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ABSTRACT 

Jacob Robert Powell: The Neurophysiological Effects of Blast Exposure and Mild Traumatic 
Brain Injury in Special Operations Forces Soldiers 

(Under the direction of Jason P. Mihalik) 

Introduction: Special Operations Forces (SOF) Soldiers sustain frequent low-level occupational 

blast and mild traumatic brain injury (mTBI). The cumulative impact of blast exposure and mTBI 

on long-term neurological health is poorly understood. Tracking changes in physiological 

outcomes that quantify brain tissue damage may elucidate early neurophysiological alterations 

linking neurotraumatic exposures to chronic neurodegenerative sequalae. The purpose of this 

study was to investigate the effect of occupational blast exposure and the interaction effect of 

mTBI on changes to regional brain volumes, structural connectivity, and blood biomarkers UCH-

L1, NSE, t-tau, NfL and GFAP in SOF Soldiers.  

Methods: Soldiers (n=88) underwent neuroimaging assessments including T1, T2, and diffusion 

weighted magnetic resonance imaging at two timepoints. Time between visits varied between 

participants from 13 to 131 months. Cortical reconstruction, volumetric segmentation, and 

structural connectivity matrix construction was performed. A subset (n=16) had biomarker serum 

concentrations quantified. Months of blast exposure between visits was used to predict change 

in neuroimaging and blood biomarker outcomes between visits using general linear models. 

Post-hoc subgroup analyses and interactions were assessed.  

Results: Greater occupational blast exposure predicted increased lateral ventricular volume 

(F1,86= 5.45; p=0.022), left frontal lobe gray matter volume (F1,86=4.06; p=0.047), right parietal 

lobe gray matter volume (F1,86=4.15; p=0.045), decreased cerebellum gray matter volume 
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(F1,86=5.70; p=0.019), and decreased serum t-tau (F1,14=6.42; p=0.02; B=-3.85 pg/mL; R2=0.31) 

Although mTBI did not moderate these relationships, trends suggest that brain volume changes 

attributed to blast exposure might be exacerbated by mTBI.  

Conclusion: Specific neurostructural changes and biomarker decreases are associated with 

chronic exposure to occupational blast. Sustained mTBI may intensify blast-related structural 

changes. Increasing lateral ventricle volume and decreasing t-tau both implicate glymphatic 

dysfunction as a possible blast exposure consequence and a target for future research. 

Biomarker concentrations in this SOF samples exceeded civilian brain injury levels, rendering 

current clinical cut-offs unusable. Replication is a needed in a larger sample. The observed 

cerebellum cortex loss should be investigated further with clinical and performance measures 

for coordination and balance. These findings may guide prevention, treatment, and inform 

neurodegenerative consequence risk prediction, ultimately leading to improved long-term 

neurological health outcomes for SOF Soldiers. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Background and Rationale 

Blast, blunt, and accelerative neurotrauma are commonly sustained by Service members 

during training exercises and combat. Many exposures will not cause symptoms leading to an 

acute traumatic brain injury (TBI) diagnosis. The cumulative effect of repetitive subconcussive 

blast exposure may contribute to neurophysiological changes detrimental to Service Member 

short- and long-term health, readiness, and lethality. Additionally, more than 369,500 Service 

Members have sustained a mild TBI (mTBI) since 2000.1 These “mild” injuries are often 

debilitating and substantially affect Service member health and overall force readiness.  

Soldiers with mTBI history are at greater risk for chronic behavioral [e.g., posttraumatic 

stress disorder (PTSD)] and neurological (e.g., Alzheimer’s disease) consequences.2 Special 

Operations Forces (SOF), specifically, sustain high mTBI rates and sustain daily repetitive 

occupational subconcussive blast exposures. The link between blast overpressure exposures 

and mTBI history to poor long-term clinical outcomes in military and civilian populations are 

unknown. Cerebral vulnerability may exceed clinical symptom expression following mTBI.3,4 

Thus, blast and subconcussive impacts may cause short- and long-term neurological tissue 

changes despite not resulting in any acute clinical symptoms.  

 
1.2 Statement of the Problem 

This cumulative neurotrauma is a major healthcare concern as recent evidence suggests 

neurophysiological recovery may require considerably more time than traditional clinical (i.e. 

symptom, balance, cognitive) resolution.5 There is a critical need to understand the impact of 

repetitive blast exposure and mTBI in SOF Service Members. Recent developments in 

https://sciwheel.com/work/citation?ids=7749599&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6081339&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5195472,6915573&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=4747658&pre=&suf=&sa=0&dbf=0
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quantifying blast will allow us to develop more accurate longitudinal repetitive blast exposure 

profiles that can be used as an independent variable to inform analytical approaches aimed at 

studying change in health outcomes.  

Our long-term goal was to understand how occupational blast exposure and mTBI status 

affect brain structure and function beyond clinical recovery. In doing so, we sought to establish 

physiological profiles that can inform future neurological disease risk and trajectory (Figure 1).  

 

Figure 1. Conceptual Model 
 
 

This dissertation’s overall objective was to identify what neurophysiological and 

neurostructural changes occur in Soldiers with repetitive subconcussive blast exposure and 

mTBI. Our central hypothesis was that greater overall exposure will be associated with adverse 

changes to structural and functional brain networks and biomarker for grey matter and white 

matter neurotrauma. The dissertation’s rationale was that asymptomatic combat Soldiers with 

occupational blast exposure and mTBI history may be at greater risk for poor long-term 

neurological outcomes. Identifying which physiological changes persist may inform the 

mechanistic link between present-day occupational exposures and future neurological disease 

risk. To test our central hypothesis and address the overall objective, we pursued the following 

specific aims:    
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1.2 Specific Aims and Hypotheses 

Aim 1: 

 

Determine how longitudinal occupational training blast exposure 

within a combat Soldier’s SOF career affects structural brain network 

organization, regional volumes, and cortical thickness.  

Hypothesis: 

 

Soldiers with relatively greater within-career occupational training 

blast exposure will demonstrate worse network segregation, 

integration, and resilience. Specifically, lower structural global 

efficiency, longer characteristic path length, and less network 

resilience.  

 
Aim 2: 

 

Determine how longitudinal occupational training blast exposure 

within a combat Soldier’s SOF career affects blood biomarkers for 

neuronal, axonal, and glial injury.  

Hypothesis: Soldiers with relatively greater within-career occupational training 

blast exposure will demonstrate increased neuronal and axonal 

biomarkers in a dose response to increased exposure. 

 
Aim 3: Investigate how self-reported mTBI history moderates the effects of 

within-career occupational training blast exposure on neuroimaging 

(Aim 1) and blood biomarker (Aim 2) outcomes. 

Hypothesis: Soldiers with self-reported mTBI history will demonstrate distinct 

adverse tissue changes on longitudinal neuroimaging (Aim 1) and 

blood biomarker (Aim 2) alterations compared to combat Soldiers 

who do not self-report mTBI history. Specifically, mTBI will accelerate 

network breakdown and increase grey matter biomarkers. 
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1.3 Significance  

This dissertation’s aims collectively determined specific neurophysiological and 

neurostructural profiles linked to repetitive subconcussive occupational training blast exposures 

and how these profiles differ in SOF Service Members self-reporting a mTBI history. The results 

could have an immediate positive impact because they provide specific physiological evidence 

relating to mTBI and repetitive occupational training blast exposure in asymptomatic Service 

Members. We expected the neuroimaging and blood biomarker outcomes we observed to 

establish the framework upon which future studies will address physiological recovery and 

short- and long-term neurological health in Active Duty and Veteran populations.  

1.3.1 Importance of the Problem to be Addressed 

Traumatic brain injuries, specifically those induced via blast, have been coined the 

“signature injury” sustained by military personnel in recent combat operations with an estimated 

25% of combat veterans sustaining a TBI since 2001.6 Greater than 80% of these injuries are 

classified as “mild” (mTBI), defined by transient symptoms (i.e. confusion and disorientation 

lasting less than 24 hour) and normal structural brain imaging.1 Despite this classification, those 

who sustain mTBI have greater medical resource utilization, diminished quality of life, and 

difficulty re-entering society.7,8 The impact of low-level repetitive blast exposure on prospective 

Soldier health outcomes is not well understood. However, this type of sub-injurious blast 

exposure is routine during SOF training cycles. Acute subconcussive blast exposures have 

been linked to transient neurocognitive impairments including reaction time.9 Chronic blast 

exposure is associated with clinical impairments to balance10 and neurostructural changes in 

brain volume and white matter integrity.11,12 Identifying objective biomarkers indicative of 

cumulative neurotrauma and linked to quantifiable blast exposure is necessary to improve blast 

exposure management to prevent and detect those at risk for cognitive deficits and long-term 

neurological sequelae.  

https://sciwheel.com/work/citation?ids=8172188&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7749599&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=9675312,5503413&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13191552&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=13190771&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=623839,12414066&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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To establish objective criteria, biomarkers must be validated as measures reflecting 

underlying pathophysiological processes that occur following blast exposure and TBI. However, 

neurotrauma responses involve both acute structural and functional changes and progressive 

secondary neurodegenerative processes caused by multiple biological reactions and 

neurometabolic events. Thus, research is needed to establish tissue-specific biological criteria 

based on the neural alterations specific to this population and validate objective physiological 

measures which may inform future clinical outcomes. 

1.3.2 Expected Research Contribution 

This project sought to develop and integrate a novel blast estimate index unique to the 

SOF population under study with longitudinal neuroimaging (Aim 1) and blood biomarker (Aim 

2) changes. In doing so we sought to identify the tissue-specific and whole-brain metrics linked 

to longitudinal blast exposure. Furthermore, we assessed how mTBI moderates the 

relationships between blast and brain outcomes including blood biomarkers, structural, and 

functional advanced neuroimaging (Aim 3). These results inform neurological patterns through 

an SOF career and contribute meaningful tissue-based biomarkers while informing future 

clinical test development based on specific physiological changes.    

1.4 Innovation 

Previous research has sought to identify neuroimaging and blood biomarker changes 

related to the clinical presentation of mTBI. However, evidence indicates that physiological 

changes can be triggered by blast and blunt impacts below symptom-causing thresholds and 

physiological alterations persist beyond symptom resolution. We aimed to identify the 

mechanistic links between present-day exposures and adverse long-term neurological 

outcomes by identifying early changes in brain structure and function. We accomplished this 

using a panel of biomarkers from several brain tissue sources and cutting-edge imaging 

analysis techniques that reveal tissue macro- and microstructure, and functional and structural 

network dynamics. Identifying specific deficits supports future intervention development aimed 
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to prevent long-term sequelae. Our approach to blood biomarkers for neurotrauma innovates 

beyond the conventional methods and seeks to contextualize biomarkers into physiological 

categories, not diagnostic tools.  

Most biomarker research links mTBI symptoms to biomarkers elevations. This may be 

scientifically fallible as post-neurotrauma physiology outlasts symptom resolution. Our goal was 

to use quantifiable tissue changes to describe how exposures affect the brain which will 

generates hypotheses informing long-term neurological outcomes. The imaging methods used 

provide novel methods for whole brain analysis. As a mathematical discipline, graph theory has 

been applied across domains including social networks, computer science, physics and 

increasingly used in neuroscience over the last decade. Graph theory has driven a shift how 

neuropsychiatric disorders are described as dysconnectivity syndromes and quantified 

abnormalities in network organization in conditions including schizophrenia and Alzheimer’s 

disease.13 Graph theory applied to structural and functional neuroimaging allows us to 

investigate whole-brain network efficiency and resilience without needing to divide the brain into 

potentially arbitrary networks.  

1.5 Rigor of Prior Research 

Standard structural neuroimaging (i.e., T1, T2) has not proven effective for mTBI 

assessment because mild injuries are defined as lacking macrostructural injury. No fluid-based 

biomarkers similarly advanced from research tools to clinical utilities beyond differentiating 

severe neurovascular injury. Our group has presented preliminary findings resulting from our 

ongoing military partnership identifying advanced neuroimaging metrics and blood biomarkers 

that reflect the prolonged effects following multiple mTBI through cross-sectional investigation.  

Previous research in this specific SOF population has identified the grey matter 

biomarker neuron specific enolase (NSE) as a potential indicator of mTBI lifetime incidence.14 In 

athletes, white matter biomarkers, including Tau concentrations, were associated with longer 

return-to-sport times and symptom severity15, while neurofilament (NfL) elevations have been 

https://sciwheel.com/work/citation?ids=148799&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=9675130&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=9765188&pre=&suf=&sa=0&dbf=0
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linked to a history of repetitive mTBI (3+) in conventional military personnel.16 Several studies 

have identified cortical thinning following mTBI in military personnel; however, it is often present 

with co-morbid PTSD, complicating the efficacy of cortical thinning as a consequence of mTBI 

versus PTSD.17–19 Few studies within military mTBI have examined differences in mTBI without 

comorbid PTSD,20 although no difference in diffusion tensor imaging (DTI) measures of axonal 

tract integrity were found between mTBI  and mTBI + PTSD groups.20 No differences across DTI 

metrics were found 2 months after military mTBI compared to controls;21 however, the effects of 

more recent injury or more repetitive injury have yet to be investigated in this population.13,22,23 

Connectivity-based approaches using graph theory show disrupted modular structure following 

moderate-severe military and civilian TBI.24,25 Examinations of mTBI in athletes show reduced 

global efficiency at both injury and 1 year post return to play in those with atypical recovery.26 

However, there is less evidence regarding the changes to brain network topology following 

mTBI in military populations.27  

This project builds upon these findings by examining soldiers during two SOF career 

timepoints: upon entry into SOF and subsequently during an in-career follow-up. The goal was 

to ascertain how longitudinal training blast exposure and mTBI exposure leads to specific 

changes in neurostructural and neurophysiological outcomes.  

  

https://sciwheel.com/work/citation?ids=7537593&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7778578,6080813,8109734&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=9765209&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=9765209&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6080954&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3277280,148799,149446&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=4809605,5502663&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=10952273&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=10952275&pre=&suf=&sa=0&dbf=0
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 Introduction 

 Special Operations Forces (SOF) Soldiers sustain repetitive occupational blast exposure 

due to the training tempo needed to preserve operational readiness. These low-level exposures 

generally do not cause clinical symptoms leading to a traumatic brain injury (TBI) diagnosis. 

However, the cumulative effect of repetitive occupational blast exposure may contribute to initial 

sub-clinical neurophysiological changes which may be detrimental to Soldier long-term health, 

readiness, and lethality.28 Cumulative occupational blast exposures may cause progressive 

brain tissue injury and may increase the risk for late life neurodegeneration and dementia.11,29 

To investigate the link between occupational blast exposure history and brain tissue insult, it is 

essential to estimate or quantify the cumulative occupational blast exposure and to associate 

this exposure with objective changes to brain structure and function. If specific brain changes 

can be identified before long-term neurological symptom onset, interventions can be applied 

earlier, and evidence-informed policy can be used to mitigate adverse health consequences. 

