).  Additional work 

investigated cavitation damage if it occurs within a blood vesse l, not just beside it. Again, 

the products of cavitation collapse in the vessel may cause vessel rupture (Chen 2010).  

2.4.4 Cavitation in Head Surrogates 

Human head surrogates have been used to investigate cavitation since the 

inception  of study  ÖÍɯÛÏÌɯÐÕÑÜÙàɯÔÌÊÏÈÕÐÚÔɯÐÕɯÛÏÌɯÔÐËɯƕƝƔƔɀÚȭ Lubock and Goldsmith 

utilize d two different head surrogates, a simple acrylic shell and a back-filled human 

calvarium, both filled with various CSF simulants (Lubock 1980). While they did observe 

cavitation during peak tensile stresses of approximately -1330 kPa, it is unclear how CSF 

permutations affected this threshold . There was no mention of gas pressures or possible 
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nucleation sites, which may explain why this value is so large. C avitation was reported to 

occur in every acrylic cylinder model without further discussion. Additionally, the acrylic 

skull was thinner with  a larger radius than human skull s, limiting the biofidelity of the  

impact dynamics.  

Following the work of Lubbock and Goldsmith, Nusholtz conducted blunt impact 

cavitation tests using a simple head surrogate made of an aluminum tube and acrylic caps 

(Nusholtz 1995). The surrogate was instrumented with nine interrelated  accelerometers 

and pressure transducers placed in holes tapped into the surrogate. Pressure acceleration 

traces were compared to those determined from a finite difference model of the surrogate 

to investigate effects of cavitation and fluid motion. Results determined that for both the 

simplified experimental and finite difference models, cavitation is likely to occur during 

190 g impacts with violent cavitation collapse occurring at accelerations above 350 g 

(Nusholtz 1995). While there are biofidelic limitations of the models presented in this 

ÞÖÙÒȮɯÐÛɯÐÚɯÛÏÌɯÍÐÙÚÛɯÝÐÚÜÈÓÐáÈÛÐÖÕɯÖÍɯÊÈÝÐÛÈÛÐÖÕɯÐÕɯÈɯȿÏÌÈË-ÓÐÒÌɀɯÔÖËÌÓȭ 

Most recently, Van Orman conducted similar surrogate tests as Nusholtz but with 

a more complex head surrogate. Van Orman constructed a 3D printed head surrogate 

derived from MRI scans that had a brain phantom containing gyri and sulci immersed in 

model CSF (Van Orman 2020). Blunt force trauma with an impact energy of  23.7 J was 

applied to the head surrogate, and pressure oscillations consistent with cavitation were 
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observed near the contre-coup location on all impacts. This led to maximal tissue 

deformation occurring in the sulcal depths during cavitation (Van Orman 2020).  

2.4.5 Cavitation in the Brain 

Nusholtz et al. conducted the first studies investigating the influence of cavitation 

on the brain using repressurized human cadver heads as well as live rhesus monkeys. 

Pressure transducers were implanted into the skull on the coup and contre-coup to 

measure pressure time histories. While these tests did indicate blunt impacts produce a 

pressure gradient across the brain, they were unable to discern the presence of cavitation. 

Nusholtz et al. were unable to correlate the presence of cavitation to a particular injury 

(Nusholtz 1984). 

Recently, research groups have investigated the influence of cavitation on brain 

tissue ex-vivo. Canchi et al. tested blast induced cavitation on a live rat hippocampal brain 

slice submerged in artificial CSF. A split Hopkinson bar generated a shock wave in the 

artificial CSF chamber containing the brain slice placed on top a small seed bubble.  These 

tests were able to directly measure high tissue strains created by cavitation collapse and 

micro-jetting. Canchi et al. produced data supporting the probability that transient 

cavitation events could directly result in structural brain injury (Canchi 2017). Dougan et 

al. used needle induced cavitation (NIC) to generate cavitation within brain tissue to 

observe high strain rate deformation upon collapse. This work was able to identify an 
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injury pattern for tissue damaged by NIC and o bserved how varying viscoelastic 

properties in the brain influenced the  mechanics of cavitation collapse (Dougan 2020). 

Work recently conducted by Wrede uses a syringe apparatus to push air through 

capillary tubing to induce microbubbles (Wrede 2019). The work conducted two key 

experiments, the first induced microbubbles near soft polymers and used confocal 

microscopy and interferometry to determine visual damage of the soft polymer surface. 

The second study induced microbubbles in cultured astrocytes and observed distinct 

morphological and  genetic changes in the cells following exposure to cavitation (Wrede 

2019). Results of this work further indicate that if cavitation does occur within the cranial 

cavity, it has potential to both damage neurological tissue and disrupt the role of 

astrocytes in brain homeostasis. 

Due to the increased prevalence of blast neurotrauma in military and civilian 

arenas, a number of studies examined the role cavitation might play in this mode of injury 

(Moore 2008, Goeller 2012, Panzer 2012, Salzar 2017). These studies contain both 

experimental and modeling components but, much like blunt impact cavitation studies, 

they do not arrive at a consistent observation. This is the result of experimental and 

modelling design and a variety of assumptions in the pressure threshold for cavitation 

formation (Moore 2008, Goeller 2012, Panzer 2012, Salzar 2017), a value that is not 

experimentally agreed upon (Herbert 2006, Takhounts 2008, Singh 2015, Salzar 2017). 
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2.4.6 Outstanding Issues in Cavitation Literature 

The skull provides a barrier to many of the current imaging techno logies, limiting the 

tools that can be used to observe cavitation within the skull. Previous work discussed had 

tools limited to high speed imaging using a clear surrogate, pressure transducers placed 

within a cadaveric skull, pressure thresholding in fini te element models, and even 

acoustic detection (Lubock 1980, Nusholtz 1984, Nusholtz 1995, Nusholtz 1995, Nusholtz 

1997, Panzer 2012, Salzar 2017, Li 2019). However , these present limitations that diminish 

effectiveness for observing cavitation formation. Studies using high speed optical imaging 

require the use of a translucent container. This limits the studies to artificial, often acrylic 

skulls which lack viscoelastic biofidelity and boundary conditions present in  the live 

skull -CSF-meningeal interface. Studies that used pressure transducers were able to 

increase biofidelity through the use of cadaveric skulls and live monkey models, but these 

often consisted of a compromised cranial cavity. T he skulls needed to be back filled 

through the foramen, and holes were drilled in the skull to implant pressure transducers. 

Furthermore, pressure transducers were only able to detect pressure changes in their 

immediate vicinity. Pressure thresholding in finite element models i s subjected to all the 

general limitations in finite element models previously discussed, with the addition that 

their success hinges on the pressure threshold for cavitation formation within the CSF 

(Moore 2008, Goeller 2012, Panzer 2012, Salzar 2017), a value that has not been 

experimentally agreed upon  (Herbert 2006, Takhounts 2008, Singh 2015, Salzar 2017).  
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2.5 Acoustic Emissions 

2.5.1 Theory 

A bubble that is set into either stable or transient motion by an acoustic source will 

generate spherical pressure waves making it a localized source of sound. These waves can 

be detected using microphone technology, and the behavior of the acoustic emission is 

strongly dependent on the cavitat ion type and driving intensity. Driving intensity is the 

primary determinant for acoustic emissions of stable cavitation bubbles. For low levels 

where bubble oscillation remains linear, the acoustic signal will only consist of the 

fundamental driving frequ ency. However, as the driving intensity increases and bubble 

oscillation turns non -linear, harmonics of the driving frequency appear on the acoustic 

spectrum. The second harmonic is the most prominent, and half -order harmonics with a 

low level of white noi se begin to appear as well (Young 1989). Nevertheless, the acoustic 

emissions of stable cavitation oscillation are not relevant for two  reasons: first, stable 

cavitation causes limited byproducts (shockwaves and micro -jetting) believed to 

contribute to tissue damage. Second, cavitation formation in blast is the result of similar 

mechanisms hypothesized for blunt impact.  Previous work indicates only transient 

cavitation occurs under blast loading in surrogate and live animal models (Yu 2019). 

The acoustic emission spectrum dramatically changes when cavitation transitions 

to the transient regime. Of note, there is a drastic increase in the intensity of subharmonics 

and white noise. While in theory, it is possible to predict the frequency content of an 
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acoustic emission from transient cavitation collapse (Young 1989, Brennen 2014), the 

phenomenon surrounding the chaotic event render this experimentally impracti cal. As 

previously discussed, a blunt impact to the head is a complicated interaction influenced 

by anatomical geometry, heterogeneous materials, and the impact itself. Because of this, 

the driving frequency is not only difficult to predict but will most l ikely be composed of 

different frequency components  resulting in a range of harmonics  (Young 1989). 

Furthermore, the collapse of a transient cavitation bubble produces shockwaves and 

microjetting. These will generate an essentially infinite  series of harmonics for an 

indeterminate number of driving frequencies  (Young 1989). The chaotic nature of 

transient cavitation collapse in theory will have particular discernable frequency 

components, but in practice will appear as a wideband acoustic response, refereed by the 

transmission medium, conditions, and measurement devices used. 

The tissue properties of the skull  affect acoustic emission detection. Viscoelastic 

damping during transmission across the dura, acoustic impedance across the skull, and 

acoustic attenuation in both the dura and the skull have been shown to drastically 

attenuate frequencies relevant to this study (McElhaney 1970, White 1978). Studies using 

acoustic emissions to detect cavitation in soft tissue rely on acoustic information in the 1-

3 MHz range. This acoustic range presents a problem for detection through the skull, both 

the power of acoustic signal from transient cavitatio n collapse and transmissibility 
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through the skull decrease with increasing frequency ranges (McElhaney 1970, White 

1978, Young 1989). 

2.5.2 Wavelet Transform 

Due to the acoustic impedance mismatch and the viscoelastic properties of the 

skull and surrounding tissues, high frequency (>250 kHz) acoustic waves can be 

attenuated 10-30 dB, making them difficult to differentiate from noise through the skull  

(Fry 1978, Eckersley 2020). Lower frequencies emitted by cavitation collapse, while able 

to pass through the skull with less damping, can be muddied by other events surrounding 

the impact. Because of this, the signal needs to be decomposed appropriately in both time 

and frequency space. 

One form of decomposing an acoustic signal into time and frequency space 

ÚÐÔÜÓÛÈÕÌÖÜÚÓàɯÐÚɯÛÏÙÖÜÎÏɯÈɯÞÐÕËÖÞÌËɯ%ÖÜÙÐÌÙɯÛÙÈÕÚÍÖÙÔɯȹ6%3Ⱥȭɯ3ÏÌɯȿÞÐÕËÖÞɀɯÖÍɯÈɯ6%3ɯ

inÍÓÜÌÕÊÌÚɯÛÏÌɯÍÜÕÊÛÐÖÕɀÚɯÙÌÚÜÓÛÚɯÈÚɯÐÛɯÐÔ×ÖÚÌÚɯÈɯÚÊÈÓÌɯÖÙɯÙÌÚ×ÖÕÚÌɯÐÕÛÌÙÝÈÓɯÛÖɯÛÏÌɯÈÕÈÓàÚÐÚɯ

and is often selected using an arbitrary function . This scale also makes the method 

inaccurate and inefficient for time -frequency localization because of aliasing of high/low 

frequency components that fall outside of the window and repetitive analysis to 

ËÌÛÌÙÔÐÕÌɯÛÏÌɯÖ×ÛÐÔÈÓɯȿÞÐÕËÖÞɀ (Torrence 1998). For analysis where there are a wide 

range of dominant frequencies that make determining a predetermined scale difficult, 

such as detection of acoustic emissions from cavitation collapse, wavelet analysis should 

be used, as it is scale independent (Torrence 1998). 
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 The continuous wavelet transform (CWT) is a technique for analyzing acoustic 

data in time and frequency space simultaneously independent of scale. The CWT analysis 

used in this work follows  the techniques and equations provided by Torrence and Compo 

described in brief here. A CWT can be used to analyze both a continuous or discrete time 

signal. Equation 2.10 describes the CWT convolution for continuous acoustic signals: 

 
ὢ ὥȟὦ

ρ

ȿὥȿ
 ὼὸʕ ὸ

ὦ

ὥ
Ὠὸ Equation 2.10 

Where ὼὸ is the acoustic signal continuous in time, ʕ is the wavelet basis function, or 

ȿÔÖÛÏÌÙɯÞÈÝÌÓÌÛɀȮɯὥ is the scale ὥ π of the mother wavelet, and ὦ is the translational 

time value . By altering ὥ ÛÏÌɯ"63ɯÐÚɯÈÉÓÌɯÛÖɯÊÖÕÝÖÓÝÌɯȿËÈÜÎÏÛÌÙɯÞÈÝÌÓÌÛÚɀɯÛÏÈÛɯÈÙÌɯÈɯ

compression (higher frequency) or dilation (lower frequency) of the mother wavelet, 

extracting frequency content of the acoustic signal. Changing ὦ translates the wavelet 

through the acoustic signal, providing the temporal component of the analysis. Equation 

2.11 allows the same process with a discrete time signal: 
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Equation 2.11 

Both equations provide a result that constructs a two dimensional image of the acoustic 

signal displaying power of frequency components as they vary in time.  

The CWT relies on a mother wavelet that must have zero mean and be localized 

in both time and frequency space (Torrence 1998). For the analysis in this work , the Morlet 
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wavelet (Figure 2-7) is used as the mother wavelet. The Morlet wavelet (Equation 2.12 and 

Equation 2.13) is a complex function with real and imaginary components; therefore, the 

convolution returns information on both amplitude and phase, which gives the CWT the 

optimal balance in time and frequency space resolution for localizing unknown frequency 

content in acoustic signals. Furthermore, the Morlet wavelet bears similar characteristics 

to an acoustic emission signal, increasing the overall power returned for each daughter 

wavelet. The Morl et wavelet in the time domain can be described as: 

 
‪ – “ Ὡ Ὡ  Equation 2.12 

 Ɫȡ▪▫▪▀░□▄▪▼░▫▪╪■ ◄░□▄ ▬╪►╪□▄◄▄► 
ⱷȡ▪▫▪▀░□▄▪▼░▫▪╪■ █►▄▲◊▄▪╬◐ █▫► ╪▀□░▼▼╫░■░◄◐ 

 

The Morlet wavelet in the frequency domain can be described as: 

 
‪ ί‫ “  Ὄ‫Ὡ  Equation 2.13 

 ╗ⱷȡ╗▄╪○░▼░▀▄ ╢◄▄▬ ╕◊▪╬◄░▫▪  

To prevent lower frequency content from domi nating the wavelet plot and to 

directly compare to transformations of other signals, the wavelet function at each 

frequency scale needs to be normalized to a unit energy value (Torrence 1998).  
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Figure 2-7: Representative plots of the Morlet wavelet in time and frequency 

domains  
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3. Role of Neck Musculature in Head Kinematics 

To understand the role of cavitation in blunt TB I, it is imperative to have a 

foundational knowledge of impact biomechanics and the factors that influence head 

kinematics. However, there are competing hypothesis for fundamental components of 

head impact biomechanics. One of these is the role of neck musculature in head 

kinematics, particularly  the strategy of increasing neck strength to prevent head injury . 

