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Abstract 

Background: Advanced magnetic resonance imaging (MRI) techniques, including diffusion 

tensor imaging (DTI) and myelin water imaging (MWI), are commonly used to assess the white 

matter (WM) architecture in the brain. These techniques have been used to evaluate the WM 

alterations incurred following mild traumatic brain injury (mTBI), however they are currently 

not sensitive or specific enough for routine clinical use. The corpus callosum (CC) is the WM 

pathway most susceptible to damage from mTBI. Objectives: The primary objective of this 

thesis was to investigate the sensitivity of DTI and MWI to the microstructural changes incurred 

after mTBI in the CC, at 2 weeks (2W) and 6 months (6M) post-injury, and to assess how 

imaging metrics changed over the time period from 2W to 6M. Secondary exploratory analyses 

were completed to investigate (i) the associations of MWI and DTI imaging metrics with day of 

injury (DOI) characteristics of injury severity,  such as presence of loss of consciousness (LOC+) 

and trauma-related findings on DOI computed tomography scans (CT+) (ii) group differences in 

these imaging metrics in other regions commonly injured after mTBI, and (iii) group differences 

in neuropsychological (NP) scores and their potential correlation to imaging metrics. 

Participants and Methods: The data was collected as part of an imaging sub-study to the 

Canadian Traumatic Brain Injury Project (CanTBI). Tract based spatial statistics (TBSS) was 

used to analyze the DTI and MWI metrics, while generalized linear modelling was used to 

compare group differences in the metrics. Results: There were no significant cross sectional 

group MWI differences between the mTBI subjects and TC controls at either time point. DTI 

analyses, however, revealed significantly lower fractional anisotropy and higher radial diffusivity 

in the mTBI subjects, in the splenium and whole CC, at both 2W and 6M. The secondary 

analyses revealed some interesting findings regarding the effects of DOI characteristics on 
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imaging metrics, and the group differences in neuropsychological metrics. Conclusion: Overall, 

this thesis demonstrated the sensitivity of DTI to mTBI, while emphasizing the need for further 

validation of MWI in its diagnostic application to mTBI.  
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Lay Summary  

Mild traumatic brain injury (mTBI), or concussion, is one of the one of the most common 

neurological conditions. Current diagnosis relies on self-reporting and gross diagnostic tools, 

which lack sensitivity and are minimally prognostic. Therefore, it is crucial that more sensitive 

tools be developed for the assessment of mTBI. Advanced magnetic resonance imaging (MRI) 

techniques, including diffusion tensor imaging (DTI) and myelin water imaging (MWI), are 

promising tools to assess the microstructure of the brain, however they are currently not 

validated for use in the diagnosis of mTBI. The overarching purpose of this thesis was to 

investigate the diagnostic sensitivity of MWI and DTI to mTBI. Our findings suggest that while 

DTI was sensitive to the changes in brain microstructure related to mTBI, MWI was not. This 

confirmed the diagnostic sensitivity of DTI to mTBI, while emphasizing the need for further 

validation of MWI in its diagnostic application to mTBI.  
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Chapter 1: Overview of Mild Traumatic Brain Injury and Recovery 

 

1.1 General Introduction to Mild Traumatic Brain Injury and Thesis 
 
 
 
Mild traumatic brain injury (mTBI), or concussion, is one of the one of the most highly prevalent 

neurological conditions, affecting an estimated 136,000 Canadians per year (Gordan and Khule, 

2018). According to the Mild TBI Committee of the American Congress of Rehabilitation 

Medicine (ACRM), revised by the World Health Organization (WHO), mTBI is clinically 

defined as brain trauma induced (i) presence of one or more of the following: 

confusion/disorientation, loss of consciousness (LOC) of 30 minutes or less, post-traumatic 

amnesia (PTA) of less than 24 hours, or any other transient neurological abnormalities such as 

focal signs, seizures or any intercranial lesions not requiring surgery, and (ii) the demonstration 

of a Glasgow Coma Scale (GCS) of 13 – 15, upon presentation for evaluation in the health care 

setting (Lefevre-Dognin et al., 2021). Current clinical diagnosis relies heavily on self-reporting 

of symptoms, diagnostic tools which lack a high degree of sensitivity or sensitivity, and which 

are minimally prognostic (National Academies of Sciences, Engineering, and Medicine, 2019) 

(Dessy et al. 2017). Additionally, patients with mTBI typically have unremarkable findings using 

traditional neuroimaging techniques, such as computerized tomography (CT) and conventional 

magnetic resonance imaging (MRI), despite displaying signs and symptoms such as cognitive 

impairment, and behavioral dysfunction (Flanagan et al., 2008). Objective imaging biomarkers 

of mTBI are thus much needed. The overarching purpose of this thesis was to investigate the 

validity of novel diagnostic imaging techniques in their sensitivity to mTBI, with the goal of 

improving diagnosis and prognostication of mTBI. 
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1.2 Pathophysiology of MTBI 
 
 
1.2.1 Neuroanatomy  

 
 

The human brain is exceptionally complex, with multifarious interconnected and independent 

systems. That said, the structural components have been extensively investigated and are well 

defined, through efforts such as the Human Connectome Project (HCP), which is a collaborative 

map of the complete structural and functional neural connections in vivo, within and across 

individuals (Elam et al., 2021).  

 

The brain regulates the body and its functions through the central and peripheral nervous systems 

(CNS and PNS, respectively) (Ludwig et al., 2021). The CNS is composed of the brain and 

spinal cord, and is constituted by functional units of neurons and supporting cells (Ludwig et al., 

2021). The PNS is responsible for transmitting signals between the periphery and the CNS 

through both ascending and descending pathways, through the projections of neurons (Ludwig et 

al., 2021). Neurons are composed of three integral parts: the cell body (soma), the axon, and 

dendrites (Figure 1.1) (Kurtzke, 1996). The cell body contains the nucleus, and associated 

organelles, that regulate the function the neuron itself (Ludwig et al., 2021). Dendrites extend 

from the cell body in complex branching patterns, and transmit impulses received from other 

neurons to the neuronal cell body (Ludwig et., 2021). In contrast, axons are elongated structures 

that transmit impulses away from the cell body to other neurons (Debanne et al., 2011). Axons 

may or may not be covered by a myelin sheath, a substance that increases the speed of 

transmission of the electrical impulse along the axon (Debanne et al., 2011).  
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Figure 1.1 Anatomy of the neuron in the central nervous system 

(Reprinted from "Neuron Anatomy", by BioRender, September 2020, retrieved from 
https://app.biorender.com/biorender-templates/figures/5c65c7b6bce1963300935374/t-
5f5b7e6139954000b2bde860-neuron-anatomy, Copyright 2022 by BioRender) 
 

 

The CNS is classically divided into two different tissue types, white matter (WM) and grey 

matter (GM) (Wen and Chklovskii, 2005). The GM is composed of the synapses with other 

neurons, dendrites, cell bodies, and unmyelinated axons, while the WM predominantly contains 

myelinated axonal fibres (Wen and Chklovskii, 2005); however, there are some myelinated 

fibers in GM and unmyelinated fibres in WM . The WM axons are tightly organized and form 

fiber tracts that connect various GM areas of the brain (Sharma et al., 2022). The long length, 

central location, and winding distribution of the WM tracts make them particularly susceptible to 

traumatic injury(Narayana, 2017).  

WM tracts are classified into 5 different groups: (1) cortico-cortical association fibers, which 

travel to other cortical areas in the same hemisphere (2) commissural fibers, which connect the 

two hemispheres of the brain, and include the corpus callosum; (3) corticostriatal fibers, which 
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transmits input for the cortices to the basal ganglia (4) cortico-subcortical pathways, which 

transmit information to the thalamus (5) cortico-subcortical pathways to pontocerebellar system, 

brainstem, and spinal cord (Schmahmann et al., 2008). These fibers, with their distributed neural 

pathways, contribute to and regulate all neurobiological function (Schmahmann et al., 2008).  

 

1.2.1.1 White Matter Tracts Implicated in MTBI 

 

WM injury has been demonstrated in mTBI, across multiple integral pathways such as the corpus 

callosum (CC), superior longitudinal fasciculus (SLF), internal capsule (IC), cerebral peduncle 

(CP), and corona radiata (CR) (Narayana, 2017). The CC is one of the WM structures most 

susceptible to damage following mTBI (Fitsiori et al., 2011). It is the largest commissural white 

matter bundle in the brain, connecting the bilateral cerebral hemispheres, and is imperative for 

the inter-hemispheric transfer of information involved in cognitive function, coordination, 

memory formation, and motor function (Hinkley et al., 2012). It’s vulnerability to mTBI is due 

to its midline location and long-coursing nature, making it particularly susceptible to the axonal 

injury resulting from the biomechanical forces incurred in mTBI (Narayana, 2017). The CC is 

composed of four parts: the rostrum, genu, body (or truncus) and splenium (Figure 1.2) 

(Goldstein et al., 2021). Each portion of the CC is responsible for connecting different areas of 

the cortex (Goldstein et al., 2021). The splenium is largely responsible for the connection the 

occipital lobes and further the processing of vision (Goldstein et al., 2021). It is theorized to be 

susceptible to damage incurred from trauma because of its high density of receptors, and thus is 

an important WM area for investigation in mTBI (Knyazeva, 2013). 
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Figure 1.2 Anatomy of the corpus callosum 

(Reprinted from Adam, 2016) 

 

1.2.2 Biomechanical Forces 

 

Mechanistically mTBI results from the sudden accelerations and decelerations of the brain that 

follow a traumatic impact (Meaney and Smith, 2011). There are two components of the 

acceleration occurring in mTBI: linear and rotational acceleration (King et al., 2013). Linear 

acceleration is a result of the direct impact and produces mostly focal injuries (King et al., 2013). 

Rotational acceleration is a result of non-linear forces that twist and shear the brain (Kleiven, 

2013). It can produce both focal and diffuse injuries, as sheer-induced damage can have 

downstream tissue effects due to the viscoelastic properties and distribution of brain tissue 

(Kleiven, 2013). The rapid accelerations, from both sub-types, cause motion and displacement 

between the brain and skull, which creates pressure gradients within the brain tissue, leading to 

supplementary damage (King et al., 2013)  
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The location of the injury is important, as the point of contact of impact affects where the 

accelerations are initiated and how they propagate through the brain tissue (Witkowski et al., 

2019). Lateral impacts are purported to initiate higher rotational accelerations, creating high 

strain rates in deep WM structures like the CC, whereas frontal and rear injuries produce more 

linear accelerations, leading to high strain in the midbrain (King et al., 2013). 