 In addition to lower-level occupational blast, SOF Soldiers frequently endure blunt and 

accelerative neurotrauma at levels which induce brain injury symptoms. More than 369,500 

Service Members have sustained a mild TBI (mTBI) since 2000.1 Data from the SOF population 

under study in this dissertation suggests that 50-55% endorse self-reported mTBI history.14,30 

Despite the designation “mild” these brain injuries are known to increase risk for chronic 

behavioral consequences in Soldiers including posttraumatic stress disorder (PTSD) and other 

neurological diseases (e.g., Alzheimer’s disease).2 Understanding post-mTBI neurophysiology is 

essential to investigate the mechanistic link between mTBI and these adverse chronic 

outcomes. We know recovery from mTBI symptoms occurs before physiological recovery.5 

https://sciwheel.com/work/citation?ids=13566423&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5453,623839&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=7749599&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=9861454,9675130&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6081339&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4747658&pre=&suf=&sa=0&dbf=0
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However, no objective criteria exist to track physiological recovery.31,32 A paradigm shift is 

needed in how functional and structural biomarkers for brain injury (i.e. blood proteins and 

neuroimaging) are studied to thoroughly understand what tissue insults and lingering 

physiological changes are caused by blast exposure and mTBI.  

 Despite decades of research, no imaging modality or blood protein panel has advanced 

from a research method to a clinically useful tool for mTBI diagnosis. The reason for this is due 

to the logical fallacy created by the “gold standard problem” first described by Asken.33 

Prominent mTBI and concussion consensus statements establish diagnostic criteria based on 

clinical signs and symptoms.34,35 As aforementioned, these clinical symptoms may resolve 

before the brain is physiologically healed. Therefore, any proposed objective diagnostic imaging 

or blood biomarker would theoretically out-perform the current reference standard for mTBI 

diagnosis. To progress these biomarkers to clinical utilities, they must be interpreted based on 

the structural or functional changes they measure and how those changes may lead to adverse 

short- and long-term outcomes.  

 Meaningful brain injury biomarker interpretation must be based on known the 

physiological changes following mTBI and blast exposure for specific utility in the SOF 

population. In this literature review I will first cover the best available models for both mTBI and 

chronic occupational blast exposure. Although much of our understanding regarding how blast 

exposure inflicts brain injury without clinical symptoms is derived from blunt mTBI and animal 

models. Following these physiological models, I will outline select imaging and blood-based 

biomarkers methods for quantifying and detecting brain injury. Both imaging and blood-based 

biomarkers will be reviewed based on the neural tissue injury they purportedly measure or 

which functional change they indicate. I aim to describe how changes may be clinically 

interpreted where evidence supports translation. This dissertation’s scope and literature review 

will include neuronal, axonal, glial, and glymphatic system pathophysiology following both mTBI 
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and occupational blast exposure. Objective measures developed to investigate damage to each 

target tissue will also be discussed.  

2.2 Blast Neurotrauma 

 Exothermic explosions produce blast shockwaves that travel faster than the local speed 

of sound in air and increase atmospheric pressure beyond ambient (i.e., overpressure). Blast 

exposure in the free-field is described by the Friedlander waveform and is characterized by the 

primary blast wave’s peak overpressure followed by negative atmospheric pressure.36 The 

impulse is described as the sum of the positive pressure and negative pressure duration from 1 

standard atmosphere (atm). Both peak overpressure and impulse duration are important 

consideration for blast neurotrauma injury and survivalibilty.37  

2.2.1 Blast Neurophysiology 

 Several theories exist describing how blast affects brain tissue. The three most viable 

are the direct transosteal transmission, skull orifices, and intracranial cavitation.38–40 Blast 

produces tissue damage when acoustic impedance mismatch occurs between two tissue 

interfaces. The higher the difference in local speed of sound between tissues, the more blast 

wave is reflected at that interface.41 Higher blast wave reflection produces deformation and 

spalling at the tissue interfaces. Therefore, the areas most affected are tissue transitions such 

as grey and white matter boundaries, perivascular spaces, ventricles, subcortical structures, 

and regions abutting boney processes (i.e. hypothalamus, pituitary gland).42 Blast waves 

travelling through the head also briefly increase intracranial pressure, an effect not seen in blunt 

impacts.43 Brain tissue is incompressible, so this mechanism may also lead to diffuse cellular 

damage including axonal injury via neurofilament compaction.44,45 Astrogliosis, a feature of both 

blast and blunt, may be increased in blast as observed by post-mortem interfaced astroglial 

scarring.46,47 Acutely, blunt and blast exposures are thought to preferentially affect axonal tissue, 

therefore there may be considerable overlap between blast exposure and mTBI 

neurophysiology.  
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2.3 Mild Traumatic Brain Injury Physiology 

 The functional disruption and microstructural neurotrauma associated with symptomatic 

blunt mTBI are imparted by acceleration, deceleration, and rotational torque sustained by brain 

parenchyma.48 The susceptible tissues include grey matter, white matter, glia, endothelium, and 

microvasculature. Deformation to these structures causes physiological disruptions via cell 

damage and death and changes to structural integrity and permeability which result in impaired 

neurotransmission, neurometabolic dysfunction, and sustained neuroinflammation.49 Although 

no accepted physiological definition for mTBI exists, the pathophysiology is commonly 

described as a functional injury because conventional imaging [i.e. computed tomography (CT) 

and magnetic resonance imaging (MRI)]50 show no gross anatomical damage. The cellular 

injury must be described to understand how function is impaired.  

2.3.1 Functional Changes 

The earliest descriptions of post-mTBI physiological changes describe traumatically 

induced ionic imbalances and unmitigated neurotransmitter release.51 The axonal plasma 

membrane is the primary tissue affected leading to impaired cellular metabolism. Healthy 

neurons use active transport to maintain an ionic gradient which facilitates axonal 

depolarization. Potassium is highly concentrated within the cell, while sodium and calcium are 

concentrated in the extracellular fluid. Under normal loading, axons are ductile, stretching up to 

twice their original length.52 During the rapid stretch and shear above a certain biomechanical 

threshold, the axonal membrane exhibits viscoelastic properties becoming more brittle,53 

particularly at unmyelinated axons54 and nodes of Ranvier.55 Injurious head impacts cause non-

lethal transient gaps, termed mechanoporation, in the axolemma which temporally allow 

unfettered diffusion between the extracellular fluid and the intracellular fluid without causing 

primary axotomy.56,57 Potassium effluxes from the cell while sodium and calcium influx. 

Intracellular calcium binds to vesicles at the axon terminal triggering an indiscriminate and 

considerable release of the excitatory amino acid glutamate from the neuron. Glutamate then 
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binds the postsynaptic (N-methyl-D-aspartate) NDMA receptors further opening chemically 

gated ion channels and causing brief excitatory chain reaction.58 This is followed by a period of 

neural depression because the massive potassium efflux renders the cell unable to depolarize 

until equilibrium is reestablished. The ionic imbalance caused by membrane damage must be 

restored via the sodium-potassium adenosine triphosphatase (NA+/K-ATPase) pump which 

moves potassium back into the cell and sodium out to maintain resting membrane potential. The 

demand for energy increases despite a drop in oxidative metabolism and subsequently energy 

availability.49,59 Concurrently, cerebral blood flow is decreased which limits glucose 

availability.60,61 These concurring factors result in increased lactate metabolism and acidity. If 

energy demands outpace metabolism, secondary cell death can occur. These functional 

changes may be best detected by quantifying the microstructural insult to the axon which 

ultimately leads to all functional acute changes in cell metabolism. 

2.3.2 Microstructural Injury 

 To translate from impact to symptoms, mechanical forces must be transformed from 

external changes in head linear and rotational accelerations to brain deformation and, 

ultimately, specific tissue strain leading to dysfunction. Tissue in the brain organization is 

complex, consisting of varying properties including stiffness and orientation. Forces transduced 

to these tissues following concussive head impacts are equally complex and include several 

deformation states at the cellular level. Biomechanical research using finite element analyses 

and animal models, in addition to basic neurobiology, has informed which tissues are most 

susceptible and how loading conditions contribute to injury risk. Maximum axonal strain rate and 

tract-oriented strain have proven useful for predicting TBI severity in finite element brain model 

and animal studies.62,63 These findings suggest transient diffuse axonal injury as the 

physiological mechanism for mTBI; however, gross axonal injury is rarely observable using 

traditional imaging methods.64,65 Histological examination and fluid percussion models further 
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suggest axonal vulnerability while myelin and grey matter are less directly affected by the 

primary impact.66 

 Axons derive structural stability and function via the bilipid axonal membrane, or 

axolemma, and a cytoskeleton primarily comprised from microtubules and neurofilaments.67,68 

Primary injury and secondary injury following mTBI can destabilize these delicate 

microstructural components. Microtubules provide intracellular transport and structural rigidity.69 

Dynamic mechanical stretch to laboratory cultured cortical axons showed acute mechanical 

failure at microtubules leading to microtubule disorganization and disassembly which delayed 

elastic recovery and interrupted cell transport.70 Injury to microtubules will acutely disrupt the 

ability for the neuron to deliver neurotransmitters to the synapse and transport molecules 

needed to synthesize essential chemicals.71 Subacute microtubule dysfunction leads to 

accumulated protein, edema, and axonal varicosities which prompt proteolysis and axonal 

degeneration.70 In vitro results indicate axonal recovery may be possible but in some cases 

permanent cytoskeletal damage occurs following stretch injury.64 

 Neurofilaments contribute to mechanical strength, stability, and determine axon diameter 

via branching sidearms.67 Evidence suggests that neurofilament damage is most likely attributed 

to compaction and secondary injury caused by calcium influx rather than tension.72 In vitro 

examination indicates neurofilament collapse under crush conditions precedes microtubule 

response.73 Neurofilament collapse leads to the loss of structural integrity of the axon which 

could sever existing synaptic connections,71 exacerbated by an influx of calcium ions through 

the compromised cell membrane which causes proteolytic damage to the cytoskeleton.74,75 

Neurofilaments are especially susceptible to damage from intra-axonal calcium influx and can 

become hyperphosphorylated leading to collapse.76 Biomarkers for macroscopic and 

cytoskeletal axon damage are needed to quantify the degree to which axonal injury contributes 

to clinical outcomes.  
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2.4 Measures for Axonal Injury 

 Axonal deformation leads to several potentially detectable changes. Blood biomarkers 

can be used to identify specific tissue insults while advanced neuroimaging can corroborate 

blood biomarker findings and identify more vulnerable brain regions. Based on microstructural 

injury models, biomarkers for cytoskeletal damage or microtubule and neurofilament breakdown 

are good targets for investigation. Neurofilament light chain (NfL) is a structural component of 

large caliber, myelinated axons.77,78  It is vulnerable to mechanical stress and proteolysis from 

intra-axonal calcium and will pass through the disrupted cell membrane and compromised blood 

brain barrier (BBB) into peripheral circulation. tau protein facilitates microtubule binding and 

establishes viscoelasticity in the brain. At high strain rates tau can destabilize and aggregate as 

neurotoxic neurofibrillary tangles.79 Evidence also indicates elevations in blood after mTBI.80 

Widespread changes in axonal integrity and structural white matter connectivity can be 

examined using diffusion tensor imaging (DTI). This imaging modality uses multiple magnetic 

gradients to analyze the motion of water molecules within tissue.81   

2.4.1 Neurofilament Light  

The neuronal cytoskeleton is made up of three protein complexes that carry out different 

functions within the cell: microtubules, neurofilaments, and microfilaments. Neurofilaments 

provide structural support to axons and mediate the axonal diameter by projecting sidearms 

from the surface.82 NfL is a subunit of neurofilaments that is most abundant in myelinated 

axons.78 In health low levels of NfL are released from axons, likely in an age-related manner. 

NfL.83Axonal damage within the brain causes NfL release in greater quantities in the interstitial 

fluid where it is able to pass into both the cerebrospinal fluid and systemic circulation.77,84 Unlike 

other blood biomarkers such as tau, NfL concentrations in blood reliably correlate with 

cerebrospinal fluid (CSF) levels.83,85  

 Changes in NfL concentrations have been observed across the neurotrauma spectrum. 

Lasting elevations in neurofilament (NfL) elevations have been linked to greater than 3 mTBI in 
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conventional military personnel.16 In a cross-sectional study in this SOF population, more recent 

mTBI was associated with elevated NfL concentrations.14 However, the more poignant finding 

was that the NfL concentration median in our SOF sample was 10 times greater than the 

estimated 99th percentile for NfL concentrations in healthy 35-year-old cilivians.83 Although no 

causal link has been established, these SOF Soldiers all share similar occupational blast 

exposure burdens.  

 In civilian neurotrauma, NfL is modulated by both low-level impacts and mTBI. NfL 

plasma level increases were associated with the magnitude and frequency of subconcussive 

impacts in collegiate football players.86 Plasma NfL concentrations could also be used to 

discriminate between collegiate football starters and non-starters, both without mTBI.87 Boxing 

bouts also acutely increased NfL levels in the absence of clinical symptoms.88 Following 

symptomatic mTBI in sport, NfL may be useful in discriminating between patients who are at risk 

for protracted recovery. In hockey players assessed post-concussion, CSF NfL concentrations 

were significantly increased in those who suffered post-concussion syndrome (PCS) for longer 

than a year.89 In a larger cohort of hockey players NfL was able to separate those with a return 

to play of greater than 10 days from those with faster return. Additionally, NfL measured at 144 

hours (i.e., 6 days) post injury was most useful in detecting those who would medically retire 

from hockey due to PCS.90 

2.4.2 Tau 

Tau protein has received increased research interest and media scrutiny due to its role 

in the neuropathology of chronic traumatic encephalopathy (CTE).91 Tau may serve as an 

indicator for both acute axonal damage and link present day neurotrauma to long-term 

progressive neurological impairment due to its neurotoxic properties. Tau is a neuronal 

structural protein that predominantly stabilizes microtubules acting as a shock absorber for the 

axonal cytoskeleton. Tau is preferentially expressed in short, unmyelinated axons where it 

mediates the viscoelastic properties of these axons.64 Following biomechanical destabilization, 
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tau becomes hyperphosphorylated and dissociates from microtubules. Hyperphosphorylated tau 

aggregation forms neurofibrillary tangles within axons.92 Plasma and serum tau levels are higher 

after sport-related mTBI compared to controls. 93,947995 Furthermore, tau has been associated 

with the subacute phase of concussion and correlated with alterations in functional MRI that 

may extend past clinical recovery.94 Acute changes in tau may also serve to predict mTBI 

symptom duration and prolonged return to play.96 Specific studies investigating blast exposure 

without TBI remain limited.  

 In a SOF breacher group, biomarker concentrations were assessed at several timepoints 

following training blast exposures at <2 and ≥5 psi. Initially tau was reduced compared to 

baseline, but at 72hrs tau increased in the group exposed to >5 psi compared to the <2 psi 

group.97 Animal models developed for blast TBI demonstrate tau can remain elevated for 30 

days following low level blast exposure.98 Histology cases have found tauopathies, specifically 

perivascular neurofibrillary tangles in Veterans with blast exposure.29,99 Evidence suggests 

biomarker concentrations for both NfL and tau may vary based on more recent exposures; 

therefore, a more stable method for investigating cumulative axonal injury may be DTI and 

structural connectivity.   

2.4.3 Diffusion Tensor Imaging 

The clinical application of DTI has been limited by the need for computational post 

processing.81 The parameters extracted from DTI are radial diffusivity (RD), axial diffusivity 

(AD), and mean diffusivity (MD), which are positively correlated with increased diffusion. 

Fractional anisotropy (FA) is negatively correlated with increased diffusion.100 Fractional 

anisotropy is the parameter most commonly reported in mTBI studies because it best detects 

changes in diffusion restriction.   