This study  contributes to the literature through a finite element modeling study 

investigating the influence of neck musculature on head kinematics in both realistic and 

extreme neck muscle activation cases in a range of impact scenarios.  

3.1 Objectives 

The hypothesized method of action for head protection through neck musculature 

involves recruitment of torso mass through the neck duri ng the impact, substantially 

decreasing the head acceleration. However, two lines of biomechanical evidence suggest 

that neck musculature has limited effect on short term blunt impact kinematics : low short -

term inertial head -to-neck coupling, and low moment of cervical muscle  resistance 

compared to the impact moment. Previous work emphasizes loose head/neck coupling in 

compressive impact loading due to a low neutral zone spine stiffness (Nightingale 1996). 

While pure spinal compression is not a common athletic loading scenario, Liu et al. finds 

that a 0.5 Nm moment results in 12 degrees of combined flexion and extension at the O-

C1 joint (Liu 1982). Physiologically appropriate  muscle response of humans works in 
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tandem with low structural stiffness to reduce overall coupling of the head and torso 

through the neck. Vasavada et al. determined maximum voluntary cervical muscle 

contraction force generates a moment of 30±5 Nm in near 50th percentile adult males 

(Vasavada 2001). For comparison, an impact involving a 40 g linear head acceleration 

using a head mass of 5 kg and a neck length of 0.175 m results in a moment of 315 Nm. 

For a 40 g blunt impact, increasing cervical muscle force two standard deviations above 

the mean provides only a 3% increase in resistance. 

The apparent contradiction between theoretical biomechanics and certain 

experimental results reported in literature provides the primary motivation for this study. 

A second motivation stems from  the relative difficulty of studying he ad and neck 

kinematics with injury risk in  human participants  and difficulty simulating human 

muscle response in cadaveric. In lieu of  using human  participants or cadavers, 

investigators often use a mechanical surrogate - either a Hybrid III (HIII) neck at tached to 

a dummy head or a freely dropped dummy head form (free -head) - when conducting 

drop or impact tests (Viano 2007, Beckwith 2012). An important and substantial  limitation 

of this approach is that the HIII neck is qualitatively  stiff er than a human neck with 

musculature, especially in the unloaded/nomina l position. This results  in an unrealistic  

highly coupled head -to-neck complex when compared with humans, particularly in 

loading scenarios other than those similar to a frontal impact vehicle crash (Dibb 2006).  
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The goal of this study was twofold. F irst, investigate the effect of cervical muscle 

force on head kinematics following blunt impact in the time period at and immediately 

following  the impact - deÕÖÛÌËɯÈÚɯɁÚÏÖÙÛɯÛÌÙÔɂɯȹǾƙƔɯÔÚȺȭɯ2econd, determine the biofidelity 

of blunt impact head kinematics of a HIII neck and head s urrogate, and a free-head 

surrogate when compared to a validated computational model of the human head and 

neck. The study examines three athletic scenarios: an impact from a high speed object such 

as a baseball in flight, an 80 g helmeted head impact, and a 40 g helmeted head impact. 

The latter are representative of helmeted sports scenarios. For this study, an anatomically 

and inertially accurate and validated 50 th percentile human head-neck computational 

model was used to simulate the response of an adult human head and neck to blunt 

impacts. The model output provides detailed kinematic analysis of simulated on -field 

impacts; controlling for impact position, timing, and cervical muscle response  (Dibb 2013, 

Dibb 2014). Six neck conditions were tested, and four metrics  relevant to cavitation  were 

used to assess the resulting kinematics of these impacts under varying neck conditions. 

There were two hypotheses evaluated in this study. First, increased mass and moment of 

resistance provided by increased cervical muscle force generating capacity will not alter 

short term (<50 ms) head kinematics enough to reduce cavitation risk  for any impact 

scenario tested. Second, the testing condition of a free-head (no neck) will be more 

biofidelic  for head impacts than a HIII dummy neck  compared to a relaxed human neck 

condition .  
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3.2 Methods 

Model simulation was performed with LS -DYNA (V810 double precision, 

Livermore Software Technology Corporation, Livermore CA) using two previously 

validated neck models. The first was the neck from the Duke University Head Neck Model 

(DUHNM) developed by the Duke Injury Biomechanics Laboratory consisting of an 

osteoligamentous cervical spine, and 23 active muscle pairs (Chancey 2007, Dibb 2013, 

Dibb 2014). The second model represents the HIII neck and was developed by the 

National Crash Analysis Center (NCAC) at The George Washington University and is 

distributed by LSTC  (Mohan 2009). Both necks were positioned between finite element 

models of the HIII head and torso developed by NCAC and distributed by LSTC  (Mohan 

2009). All contacts and constraints present in the LSTC distributed HIII model remained 

intact for the HIII neck simulations.   

Blunt impacts to the two head -neck models were simulated using three separate 

linear elastic, spherical impactors depending on the specific impact condition. Their 

properties are summarized in Table 3-1. Impactor 1 is modeled on major league baseball 

stiffness (Hendee 1998). Both Impactors 2 and 3 were designed to represent helmeted 

impacts of varying severity and were developed based on human cadaver head 

experimental drop data conducted in the Duke University Injury Biomechanics Lab. The 

cadaveric head was instrumented with a six degree of freedom sensor package mounted 

to the skull posterior to the foramen magnum and fitted with a Riddell Speed football 
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helmet. It was dropped twice from 60 cm impacting the front of the helmet to simulate a 

moderate impact. Simulated impacts using LS-DYNA were co mpleted for Impactors 2 

and 3 where the impactor struck an unconstrained HIII head (NCAC) with the impact 

velocity determined for the experimental head drops. The elasticities of the impactors 

were modulated within the computational modeling environment to  achieve the desired 

resultant linear acceleration trace compared to the averaged experimental head drop data. 

Impactors 2 and 3 have similar peak acceleration, but Impactor 2 has a 5 ms shorter 

duration than a representative moderate helmeted impact, whil e Impactor 3 has a 10 ms 

longer duration than Impactor 2.  

Table 3-1: Specifications of Head Impactors  

Impactor  Mass (kg) Diameter (mm)  8ÖÜÕÎɀÚɯ,ÖËÜÓÜÚɯȹ,/ÈȺ 

Impactor 1 0.192 73 55.4 

Impactor 2 5.507 73 9.4 

Impactor 3 5.507 150 1 

 

Using the three impactors, four impact scenarios were created; the impactors and 

respective initial velo cities used are summarized in Table 3-2. The first simulates a 

baseball impacting a bare head while the second and third simulate 80 g helmet to helmet 

collisions with shorter and longer durations respectively. The fourth scenario modeled a 

40 g helmet to helmet impact. The values of 40 g and 80 g were selected to be within the 

ranges presented as mild and moderate impacts by Schmidt et al. (Schmidt 2014). 
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Table 3-2: Impactors and Initial Velocities for Impact Scenarios  

Impact Scenarios Impactor  Initial Velocity (m/s)  Energy (J) 

Scenario 1 Impactor 1 30 58 

Scenario 2 Impactor 2 5 69 

Scenario 3 Impactor 3 8 176 

Scenario 4 Impactor 2 3 25 

 

For each impact scenario, six neck conditions were analyzed. The first two are 

relaxed and tensed musculature  scenarios (Dibb 2013). In the relaxed condition, muscles 

were activated the minimum amount necessary to maintain head stability prior to impact  

(Dibb 2013). For the tensed condition, muscles were activated to the maximum amount 

possible while maintaining head stability prior to impact  (Dibb 2013). The next two 

conditions model states of fully activating flexor muscles, and fully activating extensor 

muscles. These conditions represent bounds of muscle activation that are likely 

unachievable in a living  human while being theoretically possible. The final two 

conditions model common experimental setups of a free-head and a HIII neck. In the free-

head condition, impactors contact an unconstrained HIII head. In the HIII neck condition, 

the HIII model is placed in-between the head and torso instead of the DUHNM. The three 

neck types (DUHNM, HIII, and free -head) are illustrated in  Figure 3-1.   
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Figure 3-1: (a) Sagittal view of the  impact locations tested.  Impacts 1 ɬ 4 

are directed towards the center of gravity of the head.  Impacts 1, 2, 3, 5, and 6 

impact along the mid -sagittal plane while impacts 4, 7, and 8 impact 

perpendicular to the sagittal plane. (b) Sagittal view of the model that 

implements the Duke University Head Neck Model between a Hybrid III head 

and torso. (c) Sagittal view of the model that implements the Hybrid III neck 

between a Hybrid III head and torso. (d) Sagittal view of the free -head 

condition where the Hy brid III head remains unconstrained.  

 

 For each of the four impact scenarios and six neck conditions, eight different 

locations on the head were impacted as illustrated in Figure 3-1. Kinematic data was 

sampled every 0.05 milliseconds and simulations were run for 40 ms to ensure linear and 

angular accelerations reach their peaks and return to zero. The data were filtered at 1650 

Hz using a 20th order Butterworth filter that  provided a sharp cutoff frequency while 

remaining stable.  
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To compare the kinematic responses from each simulation, Peak Resultant Linear 

Acceleration, Peak Resultant Angular Acceleration, Head Injury Criterion (HIC), and 

Head Impact Power (HIP) were used. Peak resultant linear acceleration is a historically 

common metric to analyze head injury severity and describe linear acceleration exposure 

(Viano 2007, Broglio 2009, Mihalik 2010, Schmidt 2014). Brain strain has been shown to be 

caused by angular accelerations; to represent angular kinematics peak resultant angular 

acceleration was selected (Cullen 2016). HIC is a useful metric because it incorporates both 

impact duration and linear acceleration magnitude. HI P includes weighted linear and 

angular kinematics based on the geometry of the head (Newman 2000). To determine 

significance between the results of the different neck conditions, the range of values for 

all neck conditio ns in each impact scenario and location were compared to critical effect 

sizes for each injury metric. These were determined from literature and defined as the 

difference between mild and severe injury thresholds  (Eiband 1959, Margulies 1992, Mertz 

1996, Marjoux 2008). 

3.3 Results 

One hundred and ninety two  simulations were completed spanning the 

experimental test conditions. Figure 3-2 plots kinematic results for the various neck 

activation cond itions and impact locations for peak resultant linear acceleration and peak 

resultant angular acceleration separated by impact scenario. HIC and HIP are not 
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depicted because they follow similar patterns as the peak resultant linear acceleration 

results.   

 None of the maximum differences between the four neck activation conditions for 

a given impact scenario and location exceeded the critical effect size based on injury 

reference values. The extensor neck condition exhibited the lowest linear acceleration 

dominated metrics (peak resultant linear acceleration, HIC, and HIP) for 57% of impacts 

while the relaxed neck condition showed the highest linear acceleration dominated 

metrics for 80% of impacts (Figure 3-2). The relaxed neck condition showed lowest peak 

resultant angular acceleration values for 65% of impacts while the extensor neck condition 

showed highest peak resultant angular acceleration values for 56% of impacts. Impact 

location 2 shows a different trend compared to the glob al peak resultant angular 

acceleration results, as the relaxed neck condition shows the highest values while the 

tensed neck conditions produce lower values. The influence of impact location and 

scenario on linear and rotational injury metrics can be an order of magnitude larger than 

changes in muscle activation alone (Figure 3-2).    

Impact location variations for peak resultant linear acceleration values ( Figure 3-2) 

displayed no consistent pattern. For peak resultant angular acceleration, location 7 

consistently produced the highest values while locations 1 and 3 consistently had the 

lowest values as confirmed by the averages of all impacts for a given location.   
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Neck activation conditions for peak result ant linear acceleration and peak 

resultant angular acceleration were plotted by impact scenario to determine the biofidelity 

of simulated experimental blunt impact head kinematics ( Figure 3-3). The relaxed neck 

condition served as representative of a biofidelic 50th percentile male human head-neck 

response. As in Figure 3-2, HIC and HIP are not included because they trended similar to 

peak resultant linear acceleration. The HIII neck was 6±1% (mean±SE) lower than the 

relaxed condition for linear acceleration dominated metrics while the free -head condition 

were 12±2% higher. For peak resultant angular acceleration, the HIII neck was 12±4% 

higher than the relaxed neck condition while the free -head was 2±3% lower. 
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Figure 3-2: Peak resultant linear acceleration and peak resultant angular acceleration injury metrics for different 

neck activation states  separated by location and impact scenario. Compared to the ef fect size color bar and differences in 

location and scenario, neck condition has little influence on metrics.  
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Figure 3-3: Peak resultant linear acceleration and peak resultant angular acceleration injury m etrics for different neck 

experimental testing conditions  separated by location and impact scenario. The influence of experimental neck condition on 

head kinematics depends on the metric used.  
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3.4 Discussion 

No appreciable improvement in four common cavitati on short term injury metrics 

were found due to increases in cervical muscle generated force. Impact distance from the 

head center of gravity and magnitude have a larger influence on short term head 

kinematics than increasing cervical muscle force. This is consistent with Schmidt et al. 

where stronger neck muscles in a college football population did not reduce head 

accelerations (Schmidt 2014).  

Peak resultant angular acceleration, in contrast with linear acceleration metrics, 

shows tensed activation states result in higher values than relaxed activation states. This 

is due to small effective mass increase. Additional mass is recruited below the head-neck 

center of rotation, lowering the center of rotation relative to the  initial free mass. Since a 

majority of impacts are located above the center of rotation, lowering the center of rotation 

increases the moment arm of the impacts, increasing peak resultant angular acceleration 

values. This is supported by the relaxed muscle condition having consistently higher peak 

resultant angular acceleration values than the tensed muscle conditions at location 2, the 

one location below the center of rotation. This result shows cervical musculature 

influences head kinematics differently depending on the metric analyzed. Therefore, 

based on the current understanding and injury metrics for cavitation , no consistent effect 

can be seen by changing neck muscle force. 
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These results contradict previous literature because a number of limitations 

prevent the prior studies from accurately capturing the poor head -to-neck coupling in 

humans (Reid 1981, Tierney 2005, Viano 2007, Simoneau 2008, Collins 2014, Eckner 2014, 

Jin 2017, Eckner 2018). Collins et al. only examined whether an athlete received an injury 

(Collins 2014). Confounding variables such as anthropometric size by position, previous 

head injury, or personality tra its, may also lead to injury . Several studies used human 

participants who, in a laboratory setting, can only be exposed to non-injurious events with 

low peak accelerations and long durations (Reid 1981, Mansell 2005, Tierney 2005, 

Simoneau 2008, Eckner 2014, Eckner 2018). These long duration events maximize 

head/neck coupling and provide a poor surrogate for on field blunt impacts. Also, these 

studies examine changes in velocity and neck stiffness over large head excursions and 

durations.  Because of this, these studies fail to capture the influence of neck musculature 

over the short distance and duration where TBI is believed to occur (Marjoux 2008). 