 

1.2.3 Neural Dysfunction 

 

Following the induction of biomechanical forces from trauma in mTBI, there is a complex 

biochemical cascade that can cause neural dysfunction (Figure 1.3). This typically includes the 

increased depolarization of neurons, a disproportionate release of excitatory neurotransmitters, 

alterations in glucose metabolism, compromised axonal function, alterations in ionic gradients 

and disturbances in cerebral blood flow (Tiernan and Byrne, 2018). These acute neurobiological 

changes resulting from mTBI have been linked to clinical symptoms and cognitive deficit (Giza 

and Hovda, 2014).  
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Figure 1.3 Neurometabolic cascade of mTBI 

(Reprinted Giza and Hovda, 2014) 

 

1.2.3.1 Ion Flux and Glutamate and Potassium Release 

 

Following biomechanical injury, there is an immediate, indiscriminate release of glutamate, an 

excitatory neurotransmitter (Katayama et al., 1990). The resulting mechanoporation of cellular 

membranes leads to widespread activation of N-methyl-D-aspartate (NMDA) receptors that 

initiates neuronal depolarization, facilitating excessive potassium (K+) efflux and calcium 

(Ca2+) influx (Giza and Hovda, 2001). This leads to the additional release of glutamate and 

further depolarization (Giza and Hovda, 2001). The resulting ionic shifts and depolarizations 

result in widespread neuronal suppression and excitotoxicity (Katayama et al., 1990). 
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1.2.3.2 Hypermetabolism and Mitochondrial Dysfunction 

 

Under normal conditions, changes in ionic flux are resolved by ATP-dependent sodium (Na+) -

potassium (K+) pumps (Giza and Hovda, 2001). Due to the activation of NDMA channels and 

excessive influx of Ca2+ ions, these pumps are over-activated, requiring exorbitant levels of 

glucose metabolism, putting the cells into a hypermetabolic state (Giza and Hovda, 2014). In 

conjunction with the accelerated glycolysis, there is also widespread disruption to oxidative 

metabolism, leading to the impairment of the mitochondria (Giza and Hovda, 2014). The 

impairment of mitochondria, combined with the increased energy needs from the Na+/K+ 

pumps, leads to the production and accumulation of lactic acid (Giza and Hovda, 2014). Lactic 

acid elevations decrease the intracellular pH which can result in acidosis, alterations in the blood 

brain barrier (BBB) permeability, neuronal damage, neuronal dysfunction, and cytotoxic edema 

(Giza and Hovda, 2001). 

 

1.2.4 Diffuse Axonal Injury 
 
 
A common pathological injury in mTBI is axonal sheering and tensile strain damage (Mesfin et 

al., 2021). The biomechanical damage, referred to as diffuse axonal damage (DAI), typically 

results from the rotational acceleration forces induced on the brain after impact (Mesfin et al., 

2021). DAI primarily affects WM structures in the brain and results in disconnection or 

malfunction between the neurons in these structures (Mesfin et al., 2021). Following DAI, 

normal axonal transport mechanisms are disrupted, leading the accumulation of transport 

products, such as gamma-Aminobutyric acid (which is an inhibitory neurotransmitter), and 

glutamate, acetylcholine, and aspartate (which are excitatory neurotransmitters) (Figure 1.4) 
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(McKee et al., 2014). This leads to alterations in the neuronal homeostasis and can further lead to 

excitotoxicity (Su and Bell, 2016). Other post-injury alterations, including excessive Ca2+ 

influx, the release of inflammatory cytokines, oxidative free radical damage, and changes in 

neurotransmitter systems can lead to supplementary, secondary DAI (Su and Bell, 2016). 

Secondary axotomy is a process of rapidly progressive axonal deterioration and retraction 

occurring that does not occur immediately at the time of injury, but rather can occur days, weeks 

or months following injury (Su and Bell, 2016, Ng and Lee, 2019). This presence of excessive 

free radicals results in protein alterations, metabolic failure, and ultimately neuronal cytoskeletal 

damage (Su and Bell, 2016).  

 

 

 

Figure 1.4 Mechanism of diffuse axonal injury 

(Reprinted from Acute Physical Damage to the Nervous System. (2020, August 13). University 
of Toronto. https://med.libretexts.org/@go/page/10644) 
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1.2.5 Neuroinflammatory Response 
 
 

Neuroinflammation is characterized by alterations in the cell signalling molecules, such as 

cytokines, as well as the initiation of cellular responses, including microglial, glial, and 

endothelial cell activation (Schimmel et al., 2017). Following the activation of the 

neuroinflammatory response, numerous inflammatory modulators such as monocytes, 

lymphocytes and neutrophils cross the BBB to initiate the release prostaglandins and cytokines, 

which recruit immune cells and microglia to brain (Schimmel et al., 2017). These processes 

occur synergistically in the form of cascades, and are involved in multiple physiological 

responses to traumatic injury (Helmy et al., 2011). Initially, the inflammatory response is 

activated to repair damaged neurons and to limit the spread of damage (Helmy et al., 2011). 

Microglia are the innate immune regulators of the brain, and act as systemic macrophages 

(Verboon et al., 2021). They respond to intracellular signals, removing cellular debris and 

superfluous substances (Verboon et al., 2021). Microglial activation leads to the further 

upregulation of pro-inflammatory cytokines (Helmy et al., 2011). Chronic microglial activation 

is a concern in mTBI as is it can lead to the cyclical over-expression of pro-inflammatory 

cytokines, neurotoxic molecules, and free radicals, which can lead to gliosis, neurodegenerative 

changes, axonal atrophy, and cell death (Helmy et al., 2011). 

 

1.2.6 Intercranial Hemorrhage 

 

MTBI is typically characterized by the physiological responses above, however in a small 

subgroup of patients, it can be complicated by brain contusions, intraparenchymal hemorrhages, 
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or epidural, subdural, subarachnoid, or intracerebral hemorrhages, usually identified by day of 

injury (DOI) computed tomography (CT) scans (CT+, also termed “complicated mTBI”) 

(Kushner, 1998). Hematoma and hemorrhage result from the tearing of blood vessels in the 

moment of impact and are considered focal injuries (Figure 1.5) (Mckee and Daneshvar, 2015). 

Epidural hemorrhage (EDH) occurs as a consequence of the tearing of the middle meningeal 

artery or vein, or dural sinus during trauma (Orlando et al., 2017). Subdural hemorrhage (SDH) 

typically occurs when the trauma incurred in mTBI results in the tearing of the dura or bridging 

veins (Orlando et al., 2017). Subarachnoid hemorrhage (SAH) is a result of mircobleeding of 

small vessels into the CSF, due to the forces incurred from trauma; SAH is the most common 

form of hemorrhage in mTBI (Orlando et al., 2017). The hemorrhages can occur slowly and may 

not manifest clinically acutely, sometimes presenting hours or days after the initial injury (Mckee 

and Daneshvar, 2015).  

 

 

 

Figure 1.5 Abnormal findings (CT+ or complicated mTBI) on day of injury computed 
tomography scans  
 
(Modified from the National Institute of Health, 2021) 
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1.3 Clinical Presentation of MTBI 
 

 
1.3.1 Epidemiology of MTBI  
 
 
TBI is a major cause of disease, disability, and death worldwide (Lefevre-Dognin et al., 2021). 

Population-based studies indicate that each year 50–60 million people worldwide endure a new 

TBI each year, including approximately 165,000 in Canada, 3.5 million in the US and 2.5 million 

in Europe (Lefevre-Dognin et al., 2021, Cassidy et al., 2004, and Frost et al., 2013). The majority 

of cases are mild TBI, with estimations between 70 – 90% of TBI’s being classified as 

mTBI (Cassidy et al., 2004). It has been ascertained that the incidence is likely underestimated, 

as a large portion of mTBIs are not treated in hospital, and therefore not identified or reported 

(Frost et al., 2013). Incidence has estimated to be as high as 100–300/100,000 persons in the 

population per year, for patients that are treated in hospital; with the number likely doubling if 

non-hospitalized patients are considered (Frost et al., 2013). In a New Zealand study, incidence 

of mTBI was reported as high as 749 cases per 100,000 persons per year (Feigin et al., 2013).  

 

Young adults are predominately affected by mTBI, however there is growing evidence to suggest 

a shift in prevalence subpopulations, due to increasing incidence in pediatric groups (Lefevre-

Dognin et al., 2021). In the previously mentioned New Zealand study, it was found that children 

and adolescents accounted for close to 70% of cases (Feigin et al., 2013). There has also been an 

increasing trend in the prevalence of mTBI in the elderly, due the increased the prevalence of 

low mechanism falls in this population (Papa et al., 2012). The elderly typically experience more 

complications and demonstrate an increased risk of long-term morbidity and mortality, due to 

pre-existing co-morbidities (Papa et al., 2012). Epidemiological studies consistently report 
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higher incidence of mTBI in men that in women (Frost et al., 2013). However, in the elderly 

population, it is reported that incidence of mTBI is higher in women, over the age of 65 

(Albrecht et al., 2016).  

 

It has been identified that the main risk factors for TBI are age, urban dwelling, and lower socio-

economic level (Lefevre-Dognin et al., 2021).  The most common mechanism of mTBI in the 

general population is typically falls (32%), followed by motor-vehicle accidents (MVA, 19%), 

struck by or against incidents (18%) and assault (10%) (Rutland-Brown et al., 2003). Sports-

related injuries are also of high prevalence (Brazinova et al., 2021). The high prevalence and 

heterogeneity of mTBI inflicts a significant burden to health-care systems, clinical care 

resources, and society. 

 

1.3.2 Clinical Signs and Symptoms of MTBI 

 

Due to the heterogeneity of mTBI, there are wide-ranging physical and psychological effects. 

The pattern of symptoms is complex and includes somatic, cognitive, and affective dysfunction 

(Prince and Bruhns, 2017). Presentation of symptoms typically occurs immediately following 

trauma; however, some may take days or weeks to appear (van der Naalt et al., 2017). Typical 

somatic symptoms include headache, nausea, dizziness, fatigue, disturbances to both vision and 

sleep, and increased sensitivity to sound and light (Edmed and Sullivan, 2014). Cognitive 

symptoms include alterations in consciousness, general fogginess, slower processing speed, 

attention deficits, memory deficits and difficulty concentrating or multitasking (Edmed and 
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Sullivan, 2014). Common affective symptoms include increased anxiety and depression, changes 

in mood and emotional lability, and increased irritability (Edmed and Sullivan, 2014). 

 

1.4 Diagnosis of MTBI 

 
1.4.1 Evaluation 

 

Current clinical diagnosis relies heavily on clinical assessment and self-reporting (National 

Academies of Sciences, Engineering, and Medicine, 2019). This includes the assessment of the 

presence of altered or LOC, the presence of posttraumatic amnesia (PTA), and the application of 

the GCS (National Academies of Sciences, Engineering, and Medicine, 2019). Assessment 

includes the collection of information regarding the mechanism of injury, the presentation and 

severity of symptoms, and the timing of the onset of symptoms (Prince and Bruhns, 2017). A 

physical examination is often also performed which includes: (i) examination of the head and 

neck area for any structural injuries, (ii) neurological evaluation of strength, sensation, balance, 

and oculomotor function, (iii) evaluation of cognitive function including processing and 

orientation, and (iv) psychological evaluation of emotional state (Clark et al., 2021).  

 

1.4.2 Commonly Used Assessment Tools 
 

 
There are numerous assessment tools currently available for the diagnosis of mTBI, including 

hospital assessment tools, sideline assessment tools, symptoms checklists, neuropsychological 

tests, oculomotor assessments, and postural stability tests (Scorza and Cole, 2019). Although 

they are validated, they are gross scales that lack sensitivity and specificity to mTBI and have 
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minimal prognostic value (Dessy et al. 2017). A few of the common assessment tools are 

described below. 

 

1.4.2.1 Hospital and Sideline Assessment Tools  

 

There are a variety of assessment tools available for both clinical and practical use. The 

previously mentioned GCS is a scale that determines level of consciousness by scoring 

oculomotor, motor, and verbal responsiveness, and is commonly used in defining mTBI (Ruff et 

al., 2009). In mTBI, it is primarily used to rule out more severe brain injury and to help 

determine if individuals require immediate medical attention (Dziemianowicz, 2012). The 

Standardized Assessment of Concussion (SAC) was developed to identify the immediate mental 

effects of mTBI and assist with diagnosis, follow-up planning, and coding (McCrea, 2001). The 

test assesses orientation, immediate and delayed recall, and concentration abilities (McCrea, 

2001). It is estimated to be 80 to 94% sensitive and 76 to 91% specific in accurately 

classifying mTBI at the time of injury (McCrea, 2001). 