 Conflicting results regarding white matter abnormalities have been reported following 

mTBI. Increases in FA at the within white matter voxel or extracted tracts at both the acute and 

subacute time points have been found following sport-related mTBI when compared to healthy 
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athlete controls.101–103 However, these studies share small sample sizes and use healthy 

controls rather than repeated measures designs. In other cross-sectional studies measuring 

acute changes in FA, no differences were observed across whole-brain analysis or within 

regions of interest.104 A similar result was observed in a sample of eight athletes followed 

longitudinally. Probabilistic fiber tracking was applied at seeds between functional networks. No 

differences were found in FA between three time points.105 A similarly design study showed FA 

was decreased at 2 days and 2 weeks within multiple tracts compared to healthy controls. In a 

mixed martial arts population with repeated head impact exposure, decreased FA was also 

observed compared to healthy controls.106 Soccer players exposed to subconcussive head also 

showed a decrease in FA relative to dose.107 It is often noted that there is high variability 

between subjects with regard to tract FA; therefore, repeated measures designs may be more 

useful for detecting white matter changes following mTBI. 

Less is known about the effects of acute mTBI using DTI in military personnel and if 

blast related mechanisms differ from sport mTBI. Within eight days of a blast-related mTBI, 

reduced FA was observed in the superior longitudinal fasciculus in 95 Service members 

compared to controls.108  In 21 military personnel scanned within 90 days of blast-related mTBI, 

FA was decreased in the middle cerebellar peduncles, cingulum bundles, and in the right 

orbitofrontal white matter.109 In one study comparing soldiers exposed to blast with and without 

mild TBI to unexposed Veterans, lower FA was observed between groups while the two blast 

exposed groups did not defer from each other.110 In those exposed to blast, a significant age by 

blast exposure interaction on FA has been observed suggesting accelerated aging in the medial 

orbitofrontal region of those exposed to blast.11  Several conflicting findings have been noted as 

well. Diffusion metrics across selected regions of interest were not able to discriminate military 

mTBI groups from post-traumatic stress disordered. or healthy controls.111 

A major limitation across most DTI studies is non-standardized methods and analytical 

approaches. Whole brain structural connectivity may offer a simplified method to describe 
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diffuse axonal disruption and detect subtle changes across the entire axonal network. Structural 

alterations were found specifically at highly interconnected, long-range nodes in 15 Canadian 

SOF Service members. This suggest changes to structural brain network organization is a 

consequence following specific military exposures.27 Future research should aim to couple 

structural and functional connectivity for better assessment across tissues. 

2.5 Measures for Neuronal Injury  

Although the primary mechanism for mTBI pathophysiology is axonal, neuronal cell 

bodies and glia are suspectable to both biomechanical insults and blast. Both tissues are 

vulnerable to secondary injury following the neurometabolic crisis.49 Secondary injury metabolic 

following mTBI refers to cell damage and death not attributed to the primary head impact. In 

fact, primary cell death is not associated with mild axonal injury mechanism. Neurons may 

survive even complete axotomy without cell death although the neuron is not functional.112 

Under increased energy demand, neuronal cell quickly uses up glucose and lactate increases 

as an energy supply If energy demand continues to outpace availability proteases and calpains 

activate to carry out apoptosis.113 Astrocytes and microglia are activated and signaled to cells by 

cytokines and chemokines to remove cell debris and excess extracellular 

neurotransmitters.114,115 

2.5.1 Neuronal Injury Detection  

Neuronal death and damage from blast and mTBI can be physiologically quantified using 

blood biomarkers and neuroimaging. Neuron-specific enolase (NSE) and ubiquitin C-terminal 

hydrolase-L1 (UCH-L1) have emerged as promising brain injury biomarkers that are primarily 

expressed by neurons. On a macroscopic scale structural MRI and volumetric analyses can be 

used to quantify cortical and sub-cortical changes to grey matter. Functional MRI can be used to 

infer neuronal function via network connectivity using network-based and graph theoretical 

methods. 
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2.5.2 Neuron-specific Enolase  

Enolase is a crucial glycolytic enzyme with a “neuron-specific” homodimer found in 

neuronal and neuroendocrine cell cytoplasm.116,117 It is upregulated following traumatic 

biomechanical forces to maintain metabolic homeostasis.118 We found elevated NSE in SOF 

Soldiers with ≥3 mTBI compared to those with 0.14 Conflicting finding have been report following 

sport-related mTBI. For example, NSE was not elevated in hockey players with acute mTBI 

compared to their baseline.79 Serum NSE concentrations were greater in boxers than healthy 

controls even after 2 months without participating in boxing. 85 Both our findings and those in 

boxers are interesting given the NSE half-life in serum is 24-48 hours.80 Both results suggest 

repetitive mTBI and head impact exposure may lead prolonged neuronal degeneration.  

 
2.5.3 Ubiquitin C-terminal Hydrolase-L1 

An enzyme primarily expressed by neurons, UCH-L1 is an established biomarker that 

shows promise for both blast and blunt neurotrauma assessment. In combination with glial 

fibrillary acidic protein (GFAP), UCH-L1 makes up the first FDA approved biomarker panel for 

the detecting intracranial injury following mTBI.119 Significant changes in UCH-L1 from baseline 

have been observed in sport-related mTBI.120 In just American football, UCH-L1 was increased 

by contact sport participation but was not related to head impact magnitude or other 

biomarkers.121 Similar inconsistent changes attributed to military exposures have been reported. 

In one study, UCH-L1 increase was generally associated with greater blast exposure; however, 

the magnitude of the relationship was inconsistent between participants. These UCH-L1 

increases were also not correlated with symptomology, postural stability, or cognitive function.122 

In another study examining low-level blast exposure, no changes in UCH-L1 were observed; 

however, UCH-L1 was associated with previous mTBI history.123 While these results provide 

some support for neuronal injury following blast and blunt neurotrauma, more robust indicators 

may be needed to detect structural changes.  

https://sciwheel.com/work/citation?ids=7377259,667340&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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2.5.4 Brain Structural Morphometry 

Standard clinical structural imaging in combination with quantitative imaging methods 

can be used to measure subtle changes to specific brain regions.124 Changes to brain volumes 

and cortical thickness has been identified in patients with mTBI history including cortical thinning 

and grey matter volume loss.125,126 While cortical thinning occurs in normal aging, Veterans with 

mTBI history display accelerated cortical thinning patterns consistent with age-dependent 

changes.127 Several morphometry studies in military population examine mTBI and PTSD 

concurrently. Comorbid mTBI with PTSD exacerbates cortical thinning.128 Blast-injured Soldiers 

and Veterans with mTBI both demonstrate cortical thinning following symptomatic injury at the 

frontal and temporal lobes.18,129 It is not clear how chronic occupational blast exposure affects 

the cortex. Animal models suggest a low-level blast can shrink neurons and narrow vasculature 

which could lead to cortical thinning, however human investigation is needed.130 

2.5.5 Functional Connectivity 

Functional connectivity applied to neuroimaging indicates methods used to quantify 

correlated brain signal dynamics.124 Resting state functional MRI (rsfMRI) is one of the more 

commonly used modalities to assess functional connectivity. The brain operates as a network of 

interconnected regions engaging concurrently to perform neurocognitive functions. Alterations 

or dysconnectivity between networks may indicate damage. However, like DTI, many analytical 

approaches exist to characterize functional connectivity.  

Several studies have examined both blast-related mTBI and blast exposure in Soldiers 

and Veterans. In one longitudinal study, researchers reported localized alterations in between-

module connectivity in mTBI patients at 6 months relative to blast-exposed controls. These 

group differences recovered by 12 months post-injury.24 Veterans with blast-related mTBI and 

post-concussive syndrome had differences in spatial and temporal dynamics at the default 

mode network (DMN) compared to healthy controls with no mTBI history.24 Close range blast 

exposure was also found to alter functional connectivity between the posterior cingulate cortex, 

https://sciwheel.com/work/citation?ids=6651137&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=623844,6613228&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=9921417&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5773829&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6080813,10536298&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=11037418&pre=&suf=&sa=0&dbf=0
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a hub within DMN, and motor and somatosensory cortices in Veterans. These alterations were 

independent of mTBI history and clinical symptomology suggesting blast may lead to long-term 

connectivity changes.131 Our group has examined whole brain functional connectivity using 

graph theory to quantify brain network efficiency and resilience. We found no group differences 

in local efficiency or global efficiency attributed to mTBI history or recency. However, greater 

continuous mTBI incidence in SOF Soldiers predicted a lower assortativity coefficient, which 

measures prospective network fault tolerance. Robust evidence suggest functional impairments 

are present following both blast exposure and mTBI. Longitudinal research should investigate 

the how blast-exposure and mTBI independently contribute to long-term functional network 

dysconnectivity and related clinical sequelae.   

2.6 Measures for Glial Injury  

Animal models and post-mortem studies implicate more severe glial injuries as a unique 

consequence following blast mechanism compared to blunt.46,132 In a seminal case series, 

Shively and colleagues found that Veterans with chronic blast exposure showed interface 

astroglial scarring (IAS) throughout transition zones in brain tissue. This distinct pattern was 

observed at boundaries between tissue and fluid and grey to white matter junctions. Civilian 

cases with blunt mTBI history did not have astroglial scarring in the same areas.47 Following a 

brain tissue insult, astrogliosis causes glial scarring as a neuroprotective response to prevent 

further cell death.115 This response causes increased GFAP expression which may be a 

meaningful biomarker for astrogliosis and IAS development.  

2.6.1 Glial Fibrillary Acidic Protein 

Glial fibrillary acidic protein is main cytoskeletal filament expressed by astrocytes and is 

responsible for supporting the astrocyte cytoskeleton under neurotraumatic forces. 80 It is used 

as biomarker in the previously described FDA approved test for the detecting intracranial injury 

following mTBI along with UCH-L1.119 In athletes with mTBI, acute elevations in GFAP were 

prominent following injury and incremental higher based on injury severity.120,133 Immediately 
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following low-level blast exposure without mTBI GFAP median concentrations were 

decreased.123 Similar findings were observed in a breacher cohort, GFAP levels were reduced 

over a 2-week training protocol that involved repetitive blast exposure. There was also a 

negative correlation between GFAP levels and both cumulative training blast exposure for the 

training protocol and military service duration.134 In sum, GFAP may show acute promise in 

differentiating blast and blunt exposure. Longitudinal study is needed in military populations to 

investigate how exposures link to astroglial scarring.  

2.7 Measures for Impaired Waste Clearance Function 

The glymphatic system is a waste clearance pathway first described in 2012.135,136 It is 

named for the glial cells which facilitate it  and the similar functional properties to the peripheral 

lymphatic system. The glymphatic system utilizes perivascular channels to eliminate waste from 

the brain and functional optimally during sleep.137,138 The glymphatic system is critically involved 

in clearing beta-amyloid and tau, which are both neurotoxic proteins that promote 

neurodegeneration.139–141 Glymphatic system dysfunction following neurotrauma is interesting 

target for physiological research due the mechanistic linked between system impairment and 

neurodegeneration.  

2.7.1 Perivascular Spaces 

Perivascular spaces (PVS) are fluid-filled spaces integral to the glymphatic system which 

surround perforating blood vessels in the brain. Increased and enlarged PVS have been 

qualitatively observed on T2-weighted magnetic resonance imaging (MRI) as tubular white 

matter hyperintensities in patients with vascular dementias, Alzheimer’s disease, and 

stroke.142,143 Usually invisible on typical structural MRI, these dilated PVS have been noted as a 

radiologic “hallmark” of TBI, prior to the glymphatic system’s discovery.144  

Both sleep and mTBI impact the glymphatic system. Patients with TBI show a stronger 

relationship between sleep and enlarged PVS compared to a non-TBI group.145 In Veterans, 

mTBI was positively related to PVS volume and an interaction effect was found between mTBI 
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and poor sleep on PVS volume.146 In another study quantifying MRI-visible PVS without volume, 

Veterans with TBI has higher PVS number compared to military controls. 147 Our own work in 

the SOF population has found greater PVS volume and number in Soldiers with mTBI history 

compared to Soldier who do not endorse mTBI history. These methods are static assessments 

which quantify a feature associated with glymphatic dysfunction. Novel functional measures 

(i.e., diffusion along PVS) may better capture function. These populations also risk sleep 

deprivation which is known to impact the glymphatic system. Future studies should be designed 

to parse the effects of neurotrauma from impaired sleep.  Longitudinal research is needed to 

determine if MRI-Visible PVS number and volume accumulate chronically and can be used as 

meaningful neuroimaging markers for neurodegenerative disease risk and prognosis. 

2.7.2 Meningeal Lymphatic System 

The meningeal lymphatic system is a linked pathway separate from the glymphatic 

system that is critically involved in draining cell debris and metabolic waste at homeostasis and 

following TBI.148 The key difference being that the meningeal lymphatic system takes up CSF 

and interstitial fluid for transport into peripheral circulation while the glymphatic system 

transports interstitial fluid through the brain parenchyma and into the CSF.149 Impairment to both 

systems could cause neurotoxic protein aggregation. In animal models, deficient meningeal 

lymphatic drainage following TBI leads to increased neuroinflammation and adverse cognitive 

outcomes.148 Research regarding meningeal lymphatics following TBI is limited to animal 

evidence.150–152 More research regarding military neurotrauma, specifically blast injury, is 

needed.  

2.8 Conclusion 

A shift in how physiological assessments for brain injury are used is needed to advance 

these tools to clinical utilities. For each imaging and blood biomarker we must ask what 

functional or structural consequence is measured by these alterations. Special Operations 

Forces are exposed to a distinct combination of blast and blunt TBI and lower-level repetitive 
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occupational blast exposure. It is impossible that a single objective measure will capture the 

tissue injury spectrum and help link military exposures to adverse long-term neurological 

outcome. In this dissertation we will apply blood-biomarkers and neuroimaging across axonal, 

neuronal, glial, and glymphatic system targets and investigate longitudinal changes related to 

cumulative blast exposure and mTBI. Upon successfully completing this project, we hope to 

identify specific physiological variables that could serve as prognostic indicators for neurological 

disease risk and outcome measures for clinical interventions aimed at mitigating neurological 

disease development before long-term symptom development.   
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CHAPTER 3: METHODS 

3.1 Blast Exposure Index 

The occupational blast exposure index was based on the cumulative blast equation first 

proposed in the Cumulative Blast Exposure (CBE) Estimate model for Special Operations 

Forces combat Soldiers by our research group in an SOF close quarter battle training (CQB) 

environment.28 We used the time between Soldier visits in months to quantify exposure duration 

which can be converted using the CBE to training cycles and used to estimate training blast 

exposure in total pounds per square inch (PSI) in future works.  

3.2 Aim 1 Methods 

3.2.1 Summary  

To determine how longitudinal occupational training blast exposure within a combat 

Soldier’s SOF career affects neuroimaging measures including structural network connectivity, 

regional volumes, and cortical thickness. The objective of this aim was to determine the 

changes structural brain networks associated with training blast exposure. Our working 

hypothesis was that Soldiers with greater quantified training blast exposure will have adverse 

changes in brain network integration, segregation, and resilience from baseline to in-career. 