Finally , Viano et al., and Jin et al. utilized a linear spring mathematical model and GHBMC 

model that oversimplified cervical spine biomechanics and muscle activation schemes 

(Viano 2007, Jin 2017). Due to the complex vertebral body and musculature interactions, 

the cervical spine does not act as a linear spring, and the muscle activation scheme 

presented in Jin et al. would result in overly tense muscles and an unstable head 

positioning  (Jin 2017). 
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The flexor and extensor full  activation states are two extremes. They are unrealistic 

representations of an impact event, as they would generate a counterproductive head 

position prior to the impact. However, testing these activation schemes illustrates in even 

the extreme scenarios, cervical muscle activation does not improve short-term injury 

metrics. 

Results from the second portion of this study indicate performance of common 

experimental neck condit ions compared to a relaxed neck condition depend on the injury 

metric used. For linear acceleration injury metrics, HIII neck values were lower than the 

relaxed neck condition values while free -head values were higher than the relaxed neck 

condition values . This is expected because a stiff HIII neck provides more linear resistance 

than a free-head with no neck (Dibb 2006). For peak resultant angular acceleration, the 

free-head condition values were lower than the relaxed condition while the HIII values 

were higher. This may be because the neck provides a tether, translating linear kinetic 

energy to rotational kinetic energy. With peak resultant angular acceleration, free -head 

values are closer to relaxed condition values, supporting the hypothesis. The results 

suggest selecting the experimental neck condition depending on the metric of interest. 

However, for all neck conditions and injury metrics, except peak resultant angular 

acceleration with free-head, there is significant deviation from a relaxed neck condition 

that must be considered when reporting values.  
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This study has some limitations. First, impactors were modeled with linear elastic 

material for a nonlinear elastic scenario. However, we hypothesize nonlinear impactors 

would provide comparable results because of small impactor deformation. Also, 

DUHNM validation has only been conducted in the mid-sagittal plane. However, because 

this study compares results across the same model, conclusions should not change. Due 

to a lack of statistical variation in the modeling environment, only an effect size 

comparison could be conducted. Finally, whil e impactors 2 and 3 successfully mimic ked 

the experimental head drop data, those experiments have limitations compared to on -

field impacts. The drop test impact surface was a rubber covered rigid plate as opposed 

to a helmeted head, shortening impact duration. Accelerometers for the experimental 

drop tests were positioned near the center of gravity while model accelerations were 

ËÌÛÌÙÔÐÕÌËɯÈÛɯÛÏÌɯÏÌÈËɀÚɯÌßÈÊÛɯÊÌÕÛÌÙɯÖÍɯÎÙÈÝÐÛàȭ 

3.5 Conclusions 

Current results using a validated biofidel ic head-neck model suggest increased 

cervical muscle force does not influence short term (<50 ms) head kinematics in four 

athletically relevant scenarios. Without a strong influence on head kinematics, neck 

muscle strengthening cannot strongly influence re sponse to potentially injurious  impacts, 

countering assertions ÛÏÈÛɯÚÛÙÌÕÎÛÏÌÕÐÕÎɯÛÏÌɯÊÌÙÝÐÊÈÓɯÔÜÚÊÜÓÈÛÜÙÌɯÊÈÕɯÓÖÞÌÙɯÈÕɯÈÛÏÓÌÛÌɀÚɯ

cavitation  risk.  Increasing cervical muscle strength and activation may have different 

effects depending on the metric used to quantify injury risk, but ultimately impact 
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location and impact magnitude influence short-term head kinematics more than the force 

generating capacity of the cervical musculature.  Finally, biofidelic limitations of both 

Hybrid III and free head experime ntal conditions must be recognized when reporting 

results. Indeed, the use of the Hybrid III d ummy is not recommended to assess the effect 

of musculature on human injurious  impacts owing to the non -biofidelic strong coupling 

of the HIII neck to the torso.  

Since this work was published in 2018, further contributions have been made to 

the injury biomechanics literature about the role of neck musculature in head kinematics 

(Bruneau 2019, Reynier 2020). Bruneau determined changes in muscle activation do not 

influence the maximum principle brain strain from a blunt impact using a finite element 

head and neck model (Bruneau 2019). Using volunteer low level impact data, Reynier et 

al. found activated cervical musculature can influence head kinematics, but mention it is 

unknown how these result s translate to higher cavitation  inducing blunt impacts (Reynier 

2020). This literature provides additional ins ight to the limited role cervical muscl e 

activation plays in cavitation  prevention.  
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4. Development of an Acoustic Biomarker for Blunt 
Impact CSF Cavitation 

4.1 Objectives 

The primary investigation of this dissertation requires detection of cavitation 

within the  cranial cavity of a pig model. Traditional imaging methods are unable to detect 

intracranial CSF cavitation in-vivo primarily due to the  opaque barrier the skull provides 

(Bennett 2009, Hamhaber 2010, Johnson 2013, Espindola 2017). The collapse of a transient 

cavitation bubble is a violent phenomenon that can produce damaging shockwaves, 

microjets, and other cavitation events. Because of this, cavitation collapse emits a 

wideband acoustic signature (Ilyichev 1989, Young 1989). It is hypothesized that the 

presence of this signature can be detected through the skull,  and by localizing the signal  

in both time and frequency space, the acoustic emission can be used as a cavitation 

biomarker differentiable  from the noise of blunt impact.  To investigate this, controlled 

laser induced cavitation tests were used to assess the presence of wideband acoustic 

output upon cavitation collapse . In concert, a clear surrogate head model was used to 

visualize response to blunt impact cavitation and assess whether acoustic emissions upon 

collapse can be differentiated both in frequency and time from blunt impact noise.   

4.2 Methods 

The methodology of this study was divided into two test series. First, a water tank 

laser-induced cavitation study to confirm the wideband acoustic emission of transient 

cavitation collapse without the confounding noise of a blunt impact. Second, a clear 
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acrylic head surrogate impact test was used to visualize blunt impact cavitation and show 

acoustic emissions upon collapse can be differentiated from blunt impact noise. Acoustic 

data for all tests were collected using a PicoScope 5444B (Pico Technologies, UK)  at 31 

MHz  sample frequency, band pass filte red from 20,000 to 1,000,000 Hz using an 8 pole 

phaseless Butterworth filter (preliminary work determined signal outside of this band is 

indistinguishable from noise ), and analyzed in Matlab R2020A (MathWorks, US) . Wavelet 

transforms were conducted using a Morlet wavelet, shown  in Figure 2-7. This wavelet 

was selected for two principle reasons: its generic similarity to an acoustic emission trace 

based on rapid onset and approximately exponential falloff , and its consistent resolution 

in the time and frequency space. Tests utilizing acoustic analysis underwent a similar 

process outlined in Torrence 1998 (Torrence 1998). To prevent lower frequency 

information from dominating the wavelet plot  (Torrence 1998) each frequency band is 

normalized by its maximum value so that the peak signal in all wavelet plots is 1. Th e 

noise in the acoustic signal prior to impact is approximately Weibull ( Figure 4-1), but was 

characterized with  a mean and standard deviation, true signal is considered to be five 

standard deviations above the mean noise. Wavelet plots presented below only display 

this threshold  signal. 
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Figure 4-1: Distribution of the acoustic noise prior to blunt impact.  

4.2.1 Laser Induced Cavitation Tests 

A series of controlled laser-ind uced cavitation bubble tests were conducted to 

determine the acoustic signature of bubble collapse without the confounding noise of a 

blunt impact. This technique eliminates the influence of remnant wall nucleation sites in 

containers on cavitation. An open-air glass tank (Figure 4-2) was filled with de -ionised 

water. Water was used instead of a more complex surrogate because the dynamics and 

acoustic response of cavitation is dominated by the bulk modulus of the medium 

containing the cavitation bubble. Laser pulses (532 nm up to 20 mJ of power) were focused 

to a consistent location in the glass tank at levels known to generate cavitation bubbles (Li 

2019). The power of the laser was modulated to vary bubble size between 1.5 mm and 2.8 

mm, selected as realistic sizes for meningeal bubble formation (Barshes 2005). Acoustic 

data of initiation and collapse  were captured using two types of sensor. High -frequency 

information (100ɬ500 kHz bandpass filter) was collected at 18 MHz using three Physical 

acoustic (NJ, USA) S9225 sensors (300ɬ1800 kHz flat frequency response) mounted to the 
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exterior of the tank using cyanoacrylate glue. Low frequency information (1 ɬ100 kHz 

bandpass filter) was collected at 18 MHz using a Reson TC 4013 (Slangerup, Denmark) 

hydrophone (1ɬ180 kHz flat frequency response) submerged in the water within the tank 

(Figure 4-2). High -speed video was collected at 150,000 frames per second (Phantom v711, 

Vision Research, NJ, USA). To determine cavitation bubble diameter, a needle of known 

width was positioned in the high -speed frame. Based on trigger timing, the high-speed 

video of bubble formation and collapse was matched in time with acoustic traces and 

wavelet transforms of the signal.  

 

Figure 4-2: Drawing of water tank setup for laser -induced cavitation tests.  

4.2.2 Blunt Impacting Device 

A pneumatic impactor was constructed to produce repeatable bl unt impacts for 

testing both an acrylic surrogate and porcine cadavers. This consisted of three 

components, as shown in Figure 4-3. The first was the impactor, a 5 kg aluminium mass 
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selected to resemble the mean human mass of an impacting head in a head-to-head 

collision. It was fixed to a lin ear track that enabled a single degree of motion along the 

direction of impact (Figure 4-3). The mass was attached to the track bearings using hose 

clamps and could be easily removed to change the overall mass of the impactor. 

Connected to the mass was a removable impacting puck: a rubber disk that could be 

exchanged to alter the impact stiffness. For these tests, a 2.5 cm thick, 70A shore neoprene 

rubber impacting pucks were used. The second component was a pneumatic piston with 

an 11.5 cm bore diameter and 45.75 cm stroke length. The piston was modified by drilling 

holes in the rod exit endcap to reduce the exiting air-flow restriction during the piston 

stroke and ensure maximum velocity. The linear track was longer than the piston  stroke 

length, allowing the piston and impactor to decouple prior to the impact zone. This 

ensures impacts are dominated by the momentum interaction and not the driving piston. 

Last was a 113.5-litre, 200 psi rated charging tank that was regulated and lar ge enough to 

provide a consistent pressure to the air piston. The tank was connected to the piston by a 

2 in NPT pipe through a manual ball valve that enabled a rapid transfer of air from the 

charging tank to the piston. The impactor system was capable of driving the impactor 

mass at speeds up to 8 m/s, high enough to simulate  severe blunt impacts depending on 

the impact stiffness (Lessley 2018). 
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(A) 

 

(B) 

 

Figure 4-3: (A) Illustration of overall blunt impactor. (B) Picture of impactor 

used for blunt tests.  

4.2.3 Acrylic Head Surrogate 

Positive and negative controls for the acoustic emissions of cavitation formation 

were provided using a clear acrylic head form. The shell of the head form was an acrylic 

cylinder 14.6 cm in diameter, 14.6 cm tall, with a 0.63 cm wall thickness to resemble the 

approximate dimensions, thickness and volume of the human head (Figure 4-4) (Adeloye 

1975, Young 1993). Acrylic was used because it closely resembles the stiffness of cortical 

bone, has a comparable compressive and shear speed of sound to cortical bone, and can 

be imaged through using a high -speed camera to capture cavitation formation (Table 4-1). 

Distilled water was used to fill the surrogate. It was degassed to remove bubbles, then 

allowed to equilibrate to CSF gas partial pressures (Yu 2019). Water was used instead of 

CSF because their bulk moduli  (property that dictates cavitation dynamics) are similar.  



 

68 

  
Figure 4-4: Coup (Left) and contre -coup (Right) of full sized s urrogate. 

Accelerometer  mounted on the coup and  acoustic sensors mounted on contre-coup. 

Table 4-1: Material  Properties of Acrylic and Skull  

Material  Modulus of 

Elasticity  (GPa) 

Compressive Speed 

of Sound  (m/s) 

Shear Speed of 

Sound (m/s) 

Acrylic 2.76ɬ3.30 

(MatWeb 2019) 

2746  

(Christman 1972) 

1392  

(Christman 1972) 

Bone ~5  

(McElhaney 1970) 

1500 ± 140  

(White 2006) 

2820 ± 40  

(White 2006) 

 

The acrylic cylinder was instrumented with two Physical Acoustics (NJ, USA) 

S9220 acoustic sensors (flat frequency response of 100ɬ900 kHz) on the contre-coup using 

cyanoacrylate glue (Figure 4-4). One Endevco (NC, USA) 7264 linear accelerometer was 

rigidly secured to the lid of the surrogate, sampled at 200 kHz, and low pass filtered at 

1650 Hz (NHTSA 2011) to determine the impact acceleration of the surrogate (Figure 4-4). 

High -speed video (Phantom v711, Vision Research, NJ, USA) was collected at two focal 

lengths, a wide angle at 14000 fps to image the overall impact event, and a macro angle of 

the contre-coup wall at 22000 fps to image the formation of cavitation bubbles.  
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The surrogate was struck by the pneumatic impactor at varying velocities (2.3ɬ

3.7 m/s), determined using high -speed video. Positive control was considered a test where 

cavitation was confirmed using high -speed footage. Negative control was considered a 

lower magnitude test where cavitation was not present in the high -speed footage. The 

high -speed video, linear acceleration, and acoustic data were aligned to the trigger signal 

to determine the positive and negative control cavitation acoustic emissions during a 

surrogate blunt impact.  

4.3 Results 

4.3.1 Laser Induced Cavitation Tests 

 Figure 4-5 depicts the beginning, middle and end video frames of a laser-induced 

cavitation event. The data show, at both formation and collapse, that the cavitation bubble 

emits a wideband frequency response with the most power between 64 and 256 Hz. The 

wavelet transform of the hydrophone acoustic signal for the same bubble collapse in 

Figure 4-5 is presented in Figure 4-6. This wavelet detects lower frequency information 

(32 ɬ 64 kHz) upon cavitation collapse, but higher frequency content (> 64 Hz) is 

indiscernible at the point of collapse . Bubble size varied from 1.5 mm to 2.8 mm in 

diameter. The small variation in bubble diameter achieved by altering the power 

influenced the strength of the acoustic signal but did not  qualitatively  alter frequency 

content. Figure 4-7 shows the negative control of the laser firing but no cavitation 

formation. The wavelet transforms indicate little evidence of acou stic response beyond 
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noise at any frequency. 