 

The Sport Concussion Assessment Tool 5 (SCAT5) incorporates both the GCS and SAC, as well 

as additional elements such as background information, symptom scoring, and balance 

assessment (Echemendia et al., 2017). The SCAT is widely used in current mTBI assessment but 

has been demonstrated to have high rates of both false positives and negatives (Jinguji et al., 

2012).  
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Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT) is a test that assesses 

verbal memory, reaction time, visual-motor speed, and visual-memory composites and is one of 

the most widely used computerized neurocognitive assessments for mTBI (Broglio et al., 2006). 

The sensitivity and specificity of ImPACT have been estimated to be 81.9 to 91.4% and 69.1 to 

89.4%, respectively (Schatz et al., 2006). It has been indicated that there are high rates of false 

results, both positive and negative (Schatz et al., 2006). 

 

1.4.2.2 Symptom Checklists 

 

Symptom checklists are a useful tool for the diagnosis of mTBI, and the most utilized tools for 

clinical decisions throughout the recovery process (McCrea et al., 2017).  These checklists assess 

the presence of common symptoms associated with mTBI, and include the Concussion Symptom 

Inventory, the McGill Abbreviated Concussion Evaluation, and the Rivermead Postconcussion 

Questionnaire (RPQ). These checklists are highly subjective and do not account for the potential 

delay of presentation of symptoms, lack of reporting of symptoms, or whether the symptoms 

were already present pre-injury (van der Vlegel et al., 2021). This limits their application and 

validity, and clinical utility in either diagnosis or recovery tracking (van der Vlegel et al., 2021). 

The sensitivity for these checklists ranges from 64 to 89%, and the specificity ranges from 91 to 

100% (Piland et al., 2003). 
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1.4.2.2.1 Rivermead Post-Concussion Symptoms Questionnaire 

 

The Rivermead Post-Concussion Symptoms Questionnaire (RPQ) is commonly used to assess 

cognitive impairment following mTBI (Lannsjö et al., 2011). It is a questionnaire that evaluates 

symptom severity by presenting ordinal response alternatives to symptoms commonly related to 

mTBI. The RPQ contains 16 questions about post-concussion symptoms on a Likert-scale with 

scores ranging from 0 to 4, with 0 representing ‘not experienced at all’ a 4 being rated as ‘a 

severe problem’. Scores from each symptom category are totaled, for a potential maximum score 

of 64. The questionnaire may be self-administered, or administered by a physician, anytime 

following injury. Lower RPQ scores indicate lower symptomatic burden after mTBI, while 

higher scores indicate higher post-concussion symptoms at the time of assessment (Lannsjö et 

al., 2011). Typically, RPQ scores are higher in the acute phase of injury, with scores decreasing 

as symptoms resolve (Asselstine et al., 2020). Baseline assessment of symptoms can provide an 

indication of the trajectory of recovery, as increased symptomatic burden at baseline have been 

associated with a longer maintenance of symptoms (Asselstine et al., 2020). 

 

 

1.4.2.3 Neuropsychological Assessment 

 

Neuropsychological (NP) assessments following mTBI are designed to identify cognitive deficits 

that typically occur after injury (Echemendia et al., 2012). They provide specific information 

regarding neurobehavioral status and neurocognitive function, and can potentially identify 

deficits in those individuals who do not report symptoms (Johnson et al., 2011). NP assessments 
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are also useful in assessing the recovery trajectory following mTBI. Typically, cognitive 

recovery follows the same time-course as symptom recovery; however intermittently cognitive 

recovery may diverge, preceding or anteceding clinical symptom resolution (Carroll et al., 2020).  

 

Assessments are conducted using both computerized tests and written methods. Computer-based 

assessments include the Automated Neuropsychological Assessment Metrics and CNS Vital 

Signs tests, while written assessments include the Trail Making Test and the National Institute of 

Heath Toolbox Cognition Battery (NIHTB-CB) (Calvillo and Irimia, 2020). The categories 

typically best suited to identify mTBI include cognitive processing speed, memory formation, 

and reaction time, as these are the facets of cognition typically most affected by trauma (Calvillo 

and Irimia, 2020). Cognitive assessment is not a validated method of diagnosis for mTBI, as 

results are typically impacted by physical presentation of symptoms, psychiatric disorders, and 

pre-existing medical conditions or co-morbidities (Tulsky et al., 2017). 

 

1.4.4.3.1 National Institute of Health Toolbox 

 

The National Institute of Health toolbox (NIHTB) is a battery of instruments, assessments, and 

scoring algorithms that is standardized to assess cognitive, emotional, sensory, and motor 

function (Hodes et al., 2013). It was originally designed by the NIH Blueprint for Neuroscience 

Research to facilitate large-scale data collection in clinical research and epidemiology. The 

toolbox contains 47 brief measures, with four domains of assessment: cognitive, emotional, 

sensory, and motor. The instruments assess the spectrum of normal functioning that are relevant 

to development and health from ages 3 to 85 years. 
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The cognitive domain of the toolbox (NIHTB-CB) consists of seven tests: the Picture Sequence 

Memory test, Picture Vocabulary Test, Oral Reading Recognition Test, Pattern Comparison 

Processing Speed Test (PCPST), List Sorting Working Memory Test, Dimensional Change Card 

Sort test, and Flanker Inhibitory Control and Attention test (Weintraub et al., 2013). There are 

also three summary scores: the Fluid Cognition (FCCS), Crystallized Cognition, and Total 

Cognition Composite scores (Weintraub et al., 2013). The PCPST references the speed at which 

straightforward cognitive operations can be performed and was selected for this study as it 

considered to be sensitive to alterations in neurobiological integrity (Tulsky et al., 2017). Higher 

scores indicate a faster processing speed. The FCCS references the ability to solve problems, 

encode new episodic memories, and reaction abilities. These abilities are considered to be 

dynamic and are dependent on current processes affecting the brain, therefore presumably being 

sensitive to the transient changes associated with mTBI. Higher scores indicate a higher level of 

functional ability (Li et al., 2004).  

 

 

1.4.3 Imaging Tools 

 

Typically, patients with mTBI have unremarkable findings using traditional neuroimaging 

techniques, such as computerized tomography (CT) and conventional magnetic resonance 

imaging (MRI), despite displaying symptoms, cognitive impairment, and behavioral dysfunction 

(Flanagan et al., 2008).  
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While these techniques are effective in identifying the acute macroscopic trauma associated with 

CT+ mTBI, they have lacked the sensitivity to identify the subtle alterations associated with the 

metabolic cascade and DAI associated with mTBI (Lee and Newberg, 2005). Emerging 

techniques in MRI have been postulated to have the ability to quantify the subtle changes in 

brain structure, chemical composition, and connectivity, and as such are a promising option for 

use as a potential biomarker (Lunkova et al., 2021). These advanced MRI-based imaging 

techniques, such as functional MRI (fMRI), susceptibility-weighted imaging (SWI), myelin 

water imaging (MWI) and diffusion tensor imaging (DTI), use upgraded hardware and novel 

software to detect and localize biomarkers indicating microscopical inflammation and damage 

associated with mTBI (Cook and Hawley, 2014). However, with the exception of SWI, these 

sequences are not sufficiently sensitive or specific for individual level discernment of injury and 

are not currently used in clinical decision making (Lunkova et al., 2021).  

 

1.5 Prognosis and Treatment of MTBI 

 
1.5.1 Management of mTBI 

 

Initial treatment of mTBI is based upon the systematic review of the injury characteristic, 

symptomology, pre-injury history, and any pre-morbid conditions, as well as any potential 

concurrent factors, including health and psychological comorbidities, medications, or any 

associated synchronous injuries (Marshall et al., 2015). Following confirmation that the patient is 

stable, education of mTBI, reassurance of recovery, and instructions for recovery and follow-up 

are vital components in the recovery process and should be both written out and provided 

verbally (Marshall et al., 2015). Education includes outlining of the symptoms and outcomes 
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related to mTBI, normalization of the symptoms, reassurance of a positive predicted recovery, 

instructions for gradual return to activities and responsibilities, and resources to manage not only 

the symptoms of mTBI, but the psychosocial impacts as well (Marshall et al., 2015).  

 

Acutely following mTBI, both cognitive and physical rest is usually prescribed (Stillman et al., 

2017). Typically, it is recommended to rest for a period of 2 days after injury, followed by a 

gradual resumption of both physical and cognitive activities. These activities are added as 

tolerated, with some allowance for the demonstration of mild symptoms (Strelzik and Langdon, 

2017). It should be noted that while rest aids in physical recovery, it also has adverse 

consequences such as fatigue, sleep disturbances, isolation, reactive depression, anxiety, and 

physiologic deconditioning (Strelzik and Langdon, 2017). It has been demonstrated that mild 

aerobic exercise can improve both cognitive and physical symptoms following mTBI, if 

monitored and implemented effectively (Tan et al., 2014). 

 

Treatment of symptoms such as post-traumatic headache and dizziness often involves the use of 

over-the-counter medications and products, and patients should be monitored for the prevention 

of over-use and further complication of symptoms (Marshall et al., 2015). Sleep dysfunction is 

typically managed with education about sleep hygiene education, and medication if required, 

which should again be monitored to avoid the formation of dependency and chronic sleep 

dysfunction (Marshall et al., 2015). The acute onset of emotional disturbances are managed 

through both psychotherapy and pharmacological measures, while cognitive dysfunction can be 

managed with a gradually increasing mental activity program in parallel to a physical activity 

program (Marshall et al., 2015).  
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1.5.2 Post-Concussion Syndrome 

 

Typically, mTBI is acute and transient, with 90% of symptoms in patients usually resolving 

within 2 weeks of injury (Permenter et al., 2022). However, in a small subset of patients, 

symptoms may persist into the chronic stage and last for months or even years (van der Vlegel et 

al., 2021). This persistence of symptoms is denoted as post-concussion syndrome (PCS) and has 

been estimated to affect anywhere from 1 to 20% of mTBI patients, depending on the study and 

the duration of symptom continuity (van der Vlegel et al., 2021). PCS encompasses a wide range 

of symptoms, but the most common are headache, dizziness, fatigue, difficulty concentrating, 

with additional disruptions to sleep, vision, balance, memory, and behaviour (Dweyr and Katz, 

2018).  

 

The neurobiological origin of PCS is unclear; however, it is hypothesized that the symptoms 

related to PCS are both psychological and neurobiological in origin, for example they may be 

partially the result of damage to the autonomic nervous system (ANS), with dysfunction in CBF, 

blood pressure and heart rate being outlined as causal to symptomatic PCS presentation (Leddy 

et al., 2007). It is also unclear as to why a patient develops PCS, however there are predictors 

and risk factors that have been determined (Langer et al., 2021). This primarily includes a history 

of psychological disorders (such as anxiety and depression), however injury characteristics of 

LOC and DOI CT abnormalities, prior history of mTBI, female gender, and history of cognitive 

dysfunction have been found to be predictive of a longer recovery in some studies as well 
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(Langer et al., 2021, Roy et al., 2019). There are few interventions available for addressing PCS, 

which is problematic for patients and care providers (Graham et al., 2014). 

 

1.6 Purpose of Thesis 

 
The need for alternative approaches with greater sensitivity to neuropathology in mTBI has led 

to the pursuit for biomarkers with the ability to provide diagnosis and prognosis accurately and 

reliably. Emerging techniques in magnetic resonance imaging (MRI) have the ability to quantify 

the subtle changes in brain structure, chemical composition, and connectivity, and as such are a 

promising option for use as a potential biomarker. However, as previously demonstrated, they a 

relatively novel techniques and require validation. The purpose of this thesis is to assess and 

validate the sensitivities of different structural neuroimaging techniques to mTBI, at multiple 

timepoints following injury, with the overarching goal of improving diagnosis and 

prognostication of mTBI.  