3.2.2 Research Design 

To achieve Aim 1, we conducted a secondary analysis of existing data sets. Our team 

has collected baseline measures on SOF personnel since 2012. Since the program was 

conceived, we have enrolled 610 (and counting) SOF personnel with imaging and collected 

repeated in-career measures on 88 participants. These data were collected as part of a 

longitudinal brain health initiative entitled “Assessing and Tracking Tactical (ATTAC) Forces 

Initiative” (Award# W81XWH-20-C-0022). 

https://sciwheel.com/work/citation?ids=13566423&pre=&suf=&sa=0&dbf=0
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3.2.3 Neuroimaging Protocols:  

Imaging data from the ATTAC Forces Initiative were collected and securely stored. All 

participants underwent magnetic resonance imaging (MRI) scans at the UNC-Chapel Hill’s 

Biomedical Research Imaging Center (BRIC) on either a 3T Siemens Magnetom Prisma or 3T 

Siemens Biograph mMR. Imaging protocols were harmonized between scanners. For 

registration, structural high resolution T1-weighted magnetization-prepared rapid gradient echo 

(MPRAGE) repetition time/echo time/inversion time (TR/TE/TI) = 2300ms/2.98ms/900ms), slice 

thickness = 1mm, (field of view) FoV = 256mm x 256 mm and T2-weighted MRI sequences 

(TR/TE = 3200/400ms, slice thickness = 1mm, FoV = 256mm x 256 mm) were used. For 

structural connectivity analyses whole-brain diffusion weighted imaging (DWI) with the following 

parameters were used: 66 slices, slice thickness = 2.0 mm, FOV = 243 x 243 mm2 , matrix = 90 

x 90, voxel size = 2.7 mm3 , TR = 7400 ms, TE = 58 ms, at b values of b = 1000 and b = 2000 

s/mm2.  

3.2.4 Imaging Data Computation:  

Neuroimaging data are securely stored at UNC-Chapel Hill on a high-performance 

computing cluster with ~6500 conventional compute cores delivering 13,000 threads and a 

large, fast scratch disk space optimized for data science and statistical computing workloads, 

very large memory jobs, and graphics processing unit (GPU) intensive computing.  

3.2.5 Structural Network Construction:  

Probabilistic tractography was applied to post-processed DWI volumes using FMRIB's 

Diffusion Toolbox (FSL 6.0.0) BEBPOSTX. Structural connectivity networks were constructed 

via PROBTRACKX using the 82 region Deskian/Killiany atlas which contains both cortical and 

subcortical grey matter. Graph matrices were generated, filtered, normalized, a 0.01 

connectivity threshold was applied using brainGraph in RStudio 3.6.0. Weighted and 

unweighted undirected connectivity measures were computed including network density, 

connectivity strength, global and local efficiency. 



 27 

3.2.6 Structural Volumetrics and Cortical Thickness:  

Cortical reconstruction and volumetric segmentation was performed with the FreeSurfer 

image analysis suite(v7.1.2).153 Images were averaged and corrected for motion, non-brain 

tissue was stripped, automated Talairach transformation was performed, subcortical grey matter 

was segmented, and intensity normalized. Cortical thickness was estimated using white matter 

outer boundaries as a reference.154 

3.2.7 Expected Outcomes:  

We have identified structural and functional network changes associated with 

neurotrauma in previous investigations in this population. Our findings indicate that lower 

network resilience, quantified via the assortativity coefficient and attack vulnerability, may be a 

consequence of repetitive mTBI and lower the threshold for future neurological sequelae. The 

assortativity coefficient quantifies the extent to which networks can prospectively tolerate faults 

to main components and attack vulnerability models the drop in global efficiency following 

random vertex removal.23 

We therefore expected that sub-symptom threshold training blast would also lower both 

structural and functional brain network resilience and decrease network integration and 

segregation. The magnitude of change in structural compared to functional networks may reveal 

how blast impacts different brain tissue. Specifically, we expected the following patterns to 

emerge. 

Functional changes would precede structural changes to brain network organization 

quantified via graph theory. Although we anticipated structural changes to closely following 

functional network alterations, lower levels of exposure would first cause changes to functional 

regions. The rationale for this hypothesis is twofold. Functional network parcellations will have 

more regions of interest. The larger whole brain networks will be more sensitive to change. 

Physiological changes following neurotrauma can occur without gross axonal damage or 

axotomy. We were unable to test this hypothesis due to limited functional data. 
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3.3 Aim 2 Methods 

3.3.1 Aim 2 Summary  

To determine how longitudinal occupational training blast exposure within a combat 

Soldier’s SOF career affected blood biomarkers for glial (GFAP), neuronal (UCH-L1 & NSE), 

axonal injury (Tau & NfL). The objective of this aim is to determine the changes in blood 

biomarkers, derived from a spectrum of brain tissue origins, associated with longitudinal training 

blast exposure. Our working hypothesis was that Soldiers with greater quantified training blast 

exposure would have preferentially increased blood biomarkers indicative of blast-related brain 

tissue damage between baseline and in-career time points. 

3.3.2 Research Design 

To achieve Aim 2, we conducted a secondary analysis of existing data sets. Our team 

has collected baseline measures on SOF personnel since 2012. Since the program was 

conceived, we have enrolled 610 (and counting) SOF personnel with blood biomarker data and 

collected repeated in-career measures on (100 [projected]) participants. These data were 

collected as part of a longitudinal brain health initiative entitled “Assessing and Tracking Tactical 

(ATTAC) Forces Initiative” (Award# W81XWH-20-C-0022). At this dissertation’s completion, the 

sample was limited to n=16 by assay availability issues.    

3.3.3 Biomarker Concentration Quantification 

Serum preparation for quantifying GFAP, UCH-L1, NSE, NfL, and Tau, has followed 

standardized procedures. As part of this ongoing study fasted venous blood samples have been 

collected in a laboratory setting via antecubital venipuncture into 2 collection tubes (in order): (1) 

10.0-mL K2-ethylenediaminetetraacetic acid (EDTA) used to separate plasma, and (2) 10.0-mL 

serum separation tube (SST) used to separate serum (Becton-Dickinson Company, Plymouth, 

United Kingdom). After 30 minutes, both the EDTA and the SST tubes were spun at 4°C at 4000 

revolutions per minute for 10 minutes. Plasma and serum were pipetted into multiple 1.0-mL 

cryovials and stored at −80°C until analysis to ensure a single freeze/thaw cycle per aliquot. 
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Blinded sample analyses were conducted by an independent laboratory at our institution. 

Samples were thawed and vortexed 10 seconds and centrifuged at 3000 revolutions per minute 

for 15 minutes. Supernatants were used for assays following manufacturer's prescribed 

protocol. For all blood biomarkers, reruns were conducted when concentrations were too high or 

low (out of the standard ranges), or when the assay coefficient of variation was higher than 

15%. All samples were analyzed in duplicate and averaged for our analytic purposes. As serum 

demonstrates a higher sensitivity in biomarker detection, only serum concentrations will be used 

for data analyses.  

3.3.4 Expected Outcomes 

We hypothesized that biomarkers identified as elevated in this study would reflect 

chronic neural tissue changes due to training blast exposure. Each biomarker profile is outlined 

in Table 1. Previous research indicates SOF soldiers have chronic elevations in NfL compared 

to the general population and similar to patients with severe TBI.14 We hoped to provide 

evidence that blast exposure preferentially degrades neurofilament leading to increased serum 

concentrations. Based on long-term study, Tauopathies in middle-aged subjects may be a 

unique feature of blunt brain injuries or subconcussive exposures. Therefore, we did not 

anticipate chronic elevations in uncomplicated, blast-exposed SOF personnel. Neurofilament 

sidearms are uniquely susceptible to cleavage via calcium overload which is caused by calcium 

ion influx through a compromised membrane. Increases in NfL between career timepoints may 

have been indicative of ongoing axonal injury. Grey matter degeneration has been posited a 

consequence following repetitive mTBI indicated by elevated NSE, we also anticipated UCH-L1 

to reflect ongoing neuronal death due to neurotrauma. Given the short half-lives of both NSE 

and UCH-L1, chronic changes may have served as prodromal evidence for grey matter 

degeneration. 

  

https://sciwheel.com/work/citation?ids=9675130&pre=&suf=&sa=0&dbf=0


 30 

 

Table 1. Selected Biomarkers 

Biomarker Category Tissue Indication Serum Half Life80,155 
UCH-L1 Neuronal Neuronal injury 6-10hr 

NSE Neuronal Sustain decay from neuron cytoplasm ~12hr 

T-Tau Axonal Neurofilament compaction 1-12hr 

NfL Axonal Microtubule destabilization Unknown 

GFAP Glial Astrocyte deformation or necrosis 24hr 

 
3.4 Aim 3 Methods  

3.4.1 Aim 3 Summary  

To investigate how self-reported mTBI moderates the effects of within-career 

occupational training blast exposure on neuroimaging (Aim 1) and blood biomarker (Aim 2) 

outcomes. The objective of this aim was to examine how mTBI interacts with blast exposure on 

neurophysiological trajectories between career stage timepoints. We tested the working 

hypothesis that mTBI history 1) exacerbates the neurological changes attributed to blast 

exposure and 2) causes a distinctive pattern of tissue degeneration that could predispose SOF 

soldiers to varied long-term neurological sequelae. 

3.4.2 Expected Outcomes 

We expected mTBI to exacerbate the neurophysiological changes attributed to blast 

exposure in specific tissue types. Blunt neurotrauma is associated with grey matter changes 

and microtubule destabilization in athletes and military.14–16 We therefore anticipated 

accelerated brain network alterations, specifically assortativity, and elevated NSE, UCH-L1, and 

Tau in subjects with both blast exposure and mTBI history based on previous blunt neurotrauma 

findings. 

https://sciwheel.com/work/citation?ids=4974422,4566698&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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3.5 Analytical Approach  

3.5.1 Aims 1 and 2 

Aims 1 and 2 were investigated using similar model specifications. Linear regression 

models using months between visits as a proxy for blast exposure terms served as the 

independent variable. Dependent variables were tested with separate models for each outcome 

and included structural network connectivity, brain regional morphology and neuronal (UCH-L1 

& NSE) and axonal (Tau & NFL) biomarkers. Biomarker concentrations and neuroimaging 

outcomes are often non-normally distributed, we may have needed to modify proposed 

analyses through log/rank transformation or non-parametric analyses to account for observed 

distributions. However, by using change scores we were able to sufficiently limit between 

individual variability.  

Potential Problems 

We prospectively identified the following potential issues. Blast exposure estimates were 

proxies for time spent training. As specified, these models may not have account for actual 

blasts sustained, and Soldiers with the same number of training cycles between repeated 

measures had the same estimate.  

3.5.2 Aim 3 

Aim 3 was investigated by quantifying mTBI history in SOF personnel and including this 

predictor as an interaction term in the multiple linear regression models iterated from in Aims 1 

and 2. Due to individual tolerability, it is unknown how many mTBI predispose subjects to 

adverse long-term outcomes. Therefore, analyses accounted for mTBI as categorical variable.  

Biomarker studies in this population support the theory that 3+ mTBI may lead to chronic 

cell death; therefore, binning mTBI into 3 discrete categories (0,1-2, 3+) may be advised. 

Functional network studies have identified a linear relationship between continuous mTBI 

history and the assortative coefficient giving justification to keep mTBI as continuous variable 
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pulling outliers to the nearest neighbor. The preliminary data analysis plan is summarized in 

Table 2.  

Potential Problems 

Our analysis relied on SOF combat soldiers accurately self-reporting lifetime mTBI 

incidence, and mTBI recency. This approach, though commonly employed in the mTBI 

literature, may introduce inaccuracies or underreporting due to the lack of definitive diagnostic 

criteria. Despite this, mTBI nondisclosure is prevalent in both military and civilian populations. 

This limitation is not restricted to our study but, rather, to all those in our field. More clinically 

relevant model specifications to account for mTBI may be warranted in future studies. These 

include binning mTBI incidence into 0, 1-2, 3+ categories or additional methods to binarize into 

high and low groups. Sensitivity analyses may be used to achieve an appropriate model.  
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Table 2. Data Analysis Plan 
 
Aim  
 

Objective  Dependent 
Variable(s) 

Independent 
Variable(s) 

Statistical 
Method 

1 Does longitudinal occupational 
training blast exposure affect 
neuroimaging?  

Cumulative blast 
exposure 
duration   

Structural 
connectivity 
Functional 
connectivity 
 

General linear 
models 
 

2 Does longitudinal occupational 
training blast exposure affect 
blood biomarkers?  
 

Cumulative blast 
exposure 
duration   

NSE, UCH-L1, 
Tau, NfL  

General linear 
models 
 

3 Does self-reported mTBI history 
moderates the effects of within-
career occupational training blast 
exposure on neuroimaging and 
blood biomarkers? 
 

Cumulative blast 
exposure 
duration x mTBI 
History  
 

All of the 
above 

General linear 
models with 
interaction 
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3.6 Future Directions 

At the dissertation’s conclusion, we expected to have determined specific changes in 

brain structure and function attributed to blast exposure and mTBI. These changes were to be 

identified in otherwise healthy SOF personnel. Successful completion was to open several 

avenues for future investigation. Brain tissue types with increased susceptibility to blast and 

mTBI exposure may guide more precise clinical examination and intervention. The physiological 

variables targeted in this study could serve as outcome measures for clinical trials aimed at 

mitigating harm caused by neurotraumatic exposures before long-term symptoms are present. 

Our findings may also be used as prognostic indicators for future neurological disease and 

guide individual in-career decision making in addition to military policy regarding cumulative 

blast exposure.  
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Table 3. Proposed Project Timeline 
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CHAPTER 4: MANUSCRIPT 1 
 

The Effects of Occupational Blast Exposure and Mild Traumatic Brain Injury on Brain 
Structure and Structural Connectivity in Special Operations Forces Soldiers 

 
4.2 Introduction 

The increasing reliance on Special Operations Forces (SOF) combat Soldiers to address 

global conflicts has led to a heightened concern regarding the long-term effects of traumatic 

brain injuries (TBIs) in this population and occupational blast exposure sustained in training this 

population. A significant portion of SOF Soldiers have experienced mild traumatic brain injury 

(mTBI), which can result in persistent emotional, cognitive, behavioral, and neurological 

symptoms, despite the "mild" designation.156,157 Previous cross-sectional research in this sample 

demonstrate that 25-55% report mTBI.6,14,30 Even a single sustained mTBI has been associated 

with an elevated risk of neurostructural alterations and accelerated age-related 

neurodegeneration.99,158–160 When experienced during military training and in theatre, mTBI 

assessment can be complicated by a heterogenous symptom presentation and a need for 

symptom self-reporting.52,161 Furthermore, neurophysiological recovery may require more time 

than clinical recovery, reinforcing a need for more objective physiological assessment and 

prognostic measures, especially to detect long-term risks. 5,162 In addition to mTBI, SOF 

members sustain recurrent occupational blast exposure due to their need to maintain 

operational readiness and Soldier optimization. 

Occupational blast exposures may result in progressive and cumulative effects to neural 

tissues, which increase the risk for neurodegeneration.163 Blast exposure estimates during 

routine occupational training have been used to document the cumulative occupational 

exposure sustained in this SOF group.28 Recent estimates suggest Soldiers are exposed to 
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2760 psi of blast overpressure during a training cycle.28 This includes exposure to high-energy 

weapon systems (e.g., anti-tank rockets, recoilless rifles, and various explosive charges used in 

breaching). Close quarter battle (CQB) training may particularly exacerbate risk because SOF 

Soldiers often use multiple internal and external breaching charges in combination with 

flashbang non-lethal grenades. The safe standoff distance when working with these charges is 

based risk for acute damage risk to the tympanic membrane and lungs, not neurological 

effects.164 Although these routine blast exposures generally do not result in reported mTBI 

symptoms, the cumulative neuropathology leading to adverse long term neurological outcomes 

from both occupational blast exposure and mTBI incidence is not fully understood.  