(A)  

 
(B) 

 

(C) 

 

(D) 

 
Figure 4-5: Laser induced positive cavitation  (A) Wavelet plots of laser 

induced cavitation formation (B) Cavitation formation (white l ine in wavelet), (C) 

peak bubble size, 2.81 mm (orange line in wavelet), (D) Cavitation collapse  (black line 

in wavelet) . Strong wideband acoustic emission present at bubble collapse.  
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Figure 4-6: Wavelet tr ansform of hydrophone signal from laser induced 

cavitation formation  (white line) and collapse (black line).  

 
Figure 4-7: Negative control of laser induced cavitation.  Laser fired into tank 

(time 0) and no bubble is formed.  
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4.3.2 Acrylic Head Surrogate 

Three tests highlighted results from blunt impact tests on the surrogate: a large 

cavitation bubble formation (~17 mm), a medium cavitation bubble formation (~4 mm), 

and no cavitation formation. Figure 4-8, Figure 4-9, and Figure 4-10 display the wavelet 

transforms for each case respectively. Peak linear accelerations for each test were 273 g, 

185 g, and 160 g, for the large bubble, medium bubble, and no bubble tests respectively. 

On each plot, from time synched high speed video, the grey line on the time axis indicates 

impact initiation while the white line indicates cavi tation formation and t he black line is 

the first cavitation collapse. The large bubble collapse occurred approximately 2.9 ms 

following impact while the medium bubble collapse occurred approximately 2.1 ms 

following impact. For the negative control test, low strength acoustic i nformation is 

present at the time of impact, but 2 ɬ 3 ms following impact, no broadband frequency data 

is present. The difference in broadband signal strength between the large and small 

bubble is 23.4 dB. 
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A 
 

 
B 

Figure 4-8: Blunt impact positive cavitation large bubble  (A) Cavitation bubble 

(~17 mm) wavelet transfo rm. 273 g peak acceleration, grey line indicates impact, white 

line indicates initiation of bubble formation, and black line indicates bubble  collapse 

approximate ly 2.9 ms following impact. (B) Still frame of peak cavitation bubble size.  
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A 

 

B 
Figure 4-9: Blunt impact positive cavitation mini  bubble  (A) Cavitation bubble 

(~4 mm) wavelet transform. 185 g peak acceleration, grey line indicates impact, white 

line indicates initiation of bubble formation, and black line indicates bubble collapse 

approximate ly 2.1 ms following impact. (B)  Still frame  peak cavitation bubble size.  



 

75 

 
Figure 4-10: Wavelet transform of blunt impact negative control test  where no 

cavitation bubble is seen. Impact at time 0 with low magnitude broadband response, 

but no acoustic response seen 1 ɬ 3 ms following impact.  

4.4 Discussion 

The goal of this study was to provide a methodology to detect the collapse of 

acoustic cavitation and test the hypothesis that  wideband acoustic emissions from 

cavitation collapse are distinguishable from the noise surrounding a blunt impact event. 

Acoustic emissions have been used in literature to detect cavitation collapse in a variety 

of soft tissues by observing 1 ɬ 3 MHz frequency content. These frequency ranges are 
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higher than any expected content from a blunt impact. However, preliminary work 

indicates cavitation collapse does not emit acoustic emissions at these frequencies with 

enough power to transmit across the skull (Eckersley 2020). This work is an impor tant 

foundational base layer to the blunt impact cavitation detection methodology, because it 

illustrates that the broadband emissions at frequency levels capable of penetrating the 

skull can be differentiated from acoustic signals associated with blunt im pact. 

Both the larger (~17 mm) and smaller (~4 mm) bubbles emitted acoustic signatures 

with similar broadband frequency content. The two signals only differed in their power 

and timing from the moment of impact and bubble initiation. A larger bubble result ed in 

an increased power and longer duration between time of impact and collapse indicating 

this time difference can be used to approximate bubble size in systems opaque to high 

speed imaging techniques. 

In the laser induced cavitation tests, wideband freq uency content is seen at both 

the initiation and collapse of cavitation bubbles, while in the blunt impact tests wideband 

frequency is only seen upon collapse. This is due to the nature of initiation for each of the 

cavitation types. The laser induced tests are a form of optic cavitation while the blunt 

impact tests cause an acoustic hydrodynamic cavitation. While there is variation in the 

bubble initiation acoustic response, the acoustic signatures of destructive collapse for both 

tests are expected to be similar because their shared property as transient cavitation events 

dominates the collapse response regardless of initiation type.  
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A number of limitations are present within this study. While impact velocities 

were representative of common injury scenari os (Lessley 2018), the high stiffness of the 

interaction is representative of unprotected impacts to the head. Future work wil l aim to 

develop an understanding around the plausibility of ca vitation formation in a variety of  

impact scenarios. Furthermore, the surrogate lacked biofidelity in particular areas. The 

interior contents did not have any resemblance to brain, just matched propert ies of the 

CSF. This will be an added complexity  in the future , but the inclusion of a gelatin brain is 

only expected to affect the growth and size of the cavitation bubbles, not the acoustic 

response or ability to differentiate the collapse from a  blunt impact. Finally, the acrylic 

material has limitations as a surrogate for the skull since acoustic emissions in biological 

tissue will experience additional viscoelastic damping during transmission across the 

dura and additional acoustic impedance /in ternal reflections from the heterogeneity of a 

diploic skull. These differences are expected to dampen and disperse the overall 

broadband acoustic emission with a more profound  effect on the higher frequency content 

(McElhaney 1970, White 2006).  

4.5 Conclusion 

This work  provides a methodology using the wavelet transform  to detect and 

differentiate the broadband acoustic emission of transient cavitation collapse during a 

blunt impact. Broadband acoustic signal can be used as a biomarker to detect the incidence 

of cavitation through the skull as it consists of frequencies that are low enough to 
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potentially pass through the skull but high enough to differentiate from blunt impact 

noise. This lays the necessary foundation for a vital tool to conduct CSF cavitation research 

in-vivo.  
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5. The Role of Container Compliance in Cavitation 

The biological systems dictating transient cavitation from  blunt impact TBI (CSF, 

Brain, and Dura) are contained in stiff yet compliant structures (skull). It is imperative to 

determine the role container compl iance plays in transient cavitation t o understand 

cavitation in biological systems.  

5.1 Objectives 

There are two theories on how the compliance of the material containing a 

cavitating  fluid may alter dynamic fluid pressures and affect blunt impact cavitation . 

First, a compliant membrane in the system, such as the foramen magnum, not localized 

to the coup or contre-coup regions, will allow the system to contract and expand in 

response to pressure, limiting the magnitude of dynamic  pressure fluctuations. This eff ect 

can be seen by modeling two rigid fluid filled cylinders, one with a membrane  and one 

without. If an  acceleration is applied to the rigid body , the negative pressures created by 

fluid inertia  are lower in the model with the compliant membrane (Figure 5-1). While this 

may make it more difficult to reach cavitation thresholds, once cavitation does occur, it is 

hypothesized the presence of a compliant membrane will result in larger cavitation 

bubbles and a more violent collapse. Since water and CSF are nearly incompressible, a 

compli ant membrane is required for  bubbled to expand and increase the system volume.  
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Figure 5-1: Comparison of contre -coup pressures in a rigid vessel with a nd 

without a membrane  during an inertial acceleration.  

The second theory in how material compliance can influence cavitation is through 

localized volume changes in the bulk fluid created by shear waves propagating in the 

container wall. Blunt impact gener ates a shear wave through the fluid container wall that  

can result in localized strains on the contre-coup side. It is hypothesized these shear wave 

strains generate transient localized increases (and decreases) in volum e that result in 

localized decrease (and increase) in pressure. In combination with the pressure gradient 

created by fluid inertia during  acceleration of the system, this localized decrease in 

pressure can increase the likelihood that the transient cavitation threshold is reached. The 

goal of this in vestigation was to determine the role these two theories have in transient 

blunt impact  cavitation formation  by testing the presented hypothesis using an 

experimental acrylic  surrogate and a numerical finite element model.  



 

81 

5.2 Methods 

5.2.1 Acrylic Pig Head Surrogate Experimental Testing 

To investigate the role of compliance in blunt impact cav itation experimentally, a 

pig head sized acrylic surrogate was developed that mimicked previous soft tissue 

cavitation testing (Eckersley 2020), and was robust enough to withstand significant 

repetitive impacts.  Acrylic was chosen for its similar material properties to cortical bone 

(Table 4-1) and translucent color for high -speed imaging. The pig head surrogate was an 

acrylic cylinder 8.89 cm tall, 7.62 cm inner diameter, and 0.63 cm wall thickness. The 

dimensions were chosen to resemble the intracranial cavity of a four-month -old pig 

determined by microCT scans. The surrogate was filled with distilled water, degassed to 

remove bubbles, then allowed to equilibrate to CSF gas partial pressures (Yu 2019). The 

pig head surrogate can be seen in Figure 5-2.  

The acrylic pig surrogate was instrumented with two Ph ysical Acoustics (NJ, USA) 

Nano-30 acoustic sensors (flat frequency response of 150ɬ750 kHz) on the contre-coup 

side using cyanoacrylate glue (Figure 5-2). Rigidly connected to the surrogate top was a 

six degree of freedom sensor package with three orthogonal Endevco (NC, USA) 7264 

linear accelerometers and three orthogonal DTS (CA, USA) 8K angular rate sensors 

(Figure 5-2). Kinematic values were sampled at 200 kHz; linear accelerations were filtered 

at 1000 Hz in accordance with CFC600 while angular rates were filtered at 300 Hz in 
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accordance with CFC180 (NHTSA 2011). High -speed video (Phantom v711, Vision 

Research, NJ, USA) was collected of the contre-coup wall at 14,000 fps to image cavitation. 

 
A  

B 

 
C 

 
D 

Figure 5-2: Images of the pig head surrogate.  A: Comparison of pig head to full 

sized head surrogate, B: Instrumented pig head surrogate, C: Pig head surrogate with 

solid acrylic lid, D : Pig head surrogate with compliant membrane.  

Two test series were conducted; one using a solid acrylic lid, and another using a 

lid with 20 mm diameter hole covered with a 0.32 cm thick 40A shore silicon membrane 

to simulate the foramen magnum (Figure 5-2). A pneumatic impac tor previously designed 

and tested for cavitation study (Eckersley 2020) was used to strike the surrogate wi th a 5 
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kg, 70A shore neoprene impacting puck at varying velocities (2 ɬ 6 m/s). Sixty-five tests 

were conducted between the two cylinders, 33 for the solid acrylic lid and 32 for the 

foramen lid. For the foramen  lid, low -level impact tests were conducted after the highest-

level impact tests to ensure system integrity throughout testing. Ca vitation was detected 

using high -speed video and a previously developed  acoustic biomarker  (Eckersley 2020). 

Acoustic data for all tests were collected using a PicoScope 5444B (Pico 

Technologies, UK)  at 31 MHz, band pass filtered from 20,000 to 1,000,000 Hz using an 8 

pole phaseless Butterworth filer (preliminary work dete rmined signal outside of this band 

is indistinguishable from noise ), and analyzed in Matlab R2020A (MathWorks, US) . 

Wavelet transforms were conducted using a Morlet wavelet, pictur ed in Figure 2-7, for 

two principle reasons: its generic similarity to an acoustic emission trace based on rapid 

onset and approximately exponential falloff , and its consistent resolution in the time and 

frequency space. All tests utilizing acoustic analysis underwent a similar process outlined 

in Torrence 1998 (Torrence 1998). To prevent lower frequency information from 

dominating the wavelet plot  (Torrence 1998) each frequency band is normalized by its 

maximum value so that the peak signal in all wavelet plots is 1. The noise in the acoustic 

signal prior to impact is approximately Weibull ( Figure 4-1), but was characterized with  

a mean and standard deviation, true signal is considered to be five standard deviations 

above the mean noise. Wavelet plots presented only display this true signal.  
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Kinematic data were translated to the center of gravity (CG) of the surr ogate head 

in MATLAB using rigid body kinematics. T he translated kinematic data were used to 

calculate peak resultant linear acceleration, peak resultant angular acceleration, head 

injury criterion (HIC) (Equation 5 .1) (Mertz 1996) and head impact power (HIP) (Equation 

5.2) (Newman 2000). Peak resultant linear acceleration provides an easily calculable 

metric that summarizes linear acceleration exposure (Viano 2007, Broglio 2009, Mihalik 

2010, Schmidt 2014). Angular accelerations transmitted to the brain through the skull 

produce brain strain that potentially causes  mTBI; to represent angular kinematics peak 

resultant angular acceleration was selected (Cullen 2016). HIC was developed and 

validated to predict skull fracture, an injury reliant on (skull) container compliance 

(Newman 1980, NHTSA 2011). It is differentiated  from peak resultant linear acceleration 

because it incorporates both impact duration and linear acceleration mag nitude. HIP 

incorporates both  linear and angular acceleration and velocity, weighting terms by the 

mass and rotational inertia of the impacted object (Equation 5.2) (Newman 2000). Using 

cavitation presence as the binary response variable, a Weibull distribution survival 

analysis was used to generate cavitation risk curves for each of the head injury metrics in 

Minitab (PA, USA). For the survival analysis,  negative cavitation tests were considered 

right  censored while positive  cavitation tests were considered interval censored between 

the calculated metric and the lowest known value prior to cavitation initiation. This lowest 
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know value was determined by timing cavitation formation through high -speed video 

analysis and calculating the metrics at that point.  
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Equation 5.1 

 ὌὍὖρȢρὃὠ ὃὠ ὃὠ πȢπρχ‫ώ‌ώ+‌‫ ‫ᾀ‌ᾀ Equation 5.2 

5.2.2 Numerical Finite Element Modeling of Experimental Tests 

While global kinematic values are easily obtained from experimental tests, 

cavitation is driven by trans ient pressure changes. If container material compliance 

resulting in localized strains influence s local pressure variations, then the pressure 

response may differ for given global kinematics depending on the compliance of the 

interaction. A numerical finite element model was built to calculate transient pressures 

and broadly  manipulate container compliance. Finite element models were solved using 

LS-DYNA (R901 double precision, Livermore Software Technology Corporation, 

Livermore CA) and were built  and analyzed using LS-PrePost (Livermore Software 

Technology Corporation, Livermore CA) and MATLAB  (MathWorks, US). 