 

1.7 Objective and Aims 
 
 
The primary objectives of this study were to examine the sensitivities of two structural imaging 

modalities, DTI and MWI, to the pathophysiologic effects of mTBI on structural connectivity 

in the CC, at 2 weeks (2W) and 6 months (6M) post-injury, and the investigate how the 

imaging metrics changed from 2W to 6M. The CC was selected due to its inherent 

susceptibility to damage following mTBI. Data was collected at 2W to assess the acute effects 

of mTBI on imaging metrics, while 6M data was collected to assess the chronic effects of 

mTBI.  
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Secondary, exploratory objectives were to (i) examine the effects of certain mTBI injury 

characteristics that are currently used in the diagnosis and prognostication of mTBI, on 

imaging parameters, (ii) investigate the impact of mTBI on imaging metrics in other regions of 

the brain and (iii) to examine the group differences in NP metrics associated with mTBI and 

their correlation to imaging metrics. 

 

The specific aims of the study are: 

1. To evaluate the group differences between the mTBI subjects and trauma controls 

(TC) in the metrics of DTI and MWI in the CC at 2W post-injury. 

2. To evaluate the group differences between the mTBI subjects and TC in the metrics of 

DTI and MWI in the CC at 6M post-injury. 

3. To evaluate the changes in DTI and MWI metrics in the CC over time from 2W to 6M 

post-injury. 

4. To evaluate the effects of two DOI mTBI injury characteristics, LOC, and CT+ 

findings, on DTI and MWI metrics in the CC at 2W and 6M post-injury. 

5. To evaluate the group differences between the mTBI subjects and TC in the metrics of 

DTI and MWI in other regions of the brain, at 2W and 6M post-injury. 

6. To evaluate the group differences between the mTBI subjects and TC in NP metrics at 

the 2W and 6M post-injury, and to correlate the NP metrics with the imaging metrics. 
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1.8 Hypotheses 
 

1. There would be significant differences observed in both DTI and MWI metrics between 

the mTBI subjects and TC at 2W post-injury. 

2. There would be non-significant differences observed in both DTI and MWI metrics 

between the mTBI subjects and TC at 6M post-injury. 

3. There would be a significant change (recovery) in structural imaging metrics from 2W to 

6M post-injury in patients with mTBI. 

4. MTBI patients with the injury characteristic of presence of LOC (LOC+) would have 

significant differences in their DTI and MWI metrics, when compared to both TC and 

mTBI subjects without a LOC (LOC-). 

5. MTBI patients with the injury characteristic of CT+ findings would have significant 

differences in their DTI and MWI metrics, when compared to both TC and mTBI 

subjects without abnormal DOI CT scans (CT-). 

6. There would be multiple other regions of interest with significant differences in DTI and 

MWI in the mTBI subjects compared to TC. 

7. There would be significant differences in the measures of cognition between mTBI 

subjects and TC. These measures could be significantly correlated to the structural 

imaging metrics of DTI and MWI. 
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Chapter 2: Basic Principles of Diffusion Tensor Imaging and Myelin Water 
Imaging 
 
 

2.1 Conventional Neuroimaging 
 
 
Following mTBI, patients frequently undergo neuroimaging in the acute phase following trauma 

to assess the severity of the injury and the location of damage (Amyot et al., 2015). Both CT and 

MRI are utilized in mTBI, with their selection and implementation being dependent on day-of-

injury characteristics and presentation to the hospital. 

 

2.1.1 Computed Tomography 

 

CT imaging is one of the most highly utilized tools is assessing TBI in general and is frequently 

used in investigating mTBI (Stein et al., 2006). Images are generated using narrow beam x-rays 

that are rotated around the body, generating slices that are reconstructed to create three-

dimensional (3D) anatomical representations of the brain (Patel and Jesus, 2022). CT is 

relatively efficient and is useful in identifying focal abnormalities following TBI such as 

hemorrhages, edema, and skull fractures (Stein et al., 2006). However, this is typically more 

useful in moderate to severe TBI, as the presence of these abnormalities is relatively rare in 

mTBI, and CT is generally not sensitive enough to identify the subtle pathology or 

microstructural alterations that are associated with mTBI (Rogan et al., 2021).  
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2.1.2 Magnetic Resonance Imaging  

 

MRI is also a non-invasive imaging technique that is used to produce detailed 3D anatomical 

representations of the brain, and is therefore utilized in the assessment of mTBI (Massaad et al., 

2021). MRI uses magnetic fields and radiofrequency pulses to cause graded alterations in the 

alignment of hydrogen protons in the body (Shenton et al., 2012). The signals generated from the 

hydrogen protons during the period of relaxation following the pulse-induced alterations, are 

spatially encoded to differentiate tissue types. (Shenton et al., 2012). This allows for the 

quantification and visualization of WM in the brain which is useful in assessing mTBI (Massaad 

et al., 2021). However, due to the lack of sensitivity in standard clinical scanning parameters, 

conventional MRI still tends to underestimate the microstructural damage associated with mTBI 

(Koerte et al., 2016). 

 

2.2 Diffusion Tensor Imaging 
 
 
2.2.1 Introduction to Diffusion Tensor Imaging 

 

DTI is an MRI technique that is a non-invasive and uses the diffusion properties of water 

molecules to reveal the structural architecture of WM in the brain (Basser, 1995). Diffusion in 

the brain is characterized by the degree of anisotropy (Strauss et al., 2015). Isotropy indicates 

free diffusion (or water movement) in all directions as there are no structural elements to 

constrict it (Strauss et al., 2015). This is typically characteristic in cytoarchitecture tissues such 

as CSF and GM (Strauss et al., 2015). Anisotropy indicates that diffusion is both restricted and 

asymmetric (Huisman, 2010).  This is characteristically linked to WM, due to the typical 
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microstructural constraints of myelinated axons, which limits diffusion to the parallel direction 

(Huisman, 2010).  

 

DTI images are acquired by applying diffusion encoding gradients through modulation of the 

diffusion coefficient (b) for six or more non-colinear directions (O’Donnell and Westin, 2011). 

One additional image is collected where no diffusion weighting is applied (b0) and the 

combination of diffusion encoding gradients is predetermined and provided in the b-matrix, with 

standard b-values ranging from 700 to 3000 s/mm2 (Soares et al., 2013). The result is a “diffusion 

tensor”, which is a 3 by 3 matrix depicting the rate and directionality of diffusion in each non-

colinear direction, representing the structural orientation of the white matter fibres (Basser et al., 

1994). The tensor is calculated at each voxel to produce three eigenvectors (e1, e2, e3), which 

represent the direction of diffusion along each axis of the voxel, and three eigenvalues (l1, l2, 

l3) which represent magnitude of diffusion along each axis of the voxel (Figure 2.1) (O’Donnell 

and Westin, 2011). The tensor can be visually represented by an ellipsoid (O’Donnell and 

Westin, 2011).  

 

 

Figure 2.1 Schematic of diffusion parameters  

(Reprinted from Salbinih et al., 2019) 
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A variety of different diffusion metrics can be ascertained from the eigenvectors and eigenvalues 

within a tensor model (Soares et al., 2013). Axial diffusivity (AD) refers to the magnitude of 

diffusion longitudinally along the axis, or parallel to fibre tracts, and radial diffusivity (RD) 

refers to the diffusivity transverse to the axis, or perpendicular to the fibre tracts (Figure 2.1) 

(Soares et al., 2013). AD corresponds to axonal degeneration, whereas RD has demonstrated 

sensitivity to the myelination of axons or changes in axonal density (Song et al., 2003). Lower 

values of AD and RD are indicative of higher axonal integrity, whereas higher values can 

indicate axonal degradation and demyelination (Aung et al., 2013). Fractional anisotropy (FA) 

quantifies the directionally of diffusion in each voxel, by averaging the AD and RD, and is a 

scalar value from 0 to 1 (O’Donnell and Westin, 2011). Values closer to zero indicate isotropic 

diffusion, whereas values of 1 indicate anisotropic diffusion (Suri and Lipton, 2018). Mean 

diffusivity (MD) represents the average of the three eigenvalues, depicting the mean molecular 

diffusion rate (O’Donnell and Westin, 2011. Both FA and MD are considered to be indicative of 

the integrity of white matter tissue and structures: higher FA and lower MD values indicating 

increased white matter integrity, and lower FA and higher MD indicating potential WM damage 

(Shenton et al, 2012). 

 

Tract-based spatial statistics (TBSS) uses the properties and metrics of diffusion to map spatial 

locations of WM tracts in three dimensions (Smith et al., 2006). It is an automated, independent 

whole-brain approach that initially analyses aligned FA images from multiple subjects to allow 

for statistically powerful comparisons of DTI, without subjectively defined regions or features of 

interest (Smith et al., 2006). Typically, with voxel-based analyses, there are several sources of 

potential error that can arise including issues with image alignment and spatial normalisation 
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(Seo et al., 2019). However, in TBSS, each subject's FA data is projected onto the mean FA 

skeleton in a way that each skeleton voxel takes the FA value from the centre of the nearest 

relevant tract, thus resolving any problems with alignment and normalisation (Smith et al., 

2006). Following the completion of the FA data analyses, the metrics of RD, AD, and MD can 

all be calculated and projected using the previous FA transforms (Smith et al., 2006). TBSS also 

avoids the subjectivity of choosing a spatial smoothing procedure during the voxel-based 

analysis; this improves sensitivity, objectivity, and interpretability when it is applied to multi-

subject diffusion datasets (Smith et al., 2006).  

 

2.2.2 Application of DTI to mTBI 
 

 
DTI is postulated to be an indirect imaging biomarker for the pathologic mechanisms in mTBI, 

because of its ability to detect microstructural alterations in WM. There have been numerous 

studies conducted to evaluate post-traumatic WM integrity, as abnormalities in DTI metrics are 

anticipated to reflect damage to axonal and microtubule structures induced by the shearing forces 

associated with mTBI (Assaf and Pasternak, 2008). However, there is high variability in the 

results, with regards to the directionality, timing, and anatomical localization of the alterations. 

The most commonly used scalar metric determined from DTI in mTBI is FA, which quantifies 

the integrity and directionality of the WM tracts (Chong and Schwedt, 2015). Lower FA is 

thought to be representative of the axonal degradation and therefore could be associated with 

damage occurring in mTBI (Chong and Schwedt, 2015). However, published alterations in the 

FA metric have been inconsistent, showing lower, higher, or no differences in FA in subjects 

with mTBI (Lipton et al., 2009). While lower FA is typically associated with trauma (>90% of 

studies), there is increasing evidence suggesting that, especially in the acute phase after trauma 
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higher values of FA can occur as well (Gardner et al., 2012). In the studies where higher FA is 

observed, the findings are often limited to a select few regions of interest (Hulkower et al., 2013, 

Shenton et al., 2012, Narayana et al., 2017). Mechanisms for higher FA values include changes 

in the permeability of axons, axonal swelling and focal disconnections of axons and the 

cytoskeletal network (Büki & Povlishock, 2006). The higher FA values could be explained by 

inflammation and cytotoxic edema, which impair the function of ion channels in the axons 

(Gardner et al., 2012). This altering of both intra and extracellular water content and spaces, 

potentially affects the diffusion metrics in the acute time-period (Mayer et al., 2010). Another 

possible explanation for higher FA would be that gliosis is occurring, due to astrocytic activation 

in the biochemical cascade following injury (Harris et al., 2016). Higher FA may be evidence for 

a compensatory or plasticity mechanism in response to injury, rather than a direct manifestation 

of mTBI (Lipton et al., 2012). In general, FA has demonstrated greater sensitivity to mTBI than 

other diffusion metrics, however the values of RD and MD have been reported to be sensitive to 

mTBI as well; typically, the values of RD and MD are both typically higher in subjects with 

mTBI (Veeramuthu et al., 2015). It should be noted that there is a high degree of heterogeneity in 

the published reports of DTI findings associated with mTBI (Rausa et al., 2020). This is 

associated with methodological differences, varying protocols, and heterogeneity of injury.  