Both low level blast neurotrauma and mTBI are described as a functional and microstructural 

injury.132,165 Standard clinical imaging (e.g., MRI and CT) for structural trauma do not detect 

mTBI by definition.32,166 Research efforts applying more advanced neuroimaging analyses, (e.g., 

structural volumetrics and connectivity) to examine the effects of blast mTBI have demonstrated 

varied neurological consequences. Blast-injured Soldiers and Veterans with mTBI both 

demonstrate cortical thinning following symptomatic injury at the frontal and temporal lobes.18,129 

Although cortical thinning is not ubiquitous, Other studies examining combat exposure, mTBI, 

and chronic pain have identified that mTBI history is related to thicker bilateral frontal, parietal, 

and insular cortices.19,167 Investigations into low level blast, without mTBI, are limited. However, 

one study reported a general increase in cortical thickness between breachers exposed to 

frequent occupational blast compared to controls.168 This study also found alterations to white 

matter integrity, suggesting complex network connectivity and organization may also be 

influenced by blast exposure and mTBI.  

The mathematical approach to network science known as graph theory is a technique 

that can be applied to diffusion imaging and offers novel ways to describe complex structural 

connectivity within brain networks.13,22,23 Brain networks demonstrate “small world topology,” 

described as having high clustering and short path length, with high-degree cortical “hubs” and 
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modular and hierarchical properties.169,170 These features enable the highly specialized modules 

or brain regions and short efficient paths to reduce energy cost to communicate among regions. 

Disruptions to this modular structure have been observed in moderate-severe military and 

civilian TBI.24,25 Although few studies have assessed the effects of blast exposure on structural 

network architecture, alterations were found at highly interconnected, long-range nodes in 15 

Canadian SOF service members with chronic blast exposure.27 These findings suggest less 

efficient communication leading to greater neural recruitment following exposure to military 

duties. 

Postmortem case studies show blast exposures are associated with a unique 

histopathological pattern.47 Interface astroglial scarring (IAS) is characterized by scarring at the 

subpial glial plate and gray-white matter boundaries not seen in non-blast TBI subjects. An 

interpretation of these findings is that blast causes cellular injury at tissue material interfaces, 

specifically between gray matter, white matter, and cerebrospinal fluid (CSF) filled spaces. This 

hypothesis is supported by animal models and computational “in-silico” finite element 

analyses.171–173 To investigate the complex effects of blast and mTBI across multiple brain 

tissues, this study aimed to assess the impact of occupational blast exposure and mTBI on 

changes in graph theoretical structural brain network outcomes, regional cortical thickness, lobe 

and subcortical gray matter volumes, and lateral ventricle volume. 

4.3 Methods 

4.3.1 Participants 

In total, 88 United States Army Special Operations Forces Soldiers participated in this 

longitudinal cohort study between 2017 and 2023. All participants completed verbal consent and 

study procedures were approved by the Office of Human Research Ethics at our institution. All 

SOF Soldiers included in this study completed two visits to our research lab for a testing panel 

which included brain injury history collection and multimodal neuroimaging. The first visit served 

as a SOF baseline, but not a military career baseline. The second visit was completed as part of 
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an Evolution Program (EvoPro) initiative to capture SOF Soldiers throughout their career and 

better understand the necessary requirements for a long and successful SOF career. The time 

between baseline and EvoPro ranged from 13 months to 131 months. Exposure was captured 

by months between neuroimaging sessions and the change in mTBI status between timepoints 

served as independent variables and were used to predict change in brain volumetrics and 

structural connectivity outcomes.  

4.3.2 Neuroimaging Protocols 

Imaging data were collected and securely stored. All participants underwent MRI scans 

at the UNC-Chapel Hill’s Biomedical Research Imaging Center (BRIC) on either a 3T Siemens 

Magnetom Prisma or 3T Siemens Biograph mMR (Siemens Healthineers, Erlangen, Germany). 

Imaging protocols were harmonized between scanners. For neurostructural volumetrics, 

structural high resolution T1-weighted magnetization-prepared rapid gradient echo (MPRAGE) 

TR/TE/TI = 2300ms/2.98ms/900ms), slice thickness = 1mm, FoV = 256mm x 256 mm) and T2-

weighted MRI sequences (TR/TE = 3200/400ms, slice thickness = 1mm, FoV = 256mm x 256 

mm) were used. For structural connectivity analyses whole-brain diffusion weighted imaging 

(DWI) with the following parameters were used on the Biograph: 66 slices, slice thickness = 2.0 

mm, FOV = 256 x 256 mm2 , voxel size = 2.0 mm3 , TR = 9400 ms, TE = 94 ms, diffusion 

direction = 62 at b values of b = 0 and b = 1000 s/mm2 and on the Prisma: 60 slices, slice 

thickness = 2.7 mm, FOV = 243 x 243 mm2 , matrix = 90 x 90, voxel size = 2.7 mm3 , TR = 7400 

ms, TE = 58 ms, diffusion directions = 67 ,at b values of b = 0 and b = 2000 s/mm2 . To account 

for DWI protocol differences only streamline density weighted graph theory measures we 

retained for analyses. 

4.3.3 Cortical Reconstruction and Volumetric Segmentation 

Cortical reconstruction and volumetric segmentation was performed with the FreeSurfer 

image analysis suite (7.2.0) recon-all function.153 Images were motion corrected and non-brain 

tissue was stripped. Both T1w and T2w inputs were used for enhanced registration and 
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segmentation. Processing included automated Talairach transformation, intensity normalization, 

motion correction, subcortical white matter and deep gray matter volumetric structures 

segmentation, tessellation of the gray matter white matter boundary, automated topology 

correction, and surface deformation following intensity gradients to optimally place the 

gray/white and gray/cerebrospinal fluid borders at the location where the greatest shift in 

intensity defines the transition to the other tissue class.174–178 Once cortical models were 

complete, they were parcellated in units with respect to gyral and sulcal structure. Cortical 

thickness was calculated as the closest distance from the gray/white boundary to the gray/CSF 

boundary at each vertex on the tessellated surface.179 Recon-all was run in parallel on Longleaf, 

a Linux-based computing system housed at UNC Chapel Hill, with using the -openmp option to 

maximize processor utilization across 4 cores per subject. To detect the effects of blast and 

mTBI on brain tissue, dependent variables included changes in left and right hemisphere 

cortical thickness, gray matter volume by lobe, subcortical gray matter volume, cerebellum 

cortex volume, white matter total volume, and lateral ventricle total volume.  

4.3.4 Diffusion Processing  

Diffusion processing was completed using TRActs Constrained by UnderLying Anatomy 

(TRACULA) trac-all -prep, -bedp, and -path functions in Freesurfer 7.2.0 on a 52 participants 

with T1 and DWI.180,181. Preprocessing (prep) followed the FDT pipeline in the FMRIB Software 

Library (FSL 6.0.5), including eddy-current corrections, computing head motion during the scan, 

skull-stripping, and computing anatomical priors for white matter pathways.180,182 Bayesian 

Estimation of Diffusion Parameters Obtained using Sampling Techniques for modelling Crossing 

Fibers (BEDPOSTX) was used to model estimate probability distributions of diffusion within 

each voxel. Probabilistic Tracking with Crossing Fibers (PROBTRACKX) was used to run 

probabilistic tractography and create region of interest (ROI) by ROI connectivity matrices 

between 82 regions using seeds from the Desikan-Killiany cortical parcellation and automated 

subcortical gray matter segmentation. These matrices quantify the number of probabilistic 
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streamlines seeded in one ROI, that reach another ROI. Subject-level whole brain graph theory 

outcomes were computed on these matrices.  

4.3.5 Graph Theory Outcomes 

For each subject, ROI by ROI connectivity matrices, a waytotal file containing the total 

number of generated tracts that have not been rejected by inclusion/exclusion mask criteria, and 

seed ROI voxel sizes were imported into an interactive RStudio 2021.09.2 session on UNC’s 

Longleaf computing cluster for normalization, filtering, and analysis using the braingraph 3.0.0 

package.183 Streamline density weighting was applied to each matrix. Streamline density 

weighting assigns weights to the edges in the network. The weights represent the strength of 

the connection between ROIs, accounting for their size in voxels and the number of streamlines 

connecting them. Higher streamline density implies a stronger connection between the regions. 

A subject threshold of 0.5 was set ensuring only connections present in at least 50% of the 

overall sample were retained. A conservative matrix threshold for probabilistic tractography was 

set at 0.01. Weighted graph-level outcomes were computed including global and local 

efficiency, characteristic path length, modularity, and connectivity strength. 

  Global efficiency quantifies the average inverse shortest path length for all nodes and 

local efficiency measures average global efficiency of subgraphs for each node containing that 

node’s neighbors. Global efficiency quantifies the integrated exchange of information on a large 

scale while local efficiency quantifies the efficiency of segregated processes within a given 

node’s local neighbors. Characteristic path length is the average shortest path length between 

all pair of nodes in a network.23 Modularity is the degree to which the network can be divided 

into delineated, nonoverlapping groups, a feature of organized small-world networks 

demarcated by dense interconnectivity within clusters but sparse connections between 

modules.184 Weighted connectivity strength quantifies sum of link weights connecting nodes and 

represent white matter density along existing paths.23  
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4.3.6 Statistical Analyses  

Statistical analyses were performed using SAS Studio 3.8 on SAS 9.4 (SAS Institute Inc, 

Cary, North Carolina). Scores were created for each brain volumetric and structural connectivity 

outcome change by subtracting baseline value from the EvoPro value. Summary statistics were 

reported for demographic information. All dependent variables were assessed for normality by 

inspecting histograms and Q-Q plots. Predictor (independent) variables included exposure 

quantified as months between timepoints and the change in mTBI between time points 

represented as continuous or categorically binned 0, 1-2, or 3+ in accordance with previously 

published investigations.14 The method of least squares (PROC GLM) was used to model the 

effect of exposure on the change in structural connectivity and brain volumetric dependent 

variables. Where trends were identified, multiple linear regression was used to test how change 

in mTBI between timepoints moderated the effect of exposure on brain outcomes. The a priori α 

level was set at p ≤ 0.05.  

4.4 Results 

4.4.1 Demographics 

 The mean age at baseline was 31.31 ± 2.77. The mean age at EvoPro was 35.46 ± 

2.81. The mean time between baseline and EvoPro was 60.36 ± 22.03 months. At baseline, 

44.32% (n = 39) reported any mTBI history, however, at EvoPro 75% (n = 66) reported mTBI 

history. Between visits, 63.64% (n = 56) sustained at least one mTBI regardless of previous 

history. On average 2.26 ± 2.72 (median = 3, IQR = 4.5) mTBI were sustained between baseline 

and EvoPro and 34.09% (n = 30) reported more than 3 mTBI sustained between visits.  

4.4.2 Global Brain Tissue Changes 

 Results for changes to global brain tissue including cerebral cortex, cerebral white 

matter, lateral ventricles, and subcortical gray matter volumes as well as left and right 

hemisphere cortical thickness are presented in Table 4 for the full sample (n = 88). 

Nonsignificant trends included decreasing cortical thickness and subcortical gray matter 
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associated with greater exposure. Increasing cortical and cerebral white matter volumes were 

also related to exposure although nonsignificant. Months of exposure significantly predicted 

change in lateral ventricle size (F1,86 = 5.45; p = 0.02). There was a positive linear relationship 

between months of exposure and change in lateral ventricle size (B = 15.23mm3; R2 = 0.06) 

indicting greater blast exposure is related to enlarged lateral ventricles (Figure 2). 

Table 4. Global Brain Tissue Changes 

Neurostructural Variable Parameter Estimate  Standard Error F Value  P Value 
Cerebral Cortex Volume 99.05 108.82 0.83 0.37 

Cerebral White Matter Volume 88.63 89.45 0.98 0.32 

Lateral Ventricles Volume 15.23 6.52 5.45 0.02* 

Subcortical Gray Volume -12.94 8.99 2.07 0.15 

LH Cortical Thickness -0.0005 0.0004 1.79 0.18 

RH Cortical Thickness -0.0007 0.0004 2.46 0.12 

Parameter Estimates for volumes are in mm3 and thicknesses are in mm. * denotes statistical 
significance.  
  

A multiple linear regression model was fit to test the moderating effect of change in mTBI 

between visits. The change in mTBI was categorized as 0, 1-2, and 3+. Despite nonsignificant 

findings (F5,82 = 1.61; p = 0.17) there was an observable trend in the data indicating those with 

mTBI reported between visits drive the effect of exposure on lateral ventricle volume (Figure 3.) 

The original univariate model specification assessing the effects of months on lateral ventricle 

volume was fit on data subsets with and without mTBI between visits. Among those without 

mTBI between baseline and EvoPro (n = 32), months of exposure did not significantly predict 

lateral ventricle volume changes (F1,30 = 0.04; p = 0.83). However, among those with mTBI 

reported between visits (n = 56) we observed a stronger significant positive linear relationship 

between months of exposure and increasing lateral ventricle size than in the original model on 

the full sample (F1,54; p = 0.008; B = 20.49mm3; R2 = 0.123). 
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4.4.3 Regional Cortical Gray Matter Volume Changes 

Results for regional changes to gray matter volumes including the right and left frontal, 

parietal, occipital, and temporal lobes, and the cerebellum are presented in Table 5. Months of 

exposure significantly predicted increased gray matter volume at the left frontal (F1,86 = 4.06; p = 

0.047) and right parietal lobe (F1,86 = 4.15; p = 0.045). A positive linear relationship between 

months of exposure and gray matter volume was observed for both the left frontal (B = 

41.95mm3; R2 = 0.05) and right parietal lobes (B = 40.41mm3; R2 = 0.05), however these 

changes were lateralized. The corresponding lobes on the opposite hemisphere were not 

significantly associated with exposure. Months of exposure also significantly predicted 

decreased cerebellum cortex volume (F1,86 = 4.15; p = 0.045; B = -93.08mm3; R2 = 0.06). 

Figures 4, 5, and 6 depict the relationship between months of exposure and left parietal lobe, 

right frontal lobe, and cerebellum cortex volume respectively.  

Table 5. Regional Cortical Gray Matter Volume Changes 

Neurostructural Variable Parameter Estimate  Standard Error F Value  P Value 
Left Frontal Lobe 41.95 20.82 4.06 0.047* 

Right Frontal Lobe -12.80 25.70 0.25 0.619 

Left Parietal Lobe 3.09 16.94 0.03 0.856 

Right Parietal Lobe 40.41 19.85 4.15 0.045* 

Left Occipital Lobe 4.75 5.58 0.72 0.397 

Right Occipital Lobe 9.38 6.72 1.96 0.166 

Left Temporal Lobe 0.92 9.67 0.01 0.924 

Right Temporal Lobe -7.04 10.67 0.43 0.5118 

Cerebellum Cortex -93.08 38.99 5.70 0.019* 

Parameter Estimates for volumes are in mm3. * denotes statistical significance.  
 