The model used eight node solid hexahedron elements and was made of five 

cylindrical components : the cylinder, membrane, fluid, rubber impactor puck, and 

massive impactor cylinder ( Figure 5-3). The model is representative of one of the high 

impact, foramen lid experimental tests. The acrylic cylinder, compliant membrane, and 

rubber puck were all modeled using an elastic material model  (Table 5-1). The fluid was 
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modeled with the same material properties as previous CSF cavitation computational 

modeling studies (Panzer 2012); a null material card that calculates dilatational stresses 

using a Mie-Grüneisen equation of state, calculates viscous deviatoric stress using 

dynamic viscosity, and does not calculate other deviatoric stresses (Table 5-2). This 

material card does not have a yield strength and behaves in a fluid like manner  under 

small strains. The impactor mass was modeled as a rigid component with a mass of 5 kg. 

Both the impactor mass and rubber puck were given an initial velocity of 4.6 m/s in all 

tests, the impactor speed from experimental testing determined through high -speed 

video. Kinematic and pressure values were reported at 200 kHz. Accelerations were low 

pass filtered at 1000 Hz in accordance with CFC600, while pressures were filtered at 20 

kHz. Pressures reported are an average of the pressure over four elements located on the 

contre-coup side (Figure 5-3). This is the location of cavitation formation in the 

experimental tests and lowest pressures during the numerical simulations. Averaging the 

pressure over four elements ensures that any characteristics observed in the pressure 

traces are not due to a numerical artifact.  

To observe the influence of system compliance on localized contre-coup pressure 

values, the material properties of the cylinder finite element model were manipulated to 

five different configurations ( Table 5-3). An acrylic cylinder with a silicon membrane 

represented the foramen lid tests, an acrylic cylinder with an acrylic membrane 

represented the solid acrylic lid tests, and a completely rigid cylinder represented a 
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system without compliance. Two cylinders with a stiffness one order of magnitude higher 

and one order of magnitude lower than acrylic represented comparisons of varying 

container compliance for the solid acrylic lid tests that could not be tested experimentally. 

The pressure averaged over the same four elements was compared for all the models to 

illus trate the influence of wall compliance on local pressure. Cross correlation analysis 

was used to compare pressure traces and determine likeness. 

 

Figure 5-3: Labeled diagram of the numerical finite element m odel. 

Table 5-1: Material properties for elastic materials  

Part Density (
▓▌

□
) Elastic Modulus ( ╜╟╪) /ÖÐÚÚÖÕɀÚɯ1ÈÛÐÖ 

Acrylic Cylinder  1300 3000 0.37 

Membrane 2000 1.35 0.49 

Rubber Puck 1230 8 0.49 

 

Table 5-2: Fluid material properties and Mie -Grüneisen constants  

ⱬȡ 
▓▌

□
 Ⱨȡ ╟╪Ͻ▼ ╬ȡ 

□

▼
 ╢ ♬ 

1000 .00089 1484 1.979 0.11 
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Table 5-3: Alternative compliance cases and material properties  

Case 
Cylinder 

Material  

Cylinder Elastic 

Modulus (MPa)  

Membrane 

Material  

Membrane Elastic 

Modulus (MPa)  

1 Elastic 3000 Elastic 1.35 

2 Elastic 3000 Elastic 3000 

3 Rigid  NA  Rigid  NA  

4 Elastic 300 Elastic 300 

5 Elastic 30000 Elastic 30000 

 

5.3 Results 

5.3.1 Acrylic Pig Head Surrogate Experimental Results 

Cavitation in the smaller pig head surrogate, confirmed by high speed video, 

displayed the same acoustic biomarker as the full sized head surrogate (Figure 5-4). Mean 

time from impact to cavitation collapse was 2.4 ms (SD = 0.2) for the compliant lid 

surrogate and 2.5 ms (SD = 0.4) for the solid lid surrogate. The difference between the two 

was not statistically significant (p > 0.05). Bubble size varied greatly, but as reported in 

previous work (Eckersley 2020), smaller bubble size was correlated with lower signal 

power in the wavelet transform  upon collapse. All cavitation formation  could be 

identified using high -speed video for the foramen lid surrogate;  five of the nine cavitation 

bubbles for the solid lid surrogate were too small to identify on high speed  footage and 

were only identified through the wavelet transform  identification . 
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A 

 

B 
Figure 5-4: A: Representative wavelet transform of cavitation collapse in pig 

head surrogate shows previously determi ned biomarker . Grey line indicates impact, 

white line indicates initiation of bubble formation, and black line indicates bubble 

collapse B: High -speed video of bubble formation and timing of collapse.  
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 Of the 32 foramen tests, 14 resulted in cavitation, wh ile only nine of the 33 solid 

acrylic lid tests resulted in cavitation. Figure 5-5, Figure 5-6, Figure 5-7, and Figure 5-8 

display the foramen  and solid cavitation risk curves for the four calculated kinematic 

metrics. Of the four metrics, HIC is the best predictor of cavitation (Anderson -Darling 

(AD) scores of 2.1 and 3.2 for foramen and solid r espectively), followed by peak linear 

acceleration (AD scores of 4.9 and 19.4 for foramen and solid respectively). The two 

metrics accounting for angular motion were both poor predictors of cavitation risk (AD 

scores of 25.5 and 71.1 for foramen and solid peak angular acceleration respectively, and 

AD scores of 56.4 and 25.8 for foramen and solid HIP respectively). HIP was the only 

metric where the 95% confidence intervals did not overlap at 50% cavitation risk.  

 
Figure 5-5: HIC cavitation risk plots  of the foramen  (black , AD score = 2.1) and 

solid (gr ey, AD score = 3.2) pig head acrylic surrogates. 
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Figure 5-6: Peak resultant linear acceleration c avitation ri sk plots  of the 

foramen  (black , AD score = 4.9) and solid (grey , AD score = 19.4) pi g head acrylic 

surrogates. 

 

 
Figure 5-7: Peak resultant angular acceleration c avitation risk plots  of the 

foramen  (black , AD score =  25.5) and solid (grey , AD = 71.1) pig  head acrylic 

surrogates. 
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Figure 5-8: HIP cavita tion risk plots of the foramen  (black , AD score = 56.4) and 

solid (grey , AD score = 25.8) pig  head acrylic surrogates. 

5.3.2 Numerical Finite Element Modeling Results 

Comparison of the resultant linear acceleration traces between the finite element 

model and the experimental test used for comparison show peaks of 352 g and 353 g for 

the finite element model and experiment respectively, and a difference in duration of less 

than a millisecond (Figure 5-9). Pressure traces comparing the foramen lid model and 

solid lid model with the rigid wall model show a pressure drop of approxi mately 150 kPa 

in the compliant models relative to the rigid model 1.4 ms following impact. The behavior 

in pressure time history varies little between the foramen model  and the solid lid model.  
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Figure 5-9: Comparison of the resultant linear accelerations the numerical 

model and the experiment  it replicated.  Comparable acceleration profiles provide a 

point of validation for the finite element model.  

 
Figure 5-10: Pressure comparison of the average of four elements on the contre -

coup  between elastic cylinders with either a compliant silicon membrane or a solid 

acrylic membrane and a rigid cylinder. Plot shows the elastic cylinders experience a 

significant p ressure drop on the contre -coup not seen in the rigid cylinder.  
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Changing the elastic modulus of the acrylic cylinder by an order of magnitude 

alters the frequency of wall strain  on the contre-coup. Increasing the stiffness increases 

the frequency while decreasing the stiffness decreases the frequency (Figure 5-11). When 

pressure traces are plotted against the strain of the adjacent wall,  fluctuations in pressure 

mirror changes in strain. Cross correlation analysis of the pressure traces against the strain 

show a single peak in the correlation coefficient around zero lag, indicating the traces are 

strongly correlated  (Figure 5-12, Figure 5-13, and Figure 5-14). 

 
Figure 5-11: Increasing container stiffness increases contre -coup strain 

frequency  
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Figure 5-12: Comparison of contre -coup wall strain and adjacent pressure  for 

model with a container stiffness of 300 kPa  , one order of magnitude less than acrylic.   

 
Figure 5-13: Comparison of contre -coup wall strain and adjacent p ressure for 

acrylic model,  container stiffness  of 3,000 kPa . Cross correlation indicates similarity.  
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Figure 5-14: Comparison of contre -coup wall strain and adjacent pressure for 

container stiffness of 30,000 kPa , an order of magnitude higher than a crylic.  

5.4 Discussion 

The goal of this investigation was to assess the source of transient acoustic 

cavitation formation. The data supported the hypothesis that container wall shear waves 

generated transient localized increases in volume that resulted in localized decreases in 

pressure, influencing cavitation. The  compliance of the system, or the compressive and 

shear modulus, influenced the localized contre-coup strain of the finite element surrogate  

(Figure 5-11). Increasing the compressive and shear stiffness increased the frequency of 

strain variation while decreasing  the stiffness decreased the frequency of strain variation. 

The cross correlation analysis of contre-coup wall strain and the pressure variations of 

adjacent fluid  elements show the contre-coup pressure is dictated by localized contre-
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coup wall strains  (Figure 5-12, Figure 5-13, and Figure 5-14). The effect localized wall 

strain has on these pressure variations compared to inertial acceleration is illustrated in 

Figure 5-10. The pressure of the compliant acrylic cylinders drops 150 kPa relative to the 

rigid cylinder for the same impact  indicating this 150 kPa pressure drop is a result of local 

wall strain . The correlation between the drop in pressure from local wall strain and 

cavitation is observed in the  bubble timing from the experimental case this model 

replicates. Cavitation initiation in the experiment occurs approximately 1.45 ms following 

impact, the same time the pressure trace approaches its minimum ( Figure 5-15). This 

shows that wall compliance of the container being impacted has a direct influence on the 

formation of cavita tion bubbles. 

 
Figure 5-15: Negative drop in pressure corresponds with experimental bubble 

incidence (Red Line).  

The finite element model was validated for accuracy by comparing the resultant 

linear accelerations of the model to those from the experiment used to dictate the initial 
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velocity of the impactor. Nearly identical peak accelerations and comparable durations 

confirm ed the model was an accurate representation of the overall dynamic experimental 

condit ions. 

Confirmation of the acoustic biomarker , developed in a larger head surrogate,  

upon cavitation collapse in the pig sized surrogate indicates cavitation can be detected in 

smaller systems (Eckersley 2020). Changing the size of the surrogate system did not alter 

the frequency response or timing of the signal with cavitation collapse. This result allows 

the biomarker to be confidently deployed for small er animal experimental models  with 

potential caveats for more compliant brain/skull systems such as those in rodents. 

The cavitation risk plots produced by the survival analysis of the experimental 

data indicate the presence of a compliant membrane did not influence the threshold of 

cavitation measured by peak resultant linear acceleration, peak resultant angular 

acceleration, or HIC. The risk plots did indicate that the presence of a compliant 

membrane lowers the HIP values that produce cavitation formatio n. However, the high 

Anderson Darling coefficients for HIP (56.4 and 25.8) indicated it was a poor predictor of 

cavitation formation. This limited the conclusions that can be drawn from the HIP 

cavitation risk curves. These results contradicted the hypothesis that the presence of a 

membrane required higher kinematics to reach a negative cavitation threshold. This 

contradiction can be attributed to the fact that the system compliance in these experiments 
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was dominated by the compliance of the acrylic cylinde r, not the silicon membrane. Since 

this property was equal for both head surrogates, there is little difference in compliance . 

The pressure traces from the numerical finite element models comparing the 

acrylic cylinders with and without a compliant membran e illustrated container wall  

properties dominate the system compliance, not the silicon membrane (Figure 5-10). The 

two pressure traces of the acrylic cylinder with and without a membrane are  similar in 

appearance, and Figure 5-16 shows the cross correlation plot between them. The plot 

coming to a sharp peak at zero lag indicates the traces are highly correlated.  

 

Figure 5-16: Cross correlation analysis compa ring con tre-coup pressure traces 

of same level impact of the finite element model with and without silicon membrane.  

HIC was determined to be the strongest predictor of cavitation formation. HIC 

accounts for the duration of acceleration, and was created and validated to predict skull 

fracture in blunt impact trauma,  an injury with a mechanism  rooted in skull compliance 

(Newman 1980, NHTSA 2011). Based on the influence of system compliance on cavitation, 
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it is logical that HIC is the best predictor for cavitation formation. While HIC tangentially 

accounts for skull compliance, none of the other traditional head injury metrics (peak 

resultant linear acceleration, peak resultant angular acceleration, HIP, or Gadd Severity 

Index) or new model based injury metrics (Brain Injury Criterion, Maximum Principle 

Strain, Cumulative Strain Damage Metric, and Diffuse Axonal Multi -Axis General 

Evaluation) consider skull compliance. When developing future injury metrics, it is 

important to consider the role of skull compliance in cavitation and TBI to develop more 

accurate injury predictors.  

The influence of system compliance on cavitation formation  translates to some 

profound implications for CSF cavitation withi n the skull. The foramen magnum and 

other holes in the skull where soft tissues enter do not have a significant influence on the 

cavitation response of the system. When designing surrogates or other experimental 

models, it is more important to match the stiffness and overall geometry of the model to 

the biological system than anatomical details such as the foramen magnum. Because 

stiffness of the calvarium changes so much with age, scaling for cavitation by age, 

particularly pediatrics, requires more complexity that current biomechanics scaling laws.  

While the presence of a foramen did not influence transient cavitation initiation, 

this work supported the hypothesis that a foramen resulted in  larger bubble size. Since 

cavitation fluid is nearly incompressible, the presence of an elastic membrane allows for 

rapid volume expansion and enables the bubble to grow. This is important because the 
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skull has features (such as the foramen magnum) that will also allow for this expansion. 

Intracranial cavitation will not be limited by changes in volume, but instead interfaces 

such as the dura and parenchyma. This means transient cavitation will have close relation 

to these structures that may result in damage. 

This investigation has a number of limitations. The first is the biofidelity of the 

experimental setup and finite element model. While the stiffness, size, and fluid 

properties were similar  to those in tissue, geometric complexity, soft tissue properties, and 

anatomical complexity differ greatly. While the distilled water had partial gas pressures 

comparable to CSF, it did not contain any of the salts, proteins, or other large biological 

molecules that may act as nucleation sites for cavitation. This limitation, however, is 

conservative, reducing the potential for cavitation in the model compared to the in-vivo 

state. While the acrylic surrogates have similar stiffness and density to human skull, their 

viscoelastic properties vary. Due to its fluid cont ent, the skull will dampen the shear wave 

created by blunt impact, limiting its influence on cavitation compared to acrylic. While 

consistent, the temperatures for testing were lower than body temperature which alters  

cavitation thresholds. This work was c ontrolled to provide insight to the mechanisms and 

behavior of CSF cavitation. However, it is beyond the scope of conclusions to apply the 

risk thresholds, injury metrics, or pressure values to  soft tissue CSF cavitation.  
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5.5 Conclusions 

This work used experi mental acrylic head surrogates and a numerical finite 

element model to investigate the role container compliance has on transient acoustic 

cavitation formation. It was determined that the presence of an elastic membrane, or 

foramen, does not influence cavitation formation but does affect cavitation bubble size. 