 

2.3 Myelin Water Imaging 
 
 
2.3.1 Introduction to Myelin Water Imaging 

 

Specific measurement of the structural integrity of myelin in vivo using MRI is complex and 

requires specialized techniques (Weber et al., 2018). Alternative quantitative MRI techniques are 
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being developed as means for achieving pathological specificity to changes in myelin content. 

Measuring non-aqueous protons in myelin is difficult because the MR signal decay is too rapid 

to be measured by typical modalities (Alonso-Ortiz et al., 2015); however, the water confined 

within the myelin bilayers is assessable using MRI (Wright et al., 2016). Myelin water imaging 

(MWI) is a novel technique that quantifies the water within these myelin bilayers, by looking at 

the T2 signal distribution (Figure 2.2) (Laule and Moore, 2018). The T2 decay signal contains 3 

components: a long (approximately 2 seconds), intermediate (approximately 80 

milliseconds(ms)) and short component (approximately 20 ms) (Laule and Moore, 2018). The 

short component represents the water encapsulated between the myelin bilayers and is referred to 

as the myelin water (Spader et al., 2018). Myelin water fraction (MWF) is the main metric 

derived from MWI and is determined by calculating the fraction of the short component of the 

T2 signal compared to the entire T2 signal (Laule and Moore, 2018).  

 

 

Figure 2.2 Schematic of MWF calculation using multicomponent relaxation time analysis 
 
(Reprinted from Spader et al., 2018) 
 

 

Lower MWF typically indicates a transient disruption, which subsequently can lead to 

demyelination (Laule et al., 2007). Initially when an axon is transected due to trauma, the water 
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between the bilayers of the myelin will be transferred either intra or extra cellularly, leading to 

the decrease in the MWF (Laule and Moore, 2018). Further, if the cascade continues and 

Wallerian degeneration occurs, then the remaining portion of the axon will degenerate back to 

the cell body, leading to further subsequent demyelination (Laule et al., 2007). Myelin is 

particularly vulnerable to secondary damage, typically resulting from neurometabolic cascades 

and inflammation (Armstrong et al., 2016). Compromised myelin can cause reciprocal damage to 

the axon, while myelin debris can inhibit the differentiation of progenitor cells that are essential 

for axonal repair and remyelination (Armstrong et al., 2016). MWI has been validated in 

histological studies in both animal and human post-mortem models (Laule et al., 2008; Laule et 

al., 2016). Quantitative studies indicate a strong relationship between the intensity of the short 

T2 signal and the optical density of myelin staining, using myelin phospholipid stains (Laule and 

Moore, 2018). 

 
 
Recent advances in MWI have facilitated the rapid exploration of whole-brain myelin damage 

(Liu et al., 2020). Typically, the signal decay curve obtained from the T2 relaxation sequence is 

modelled by multiple exponential components, with the T2 distribution being estimated using 

locally sourced software in MATLAB (Liu et al., 2020). This software uses a normalized non-

negative least squares (NNLS) algorithm that implements an extended phase graph and flip angle 

estimation to accommodate for artifacts (Wright et al., 2016). Typically, MWF in each image 

voxel is estimated as the ratio of the T2 distribution within the time of 0 to 40 ms, to the total T2 

signal (Laule et al., 2007). MWI analyses are usually completed in conjunction with DTI 

analyses (Wright et al., 2016). Following the processing of the FA skeletons and maps using 
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TBSS, the MWF data is registered into DTI space and projected onto the WM skeleton for 

statistical analyses (Wright et al., 2016).  

 

2.3.2 Application of MWI to mTBI 
 

As MWI is a novel technique, there is gap in knowledge as to the effectiveness of MWI in 

assessing mTBI. However, recently there have been a limited number of studies that use MWI to 

quantify myelin changes following mTBI in vivo. Disruptions to myelin, resulting from trauma 

induced by mTBI, include decompaction, fragmentation and degradation, all of which MWI 

demonstrates the potential to be sensitive to (Mierzwa et al., 2015). In a prospective cohort study 

in collegiate hockey players, it was observed that there were transient MWF decreases in players 

that endured an mTBI at 2 weeks post-injury, with MWF recovering to pre-injury levels by 2 

months post-injury, specifically in the splenium of CC (Wright et al., 2016). In another study, 

symptomatic mTBI patients had global reduced MWF in several WM ROIs at even 6 months 

post-injury (Russell-Schulz et al., 2015). It has also been shown that transient elevations in the 

myelin water signal can occur following mTBI at 3 months post-injury (Spader et al., 2018). 

From the heterogeneity in the results, it can be ascertained that further investigation is required 

for the validation and application of MWI as a diagnostic imaging technique for mTBI.  
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Chapter 3: Methods 

 

This study was approved by the Clinical Research Ethics Board at the University of British 

Columbia (UBC), Vancouver, Canada. All participants gave written informed consent, prior to 

participation. 

 

3.1 Study and Participants 
 
 
Participants were recruited as part of a sub-study to the Canadian Traumatic Brain Injury Project 

(CanTBI) entitled “A national biobank and database for patients with TBI”. The CanTBI project 

is a multi-site, ongoing prospective observational clinical and biomarker study of patients with 

TBI, designed to discover and validate molecular and neuroimaging biomarkers of traumatic 

brain injury, and to develop regional biobanks linked to a national database for patients with 

TBI. This includes the collection of serum, plasma, and DNA samples as well as social, 

demographic, and clinical data. For the purposes of the sub-study, neuroimaging data was 

additionally collected.  

 

Eligibility criteria for CanTBI included: (i) age 0 to 90 years, (ii) arrival at the hospital within 24 

hours of injury, (iii) a diagnosis of TBI made by a physician, (iv) blood samples collected for 

study purposes, (v) adequate vision and hearing for assessment, and (vi) fluency in English. 

Participants were excluded if they: (i) had a history of a premorbid neurological disease (prior 

mTBI was not an exclusion criterion), (ii) had low or no likelihood of follow-up (i.e., no phone, 

no fixed address, out of country), (iii) were in police custody, or (iv) were participating in a 

current and ongoing drug treatment trial. For the current neuroimaging sub-study, subjects were 
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included if they were adults aged 17-90 who sustained an mTBI, based on criteria set forth by the 

WHO working group.  

 

The mTBI group was divided into two subgroups based on DOI characteristics. The first 

subgroup was created based on if the subject had endured a LOC: LOC+ indicates a LOC with a 

duration of less than 30 minutes, while LOC- indicates no LOC. The second subgroup was 

created based on the presence of DOI CT findings: CT+ indicated there were acute abnormal 

findings of the DOI CT scans, while CT- indicated there were no abnormal findings. 

 

A control sample (TC) was recruited to serve as a comparison group and participants were 

included if (i) they sustained a soft-tissue or orthopedic injury below the neck, (ii) there was no 

evidence of an altered state of consciousness as indicated by a reduction in GCS score or 

presence of a LOC, post-traumatic amnesia or post-traumatic confusion, and (iii) there was no 

evidence of physical head trauma, whiplash, or cervical strain based on medical chart review. 

The inclusion of an orthopedic control group, as opposed to healthy controls, was used to 

eliminate the confounds of body injuries that are not specifically due to brain injury. 

 

MTBI subjects and TC were recruited from the emergency department (ED) at the Vancouver 

General Hospital (VGH). For the purposes of the current study, data was collected at 2W post 

injury to capture the acute effects of mTBI, and at 6M post-injury to investigate the chronic 

effects of mTBI. Assessment and imaging protocols were the same at both timepoints. 
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3.2 Neuroimaging 

 
3.2.1 Data Collection 
 
 
MRI data were acquired on a 3.0 Tesla (3T) Philips Achieva scanner at the Djavad Mowafaghian 

Centre for Brain Health, located at the UBC Hospital. Scans were collected using quasar dual 

gradients and an eight-channel sensitivity encoding head coil. All participants underwent 

multimodal imaging including T1, T2, DTI, and MWI with a total scan time of 41 minutes and 7 

seconds. The structural T1 and FLAIR images were reviewed by a board-certified radiologist 

who determined whether any visible, trauma-related, intracranial pathology was present. 

Pertinent MRI findings were coded for all patients and included T2 hyperintensities, the number 

and location of susceptibility foci, encephalomalacia, and extra-axial collections. 

 

The DTI sequence was acquired using a high angular resolution diffusion-weighted imaging 

(DWI) protocol with a spin echo technique and single-shot echo planar imaging (EPI) mode (60 

gradient directions, acquisition matrix = 100 x 99, reconstruction matrix = 112 x 112, field of 

view = 224 mm x 224 mm, repetition time (TR) = 7083 ms, echo time (TE) = 60 ms, 70 slices, 

slice thickness = 2.2 mm, flip angle = 90°, echo planar imaging factor = 51, b factor = 700 

s/mm2). An additional four b = 0 volumes were collected for each phase-encoding direction. The 

scanning time for the DTI sequencing was 4 minutes and 8 seconds.  

 

The MWI sequence was acquired using a spin echo technique and multishot gradient spin echo 

(GraSE) imaging mode (acquisition matrix = 232 x 93, reconstruction matrix = 240 x 200, field 

of view = 230 mm x 190.3448 mm, repetition time = 1073 ms, echo time = every 8 ms up to 348, 
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slices = 40, slice thickness = 5 mm, flip angle = 90°, EPI factor = 3), with a scan time of 7 min 

and 30 seconds.  

 

3.2.2 Image Processing and Analyses 
 

 
Image preprocessing was performed using tools within the Functional MRI of the Brain Software 

Library (FSL) (Woolrich et al., 2009). Par-rec files were converted to Neuroimaging Informatics 

Technology Initiative (NIfTI) format and structurally concatenated into a 4D file. The raw NIfTI 

files were visually inspected for the identification of missing slices, motion artifacts, and image 

distortions. Motion and artifacts in the diffusion data were corrected using affine registration 

(FLIRT) of all gradient volumes with the b = 0 volume, and gradient directions were 

compensated for rotations. A visual examination of the resulting tensor orientations (b-values 

and b-vectors) was conducted. A manual brain mask was created using the b = 0 volume. Batch 

processing was used to ensure consistent analytic parameters.  

 

Voxel-wise analyses of the data were performed using FSL’s tract based spatial statistics 

(TBSS), which centres around the creation of a white matter skeleton for each participant using 

an FA map derived from diffusion tensor images (Smith et al., 2006). The FA map was created 

using FSL’s FDT function to fit the tensor model to the raw diffusion data, using the manual 

brain mask. Individual FA maps were then non-linearly registered via FSL-FLIRT, which uses a 

b-spline representation of the registration warp-field, to the John Hopkins University 

International Consortium Brain Mapping (JHU-ICBM) FA template provided by FSL (Mori et 

al., 2006). This was followed by the creation of a mean FA skeleton, with the projection of each 

of the individual FA values onto the mean skeleton. The mean white matter skeleton depicts the 
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centres of all of the common tracts in the group. The additional DTI metrics of MD, AD, and RD 

values were then projected onto the mean skeleton using the previously created FA 

transformation.  