For the left parietal lobe, right frontal lobe, and cerebellum cortex, multiple linear 

regression models were fit to test the moderating effect of change in mTBI between visits. 

Despite nonsignificant findings, a similar trend to the lateral ventricle results was observed.  For 
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the left parietal and right frontal lobe volume increases appeared to be exacerbated in those 

with mTBI between visits, especially 3+. Conversely, decreases in cerebellum cortex were most 

apparent in those with mTBI between visits. These interactions are represented in Figures 7, 8, 

and 9.  

4.4.4 Subcortical Gray Matter Volume Changes 

The results for the effect of exposure on subcortical gray matter regions including the 

amygdala, caudate, hippocampus, putamen are presented in Table 6. For all subcortical regions 

left and right structure volumes were summed prior to analysis. Months of exposure did not 

significantly predict subcortical volume changes. However, trends indicate decreasing amygdala 

volume.  

Table 6. Bilateral Subcortical Gray Matter Volume Changes 

Neurostructural Variable Parameter Estimate Standard Error F Value P Value 
Amygdala -2.05 1.07 3.61 0.061 

Caudate 1.19 1.79 0.44 0.501 

Hippocampus -3.83 2.49 2.37 0.127 

Putamen 2.74 2.63 1.09 0.300 

Thalamus -0.97 4.61 0.04 0.833 

Parameter Estimates for volumes are in mm3. 

4.4.5 Structural Connectivity Changes 

The results for changes in graph theoretical measures for structural connectivity 

including streamline density weighted global efficiency, local efficiency, characteristic path 

length, modularity, and connectivity strength are presented in Table 7 for a subset of the sample 

(n = 52). Months of exposure did not significantly predict any graph theory variable. However, 

the distributions for change in global efficiency, local efficiency, characteristic path length, and 

strength warrant further investigation. Clusters of the sample show stark increases or decreases 

in graph theory outcomes that are unexplained by exposure or mTBI (Figures 10-11). 



 46 

Table 7. Whole Brain Streamline Density Weighted Structural Connectivity (n=52) 

Graph Theory Variable Parameter Estimate  Standard Error F Value  P Value 
Global Efficiency -0.0001 0.0002 0.65 0.425 

Local Efficiency  -0.0002 0.0002 0.77 0.385 

Characteristic Path Length 0.0178 0.0213 0.70 0.407 

Modularity 0.0001 0.0001 0.61 0.440 

Connectivity Strength -0.0039 0.0046 0.73 0.396 

 

4.5 Discussion 

This study examined the impact of occupational blast exposure and mTBI on global and 

regional brain structural changes and structural connectivity changes. Special Operations 

Forces Soldiers with more occupational blast exposure due to longer training duration have 

greater increases in lateral ventricle volume, left frontal lobe gray matter volume, and right 

parietal lobe gray matter volume and decreases in cerebellum gray matter volume. Mild TBI did 

not moderate the relationship between occupational blast exposure and brain outcomes. 

However, subgroup analyses revealed structural brain differences may be exacerbated by mTBI 

sustained between visits and our sample size was insufficient to detect these differences. Other 

nonsignificant patterns included generalized cortical thinning and decreased subcortical gray 

matter attributed to greater blast exposure despite increases in cortical gray matter and cerebral 

white matter. Describing neurostructural changes attributed to blast and mTBI exposure is 

essential for maintaining Soldier health, readiness, and ensuring long successful SOF careers. 

Our aim was to detect changes that may serve as early indictors linking occupational blast 

exposure and mTBI to increased risk for chronic neurodegenerative conditions. By describing 

brain changes in otherwise healthy SOF Soldiers, we can provide evidence informed guidelines 

for safe occupational blast exposure. Our findings may help specify targets for enhanced clinical 

testing informed by physiology. They also offer objective outcomes for future investigations into 
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the therapeutic efficacy of pharmacological, psychosocial, or lifestyle-based interventions 

seeking to reduce the impact of exposure on brain function. 

 In humans, ventricular enlargement is most often associated with moderate to severe, 

but not mild, brain injury.185  Animal and computational studies examining the effects of blast on 

the brain provide context for interpreting our observed increases in lateral ventricle volume 

associated with greater blast exposure.186 The most like cause for lateral ventricle dilation that is 

not proportional to cortical atrophy is disrupted CSF fluid dynamics, particularly decreased CSF 

absorption.187 Cerebrospinal fluid cavitation is one of several potential mechanism explaining 

how microstructural trauma occurs following blast injury.188 The cavitation theory postulates that 

bubbles form and collapse within CSF damaging adjacent tissues via secondary shock 

waves.189 In a swine model, blast exposure lead to periventricular histological changes including 

axonal injury detected with β-amyloid precursor protein and astrogliosis.190 Post-mortem 

histopathological cases in humans with blast exposure show astroglial scarring in tissues lining 

the ventricles.47 Another study examined blast and combined blast and blunt polytrauma in rats. 

Blast alone did not lead ventricle enlargement. There was a significant interaction effect of blast 

and blunt injury indicating a synergistic effect of both injuries on the increased ventricular 

enlargement at 34 days post injury.191 These findings may indicate that blast exposure 

predisposes the brain to chronic ventricular enlargement and exacerbates the physiological 

consequences of blunt TBI. In this study those without mTBI had no change in lateral ventricle 

volume due to exposure while those with mTBI between visit may have had a similar synergistic 

effect. More research is needed to determine the mechanisms leading to chronic ventricle 

enlargement.  

 A more recent theoretical mechanism for ventricular enlargement may be disrupted 

glymphatic system function. To date only one study has identified a negative correlation 

between glymphatic system function and lateral ventricle size in humans.192 The glymphatic 

system is recently described central nervous system waste clearance pathway.135,136 Efficient 
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glymphatic system function relies on CSF influx across periarterial spaces and into the brain 

parenchyma via aquaporin-4 (AQP4) water channels.135,137 Mild TBI in rodents leads to 

decreased CSF flow and altered AQP4 expression 139,193 which has also been observed in 

lateral ventricle hydrocephalus models.194,195 This suggested AQP4 function is crucial to 

maintain CSF fluid dynamics. If perivascular AQP4 is impaired following mTBI, CSF may not 

exit the perivascular space (PVS) into the interstitial space leading to decreased CSF 

absorption and potentially PVS dilation.146,196 However, AQP4, while concentrated at the PVS, 

also impacts cerebral blood flow and interstitial fluid exchange.197 More research is needed to 

detect which physiological processes lead to ventricular enlargement and decreased CSF 

absorption.    

 Enlarged lateral ventricles are consider a hallmark feature association with 

neurodegenerative diseases. Patients with Alzheimer’s disease and mild cognitive impairment 

have enlarged lateral ventricles compared to cognitively normal elderly.198 Clinical dementia 

severity was associated with greater ventricular volume.199 This association was moderated by 

proxy factors for cognitive reserve (intelligence, education, and occupation) suggesting that 

cognitive reserve may be neuroprotective against decline associated with enlarged lateral 

ventricles. Enlarged lateral ventricles have been identified post-mortem case series including 

both military service members and athletes exposed to repetitive neurotrauma.99,200  

Lateral ventricle size may be a promising and easily quantified biomarker for long-term 

neurological prognosis following blast exposure and mTBI. Our observed change in lateral 

ventricles at early midlife may have concerning long-term consequences. Ventricular 

enlargement in aging adults becomes exponential through later life.201 Relatively small 

increases in ventricular dilation before middle age may result in rapidly accelerated age-related 

changes. More evidence is needed to establish a causal link between injury mechanisms, 

ventricular changes, and cognitive and neurodegenerative outcomes.  
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 Another promising area for targeted investigation is the cerebellum. We found that blast 

exposure predicted lower cerebellum cortical volume despite observing the inverse at the 

cerebral cortex. Computational simulations, neuroimaging studies in humans, and animal 

models suggest the cerebellum may be at an increased vulnerability to blast injury, even without 

accelerative and decelerative forces.202–204 The cerebellum is located at the skull base near the 

foreman magnum, making is susceptible to direct skull deformation and vascular surge blast 

injury blast injury mechanisms.36,205 Cerebellar Purkinje cell loss has been found in rodents and 

primates after exposure to blast.203,206 The microvasculature layering Purkinje cells makes them 

more susceptible to ischemic injury following the vasospasm typically associated with blast but 

not blunt neurotrauma.36,203,207 Decreased cerebellar metabolism has been observed in blast-

exposed veterans using fluorodeoxyglucose positron emission tomography. 204 The number of 

blast exposures was also correlated with cerebellar tract integrity and symptoms indicating 

impaired sensorimotor integration in combat veterans. 203 Future research should prioritize 

examining the relationship between cerebellar gray matter loss and its clinical and operational 

consequences, such as dizziness, balance, and coordination issues. Additionally, it is important 

to evaluate the prognostic value of cerebellar cortex changes in predicting long-term 

neurological outcomes. 

 Two unexpected findings in this study were cortical volume increases at the left frontal 

lobe and right parietal lobe associated with greater blast exposure. These findings contrast with 

what we observed at the cerebellum and the typical pattern of cortical atrophy.17,99 Several 

possible explanations may account for these observations including compensatory changes due 

to exposure and neuroplastic responses to the imposed demands on the Special Operator. 

Cortical volume in these areas might increase in response to tissue alterations across the whole 

brain for example those observed at the dilating ventricles. Given the specific involvement of the 

right parietal lobe in spatial processing, visuospatial skills, and proprioception, along with the left 

frontal lobe's role in logical thinking, particularly language processing, production, and word 

https://sciwheel.com/work/citation?ids=10550356,1833968,6506188&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=7482258,7362465&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=3459428,1833968&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6748168,7362465,1833968&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6506188&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1833968&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7778578,2403969&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0


 50 

selection, it is possible that these changes stem from enhanced connectivity and function.208,209 

This may occur as the brain reorganizes in response to military training. Specifically, CQB 

requires acute awareness of oneself and other objects in space, clear and rapid clear 

communication, and quick, accurate decision-making. However it is also the training 

environment most associated with blast exposure in this population.28 Further research is 

needed to elucidate the precise mechanisms underlying these unanticipated findings and to 

determine whether they represent adaptive or maladaptive changes in brain structure. 

 Our results also provide insight into the effects of occupational blast exposure on 

structural connectivity assessed using graph theoretical measures on a subset of our sample. (n 

= 52). Blast exposure did not significantly predict change in streamline density weighted global 

efficiency, local efficiency, characteristic path length, modularity, and connectivity strength. 

However, the observed distributions for graph theoretical variable changes warrant further 

investigation. Clusters of the sample displayed considerable increases or decreases in graph 

theory outcomes that could not be solely explained by exposure or mTBI while others remained 

unchanged. This observation suggests that additional factors contribute to these alterations in 

structural connectivity. Limited, small sample, cross-sectional studies demonstrate structural 

connectivity alterations following mTBI and blast exposure in both civilians and military service 

members.25,210 Canadian SOF with blast exposure and mTBI show significant structural 

alterations in axonal fibers directly connecting disrupted nodes specific hyper-connected long-

range tracts compared to age-matched controls.27 Disrupted functional network modularity has 

been observed in military service members with blast TBI compared to military controls with 

blast exposure but not mTBI.24 Future research should aim to explore potential influences such 

as baseline predisposition, lifestyle factors, or other environmental exposures that may interact 

with or exacerbate the effects of blast exposure and mTBI on structural connectivity. 

 The absence of significant associations between cumulative blast exposure, quantified 

via time between visits, and graph theoretical measures in our study may be partly due to the 

https://sciwheel.com/work/citation?ids=9494976,6348028&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13566423&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1351900,5502663&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=10952275&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4809605&pre=&suf=&sa=0&dbf=0


 51 

limited sample size, which reduced our statistical power to detect subtle effects. It is also 

possible that the selected graph theory metrics, which were limited due to scanner parameter 

differences, may not be sensitive enough to capture the complex changes in structural 

connectivity associated with blast exposure and mTBI. To address these limitations, future 

studies should incorporate larger sample sizes and explore additional measures of structural 

connectivity, as well as consider the integration of resting state MRI to obtain functional 

connectivity measures to provide a more comprehensive understanding of the brain's response 

to blast exposure and mTBI. 

4.6 Conclusion 

We investigated the effects of occupational blast exposure and mTBI on brain volumetric 

and graph theoretical structural connectivity changes in Special Operations Forces Soldiers. 

Greater occupational blast exposure predicted changes in lateral ventricular volume, left frontal 

lobe gray matter volume, right parietal lobe gray matter volume, and cerebellum gray matter 

volume. Although mTBI did not moderate these relationships, subgroup analyses suggested 

that structural brain differences might be worsened by mTBI sustained between visits, 

warranting further investigation with larger sample sizes, individual blast exposure 

measurements, and accounting for other factors like sleep, psychosocial factors, lifestyle, and 

chemical exposures.  

These findings enhance our understanding of the neurostructural changes attributed to 

lower level, chronic exposure to occupational blast. Identifying regional changes prior to long-

term neurological symptom onset may be crucial for maintaining SOF health and readiness, and 

supporting long, successful SOF careers. Early indicators of increased risk for chronic 

neurodegenerative conditions, like dilated lateral ventricles, may help inform guidelines for safe 

occupational blast exposure and provide potential targets for enhanced clinical and performance 

testing informed by findings such as those at the cerebellum. Moreover, our results can offer 

more precise physiological outcomes for future investigations into treatment efficacy for 
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pharmacological, psychosocial, or lifestyle-based interventions aimed at reducing the impact of 

blast exposure on long-term brain health. 

Future studies are needed to overcome the present limitations of this research by 

incorporating larger samples over more timepoints to gain a sense of brain outcome trajectories. 

Weighted exposure measures could be useful ways to capture both blast and mTBI in a single 

variable. Neuroimaging parameters should be more stringently controlled and harmonized at all 

timepoints. Clinical measures should be incorporated to provide a more comprehensive 

understand into how the brain responds to blast exposure, ultimately helping to protect and 

preserve military force readiness, lethality, and long-term health and well-being.    
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Figure 2. Linear Regression Between Lateral Ventricle Volume Change and Months of 
Exposure 
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Figure 3. Linear Regression Between Lateral Ventricle Volume Change and Months of 
Exposure by mTBI Group 
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Figure 4. Linear Regression Between Left Frontal Cortex Volume Change and Months of 
Exposure 
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Figure 5. Linear Regression Between Right Parietal Cortex Volume Change and Months 
of Exposure 
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Figure 6. Linear Regression Between Cerebellum Cortex Volume Change and Months of 
Exposure 
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Figure 7. Linear Regression Between Left Frontal Cortex Volume Change and Months of 
Exposure by mTBI Group 
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Figure 8. Linear Regression Between Right Parietal Cortex Volume Change and Months 
of Exposure by mTBI Group 
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Figure 9. Linear Regression Between Cerebellum Cortex Volume Change and Months of 
Exposure by mTBI Group 
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Figure 10. Linear Regression Between Global Efficiency Change and Months of Exposure 
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Figure 11. Linear Regression Between Connectivity Strength and Months of Exposure 
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CHAPTER 5: MANUSCRIPT 2 
 

Changes in Serum Biomarkers Related to Occupational Blast Exposure and Mild 
Traumatic Brain Injury in Special Operations Forces Soldiers 

5.2 Introduction 

The cumulative impact of occupational blast exposure and mild traumatic brain injury 

(mTBI) sustained by Special Operations Forces (SOF) Soldiers is a pertinent military health 

concern. Long-term consequences from neurotraumatic blast and blunt exposures, specifically 

neurodegeneration and early-onset clinical dementias, are poorly understood. There is a critical 

need to identify objective physiological changes that may link early-life neurotraumatic 

exposures to increased risk for long-term neurological consequences. In previous cross-

sectional biomarker investigations using a SOF sample, more than half report at least one 

previous mTBI.14,30  Previous mTBI history has been associated with an elevated risk 

neurophysiological alterations which may lead to accelerated age-related 

neurodegeneration.99,158–160  

In Soldiers specifically, these seemingly “mild” brain injuries are linked to persistent 

adverse neurocognitive and behavioral consequences.156,157 Evaluating mTBI in a military 

setting presents a unique clinical challenge because mTBI are defined by their clinical 

symptoms (confused or disoriented state which lasts less than 24 hours; or loss of 

consciousness for up to 30 minutes; or memory loss lasting less than 24 hours).1 This often 

requires brain-injured patients to self-report their injury to medical personnel.2,211 Mild TBI are 

diagnosed solely on a heterogenous array of signs and symptoms, there are no physiological 

diagnostic criteria. This is problematic because physiological recovery following mTBI may 

extend beyond symptom resolution.5 Therefore, biomarkers cannot be well utilized for mTBI 
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diagnosis unless mTBI biological manifestations are more systematically defined.33 Underlying 

neurophysiological degenerative processes below symptom thresholds must also link repetitive 

neurotrauma to chronic neurological sequalae. Detecting these processes is imperative for early 

risk assessment.  