This is because instead, the compliance of the container wall is a primary driver of 

cavitation formation and overshadows influence from a foramen or membrane. These 

results provide novel insight to the mechanisms of transient intracranial CSF cavitation 

formation  from blunt impact. Conclusions provided in this work  will be fundamental in 

the understanding the role of transient cavitation in blunt impact mTBI . 
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6. Blunt Induced Cavitation in a Pig Model 

6.1 Objectives 

Previous work on CSF cavitation has found that cavitation can occur in non -

biological surrogates (Lubock 1980, Nusholtz 1995, Van Orman 2020), but attempts to 

detect intracranial CSF cavitation in soft tissue have been limited to contre-coup pressure 

traces in backfilled human cadaver head and live rhesus monkeys (Nusholtz 1984). These 

tests were unable to discern the incidence of cavitation, and required compromising the 

cranial cavity to implant pressure transducers. Cavitation has been shown to have 

implications for neurological and vascular damage given its potential occurrence within 

the brain (Canchi 2017, Wrede 2019, Dougan 2020). However, to advance the 

understanding of cavitation in blunt TBI, cavitation  must be detected within the soft tissue 

of a biofidelic model.  

The recent development of an acoustic biomarker capable of detecting transient 

cavitation collapse without compromising the skull presents the opportunity to observe 

cavitation in the cranial cavity of a fresh non -frozen pig cadaver model. It is hypothesized 

that cavitation will occur within an uncompromised pig  head at impact levels relevant for 

human blunt impact injury in-vivo, and the acoustic biomarker developed and validated 

in an acrylic surrogate model can be detected through biological tissue. This hypothesis is 

tested through repetitive impacts of a fresh non -frozen pig  cadaver model. The following 

work advances the scientific field by detecting blunt impact within the cranial cavity and 
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provides foundational work for investigating the  clinical implications  of cavitation in 

blunt impact neurotrauma.  

6.2 Methods 

6.2.1 Repetitive Impacts for Cavitation Detection 

Fresh, non-frozen, full -body pig cadavers were tested 3ɬ5 hours post mortem to 

investigate cavitation formation without compromising the cranial cavity. The pig was 

instrumented with two Physical Acoustic S9220 acoustic sensors (flat frequency response 

of 100ɬ900 kHz) and a six degree-of-freedom (6DOF) kinematics package (three Endevco 

7264 linear accelerometer, three DTS angular rate sensors). Skin on each side of the head 

was cut using a cautery tool to expose both the left and right temporal fossa of the pig. 

One acoustic sensor was then fixed to each of the temporal fossa using cyanoacrylate glue 

(Figure 6-1). The cautery tool was also used to expose a square window on the nasal bone 

of the pig wher e the 6DOF kinematics package was rigidly fixed with bone screws (Figure 

6-1). This sensor setup left the frontal bone unobstructed, providing the  collision site for 

the impact. The cadaveric pig head was exposed to impacts of increasing severity from a 

5 kg pneumatic impactor outlined in previous cavitation studies (Eckersley 2020). Prior to 

each test, the impact site of the frontal bone was lined up with the impacting mass , and 

high -speed footage confirmed uniform impact sites for each  tests (Figure 6-1). Sixty-four 

total impacts were conducted between two pigs with impact velocities ranging from 1.5 

to 5 m/s. For each test series, initial low -level impacts were gradually increased to the 
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highest levels, and then down again. This ensured the acoustic response was the same at 

the beginning and end of the test series, and highest-level impacts did not comprom ise 

the system.  

 
A  

 
B 

 
C 

Figure 6-1: A) Illustration of surgical cut sites on cadaver pig head. B) Sensor 

mounting points on cadaver skull. C) Impact location of cadaver head in all tests.  

Acoustic data for all tests were collected using a PicoScope 5444B (Pico 

Technologies, UK)  at 31 MHz, band pass filtered from 20,000 to 1,000,000 Hz (Eckersley 

2020), and analyzed in Matlab R2020A (MathWorks, US) . Wavelet transforms were 

conducted using a Morlet wavelet, pictur ed in Figure 2-7. Wavelet analysis was conducted 

using a process previously determined for intracranial cavitation detec tion (Eckersley 

2020). Kinematic data was collected at 200 kHz; linear accelerations were filtered at 1000 

Hz in accordance with CFC600 while angular rat es were filtered at 300 Hz in accordance 

with CFC180 (NHTSA 2011). Using rigid body transformations, kinematics were 

translated from the snout to the CG of the head. Peak resultant linear acceleration, peak 

resultant angular acceleration, head injury criterion (HIC) (Equation 5.1) (Mertz 1996) and 

head impact power (HIP) (Equation 5.2) (Newman 2000) were then calculated using the 

translated kinematics. For each of the head injury metrics, survival analysis using a 
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Weibull distribution was used to construct cavitation risk curves in Minitab (PA, USA). 

Incid ence of cavitation was the binary response variable, and head injury metrics were 

the explanatory variables.  Negative cavitation tests were considered right  censored data 

points while positive cavitation tests  were considered interval censored between the 

calculated peak values and lower values before cavitation initiation. Because cavitation 

cannot be directly imaged through the head, and transient acoustic cavitation can only be 

heard upon collapse, timing of cavitation formation was determined based on a prior test 

series that used an acrylic surrogate to image blunt impact cavitation formation and 

collapse. These tests found that on average, cavitation formation begins at 60% of the time 

it takes from impact to bubble collapse. Time of impact was found using kinematic traces 

while time of collapse was determined using acoustic wavelet transforms. The difference 

in time between these two values was multiplied by 0.6 then added to the impact time to 

determine the time of bubble initiation in the pig cadave r tests. 

Following the full -body cadaveric pig tests, the head was removed, and a microCT 

scan was performed to check for any structural failures from the tests. Then, the head was 

prepped for a series of negative control tests using the same instrumentation from the full 

body cadaver tests. The brain and all cranial contents were removed through the foramen 

magnum, leaving only air in the cranial cavity thus making CSF cavitation impossible and 

leaving only skull/flesh structural response. The empty cranial cavity was then impacted 

using the pneumatic  ram at velocities ranging from 3 ɬ 4.5 m/s to determine the acoustic 
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response of the structural head components alone. Next, the cranial cavity was filled with 

a solid polyurethane resin  to prevent any acoustic response from skull flexure at impact. 

Again,  the polyurethane filled cadaver head was impacted using the pneumatic ram (3 ɬ 

4.5 m/s) and the acoustic response of the rigid system was recorded. Kinematic and 

acoustic data collection and analysis methodology presented in the full -body pig cadaver 

tests was repeated for the negative control tests.  

The acoustic biomarker used in this study was developed in an acrylic surrogate 

model (Eckersley 2020). Because there is variation in the acoustic damping between skull 

tissue and acrylic, a transmission test at 40 kHz was conducted to ensure the acoustic 

biomarker could still be detected in the head . Similar to the control tests, a fresh cadaveric 

pig head was removed from the body and the cranial contents were removed from the 

foramen magnum. Acoustic sensors were positioned at the same locations on the head as 

the impact studies and the skull was back filled wi th water. A 40 kHz speaker was then 

placed inside the skull at full power and the acoustic signal was recorded on the outside 

of the skull. The same test was then performed for an acrylic surrogate skull, it was filled 

with water and the speaker was placed inside while acoustic information was recorded 

from sensors glued to the outside of the walls. In each test careful consideration was taken 

to ensure similar locations of the speaker relative to the sensor. A wavelet transform 

visualized the frequency inf ormation for the acoustic signals, ensuring a majority of the 

power was around 40 kHz. The signals received a band pass filter from 30 ɬ 50 kHz. The 
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peak power was found in this frequency band for each of the two sensors on the cadaver 

and the surrogate. The values from each sensor were then averaged and the averages 

between the cadaver and surrogate were compared to determine the damping diffe rence 

in dB between skull tissue and acrylic. 

6.2.2 Perfused Pig Cadaver to Investigate Clinical Implications of 
Cavitation 

Since multiple impacts were conducted on the same specimen to develop risk 

curves for cavitation bubble formation, neither necropsy nor histology could be used to 

determine the clinical  implica tions of cavitation on  the brain and its vasculature. To 

observe the influence of a single impact on the brain and cerebral vasculature, this test 

series deployed a single impact on fresh non frozen pig cadavers that allowed for 

comparison between intracranial tissue that was and was not exposed to cavitation.  

Two pig cadavers were used in this test series. Just prior to euthanasia, the 

specimens were injected with a 40,000 IU bolus of heparin to prevent clotting within the 

cerebral vasculature. Immediately post-mortem, the external jugular vein and carotid 

artery were located through the vent ral side of the neck (Figure 6-2). A cannula was 

inserted into each vessel and flow to the caudal portion of the body was b locked by 

clamping a hemostat caudal of the cannulas as well as on the internal jugular veins and 

contralateral external jugular and carotid artery . The brain was then perfused with 0.9% 

saline until liquid ran clear. Following perfusion, the pig cadaver was instrumented as 

described in the repetitive impact tests with two acoustic sensors (Physical Acoustics 
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Nano-30, flat frequency response 150 ɬ 750 kHz) located on the left and right temporal 

fossa and a six DOF sensor package (Endevco 7264 Linear Accelerometer and DTS 

Angular Rate Sensor) fixed to the snout (Figure 6-1). 

 

Figure 6-2: Cannulation of carotid artery and external jugular vein.  

After the cadaver was instrumented , perfusion continued to ensure the 

vasculature was pressurized and a single impact was delivered to the frontal bone ( Figure 

6-1). Immediately after impact, the specimen was perfused with a 200 mL solution  of 

0.25% Evans blue and 3.5% albumen in 0.9% saline to indicate breaches in the blood brain 

barrier indicating v ascular damage. The brain and vasculature were then fixed with  a 

neutral buffered 10% formalin  solution perfusion  for 25 minutes. The calvarium was then 

removed to expose the brain, which  was dissected out for analysis. 

Following complete fixation  of the brain, the external cortex was examined for any 

locations of diffuse Evans blue dye that would indicate blood brain barrier disruption. 
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The brain was then sliced into 5 mm thick coronal sections and examined for any interior 

diffuse blue discoloration. The acoustic and kinematic data were analyzed in accordance 

with the methodology described for the repetitive impact tests.  

6.3 Results 

6.3.1 Repetitive Impacts for Cavitation Detection 

Cavitation was detected in both full body cadaver test series as indicated by a 

previously determined acoustic biomarker (Eckersley 2020). Figure 6-3 and Figure 6-4 

show example wavelet traces that are positive and negative for  cavitation in the full body 

pig cadaver respectively. Mean time from impact to cavitation collapse (± SD) of the 

cadaveric pig tests was 1.1 (±0.3) ms.  

 
Figure 6-3: Example wavelet transform of posit ive cavitation in cadaveric pig , 

242 g peak linear acceleration, collapse occurs 1.35 ms following impact.  White bar 

along time axis indicates impact and black bar indicates cavitation coll apse. 
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Figure 6-4: Example wavelet transform of negative cavitation from full body 

pig cadaver tests , peak linear acceleration 156 g, impact occurs at time = 0 (white line).  

Figure 6-5 and Figure 6-6 show the wavelet transforms of the negative control, air 

filled and rigid polyurethane filled cranium tests. Peak linear accelerations were 237 g and 

229 g respectively, and neither displayed the wid eband acoustic biomarker within  3 ms 

of impact. Analysis of the microCT scans following testing did not indicate the presence 

of skeletal compromise meaning that acoustic responses are not the result of skull fracture. 

The results of the 40 kHz transmission test show 18.4 dB of damping by the cadaver head 

compared to the clear acrylic surrogate.  
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Figure 6-5: Wavelet transform of acoustic signal in an air filled cranium 

negative control  test indicating structural a coustic response of blunt impact  shows 

time/frequency response that is not characteristic of cavitation . Impact at time = 0, 

peak linear acceleration = 237 g. 

 
Figure 6-6: Wavelet transform of the acoustic signal  in a rigid polyurethane 

filled cranium negative control  test shows time/frequency response that is not 

characteristic of cavitation . Impact at tim e = -0.1 indicated by white marker, peak 

linear acceleration = 229 g. 
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The acoustic biomarker for transient cavitation collapse was detected in 34 of the 

64 cadaver pig impact tests. Figure 6-7, Figure 6-8, Figure 6-9, and Figure 6-10 show the 

cavitation risk curve s for the four calculated head injury metrics. HIC was the strongest 

predictor of cavitation formation with an Anderson -Darling (AD) score of 0.86 followed 

by angular acceleration with an AD score of 0.98. Linear acceleration was the third best 

predictor w ith an AD score of 1.01 and HIP was the worst predictor with an AD score of 

3.84. Table 6-1 lists the 25%, 50%, and 75% risk of cavitation (95% CI) of each injury metric. 

 
Figure 6-7: Cavitation risk plot of HIC for cadaveric pig  repetitive impact test. 

50% risk (95% CI) = 338 (264-432), Anderson -Darling score of 0.86. 
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Figure 6-8: Cavitation r isk plot of angular accel.  for cadaveric p ig  repetitive 

impact test. 50% risk (95% CI) = 15567 (14220-17043), Anderson -Darling score of 0.98. 

 
Figure 6-9: Cavitation risk plot of linear accel.  for cadaveric pig  repetitive 

impact test. 50% risk (95% CI) = 227 (199-259), Anderson -Darling score of 1.01. 
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Figure 6-10: Cavitation risk plot of HIP for cadaveric pig  repetitive impact test. 

50% risk (95% CI) = 6347 (5461-7376), Anderson -Darling score of 3.84. 

 

Table 6-1: Quartile Risks of Cavitation of Four Injury Metrics  

Injury Metric  25% Risk (95% CI) 50% Risk (95% CI) 75% Risk (95% CI) 
HIC  193 (140 ɬ 266) 338 (264 ɬ 432) 524 (252 ɬ 435) 

Angular Accel. (r ad/s^2) 12493 (11074 ɬ 14093) 15567 (14220 ɬ 17043) 18516 (17008 ɬ 20159) 

Linear Accel. (m/s^2) 128 (141 ɬ 200) 227 (199 ɬ 259) 288 (256 ɬ 323) 

HIP 4421 (3630 ɬ 5385) 6347 (5461 ɬ 7376) 8439 (7306 ɬ 9748) 

 

6.3.2 Perfused Pig Cadaver to Investigate Clinical Implications of 
Cavitation 

Figure 6-11 shows the wavelet transform from one of the perfused pig blunt 

impact tests and displays the acoustic biomarker developed for cavitation. This indicates 

cavitation can be induced in a model simulating pressurized vasculature.  The injury 
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metrics that resulted in positive cavitation were: peak resultant linear acceleration ɬ 286 

g, HIC ɬ 896, peak resultant angular acceleration ɬ 16433 rad/s^2, and HIP ɬ 5978. 