 
For the MWF, the T2 decay signal was deconstructed using a non-negative least squares 

fit with an extended phase graph algorithm and flip angle optimization (Wright et al., 2016). 

MWF was determined by dividing the T2 signal from 0 to 40ms by the total T2 signal. MWF 

maps were registered into DTI space via FSL-FLIRT and projected onto the WM skeleton, using 

the previously determined FA transformation matrix. 

 
 
3.2.3 Statistical Analyses 

 

Voxel-wise statistics were carried out using FSL’s randomise tool (Winkler et al., 2014). A 

threshold of 0.25 was used to avoid the induction of any partial volume effects. The number of 

permutations was set at 5000 and threshold-free cluster enhancement (TFCE) with a correction 

for family wise error rate was employed. The p<0.05 T-contrast maps were projected onto the 

mean FA images. The data were controlled for age, sex, and years of education. These methods 

were chosen to examine diffuse micro-changes in brain structure, without any a priori 

assumptions as to where such changes would occur, while compensating for multiple 

comparisons. The JHU-ICBM DTI white matter atlas was used to identify which specific 

anatomical areas that were implicated (Mori et al., 2006). FSL statistics were then used to extract 

the mean values of FA, RD, and MWF for each individual in the regions of interest (ROIs) 

encompassing the CC. The ROIs for the CC from the JHU-ICBM atlas included the genu, body, 

and splenium of CC.  
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All group imaging metrics were plotted and reviewed to determine the presence and effects of 

outliers. Using statistics in R (version 4.1.2), between and within group comparisons were 

performed to assess the differences in FA, RD, and MWF, with the level of significance was set 

at 0.05 (R Core Team, 2020). The comparisons that were conducted are outlined below:  

 

1. MTBI group against TC at 2W and 6M post-injury, in the CC. 

2. MTBI subgroups (LOC +/- and CT+/-) against TC at 2W and 6M post-injury, in the CC. 

3. MTBI positive subgroups (LOC+ and CT+) against their negative counterparts (LOC- 

and CT-, respectively) at 2W and 6M post-injury, in the CC. 

4. Each group and subgroup’s 6M metrics paired against their respective 2W metrics (using 

paired t-tests) to investigate if there were significant changes occurring in a group over 

time, in the CC. 

5. MTBI group against TC at 2W and 6M post-injury, in other ROIs. 

 

3.3 Neuropsychological Data 
 

 
3.3.1 Data Collection  

 
 
All subjects and controls underwent standard CanTBI neuropsychological assessment protocol. 

This consisted of an extensive battery of questionnaires, psychological evaluations, and cognitive 

assessment tools. Demographic and clinical information, including age, sex, level of education, 

marital status, alcohol consumption frequency, medical history (including history of previous 

TBI), and psychological history were self-reported by participants using questionnaires that were 



 41 

administered through structured interviews. For the purposes of this study, a neuropsychologist 

specializing in the field of mTBI was consulted as to which cognitive measures could be 

potentially correlated with imaging metrics. The metrics selected were the RPQ, and the PCPST 

and FCCS from the NIHTB-CB. Participants were contacted by telephone 7-10 days after their 

emergency department visit, and at subsequent timepoints, to complete follow-up assessments 

via the telephone. For the purposes of this study, subjects completed assessments at 2W and 6M 

post-injury, on the same day the imaging data was collected. 

 

3.3.2 Statistical Analyses 
 

 
All statistical analyses were completed using R (version 4.1.2) (R Core Team, 2020). Firstly, 

group differences in RPQ, FCCS and PCPST were investigated between the mTBI group and 

TC, at both 2W and 6M post-injury.  To examine the association between imaging metrics and 

cognitive function, correlations were calculated between all imaging metrics of interest (FA, RD 

and MWF) and the RPQ, PCPST and FCCS. The data was assessed for normality and all outliers 

were investigated. For all correlational analyses the Pearson r correlations were calculated. For 

the NIHTB-CB metrics of the PCPST and FCCS, the fully corrected score was used, which 

adjusts for the demographic variables of age, sex, ethnicity, and years of education (Hodes et al., 

2013).  

 
 
 
 
 
 
  



 42 

Chapter 4: Results 
 
 
Tabular summaries of the results are located in Appendix A. Red-highlighted text indicates a 

significant difference (p < 0.05 using a student’s t-test) between the two groups. Red-highlighted 

text indicates a trend (p < 0.1 using a student’s t-test) in the differences between the two groups.  

 
4.1 Demographics 

 

The study included 51 subjects with mTBI (mean age = 33.7 ± 11.4 years) and 30 subjects in the 

TC group (mean age = 32.7 ± 8.6 years). Descriptive statistics and group comparisons of 

demographics and injury characteristics are presented in Table A.1. The mTBI group did not 

differ significantly from the TC group on any of the demographic variables. Although they were 

not significantly different (p = 0.057), there was a small effect size (Cohen’s Effect Size, d = 

0.450) for the time between injury and the 2W assessment: the TC group (mean = 26.70 days, 

SD = 21.11) had a longer time between injury and the 2W assessment than the mTBI group 

(mean = 19.53 days, SD = 12.40). A sensitivity analysis was completed to determine the effect of 

interval from the date of injury to the scan date for both the  2W and 6M imaging data and no 

significant effects were found. 

 

There were 15 LOC+ mTBI subjects (mean age = 31.6 ± 11.2 years) and 36 LOC- mTBI 

subjects (mean age = 34.5 ± 11.6 years), 8 CT+ mTBI subjects (mean age = 35.9 ± 11.9 years) 

and 43 CT- mTBI subjects (mean age = 33.3 ± 11.4 years). 
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4.2  Primary Objectives 

 

The primary purposes of this research were to examine the sensitivities of neuroimaging 

modalities to mTBI and to evaluate how imaging metrics change over time within the mTBI 

population. It was hypothesized that (i) the structural imaging modalities of DTI and MWI would 

both be sensitive to the microstructural alterations occurring in the acute period (2W) following 

mTBI, (ii) the structural imaging modalities of DTI and MWI would both be sensitive to the 

microstructural alterations occurring in the chronic period (6M) following mTBI and (iii) there 

would be a partial recovery in the structural imaging metrics from 2W to 6M post-injury in 

patients with mTBI. 

 

4.2.1 Acute (2 Weeks Post) MTBI Imaging Metrics 

 

Descriptive statistics, group comparisons, and effect sizes for all of the acute DTI and MWI 

analyses in the mTBI group are presented in Table A.2. When comparing the mTBI group to TC 

there were no significant differences in DTI metrics of AD and minimally significant differences 

in MD, and therefore the results are not reported. 

 

4.2.1.1 Diffusion Tensor Imaging 

 

Results of the group DTI analyses completed between the mTBI subjects and controls at the 

acute timepoint are outlined in Table A.2. In the overall group, mTBI subjects had significantly 

lower FA (p = 0.050, d = 0.458) in the whole CC compared to TCs (Figure 4.1 and Figure 4.2). 
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Subregional analyses of the splenium  revealed significantly lower FA (p = 0.006, d = 0.646) and 

higher RD (p = 0.003, d = 0.694) in mTBI subjects compared to controls (Figure 4.1 and Figure 

4.2). No group differences in any other diffusion measure was observed in the genu or callosal 

body between mTBI subjects and controls at 2W post-injury.  

 

 

  

Figure 4.1 DTI metrics results in mTBI subjects at 2W post-injury in the CC. Bars represent 
mean values of the metric within the specific ROI. Figs. A and B represent the metrics of FA and 
RD respectively. Error bars indicate standard error. * = p<0.05 student’s t-test. 
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Figure 4.2 TBSS comparison on FA, RD and MWF between patients with mTBI and TC at 
2W post-injury in the CC. TBSS revealed areas of significantly lower FA (p<0.05, blue-light 
blue, A) and significantly higher RD (p<0.05, red-yellow, B) in the splenium of CC, in MTBI 
patients when compared to TC. No significant differences were found when comparing MWF 
between the two groups (C). 
 

4.2.1.2 Myelin Water Imaging 

 

Results of the group MWI analyses completed between the mTBI subjects and controls at the 

acute timepoint are outlined in Table A.2 and Figures 4.2 and 4.3. No significant differences 

were observed between mTBI subjects and TC in any of the callosal ROI’s at  2W post-injury.  

 

 

A B C 
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Figure 4.3 MWF results in mTBI subjects at 2W post-injury in the CC. Bars represent mean 
values of MWF within the specific ROI. Error bars indicate standard error. 
 

4.2.2 Chronic (6 Months Post) MTBI Imaging Metrics 

 

Descriptive statistics, group comparisons, and effect sizes for all of the DTI and MWI analyses 

in the mTBI group 6M post-injury are presented in Table A.3. No significant differences or only 

equivocal differences in AD or MD between mTBI subjects and controls were observed and 

subsequently were not reported. 

 

4.2.2.1 Diffusion Tensor Imaging  

 

Table A.3 summarizes the results of the group DTI analyses completed between the mTBI 

subjects and controls at 6M post-injury.  Compared to controls, significantly lower FA (p = 

0.009, d = 0.682) and higher RD (p = 0.015, d = 0.636) in the mTBI subjects in the whole CC 

were seen (Figures 4.4 and 4.5). Subregional analysis of  the genu of the CC revealed 

significantly lower FA (p = 0.024, d = 0.591) and higher RD (p = 0.020, d = 0.610) in mTBI 

subjects compared to controls (Figures 4.4 and 4.5).  Additionally,  the splenium  had 

significantly lower FA (p = 0.010, d = 0.674) and higher RD (p = 0.023, d = 0.592) values in 
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mTBI subjects compared to controls (Figures 4.4 and 4.5). There were no group differences 

observed between the mTBI subjects and TC for any of the DTI metrics in the body of CC at 6M 

post injury. 

 

 

  

Figure 4.4 DTI metrics results in mTBI subjects at 6M post-injury in the CC. Bars represent 
mean values of the metric within the specific ROI. Figs. A and B represent the metrics of FA and 
RD respectively. Error bars indicate standard error. * = p<0.05 student’s t-test. 
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Figure 4.5 TBSS comparison on FA, RD and MWF between patients with mTBI and TC at 
6M post-injury in the CC. TBSS revealed areas of significantly lower FA (p<0.05, blue-light 
blue, A) and significantly higher RD (p<0.05, red-yellow, B) in the splenium and genu of CC, in 
MTBI patients when compared to TC. No significant differences were found when comparing 
MWF between the two groups (C). 
 

 

4.2.2.2 Myelin Water Imaging 

 

Results of the group MWI analyses completed between the mTBI subjects and controls at the 

chronic timepoint are outlined in Table A.3 and Figures 4.5 and 4.6. There were no significant 

differences observed between mTBI subjects and TC in any of the callosal ROIs at 6M post-

injury.  

 

A B C 
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Figure 4.6 MWF results in mTBI subjects at 6M post-injury in the CC. Bars represent mean 
values of MWF within the specific ROI. Error bars indicate standard error. 
 

 

4.2.3 Primary Longitudinal Investigations 

 

Descriptive statistics, group comparisons, and effect sizes for the longitudinal DTI and MWI 

analyses in the mTBI group are presented in Table A.4. There were no statistically significant 

changes in any of the DTI metrics between 2W and 6M (Figure 4.7). Overall, in the mTBI group 

FA levels were either maintained or slightly decreased, while RD levels were maintained or 

increased from 2W to 6M in callosal subregions, but results were not statistically significant. The 

exception was in the splenium of CC, where FA slightly increased, and RD slightly decreased.  