Besides mTBI, SOF members also experience frequent occupational training blast 

exposure to maintain operational readiness. While these regular blast exposures typically do not 

cause reported mTBI symptoms, the accumulated neuropathological effects may contribute to 

negative long-term neurological consequences.163  We estimate that US Army SOF Soldiers are 

exposed to 2760 pounds per square inch (psi) of blast overpressure during a training cycle.28 

These exposures typically include high-energy weapon systems like anti-tank rockets, recoilless 

rifles, and various explosive charges used in breaching. Breaching and subsequently close 

quarter battle (CQB) presents a heightened risk as Soldiers conduct exercises in close proximity 

to explosive charges and non-lethal flashbang grenades within confined structures.28 Both 

lower-level occupational blast and mTBI may cause detectible physiological changes to brain 

tissue.  

Plausible detection methods for cumulative neurotrauma are brain tissue derived blood 

biomarkers. It is unlikely that a single biomarker could reflect the spectrum of changes at the 

tissue and cellular levels following blast or mTBI exposure. Effective biomarker panels should 

therefore match the different cascading processes that follow mTBI and our best physiological 

understanding of blast neurotrauma.49 A variety of protein biomarkers, originating from neuronal, 

axonal, and glial sources, have been interpreted to represent the underlying microstructural and 

functional pathophysiology of mTBI.32,80,212 We propose a panel including neuronally-derived, 

ubiquitin C-terminal hydrolase L1 (UCH-L1), neuron-specific enolase (NSE), axonal proteins 

total tau (t-tau) and neurofilament light chain (NfL), and glial fibrillary acidic protein (GFAP).  

Each proposed biomarker is elevated in the blood by distinct processes including 

primary mechanical deformation, secondary metabolic injury, and neuroinflammation.15 
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However, it is also essential to consider how these proteins reach peripheral circulation from the 

central nervous system. Both the blood-brain barrier (BBB) and glymphatic system play a role in 

transporting brain-derived proteins into the bloodstream.84 Ubiquitin C-terminal hydrolase-L1 

(UCH-L1) is an enzyme highly expressed in neurons, and is included in the FDA approved 

biomarker panel used to detect intracranial injury and reduce unnecessary CT scans following 

mTBI.119,213 Significant changes in UCH-L1 from baseline have been observed in sport-related 

mTBI.15,120 Increased UCH-L1 is generally associated with greater blast exposure but not clinical 

measures (e.g., symptoms, cognition, and balance).122 These findings are inconsistent. Another 

investigation found no association between UCH-L1 and low-level blast exposure but UCH-L1 

was associated with previous mTBI history.123 It is not well understood how UCH-L1 reaches 

peripheral circulation after mTBI, both the BBB and glymphatic pathway are implicated.214 

Neuron-specific enolase is a glycolytic enzyme expressed within neurons and neuroendocrine 

cells cytoplasm’s.116,117 It is secreted from the cytoplasm following traumatic biomechanical 

forces.118 Elevations in NSE concentrations following mTBI are thought to reflect neuronal injury 

severity.215,216 Cross-sectional study of this same SOF population found a dose-response 

association between elevated NSE concentration and greater lifetime mTBI incidence, 

specifically driven by SOF combat Soldiers with three or more mTBI.14 Animal studies show that 

serum NSE is increased in brain-injured mice with a functioning glymphatic system. In a 

corresponding model with glymphatic suppression no NSE change is observed. Equivalent 

disruption to the BBB did not impact NSE concentrations suggesting that NSE reaches 

peripheral circulation via the glymphatic system following TBI.217 Tau is a structural protein that 

predominantly stabilizes microtubules acting as a shock absorber for the axonal cytoskeleton. 

Tau is preferentially expressed in short, unmyelinated axons where it mediates the viscoelastic 

properties of these axons.64 In TBI, tau is disrupted from microtubules by mechanical stress or 

secondary proteolytic cleavage where it may phosphorylate forming neurofibrillary tangles within 

axons.92 Total tau (t-tau) quantifies a range of post-translational tau modifications including 
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phosphorylation. In breachers, t-tau was initially reduced following training blast exposures 

compared to baseline. However, by 72hrs t-tau increased in the group exposed to >5 psi 

compared to the <2 psi group.97 In veteran histopathology cases, perivascular tauopathies were 

associated with blast exposure.29,99 The glymphatic system likely clears extracellular tau and 

protects from tau aggregation at levels which initiate neurodegeneration.139,218,219 It is not well 

understood how glymphatic function interacts with post-TBI tau concentrations in peripheral 

circulation in humans. Besides tau, another biomarker for axonal damage is neurofilament light 

(NfL) which is an abundantly expressed cytoskeletal subunit primarily in large caliber myelinated 

subcortical axons.77 Peripheral increases in NfL concentrations may indicate ongoing axonal 

disruption or chronic neurodegeneration within axon tracts.76,90 Vulnerable to mechanical stress 

and proteolysis from intra-axonal calcium, NfL will pass through the disrupted cell membrane 

and compromised blood brain barrier (BBB) into peripheral circulation.77,84 Chronic NfL 

elevations are associated with three or more mTBI in conventional military personnel.16 In this 

SOF population, this association did not replicate. Soldiers in our sample, regardless of mTBI 

history or recency, had NfL concentrations tenfold higher than the estimated 99th percentile for 

NfL concentrations in healthy 35-year-old civilians.14,83 Glial fibrillary acidic protein (GFAP) is an 

astrocyte-expressed cytoskeletal protein that supports cells under neurotraumatic forces.80 

Typically near-undetectable in healthy individuals,220 GFAP is also used as biomarker in the 

previously described FDA approved test for the detecting intracranial injury following mTBI 

along with UCH-L1.119  Following low-level blast exposure without mTBI, GFAP is actually 

decreased.123 Similar findings were observed in a breacher cohort, GFAP levels were reduced 

over a 2-week training protocol that involved repetitive blast exposure. There was also a 

negative correlation between GFAP levels and both cumulative training blast exposure for the 

training protocol and military service duration.134 Interestingly, the same study examining the 

glymphatic system’s role in NSE clearance also found when the glymphatic system was 

experimentally impaired before an experimental TBI was inflicted, GFAP serum concentrations 
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did not increase.217 Considering both human and animal TBI findings, GFAP decreases may 

indirectly quantify blast-induced glymphatic dysfunction. Further validation is needed in humans 

to understand how clearance pathways influence blood biomarkers for brain injury.   

Our current study aims to investigate how occupational blast exposure and mTBI relate 

to changes in the proposed biomarkers in a longitudinal cohort of SOF Soldiers. We sought to 

quantify changes in UCH-L1, NSE, t-tau, NfL, and GFAP concentrations over two timepoints 

and evaluate how these changes are predicted by time since baseline, a proxy for blast 

exposure, and interact with mTBI history. This research will contribute to our understanding of 

the long-term effects of neurotrauma on SOF Soldiers and the potential clinical utility for blood 

biomarker changes in identifying at-risk individuals. This contribution may inform future 

preventative measures and help predict neurodegenerative consequences in this unique 

population. 

5.3 Methods 

5.3.1 Participants 

In total, 16 Soldiers assigned to the United States Army Special Operations Command 

participated in this longitudinal cohort study between 2015 and 2021. All participants completed 

verbal consent and study procedures were approved by the Office of Human Research Ethics at 

our institution. All SOF Soldiers included in this study completed two visits to our research 

laboratory for a testing panel, which included whole blood collection. The first visit served as a 

SOF baseline, but not a military career baseline. The second visit was completed as part of an 

Evolution Program (EvoPro) initiative to capture SOF Soldiers throughout their career and better 

understand the necessary requirements for a long and successful SOF career. The time 

between baseline and EvoPro ranged from 12 months to 79 months. Exposure was captured as 

months between data collections and the change in mTBI status between timepoints served as 

independent variables and were used to predict change in NSE, UCH-L1, T-Tau, NfL, and 

GFAP.  
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5.3.2 Biospecimen Collection 

Serum preparation for quantifying GFAP, UCH-L1, NSE, NfL, and Tau, followed 

standardized procedures. As part of this ongoing study, fasted venous blood samples have 

been collected in a laboratory setting via antecubital venipuncture into 2 collection tubes (in 

order): (1) 10.0-mL K2-ethylenediaminetetraacetic acid (EDTA) used to separate plasma, and 

(2) 10.0-mL serum separation tube (SST) used to separate serum (Becton-Dickinson Company, 

Plymouth, United Kingdom). After 30 minutes, both the EDTA and the SST tubes were spun at 

4°C at 4000 revolutions per minute for 10 minutes. Plasma and serum were pipetted into 

multiple 1.0-mL cryovials and stored at −80°C until analysis to ensure a single freeze/thaw cycle 

per aliquot. Blinded sample analyses were conducted by an independent laboratory at our 

institution. Samples were thawed and vortexed 10 seconds and centrifuged at 3000 revolutions 

per minute for 15 minutes. Supernatants were used for assays following manufacturer's 

prescribed protocol. For all blood biomarkers, reruns were conducted when concentrations were 

too high or low (out of the standard ranges), or when the assay coefficient of variation was 

higher than 15%. All samples were quantified in duplicate and averaged for our analytic 

purposes. As serum demonstrates a higher sensitivity in biomarker detection, only serum 

concentrations were used for data analyses.  

5.3.3 Statistical Analyses  

Statistical analyses were performed using SAS Studio 3.8 on SAS 9.4 (SAS Institute Inc, 

Cary, North Carolina). Change scores were computed for each biomarker, by subtracting 

baseline value from the EvoPro value. Summary statistics were reported for demographic 

information. All dependent variables were assessed for normality by inspecting histograms and 

Q-Q plots. Exposure, quantified by months between timepoints, and the binary sustained mTBI 

between visits were our independent variables. The method of least squares (PROC GLM) was 

used to model the effect of exposure on the change in serological biomarkers UCH-L1, NSE, t-

tau, NfL, and GFAP. Where trends were identified, multiple linear regression was used to test 
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how change in mTBI between timepoints moderated the effect of exposure on biomarker 

changes. The a priori α level was set at p ≤ 0.05.  

5.4 Results 

5.4.1 Demographics 

The mean age at baseline was 32.13 ± 2.31. The mean age at EvoPro was 34.81 ± 

2.51. The mean time between baseline and EvoPro was 32.25 ± 17.61 months. At baseline, 

50% (n = 8) reported previous mTBI history, by EvoPro 68.75% (n = 11) reported mTBI history. 

Between visits, 50% (n = 8) sustained at least one additional or first-time mTBI between visit. 

On average 1.19 ± 1.56 mTBI were sustained between baseline and EvoPro. For each 

biomarker, the sample mean, standard deviation (SD), median, and interquartile range (IQR) 

are presented at each timepoint in Table 8. 

Table 8. Serum Biomarker Concentration by Visit 
Biomarker Baseline EvoPro 
 Units Mean SD Median IQR Mean SD Median  IQR 
UCH-L1 pg/mL 1429.78 1107.27 1443.70 1615.75 1843.83 992.39 1471.98 981.96 
NSE ng/mL 4.30 2.51 3.71 3.23 2.69 1.58 2.31 1.44 
t-tau pg/mL 220.41 150.63 173.00 173.25 681.74 455.82 605.24 508.36 
NfL pg/mL 548.06 146.17 519.67 154.61 176.73 209.04 137.30 82.65 
GFAP ng/mL 0.95 0.83 0.76 1.14 1.97 3.07 0.58 1.97 

 
Abbreviations: UCH-L1: ubiquitin C-terminal hydrolase-L1; NSE: neuron-specific enolase; t-tau: 
total tau; NfL: neurofilament light; GFAP: glial fibrillary acidic protein; pg: picogram; ng: 
nanograms; mL: milliliters; SD: standard deviation; IQR: interquartile range   
 

5.4.2 Months of Exposure and Biomarker Changes 

Five univariate models, one for each biomarker under investigation, were fit to predict 

change in serum biomarker concentrations by the months of exposure. There was only a 

significant main effect of months observed for t-tau. Months of exposure significantly predicted 

change in t-tau (F1,14 = 6.42; p = 0.02). This was a negative linear relationship (B = -3.85 pg/mL; 

R2 = 0.31) between months of exposure and change in t-tau between baseline and EvoPro 

(depicted in Figure 12). For UCH-L1, a nonsignificant (F1,14 = 2.97; p = 0.10) negative linear 
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relationship (B = -34.36 pg/mL; R2 = 0.18) between months of exposure and serum 

concentrations. For NSE a similar decreasing trend was observed; however, less variance was 

explained (F1,14 = 1.49; p = 0.10; B = -0.05 ng/mL; R2 = 0.10). There were no discernable trends 

for NfL (F1,14 = <0.01; p = 0.99; B = 0.01 pg/mL; R2 = <0.01) or GFAP (F1,14 = 0.02; p = 0.89; B = 

-0.006 ng/mL; R2 = <0.01).  
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Figure 12. Linear Regression Between Total Tau Change and Months of Exposure 
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5.4.3 Mild Traumatic Brain Injury Interaction Effects 

For t-tau a multiple linear regression model was fit to test the moderating effect of mTBI 

sustain between visits categorized as binary variable. Although the overall model remained 

significant (F1,12 = 3.97; p = 0.045), no significant main (p = 0.114) or interaction effect (p = 

0.395) for was found for change in mTBI. The R2 value increased to 0.47.  

5.5 Discussion 

Our aim was to investigate how occupational blast exposure and mTBI predict serum 

biomarker (UCH-L1, NSE, t-tau, NfL, and GFAP) changes in SOF Soldiers to detect potential 

subclinical neuropathophysiological processes. We observed a significant negative linear 

relationship between months of exposure and change in t-tau concentrations, suggesting that as 

blast exposure duration increased, t-tau serum concentrations decreased. Similar trends were 

observed for UCH-L1 and NSE, although these associations were not statistically significant. 