 
Figure 6-11: Wavelet transform of perfused pig head impact test showing 

acoustic biomarker positive for cavitation collapse.  White mark indicates time of 

impact, black mark indicates time of collapse.  

Figure 6-12 displays the wavelet transform from one of the perfused pig blunt 

impact tests that does not indicate the acoustic biomarker for cavitation collapse. The 

injury metric values for this impact were: peak resultant linear acceleration ɬ 227 g, HIC ɬ 

613, peak resultant angular acceleration ɬ 12125 rad/s^2, and HIP ɬ 3898. 
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Figure 6-12: Wavelet transform of perfused pig head impact test  that does not 

show acoustic biomarker of cavitati on collapse. White mark indicates time of impac t. 

The full fixed brain of the positive cavitation impact described above is  shown in 

Figure 6-13. Images of the whole brain show blue vasculature indicating successful 

perfusion of the saline and Evans blue solution. Close up images of the coup parenchyma 

indicate potential  breaches in the blood brain barrier (Figure 6-14), images of the brain 

slices from both the positive and negative cavitation tests, do not show evidence of 

bleeding anywhere else in the brain (Figure 6-15). 
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Figure 6-13: Superior (Left) and inferior (Right) images of t he fixed pig cadaver 

brain following perfusion of Evans blue.  

  

Figure 6-14: Close up images of the parenchyma on the impact coup  for the 

positive (Left) and negative (Right) cavitation tests. Diffuse co loration indicative of 

breach in blood brain barrier.  
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Figure 6-15: Images of 5 mm brain slices for positive cavitation (Left) and 

negative cavitation (Right) tests.  Achieved better perfusion in the posi tive cavitation 

tests as indicated by less blood.  

6.4 Discussion 

The principle goal  of this study was to use the acoustic biomarker developed in 

Chapter 4 to inform the hypothesis that intracranial cavitation occurs in blunt impact 

scenarios and can be detected in situ of an uncompromis ed, full body pig cadaver  skull . 

The acoustic biomarker was detected in high-level blunt impac ts of the pig cadaver 

indicate that  cavitation occurs in a biological tissue model  and the biomarker can be 

detected through fresh cadaveric skull.  A second goal of this work was to investigate 
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clinical implications of blunt impact cavitation.  While direct clinical implications cannot 

be drawn from these tests due to limited sample size, single impact  full body , perfused, 

pig cadaver tests provide a foundational methodology for observing clinical implications 

of cavitation through histological outcome.  

In the blunt impact full body cadaver tests, numerous potential confounding 

events could be sources of the high frequency emissions observed. The first is noise in the 

acoustic sensor or a detachment from the skull. This is not the source of the emissions 

because in these tests, to be an indication of cavitation formation, the acoustic biomarker 

needed to be synchronized in time . If the emissions were a result of a sensor complication, 

the signal would be present on only one sensor and not the other. The second potential 

complication could be high frequency content from skull fracture or other bony fracture. 

However, cortical bone fracture has been shown to give acoustic emissions of much higher 

frequency (200ɬ400 kHz) (Shridharani 2016) than what are seen in the acoustic emissions 

from these tests, indicating that this is not the source of these emissions. Furthermore, 

post-test microCT scans of the head do not show the presence of skull fracture. The 

emissions could also be from the lower jaw of the pig colliding with the upper jaw upon 

impact. This was prevented as a confounding variable by clinching the mouth shut with 

foam between the jaws. The final source of acoustic emissions could be from some flexure 

mode of the skull causing vibrat ions detected by the acoustic sensor. This was eliminated 

as a confounding source through the negative control test, which did not show the 
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acoustic emissions related to cavitation formation. 

Based on the cavitation risk curves, HIC was the best predictor of cavitation out of 

the four calculated head injury metrics.  This mirrors previous work investigating the role 

of container compliance in cavitation formation  in Chapter 5. HIC was developed and 

validated to predict risk of skull fracture, an injury reliant on skull compliance. HIC being 

the best predictor of cavitation in this test series indicates container compliance is relevant 

for cavitation formation in ex -vivo surrogates and soft tissue. The 50% risk of cavitation 

value for HIC was 338. Unscaled, this value is below the 1% threshold of skull fracture in 

humans (Mertz 1996), indicating that it is plausible for transient cavitation to occur during 

blunt head impacts that are not catastrophic  (Figure 6-16). Since the pig is slightly smaller 

than the average male, mass scaling will lower this value even further below the 1% skull 

fracture threshold. However, as discussed in Chapter 5, the traditi onal biomechanics 

scaling laws may not apply to incidence of cavitation because they do not account for 

variations in skull compliance.  

 

Figure 6-16: Cadaver HIC curve against previous head injury criteria.  
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Showing cavitation occurs under realistic blunt impact conditions indicates that 

many of the advanced metrics developed for traumatic brain injury do not capture the 

entire injury etiology. Current advancements in TBI rely heavily on finite element models 

to determine peak brain strain based on kinematic inputs. However, these models do not 

account for cavitation, and will not capture localized deformations due to transient 

cavitation collapse. In addition to vast biological variance, this may explain why c urrently, 

no conclusive and comprehensive TBI injury criterion has been developed. 

Since it is difficult to observe high rate phenomenon such as cavitation through 

the skull,  appropriately constructed  finite element (FE) models and numerical analysis are 

valuable tools for cavitation analysis. FE models, in general, are ineffective without an 

accurate value for the CSF cavitation threshold pressure. Numerous studies have aimed 

to tackle this problem through various experimental methods, determining answers from 

-100 kPa to -20 MPa (Herbert 2006, Takhounts 2008, Singh 2015, Salzar 2017). This 

variation is primarily due to the effect of nucleation sites, both in the amount of dissolved 

gasses in the fluid and imperfections on the surface of the containment vessel. It is difficult 

to control and ensure the biofidelity of these variables. Because of this, the incidence of 

cavitation in these modeling studies is often unreliable. This study used a novel method 

of cavitation  detection, which did not rely on controlling these variables, and ensured the 

cranial cavity was not compromised prior to testing , providing reliable evidence for the 

incidence of intracranial CSF cavitation. 
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Previous work on soft tissue cavitation in area s of the body other than the head 

use ultrasound frequencies (1-3 MHz) to detect the incidence of cavitation (Coleman 1996, 

Pishchalnikov 2003, Li 2019). As shown in this study, acoustic damping across the skull 

can be nearly 18.5 dB for 40 kHz frequency in comparison to non-biological acrylic. 

Literature reports 1 ɬ 3 MHz frequencies can be dampened by up to 30 dB across the skull 

(Fry 1978). Signal power emitted in the 1 ɬ 3 MHz frequency range will be limited by 

bubble size in the CSF space. Acoustic damping  from the skull  combine with the l ow 

signal power make it difficult to differentiate high frequency signals from  noise across the 

skull. For one of the positive cavitation repetitive impacts, the skull was also instrumented 

with a high frequency acoustic sensor (300 ɬ 1800 kHz flat frequency) filtered from 500 ɬ 

2000 kHz. Figure 6-17 compares the wavelet transform of the signal from this sensor to 

that of the one used for cavitation detection. This illustrates cavitation collapse is detected 

by sensors of low frequency content, but signal from higher frequency sensors is 

indiscernible from noise. 
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Figure 6-17: Comparison of wavelet transforms between high and low 

frequency sensors from positive cavitation pig cadav er blunt impact test  showing  

cavitation collapse  (black mark)  is not detected in high frequency sensor due to 

acoustic damping of the skull.  

 Comparing the cavitation risk curves of the full body pig cadavers to the 

membrane acrylic surrogate cavitation risk curves developed in Chapter 5  show the 50% 

risk of cavitation  of the pig cadavers is statistically significantly lower for HIC and higher 

for Angular Acceleration and HIP (the 95% confidence intervals do not overlap). It is 

expected that angular acceleration and HIP would be differen t between the two because 

they are such poor predictor s of cavitation in the surrogate tests. In addition , since the 

angular acceleration inputs are higher in the pig tests due to increased geometric 

complexity,  HIP will follow as being higher because the two are correlated.  However, the 

increased angular accelerations will create increased linear accelerations at locations 



 

125 

translated away from the CG. This explains why the HIC value  required  for cavitation is  

lower in the pig model  even though the compliance in the two systems is similar; a lower 

CG linear acceleration is required to still reach the cavitation threshold in the CSF layer. 

Because of the limited sample size, the primary goal of the perfused pig tests was 

to serve as a sub-study that  lays the foundation for continued investiga tion of the clinical 

implications of cavitation. This work displays three important results. First, the successful 

perfusion of the Evans blue dye throughout the entire cerebral vasculature. This indicates 

that the vasculature was successfully drained of b lood during the saline per fusion and 

Evans blue will locally, regionally, and globally perfuse  the vasculature to indicate 

damage. Next, breaches in the blood brain barrier may be  indicated by diffuse coloration 

of the Evans blue in neurological tissue, as both impacts indicate blood brain barrier 

disruption on the coup  (Figure 6-14). Finally, cavitation is still observed with the biofidelic 

experimental addition of a pressurized vasculature. This provides additional evidence 

that transient cavitation may occur  in a soft tissue cranial model under blunt impact 

loading and this methodology can be successfully deployed to study the clinical 

implications of blunt impact transient cavitation. While this work is unable to draw direct 

clinical implications of cavitation , previous work indicates cavitation collapse can damage 

neurological and vascular soft tissue (Canchi 2017). This provides further motivation that 

the clinical implications  of cavitati on should be investigated using this methodology.    
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A number of limitations are present within this study. First, the blunt impa cts were 

not controlled to simulate  a particular blunt impact event. The goal of this study was to 

show the plausibility of cavi tation formation during a blunt impact event, but not in any 

event in particular  (such as a helmeted collision or head hitting A-post in car accident). 

Second, while the impact tests were conducted using a fresh cadaver (~3ɬ5 hr post-

mortem), the brain tis sue may have begun to deteriorate and the CSF layer may have been 

altered compared to a live animal. However, lower level controls following high impacts 

in the repeated tests and brain dissection following the perfusion tests indicate 

deterioration did no t occur. Third , because container compliance plays such a large role, 

a scaling metric between the pigs and humans would need to consider  skull stiffn ess, 

geometry, and size. Since these values are different between humans and the pig model, 

it is difficul t to translate cavitation detection to humans  using a scaling principal . Fourth , 

the conclusions on clinical implications of cavitation  from the perfused head tests are 

limited by the sample size collected. Future work will continue the investigation to 

provide additional insight to the clinical applications of cavitation.  

6.5 Conclusions 

This work used  the acoustic biomarker developed in Chapter 4 to investigate blunt 

impact cavitation in a fresh, non -frozen, full body pig cadaver model. This is the first 

investigation of  blunt impact CSF cavitation in an uncompromised soft tissue model . The 

data show that intracranial soft tissue cavitation occurs at impact levels below those 
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expected for catastrophic injury such as open skull fracture, DAI, or massive 

hemorrh aging. Results of this work also imply  the wideband acoustic signature of 

cavitation collapse can most easily be detected in the range of 20 ɬ 250 kHz due to acoustic 

attenuation of high frequency content by the skull.  This study is the first  that uses a fresh, 

non-frozen uncompromised pig head model to show blunt impact CSF cavitation may 

occur under physiological impact loads. The evidence provides strong motivation that 

future work should be conducted to further understand the clinical TBI implications o f 

blunt impact cavitation. The final portion of this work provides a methodology that can 

serve as a framework for study of clinical TBI implications of blunt impact cavitation.  
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7. Clinical Implications of Cavitation in the Human 
Population 

7.1 Objectives 

Because blunt impact transient cavitation is theorized to occur in the CSF space, 

clinical implications focus on contusions of the external cortex and rupture of bridging 

vessels spanning the subdural and subarachnoid space. Intracranial contusions and 

rupture d bridging vessels can result in life threatening bleeding  (Gennarelli 1971, 

Gennarelli 1982), increased ICP levels, and are readily  detected on non-invasive CT or 

MRI scans. Owing to straight forward n oninvasive identification and important  clinical 

implications, numerous literature sources have investigate d the mechanism of these 

intracranial injuries  in both experimental models and retrospective epidemiology.  

Current theory suggests three mechanisms for intracranial damage: skull intrusion 

under the impact site, cavitation, and shearing from angular acceleration. Each 

mechanism will provide a particular hypothesized injury pattern . Tissue damage from 

skull intrusion will manifest as coup injuries direct ly under the impact site. Cavitation 

formation is consistently observed on the impact contre -coup in surrogate tests where the 

inertial pressure gradient and wall compliance create localized negative pressure 

(Nushol tz 1995, Eckersley 2020, Van Orman 2020). Therefore, cavitation induced injuries  

will also manifest on the impact contre -coup site. Based on the work of Gennarelli et al. 

and Ommaya et al., vessel shearing from angular acceleration will manifest itself  at 
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locations of peak tissue strain. (Gennarelli 1971, Ommaya 1971, Gennarelli 1972, 

Gennarelli 1982). These locations are dependent on geometry and acceleration direction.   

While conducting live animal testing is beyo nd the scope of this work, it is  

hypothesized reanalysis of seminal live subhuman primate testing from the 1960s-1980s 

with novel tools and insight from this d issertation will provide new  evidence to the 

mechanisms of intracranial bleeding  (in the context of the experimental dynamic, 

potentially injurious, exposures) . Additionally, it is hypothesized retrospective analysis 

of human intracranial bleeding cases will provide evidence that the trends of subhuman 

primate testing will translate to clinical impl ications for cavitation in humans.  