 

Between 2W and 6M post-injury, non-significant reductions in MWF in the genu, body, 

splenium and whole CC were observed in the mTBI group.  
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Figure 4.7 Paired analyses of DTI and MWI metrics for mTBI group from 2W to 6M post-
injury in the CC. Dots represent the group average at each timepoint, with the line indicating 
the change over time. Figs. A, B, and D represent FA, RD, and MWF, respectively. Error bars 
indicate standard error. 
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4.3 Secondary Exploratory Analyses 

 
4.3.1 MTBI Subgroups 

 
 

Descriptive statistics, group comparisons, and effect sizes for all of the DTI and MWI analyses 

in the mTBI subgroups 2W and 6M post-injury are presented in Tables A.5 and A.6, 

respectively. There were no significant difference in AD between mTBI subgroups and controls, 

and only a minimally significant difference in MD between mTBI subgroups and controls. 

Subsequently, results from these analyses were not reported.  

 
4.3.1.1 LOC +/- Subgroup Analysis 

 

4.3.1.1.1  Acute (2 Weeks Post-Injury) Imaging Metrics 

 
The results of the structural imaging analyses for the LOC+ and LOC- mTBI subgroups 2W 

post-injury are presented in Table A.5 and Figure 4.8. No significant differences in MWF or 

diffusion indices were observed between the LOC+ mTBI group to the LOC- mTBI group at 2W 

post-injury. 

 

The LOC+ and LOC- mTBI subgroups were then individually compared to the TC group. 

Significantly lower FA (p = 0.002, d = 0.793) and higher RD (p = 0.001, d = 0.833) in the 

splenium of CC were seen between the LOC- mTBI subjects and TC. There were no group 

differences in DTI metrics between the LOC+ mTBI subjects and TC in any of the ROI’s 

encompassing the CC. Similar to the mTBI group as a whole, there were no group differences 
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observed in the MWF between either the LOC+ or LOC- mTBI subgroups and TC in any of the 

CC ROI’s at 2W post-injury.  

 

4.3.1.1.2 Chronic (6 Months Post-Injury) Imaging Metrics 

 

The results of the structural imaging analyses for the LOC+ and LOC- mTBI subgroups 6M 

post-injury are presented in Table A.6 and Figure 4.9. When comparing the LOC+ mTBI group 

to the LOC- mTBI group, there were no significant differences in the MWF or DTI metrics at 

6M post-injury. 

 

 The individual LOC+ and LOC- subgroups were then compared to TC. In the whole CC, there 

was significantly lower FA (p = 0.042, d = 0.743) in the LOC+ mTBI subjects compared to TC. 

The LOC- mTBI subjects had significantly higher RD (p = 0.023, d = 0.592) and lower FA (p = 

0.004, d = 0.819) in the splenium of CC, when compared to TC. Significant differences in RD (p 

= 0.015, d = 0.636) and FA (p = 0.030, d =0.616) were also observed in the whole CC, between 

LOC- mTBI subjects and TC at 6M. There were no group differences in the MWF for either the 

LOC+ or LOC- mTBI subgroups and TC in any of the CC ROI’s at 6M post-injury. 

 

4.3.1.2 CT +/- Subgroup Analysis 

 

4.3.1.2.1 Acute (2 Weeks Post-Injury) Imaging Metrics 

 
The results of the structural imaging analyses for the CT+ and CT- mTBI subgroups 2W post-

injury are presented in Table A.5 and Figure 4.8. When comparing the CT+ mTBI group to the 
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CT- mTBI group at 2W post-injury, no significant differences in the MWF or DTI metrics were 

found, although the small number of CT+ participants (N=8) is a limitation of this analysis.  

 

The CT+ and CT- mTBI subgroups were then individually compared to the TC group. The CT- 

mTBI subjects had significantly lower FA (p = 0.047, d = 0.480) in the whole CC, when 

compared to TC. Specific analyses of the splenium of CC indicated significantly lower FA (p = 

0.004, d = 0.701) and higher RD (p = 0.004, d = 0.708) in CT- mTBI subjects when compared to 

controls. There were no group differences in DTI metrics between the CT+ mTBI subjects and 

TC in any of the ROI’s encompassing the CC. However, from Figure 4.8 it can be seen that the 

absolute difference in RD is greater between TC and the CT+ mTBI subjects than the CT- mTBI 

subjects and TC. There were no group differences in the MWF for the comparisons of the CT+ 

and CT- mTBI subjects with TC. 

 

 

Figure 4.8 WM analyses of DTI and MWI metrics between all mTBI sub-groups at 2W 
post-injury in the whole CC. Dots represent individual patient’s metrics and horizontal lines 
represent the mean of the groups. Figs. A, B, and D represent FA, RD, and MWF, respectively. * 
= p<0.05 student’s t-test compared to TC. 
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4.3.1.2.2 Chronic (6 Months Post-Injury) Imaging Metrics 

 

Table A.6 and Figure 4.9 summarizes the results of the structural imaging analyses for the CT+ 

and CT- mTBI subgroups, at 6M post-injury. There was a significantly higher RD (p = 0.034, d 

= 0.966) in the CT+ subjects in the whole CC compared to to the CT- mTBI group at 6M post-

injury. There were no significant differences in any of the other CC ROIs for the DTI metrics. 

There were no differences observed between the subgroups in the MWF.  

 

The CT+ and CT- mTBI subgroups were then individually compared to the TC group. In the 

whole CC, the CT+ mTBI subgroup had significantly lower FA (p = 0.016, d = 1.16) and higher 

RD (p= 0.011, d = 1.22) compared to TC. Subregional analyses revealed that the CT+ subgroup 

had significantly higher RD in the genu (p = 0.035, d = 1.01), body (p = 0.033, d = 1.02) and 

splenium (p = 0.036, d = 0.997) of the CC. Concomitantly, there was significantly lower FA 

observed in the CT+ mTBI subjects in the body (p = 0.032, d = 1.02) and splenium (p = 0.034, d 

= 1.01). At 6M post-injury, the CT- mTBI subjects had  significantly higher RD (p = 0.042, d = 

0.549) and lower FA (p = 0.016, d = 0.651) in the splenium of CC compared to controls. There 

was significantly lower FA (p = 0.030, d = 0.585) in the CT- mTBI subjects in the whole CC. 

There were no group differences observed in the MWF between either the CT+ or CT- mTBI 

subgroups and TC in any of the CC ROI’s at 6M post-injury.  
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Figure 4.9 WM analyses of DTI and MWI metrics between all mTBI sub-groups at 6M 
post-injury in the whole CC. Dots represent individual patient’s metrics and horizontal lines 
represent the mean of the groups. Figs. A, B, and D represent FA, RD, and MWF, respectively. * 
= p<0.05 student’s t-test compared to TC. 
 

4.3.2 MTBI Subgroup Longitudinal Investigations 

 

Descriptive statistics, group comparisons, and effect sizes for the longitudinal DTI and MWI 

analyses in the mTBI subgroups are presented in Table A.7and Figure 4.10. From the paired t-

test analyses, there were no statistically significant changes observed from the acute to chronic 

post-injury timepoint in any of the DTI metrics for the LOC+, LOC-and CT- mTBI subjects. 

Significant changes in diffusion measures were seen in The CT+ mTBI from 2W to 6M post-

injury (Figure 4.10): in the whole CC. There was a significant increase in RD (p = 0.031, d = 

0.261). In specific ROI investigations, there was also a significant increase in RD (p = 0.016, d = 

0.194) in the body of the CC. 

 

Similar to the DTI analyses, the LOC+ and CT- mTBI subjects did not exhibit significant 

changes in MWF from the 2W to 6M timepoint. In the LOC- mTBI subgroup, the subjects had a 
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significant decrease in MWF in the body of the CC (p = 0.05, d = 0.197). In parallel to the DTI 

metrics, the MWF decreased significantly in genu of the CC (p = 0.015, d = 0.525).  

 

Figure 4.10 Paired group analyses of DTI and MWI metrics for mTBI sub-groups from 2W 
to 6M post-injury in the whole CC. Dots represent the group averages at each timepoint, with 
the line indicating the change over time. Figs. A, B, and D represent FA, RD, and MWF, 
respectively. * = p<0.05 student’s t-test. Error bars indicate standard error.  
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4.3.3 Other Regions of Interest 

 

The results for the imaging analysis of the additional ROIs for the secondary exploratory 

analyses for the 2W and 6M data are provided in Tables A.8 and A.9, respectively.  

 

4.3.3.1 Acute (2 Weeks Post-Injury) Imaging Metrics 

 

Table A.8 outlines the additional ROIs that had significant or trending differences in imaging 

metrics between mTBI subjects and TC, 2W post-injury. C (p = 0.010, d = 0.604). Further, mTBI 

subjects had statistically significant lower FA in the CP, IC, CR, cingulum and SLF (0.004 £ p £ 

0.044, 0.470 £ d £ 0.795) (Figure 4.11). There was a significant whole brain increase in RD 

across the mTBI subjects (p = 0.014, d = 0.576). Specific areas with significant increases in RD 

included the CP, CR and SLF (0.003 £ p £ 0.031, 0.505 £ d £ 0.694) (Figure 4.11).  

 

 

 
 

Figure 4.11 TBSS comparison on FA, RD and MWF between patients with mTBI and TC 
at 2W post-injury in other ROIs. TBSS revealed areas of significantly lower FA (p<0.05, blue-
light blue, A) and significantly higher RD (p<0.05, red-yellow, B) in the multiple ROIs, in MTBI 
patients when compared to TC. No significant differences were found when comparing MWF 
between the two groups (C). 

A B C 
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No significant differences in any ROIs between mTBI subjects and controls for the imaging 

metric of MWF, 2W post-injury were observed. 

 

4.3.3.2 Chronic (6 Months Post-Injury) Imaging Metrics 

 

The results for the imaging analysis of the additional ROIs for the 6M data are provided in Table 

A.9. There was a whole brain reduction in FA across all of the ROIs in the mTBI subjects (p = 

0.007, d = 0.71). Specifically, mTBI subjects had statistically significant lower FA in the CP, IC, 

CR, posterior thalamic radiation (PTR), cingulum, EC and SLF (0.009 £ p £ 0.043, 0.526 £ d £ 

0.686) (Figure 4.12). There was also a significant widespread increase in RD the mTBI subjects 

(p = 0.016, d = 0.630). Specific areas with significant increases in RD included the CP, 

cerebellar peduncle, IC, PTR, EC, cingulum, CR, fronto-occipital fasciculus and SLF (0.003 £ p 

£ 0.047, 0.517 £ d £ 0.763) (Figure 4.12).  

 

 

 
Figure 4.12 TBSS comparison on FA, RD and MWF between patients with mTBI and TC 
at 6M post-injury in other ROIs. TBSS revealed areas of significantly lower FA (p<0.05, blue-
light blue, A) and significantly higher RD (p<0.05, red-yellow, B) in the multiple ROIs, in MTBI 
patients when compared to TC. No significant differences were found when comparing MWF 
between the two groups (C). 
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Similar to the 2W analyses, there were no significant differences in any ROIs in for the imaging 

metric of MWF, 6M post-injury between mTBI subjects and controls. 

 
4.3.4 Neuropsychological Data 

 

The results for the NP group investigations for 2W and 6M are presented in Tables A.10 and 

A.11, respectively. The correlational results between structural imaging metrics and NP data are 

presented in Tables A.12 and A.13. 

 

4.3.4.1 Neuropsychological Group Differences 

 

4.3.4.1.1 Acute (2 Weeks Post-Injury) Neuropsychological Metrics 

 

Table A.10 outlines the results for the comparisons of the RPQ, PCPST, and FCCS for the mTBI 

group and mTBI subgroups with TC, 2W post-injury. The mTBI group were significantly 

different in RPQ and FCC scores when compared to TC: the RPQ was higher (p < 0.001, d = 

0.965) and the FCCS was lower (p = 0.001, d = 1.22) in mTBI subjects. At 2W post-injury no 

significant differences in the PCPST scores between mTBI subjects and controls were observed. 