Additionally, mTBI sustained between visits did not significantly moderate the effect of exposure 

on biomarker changes. Our results are surprising considering previous cross-sectional research 

in the same population demonstrating NfL and NSE and associated with mTBI recency and 

history respectively.14 Similarly, acute training blast exposure is also associated with transient 

elevations in serum tau and NfL.221 However, the long-term longitudinal design used in this 

study may inform chronic changes following blast-induced pathophysiology. Clearance 

mechanisms for brain-derived proteins must also be considered when interpreting our findings.  

The observed decrease in t-tau with increasing blast exposure duration may be linked to 

impaired glymphatic system clearance mechanisms, which are still not well understood in 

humans. The glymphatic system is a waste clearance pathway first described in 2012.135,136 It is 

named for the glial cells which facilitate it and the similar functional properties to the peripheral 

lymphatic system. The glymphatic system uses perivascular channels to eliminate waste from 

the brain, functioning optimally during sleep.137,138 The glymphatic system is critically involved 

clearing neurotoxic extracellular tau mediating neurofibrillary tangle formation.139–141 Our 
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understanding regarding how low-level blast exposures impact glymphatic function is currently 

limited to evidence from animal studies. Several animal models demonstrate blast-induced 

alterations to aquaporin-4 (APQ4), the channel involved in glymphatic drainage, following 

exposure.222–224 The same blast model in rats also found tau aggregation at the cerebellum, 

hippocampus, brainstem.225 Only one experimental animal study to date shown impaired 

glymphatic function following brain injury suppresses TBI-induced increases in serum 

biomarkers including GFAP and NSE. Tau was not included in this investigation.217 It is possible 

that our observed decreases in serum t-tau are due impaired glymphatic system clearance 

rather than decreased tau extracellular in the brain. This hypothesis is supported by cross-

sectional evidence in the same population showing that there are differences in perivascular 

space morphology, an integral part of glymphatic system, between group at baseline and 

EvoPro visits.226 However, more evidence is needed to link glymphatic dysfunction to reduced 

tau. Though less likely, it is also not possible to rule out other explanations, including beneficial 

adaptive changes, causing decreases in peripheral tau. 

Our t-tau findings may reflect the potential protective mechanisms or adaptations that 

occur with prolonged exposure to occupational blast or mTBI. One study in mice found that low-

level blast preconditioning leading neuroprotective changes at retinal ganglion cell, ameliorating 

future blast injury severity.227 It is possible that axonal microtubules could adapt to better 

tolerate neurotraumatic exposures, resist depolymerization, and therefore suppress t-tau in the 

blood. Cellular processes within brain tissue such as microglial autophagy could also become 

more efficient at removing damaged microtubules and tau without clearing waste into the 

bloodstream. However, this mechanism is unsubstantiated by literature and remains 

speculative. More research in needed to determine how microtubules react to blast and blunt 

exposures and determine whether t-tau decreases represent adaptive or maladaptive changes 

at brain tissue. Possible ways to test this would be to compare t-tau serum concentrations with 

cerebrospinal fluid (CSF) concentrations to determine if tau clearance is somehow reduced. 
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Positron emission tomography (PET) coupled with tau-specific radioligands (e.g., Flortaucipir) 

could also be used to compare tau deposition in the brain to serum concentrations specifically in 

blast-exposed personnel.   

It is worth noting that the biomarker concentrations for each protein we investigated were 

generally much higher than civilians with brain injury. For example, acute post-concussion 

athletes in the NCAA CARE Consortium study had the following mean (SD) for each serum 

biomarker: UCH-L1: 27.64 (23.73) pg/mL; t-tau: 1.34 (1.31) pg/mL; NfL: 7.04 (3.31) pg/mL; 

GFAP: 123.97 (128.03) pg/mL.120 These corresponding values in our study of Soldiers with no 

current mTBI symptoms at the baseline timepoint are UCH-L1: 1429.78 (1107.27) pg/mL; t-tau: 

220.41 (150.63) pg/mL; NfL: 548.06 (146.17) pg/mL; GFAP: 947.59 (830) pg/mL. The previous 

discussed FDA approved test which uses GFAP and UCH-L1 to assist in determining the need 

for CT scan provides cut-off value for GFAP = 30 pg/mL and UCH-L1 = 260 pg/mL.119  

Table 9. NCAA vs SOF Blood Biomarker Mean (SD) Concentrations 

Group UCH-L1 T-Tau NfL GFAP 
SOF 1429.78 (1107.27) 220.41(150.63) 548.06 (146.17) 947.59 (830) 
NCAA 27.64 (23.73) 1.34 (1.31) 7.04 (3.31) 123.97 (128.03) 

Athletes with acute concussion compared to healthy SOF Soldiers. Abbreviations: SOF: Special 
Operations Forces; NCAA: CARE Consortium Athletes UCH-L1: ubiquitin C-terminal hydrolase-
L1; NSE: neuron-specific enolase; t-tau: total tau; NfL: neurofilament light; GFAP: glial fibrillary 
acidic protein. All units in pg/mL 
 

In our sample 13/16 exceeded the UCH-L1 cut-off at baseline and 16/16 exceed the cut-

off at EvoPro. For GFAP all measures far exceeded 30 pg/mL, however we reported measures 

in ng/mL. This comparison is also weakened because we reported serum concentrations and 

this test uses plasma samples. However, GFAP concentrations following mTBI are considerably 

higher in plasma than in serum,228 adding to concern that currently proposed tools for 

neurotrauma assessment in this population may not be useful without modified reference 

standards.  
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 The primary limitation to our study is a small sample size. The nonsignificant negative 

relationships, despite moderate R2 values, observed for UCH-L1 and NSE warrant further 

investigation with a larger sample size. We anticipate reaching a powered sample in follow-up 

investigations; therefore, our interpretation is subject to change. Our analysis also relied on self-

reported mTBI history. Heterogeneity in exposure types, severity, and frequency, as well as the 

varying time intervals between baseline and EvoPro visits, may have influenced the observed 

relationships. Future studies should mitigate these issues by including larger samples and 

quantifying blast exposure directly. The relationships between neuroimaging measures, CSF 

concentrations, and serum concentrations should also be investigated to help describe the 

source of concentration changes.  

5.6 Conclusion 

These findings provide insight into the complex relationship between occupational blast 

and changes in serum biomarkers in a SOF population. Only t-tau showed a significant negative 

relationship with blast exposure, potentially indicating impaired glymphatic system clearance. 

Our results suggest that further research is warranted to understand the implications of these 

biomarker changes and their potential clinical utility in identifying at-risk individuals. Ultimately, 

this research may inform preventative and therapeutic outcome measures and help predict 

neurodegenerative consequences in this unique population, leading to improved long-term 

neurological health outcomes for SOF Soldiers. 

 
 
  



 76 

 

CHAPTER 6: EXECUTIVE SUMMARY 
 

Special Operations Forces (SOF) Soldiers sustain frequent occupational training blast 

exposure and more than 50% report mild traumatic brain injury history. This aggregate exposure 

burden is a major healthcare concern to all stakeholders. Repetitive blast and mTBI may 

contribute to neurophysiological changes detrimental to Soldier short- and long-term health, 

readiness, and lethality.99,158–160  There is a critical need to identify long-term consequences of 

cumulative neurotrauma. Equally important is a need to detect risk and implement prevention 

and treatment before those long-term consequences impact the Soldier. Objective physiological 

criteria are necessary for risk detection for three reasons. 1) True physiological recovery 

following mTBI may extend beyond symptom resolution.5 2) Underreporting is prevalent in 

military cohorts. 3) Occupational exposures typically do not cause reported mTBI symptoms, but 

the accumulated neuropathological effects increase neurodegeneration risk.163   

It is abundantly clear that assessing clinical symptoms alone is not adequate to capture 

the wide range of physiological effects. Advanced imaging techniques and blood biomarkers 

may offer more sensitive methods for longitudinal study. If physiological changes can be 

detected before long-term neurological sequelae emerge, evidence-informed therapies and 

preventative policies can be enacted. This dissertation’s overall objective was to identify what 

neurophysiological and neurostructural changes occur in Soldiers with repetitive occupational 

blast exposure and mTBI. Our first aim was to determine how longitudinal occupational training 

blast exposure over a combat Soldier’s SOF career affects structural brain network 

organization, regional volumes, and cortical thickness. The second aim was to evaluate how 

longitudinal occupational training blast exposure within a combat Soldier’s SOF career affects 

changes in blood biomarkers for neuronal, axonal, and glial injury. Where effects were 
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identified, the third aim was to investigate how self-reported mTBI history moderates the effects 

of within-career occupational training blast exposure on neuroimaging and blood biomarker 

changes. To accomplish this, Soldiers were assessed at a SOF baseline timepoint and again at 

a second timepoint ranging between 13 and 131 months later. Months between visits served as 

an evidence-informed proxy for blast exposure.28 By identifying which neurophysiological 

changes persist, our long-term goal was to shed light on the mechanistic link between present-

day occupational exposures and future neurological disease risk in SOF Soldiers.  

 Our neuroimaging study (Aim 1) used anatomical MRI to measure change in cortical 

thickness and specific brain regional volume changes in 88 Soldiers. We also used diffusion 

weighted imaging to study structural connectivity between brain regions via graph theory, a 

mathematical approach used to describe complex network properties. Greater occupational 

blast exposure predicted increased lateral ventricular volume, increased right parietal lobe 

cortical volume, increased left frontal lobe cortical volume, and decreased cerebellum gray 

matter volume. Graph theory outcomes were not associated with blast exposures but presented 

intriguing patterns for future research. Nonsignificant trends indicated ventricle dilation and 

cerebellum cortex loss was worse in Soldiers who also sustained mTBI between visits.  

 Increased lateral ventricle size is typically associated with pathological aging and more 

severe brain injury.185,198  Our chronic ventricle dilation findings without proportionate cortical 

thinning or white matter loss are most likely attributed to decreased cerebrospinal fluid (CSF) 

absorption.187 We theorize that blast neurotrauma could reduce CSF influx through the 

glymphatic system by disrupting aquaporin-4 (AQP4) water channels. The glymphatic system is 

brain waste clearance system that uses CSF movement through AQP4 channels to drive fluid 

through brain tissue removing harmful extracellular solutes.135,137 If glymphatic function is 

impaired, neurotoxic proteins can accumulate in brain tissue initiating neurodegeneration. 

Ventricular enlargement in aging adults in also exponential through later-life.201 This is 
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concerning because early ventricular changes before midlife could translate into rapidly 

accelerated age-related brain changes.  

 Our findings at the left frontal lobe and right parietal lobe were surprising. Some studies 

examining similar occupational blast types—but not dosimetry—have shown different patterns 

of cortical thickening in breachers168 and combat Soldiers19,167 with exposure to blast but did not 

examine if cortical volumes changed. Given the specific involvement of the right parietal lobe in 

spatial processing, visuospatial skills, and proprioception, along with the left frontal lobe's role in 

logical thinking, particularly language processing, production, and word selection, it is possible 

that these changes could be adaptions to specific SOF demands.208,209 

 The observed volume loss at cerebellum is interesting considering the inverse was found 

at the cerebral cortex. The cerebellum may be at an increased vulnerability to blast injury.202–204 

The cerebellum’s location at the skull and base the microvasculature layering Purkinje cells in 

the cerebellar cortex may contribute to greater susceptibility.203 Cerebellum changes may have 

clinical consequences including dizziness, balance, and coordination issues.  

 Identifying regional changes prior to long-term neurological symptom onset may be 

crucial for maintaining SOF health, readiness, and supporting long, successful SOF careers. 

Early indicators may help inform guidelines for safe occupational blast exposure and provide 

potential targets for enhanced clinical and performance testing. These results can also translate 

into precise physiological outcomes for future investigations into treatment efficacy for 

pharmacological, psychosocial, or lifestyle-based interventions aimed at reducing the impact of 

blast exposure on long-term brain health. 

The second study aimed to determine biomarker changes related to blast exposure and 

mTBI in 16 Soldiers. Our biomarker panel included UCH-L1, NSE, t-tau, NfL and GFAP 

proposed to capture a tissue spectrum including gray matter, white matter, and glial damage. 

Blast exposure predicted significantly decreased t-tau concentrations. Tau is a structural protein 

that predominantly stabilizes microtubules. Tau can be disrupted from microtubules by 
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mechanical stress and neuroinflammation where it becomes neurotoxic if uncleared.92 The 

glymphatic system likely clears extracellular tau and protects from tau accumulating to 

neurodegenerative levels.139,218,219 

The observed decrease in t-tau with increasing blast exposure duration may be linked to 

impaired glymphatic system clearance. Animal brain injury models show glymphatic dysfunction 

suppresses biomarker increases that would typically occur.217 It is possible, but less 

substantiated by evidence, that the observed decease in t-tau is linked to neuroprotective 

adaptations caused by blast. More research is needed to determine whether t-tau decreases 

represent adaptive or maladaptive changes at brain tissue.  

Our observed biomarker concentration for both timepoints in Soldiers were substantially 

higher than athletes with acute concussion.120 Even if the Soldiers in this sample had mTBI 

history they reported no current mTBI symptoms when their blood was drawn. Currently, the 

only FDA approved blood test to discern mTBI from structural brain bleeds requiring CT scans 

provides cut-off values for GFAP and UCH-L1 that are far below the values observed in this 

study.119 This suggests that current tools and reference standards for neurotrauma assessment 

need to be validated in this unique SOF population. 

Several limitations in the dissertation should be addressed in future studies. Primarily, 

the structural connectivity and blood biomarker samples had relatively small sample sizes. For 

this reason, our interpretation may suffer from an overdependence on p-values.229 We 

acknowledge that this limits clinical decision making based on our findings; however, our goal is 

primarily to inform targets for future research. We also choose to use time between visits as a 

proxy measure for blast exposure. This decision was made based on the cumulative blast 

exposure model proposed by McEvoy et al.,28 a model developed specifically for the population 

under study. However, several weaknesses are inherent to this method. It is not possible for us 

to parse out other exposures or factors contributing to our findings. For example, sleep 

deprivation, which also impacts the glymphatic system, could drive changes in t-tau and the 
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lateral ventricles. Chemical exposures should also be considered in this population. It is also 

worth considering that our sample contained a highly blast-exposed population; thus, our work 

may not be generalizable to Service Members who sustain infrequent blast. For our 

neuroimaging aims, we did not have strong a priori predictions in this novel, hypothesis 

generating project. All interpretations therefore are post hoc explanations based on best 

available evidence. For several findings including those linked to glymphatic impairments, other 

physiological mechanisms (i.e., reduced meningeal lymphatic drainage) could explain our 

observations. It is essential to investigate the mechanisms driving these changes in future 

research. 

Our findings contribute insight into what detectable physiological processes may link 

occupational blast exposure to adverse long-term neurological sequalae. In concert, the 

observed lateral ventricular dilation and decreased tau protein concentration implicate the 

glymphatic system as an area for increased scrutiny. Cerebellar changes should likewise be 

investigated with more sensitive clinical tests through a Soldiers career. These findings may 

help support preventative and therapeutic outcome measure development and help predict 

neurodegenerative consequences in this unique population, leading to enhanced military force 

readiness, lethality, and improved long-term neurological health outcomes for SOF Soldiers.  
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