7.2 Methods 

7.2.1 Methodology of Live Animal Tests in Literature Investigating 
Intracranial Bleeding 

A series of seminal papers conducted from 1960-1980 utilized  live subhuman 

primate testing and prevailing mechanical theories of t he time to draw conclusions on the 

mechanisms of brain contusions and bleeding (Table 7-1). This previous seminal literature 

provides a valuable resource of recorded kinematic data and correlated neuropathological 

analysis that, when combined with previous work in this dissertation and novel 

investigative tools, can provide novel insight to the mechanisms of these potential ly  

catastrophic injuries. 
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Table 7-1: Summary of Live Animal Tes ting Investigating Intracranial Bleeding  

Author  Year Species Number  Direction  

Ommaya 1968 Rhesus Monkeys 50 Sagittal Inertial Loading  

Ommaya 1971 Rhesus Monkeys 67 Sagittal Impact Frontal and 

Occipital  

Gennarelli  1972 Squirrel Monkeys  25 Sagittal Helmeted Loading, 

Minimal Impact  

Gennarelli  1979 Rhesus Monkeys 30 Sagittal Helmeted Loading,  

Minimal Impact  

Ono 1980 Multiple  63 Sagittal Frontal and Occipital 

Impacts, Helmeted and Un-

Helmeted 

7.2.1.1 Ommaya et al. - 1968 

In this study, 50 rhesus monkeys were positioned in a cart that was allowed to 

move freely down a linear track  (Ommaya 1968). The cart was rapidly accelerated forward 

using a pneumatic piston, simulating a rear end vehicle collision. By pus hing the cart, this 

study provided inertial loading to the head that resulted in high angular accelerations 

without an impact ( Figure 7-1). Following the acceleration event, brains were dissected 

from the skull to o bserve macroscopic pathology.  

 
Figure 7-1: Peak angular acceleration and duration of 40 impact tests (Ommaya 

1968) 
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7.2.1.2 Ommaya et al. - 1971 

This study consisted of 67 head impact tests on adult rhesus monkeys (42 impacts 

to the midoccipital region and 25 to the mid frontal region ) with the goal of a midsagittal 

axis of symmetry  (Ommaya 1971). Impacts were delivered approximately through the 

head center of gravity (Figure 7-2) using an explosive cartridge that applied 3500 ɬ 4000 

N of force over 2 ɬ 4 ms. This resulted in tangential skeletal linear velocities of 12 ɬ 16 m/s 

and angular velocities of 150 ɬ 250 rad/s. To limit the number of skull fractures from 

frontal impacts, a plate was positioned over the forehead and face to provide a path of 

load distribution  away from facial struc tures. Four hours after impact, the specimens were 

sacrificed and the brains were dissected to investigate macroscopic damage. 

 
Figure 7-2: Frontal and occipital impact sites directed approximately through 

the head center of gravity (Ommaya 1971) 

7.2.1.3 Gennarelli  et al. - 1972 

This test series consisted of 25 squirrel monkey acceleration tests (Gennarelli 1972). 

Each monkey was rigidly fastened to  a helmet that was linked to a pneumatic device 
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capable of delivering precise linear and angular accelerations through the sagittal plane. 

Of the 25 tests, 12 provided a predominantly linear translation of the head while 13 

generated a combined linear translation and angular rotation. The resulting head 

accelerations were measured using high-speed video and are listed in Table 7-2. Following 

impact, the specimens were sacrificed and the brains were dissected for analysis of 

macroscopic damage. 

Table 7-2: Summary of Acceleration Magnitudes (Gennarelli 1972)  

Test Type Peak Linear 

Acceleration (g)  

Peak Angular Acceleration 

(rad/s2) 

Duration 

(ms) 

Linear 1230 NA  6 

Linear 1140 NA  6.5 

Linear 1058 NA  7.0 

Linear 854 NA  7.0 

Linear 830 NA  6.5 

Linear 812 NA  7.0 

Linear 802 NA  7.5 

Linear 768 NA  6.5 

Linear 734 NA  8.0 

Linear 665 NA  7.5 

Combined 1025 317,000 6.5 

Combined 1025 317,000 5.5 

Combined 961 297,000 7.0 

Combined 783 242,000 7.0 

Combined 728 225,000 7.0 

Combined 713 220,000 7.0 

Combined 710 219,000 7.0 

Combined 706 218,000 7.0 

Combined 700 216,000 7.0 

Combined 488 151,000 7.5 

Combined 402 124,000 7.5 

Combined 387 120,000 8.0 

Combined 348 108,000 7.5 
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7.2.1.4 Gennarelli et al. - 1979 

For this study, 30 rhesus monkeys were tested using a pneumatic linkage system 

that rotates a helmet fixed to the animals head through the sagittal plane without  a direct 

impact (Gennarelli 1979). Angular accelerations about the head center of gravity were 

between 18,000 and 120,000 rad/sec2, and tangential linear accelerations of the head CG 

were between 190 and 1500 g. Following testing, animals were sacrificed immediat ely or 

after 1 week, and brains were dissected and analyzed for macroscopic damage. 

7.2.1.5 Ono et al. - 1980 

This investigation used 63 monkeys of various species (Japanese monkey, rhesus 

monkey, crab eating monkey, and baboon) to investigate the role of kinemati c input 

(angular vs. linear) and impact surface area (distributed vs. focal) on brain bleed injuries 

and skull fractures  (Ono 1980). Each test used a pneumatic impactor that impacts either 

the head of the monkeys or a force distributing mask . Impacts were applied from a heavy 

mass to both the frontal and occipital region at velocities from 5 ɬ 28 m/s. Measured linear 

accelerations of the head ranged from 240 ɬ 1,100 g, angular accelerations ranged from 

6,000 to 250,000 rad/sec2, and durations were between 2 and 18 ms. Monkeys that survived 

experimentation were sacrificed 18 hrs. to 1 week following impact and the brains were 

fixed and dissected for macroscopic damage analysis.  
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7.2.2 Finite Element Modeling of Past Experimental Conditions 

Over the course of nearly 50 years, novel tools have been introduced that provide 

additional insight  to the results determined in these seminal articles, one being finite 

element (FE) modeling. While material models in  FE modeling limit  the absolute 

quantitative measures modeling  can provide (Eckersley 2020), it is valuable to investigate 

the role of geometry in relative pressure and strain distributions within the head. For this 

study the SIMon model was used (Takhounts 2003). The SIMon head model was 

developed for open access use by the National Highway Traffic Safety Administration to 

asses head injury in car accidents. The model consists of anatomically representative 

cerebellum, cerebrum, CSF-dura layer, ventricles, brainstem, falx, foramen magnum, 

bridging vessels, and skull. It represents a 50th percentile male modeled with a rigid skull 

and soft tie-break interface for the skull to CSF-dura and CSF-dura to brain interaction.  

Using LS-Prepost and LS-DYNA, rigi d skull kinematics were prescribed  to the 

SIMon model based on the range of sagittal impacts from previously described live animal 

testing. Angular and linear accelerations of 66,666 rad/s2 and 475 g are applied to the head 

over the duration of 0.003 s. Nine  separate simulations were applied, summarized in Table 

7-3. Element pressure and effective strain in the model were output at 20 kHz.  
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Table 7-3: Summary of SIMon Model Impact Conditions  

Direction of Impact  Linear A ccel. Applied?  Angular A ccel. Applied?  

Occipital  Yes No 

Occipital  No Yes 

Occipital  Yes Yes 

Frontal Yes No 

Frontal No Yes 

Frontal Yes Yes 

Lateral Yes Yes 

Lateral Yes No 

Lateral No Yes 

 

7.2.3 Retrospective Study of Brain Bleed Cases 

Access to patient files at the Duke Hospital was obtained through the Duke Health 

IRB under protocol ID Pro00102614. A filter pulled CT scan radiology notes on patients 

with  subdural hematoma from the years 2013 ɬ 2019ȭɯ%ÐÓÌÚɯÞÌÙÌɯÚÖÙÛÌËɯÉàɯÛÏÌɯ×ÈÛÐÌÕÛɀÚɯ

medical record number (MRN), and only files with novel MRNs were recorded to prevent 

duplicate records from multiple scans on the same patient. Patients with preexi sting 

conditions relevant to subdural hematomas (chronic subdural , craniotomies, burr holes 

from previous surgery, cancer) as well as patients with open head wounds were excluded 

from analysis. Finally , only cases where the location of the subdural bleed and impact 

evidence are noted by the radiologist are recorded. This eliminates files from patients who 

developed subdural hematomas from non -impact events. For each file, I noted the 

location of the subdural hematoma, and the location of external indication s of injury 

(lacerations, subgleal hematomas, scalp hematomas).  
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Based on the results of the finite element simulations, each case was sorted based 

on the relation of injury and impact site. Cases were designated as injury under the impact 

site, a bleed at a location of expected peak strain, or a bleed at an unexpected location.  

7.3 Results 

7.3.1 Results of Live Animal Tests in Literature 

7.3.1.1 Ommaya et al. - 1968 

Of the 50 tests conducted, 19 of the specimens were determined to have a 

concussion and 15 of those displayed macroscopic damage in the form of surface 

hemorrhages, primarily subdural  (Ommaya 1968). The primary locations are illustrated 

in Figure 7-3 and consist of parietal parasagittal zones, medial supra callosal surfaces, 

frontal temporal lobes, temporo -occipital cerebral surfaces, and the brainstem. 

 
Sagittal View of Bleeding Locations 

 
Ventral (Left) and Dorsal (Right) Surface Bleeding Locations 

 

Figure 7-3: Illustration  based on Ommaya et al. of the combined bleeding 

locations of all 15 tests that resulted in macroscopic damage  (Ommaya 1968). Of note 

are the temporo-occipital surfaces and parietal parasagittal zones.  
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7.3.1.2 Ommaya et al. - 1971 

Of the 42 occipital impacts, 22 showed macroscopic evidence of bleeding without 

skull fracture while 10 saw fracture of the occipital bone  (Ommaya 1971). A majority of 

the lesions associated with occipital impact without fracture are contre -coup and seen in 

the frontal and temporal lobes (Figure 7-4). In the tests where fracture was present, coup 

lesions were the predominant injury seen. In the 25 frontal impacts, very few lesions were 

seen in the absence of skull fracture, except for one set of bilateral lesions on the upper 

medulla ob longata. Additional analysis found that while subdural hematomas were more 

difficult to produce than contusions , they were often associated with the frontal location 

of the brain, and not necessarily sub adjacent to impact sites. 

 

  

Figure 7-4: Lateral (left), ventral (center), and dorsal (right) illustrations of 

cumulative contusion and bleeding locations  of the 22 occipital tests withou t fracture  

based on Ommaya et al. (Ommaya 1971). Of note,  majority of injuri es localized to  

ventral fron tal and temporal lobes,  little bleeding in the parasagittal region.  

This paper also reported on the results of a study using a two dimensional gelatin 

phantom to observe geometric stress concentrations in a sagittal brain rotation with the 

aid of a polariscope. These results are illustrated in Figure 7-5 where darker spots indicate 
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locations of higher stress. The highest stress concentrations are in both the parasagittal 

region and frontal poles.  

 

Figure 7-5: Results of a study investigating stress concentrations due to 

rotati on in the sagittal plane  based on Ommaya et al. (Ommaya 1971). Highest 

concentration stresses are in both the parasagittal region and frontal pol es. 

7.3.1.3 Gennarelli et al. - 1972 

Specimens that experienced primarily linear accelerations experienced fewer and 

less obvious lesions than the specimens that experienced additional rotational acceleration 

(Gennarelli 1972). Of the animals that experienced only linear acceleration at the CG, 

subdural blood was seen in only eight of the cases and the anterior 5 mm of the front pole 

was affected. With the addition of rotational acceleration at the CG, 20 specimens 

experienced subdural blood. These cases were more severe covering both entire frontal 

lobes, and in some instances found on the temporal pole. Bleeding was more prevalent in 

the parasagittal region than the lateral region. Contusions in this study were considered 

hemorrhagic lesions that reveal disruption of cortical structure. The contusions we re seen 
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in both sets of experiments, but were more prominent in tests with only linear acceleration 

of the CG. As in the previous studies, the contusions were found in the mid frontal region 

away from the midline. Contusions were often small (2 -4 mm), circular or oval in shape, 

and surrounded by a halo of bleeding. Additionally, the contusions resulted in a conical 

shape of damage into the cortical tissue. 

7.3.1.4 Gennarelli et al. - 1979 

Thirty of the specimens in this test displayed contusions: nine with both fro ntal 

and temporal contusions, eight with only frontal contusions, and th irteen with neither 

frontal nor temporal contusions  (Gennarelli 1979). When they appeared, frontal 

contusions were located on either the inferior or antero -dorsal surface while temporal 

contusions were found at the tip;  similar to the contusions of Ommaya 1971 (Ommaya 

1971). The kinetic inputs required to generate both temporal and  frontal contusions were 

statistically significantly larger than those required to create frontal contusions  only . 

7.3.1.5 Ono et al. - 1980 

This study analyzed three separate groups, Group A: severe impacts using a mask 

to distribute impact load and limiting head motion to linear acceleration, Group B: severe 

impacts using a mask to distribute impact load and allowing rotational head motion, and 

Group C: moderate impacts with no mask to distribute load and allowing rotational head 

motion  (Ono 1980). Of the 26 monkeys tested in Group A, only slight subarachnoid 

hemorrhages were seen with no other intracranial bleeds or contusions. In Group B: 12 
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tests did not result in fracture, and seven showed contusions and or subarachnoid 

hemorrhage. These were located in three primary regions: the parasagittal region, the 

basal surface and tips of the frontal and temporal lobes, and brain stem. In Group C, the 

impacts were considered mild, but the 18 subjects experienced multiple impacts. 

Pathological analysis did not find any bleeding or contusions present in the parasagittal 

region, but contusions were present on the inferior surface and ellipse of the frontal lobe 

and the tip of the temporal lobe.  

7.3.2 Finite Element Modeling Results 

Peak pressure and effective strain plots of the combined acceleration occipital, 

frontal , and lateral tests are found below (Figure 7-6, Figure 7-7, Figure 7-8, Figure 7-9, 

Figure 7-10, and Figure 7-11). The distribution patterns of the only linear and only angular 

inputs are similar to the combined loading distributions. There are several key takeaways. 

Peak negative pressures occur on the at the poles and inferior  surface of the frontal and 

temporal lobes in an occipital  impact, and near the base of the occipital lobes and superior 

portion of the cerebellum in frontal impacts. The peak negative pressure for the same 

kinematic input is 200 kPa more negative during an occipital impact than a frontal impact. 

Peak effective strains are seen primarily in the parasagittal region, brain stem, and 

frontal/occipital convexities for both frontal and occipital impacts.  For lateral impacts, 

peak negative pressure and strain are seen in similar locations on the contre-coup. Finally, 
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for all impact types, peak negative pressures occur sooner and over a shorter displacement 

than peak strain values. 

 

  

Figure 7-6: Peak pressure distribution from an occipital impact  , blue indicates 

negative pressure while red indicates positive pressure. Peak negative pressures occur 

on the inferior surface of the frontal and temporal lobes.  

 

  

Figure 7-7: Peak strain distribution from an occipital impact  , red indicates 

locations of highest strain. Peak surface strains occur in the parasagittal region as well 

as frontal and occipital convexities.  








































