 

4.3.4.1.2 Chronic (6 Months Post-Injury) Neuropsychological Metrics 

 

The results of the NP data analyses for the mTBI group and subgroups, 6M post-injury, are 

presented in Table A.11. In the mTBI group, the RPQ and FCC scores remained abnormal at 6M 

post-injury compared to TC. RPQ score was still higher (p = 0.002, d = 1.06) and the FCCS was 
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lower (p = 0.012, d = 1.06) in mTBI subjects. There were no differences in the PCPST between 

mTBI subjects and controls at 6M post-injury. 

 

4.3.4.2 Neuropsychological and Imaging Correlations 

 

Correlations between DTI and MWI indices and RPQ scores, PCPST and FCCS are presented in 

Table A.12 and Figure 4.13, and Table A.13 and Figures 4.14 and 4.15, for 2W and 6M, 

respectively. Due to the previous lack of results in MD and AD, NP data were only correlated 

with DTI metrics of FA and RD. 

 

4.3.4.2.1 Acute (2 Weeks Post-Injury) Imaging and Neuropsychological Metrics Correlation 

 

For the mTBI group, there was a significant positive correlation between the FCCS and both RD 

(r = 0.294, p = 0.036) and FA (r = -0.341, p = 0.014) in the whole CC. Analyses indicated there 

was a significant correlation specifically in the body of the CC, between the FCCS, and both RD 

(r = 0.477, p < 0.001) and FA (r = -0.494, p < 0.001). There was a trend for a  negative 

correlation between FA and the PCPST score. There was also a trend for a negative correlation 

between MWF and the RPQ score in the splenium.  
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Figure 4.13 Correlational analyses of DTI and MWI metrics with the FCCS score for the 
mTBI group at 2W post-injury in the CC. Dots represent individual metrics in each ROI, with 
the line indicating the correlation. Figs. A, B, and D represent the correlation of FCCS with FA, 
RD, and MWF, respectively. * = p<0.05 student’s t-test in the ROI. 
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4.3.4.2.2 Chronic (6 Months Post-Injury) Imaging and Neuropsychological Metrics 

Correlation 

 

Table A.13, and Figures 4.14 and 4.15 outline the results of the correlation between the imaging 

metrics and NP data, 6M post injury. There were significant  correlations between RD (r = 0.374, 

p = 0.017) and FA (-0.333, p = 0.036) and the FCCS, in the body of the CC. There was a trend 

for a negative correlation between MWF and the FCCS in both the genu and whole CC. The 

RPQ score was significantly correlated with MWF in the splenium of CC (r = -0.370, p = 0.019), 

and there was a trend of negative correlation with MWF in the whole CC as well. There was no 

correlation between the DTI metrics and RPQ. There was no correlation between the PCPST and 

any of the imaging metrics, at 6M post-injury in the mTBI groups.  
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Figure 4.14 Correlational analyses of DTI and MWI metrics with the FCCS score for the 
mTBI group at 6M post-injury in the CC. Dots represent individual metrics in each ROI, with 
the line indicating the correlation. Figs. A, B, and D represent the correlation of FCCS with FA, 
RD, and MWF, respectively. * = p<0.05 student’s t-test in the ROI. 
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Figure 4.15 Correlational analyses of DTI and MWI metrics with the RPQ score for the 
mTBI group at 6M post-injury in the CC. Dots represent individual metrics in each ROI, with 
the line indicating the correlation. Figs. A, B, and D represent the correlation of RPQ with FA, 
RD, and MWF, respectively. * = p<0.05 student’s t-test in the ROI. 
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Chapter 5: Discussion 

 
The primary purpose of this research was to examine the sensitivities of neuroimaging modalities 

to mTBI, and to evaluate how imaging metrics change over time within the mTBI population. 

MTBI involves a multitude of temporally varying pathophysiological effects, including 

neuroinflammation, DAI, and demyelination, which can lead to neurologic dysfunction, 

particularly in the CC (Giza and Hovda, 2014). The main hypotheses were that (i) both DTI and 

MWI would be sensitive to alterations in structural connectivity and white matter integrity in the 

CC and splenium of the CC, related to mTBI, 2W post injury; (ii) both DTI and MWI would 

again be sensitive to the alterations related to mTBI, 6M post injury; and (iii) there would be a 

recovery in the structural imaging metrics from the acute to chronic post-injury period in patients 

with mTBI.  

 

Secondarily, the effects of LOC and DOI CT abnormalities on structural imaging metrics in 

mTBI were explored. It was hypothesized that all mTBI groups, regardless of LOC state or 

presence/absence of DOI CT abnormalities, would would have greater differences in imaging 

metrics when compared to controls. In the secondary exploratory analyses, it was also 

hypothesized that imaging metrics in other areas of the brain would be impacted by mTBI, and 

finally that imaging metrics could be correlated to NP metrics. 

 

5.1 Primary Objectives 

 
Consistent with our hypothesis, DTI was demonstrated to be a sensitive imaging modality to 

mTBI at both 2W and 6M post-injury. Compared with the TC group, the mTBI subjects had 

lower FA and higher RD in the CC. FA depicts the directional coherence (anisotropy) of water 
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diffusion and provides insight into the integrity of WM fibres (Soares et al., 2013). Lower FA is 

thought to represent a decrease in WM organization, axonal density, and myelination due to the 

deviation or disruption of fibers, inflammation, or axonal degradation (Shenton et al, 2012); it 

can also represent the presence of crossing WM fibre tracts (Soares et al., 2013)  RD is the 

coefficient of the water diffusion in the direction perpendicular to the axonal fibers, which 

represents the process of demyelination (Soares et al., 2013). It should be noted that while higher 

RD may indicate demyelination, it can also be explained by an increase in water content in the 

axons, which could be indicative of interaxonal swelling and not demyelination (Aung et al., 

2013). Elevated RD has been related to structural WM degradation, and coincides with lower 

FA, as RD and FA are interrelated mathematical derivations of each other (Huisman, 2010). In 

general, RD values are elevated, and FA values are lowered in response to white-matter injury 

(Hulkower et al., 2013) which is consistent with our findings. The lower FA and higher RD 

findings were present in the whole CC, and more specifically in the splenium of the CC. This 

suggests that the CC may have undergone diffuse axonal injury, and that the splenium of the CC 

may be particularly susceptible to the microstructural damages occurring in WM following 

mTBI. This coincides with previous reports that indicate that the CC is highly susceptible to WM 

strain in mTBI (Reeves et al., 2005). 

 

Our findings suggest that pathologic processes and changes in WM microstructure related to 

mTBI may persist beyond the initial injury. Contrary to our hypothesis, the DTI metrics did not 

recover 6M post-injury, with significantly lower FA and higher RD being observed in the mTBI 

group, as compared to TC, at the 6M timepoint. Collectively, these results suggest that mTBI 

induces microstructural damage to axonal networks, detectable by DTI even up to 6M post-
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injury, which could potentially lead to long lasting neurological deficits and be linked to PCS. 

These results parallel published literature regarding DTI metric trajectory following mTBI (Yin 

et al., 2019, Edlow et al, 2016, MacDonald et al., 2019). In a study by Yin et al., mTBI subjects 

continued to exhibit a loss of structural connectivity in the corpus callosum 3 months post-injury, 

while Edlow et al. observed decreasing FA from the acute to sub-acute time period following 

mTBI in the corpus callosum in subjects with mTBI. 

 

MWF is purported to be a direct marker of myelin content in the brain and has been previously 

reported to be sensitive to transient myelin disruption following mTBI (Weber et al., 2018, 

Spader et al., 2017, Wright et al., 2016). However, in our study there were no significant 

differences observed for any of the comparisons between the mTBI group and TC at both 2W 

and 6M post-injury. This was an interesting finding, given the elevated RD values from DTI in 

the mTBI group suggest potential demyelination (Aung et al., 2013).  This suggests that MWI is 

potentially not as sensitive to mTBI as previously reported (Wright et al., 2016). However, the 

lack of results could be attributed to numerous factors. MWI is itself a noisy imaging metric with 

high individual variation, and our sample size may not have been large enough to account for the 

larger values of standard deviation within the metric (Laule et al., 2007). MWI is typically best 

employed for mTBI with pre and post injury comparisons, that account for the intrasubject 

variability, as previously evidenced (Wright et al., 2016). Additionally, with mTBI, primary 

axotomy does not typically occur and the secondary neurometabolic effect of demyelination may 

not have occurred within our studies assessment timepoints; peak reductions in myelin content 

may have occurred at another time post-injury. Finally, as DTI, and more specifically RD, is an 

indirect measure of demyelination, it is possible that the elevated RD values could be a measure 
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of some other process occurring post mTBI, and not be specifically related to myelin content in 

the our sample.  

 

To our knowledge, this study is the first to directly compare in the structural imaging modalities 

of DTI and MWI in the mTBI population. From our results it can be inferred that while MWI is a 

promising novel tool in the diagnosis of mTBI, it requires further investigation and validation. 

DTI, which has historically had mixed results and findings related to mTBI, was validated as 

being sensitive to the structural alterations incurred with mTBI, within our population.  

 

It should be noted that both the differences and lack of differences in WM in the mTBI group 

could be attributed to pre-existing group differences, as there were no baseline pre-injury 

imaging data. However, an extensive group demographic investigation was conducted and there 

were no differences observed between the mTBI groups and TC in age, years of education, 

history of TBI, history of psychiatric condition or any other pertinent demographic variables 

related to WM, so it is reasonable to assume the differences in imaging metrics could be a result 

of the damage incurred by mTBI. 
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5.2 Secondary Exploratory Analyses 

 

5.2.1 MTBI Subgroups 

 

It has been previously reported that both objective evidence of intercranial trauma (CT+) and the 

presentation of LOC (LOC+) affect DTI neuroimaging parameters (Panenka et al., 2015; Wilde 

et al., 2016) These injury characteristics are also used extensively in the prognostication of mTBI 

(Ruff et al., 2009). Intuitively, it would be assumed that both CT+ patients and LOC+ patients 

would have greater differences in DTI metrics, compared to TC, as it would be assumed that the 

presence of intercranial abnormalities and alterations in consciousness indicate more severe 

acute damage in mTBI. It would also be inferred that there would be differences between the 

CT+ and CT- subjects as well as the LOC+ and LOC- subjects, based on the assumption of 

increased injury severity in the positive subjects.  

 

At 2W post-injury, our findings did not confirm to this assumption. There were no significant 

group differences between the LOC- and LOC+ subjects or the CT+ and CT- subjects. These 

results may indicate that the clinical presence of these properties is not sufficient to differentiate 

injuries with microstructural damage, however the low numbers in the positive groups preclude 

any robust conclusions. Comparing the subgroups individually to TC it was revealed that only 

the CT- and LOC- groups had significant differences compared to TC. In both the whole CC and 

splenium, the CT- and LOC- groups demonstrated significantly higher RD and lower FA than 

the TC. However, using Figure 4.8 to evaluate the absolute difference in group averages, it can 

be seen that for the metric of RD, both the CT+ and LOC+ have a greater difference in RD 
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relative to TC, compared to their CT- and LOC- counterparts (which demonstrated significantly 

higher RD compared to TC) at 2W post injury. This highlights the lack of statistical power in the 

CT+ and LOC+ subgroups, due to their small sample sizes (n=8 and n=15, respectively). We 

infer that CT+ and LOC+ mTBI may indeed reflect more structural damage that we are not able 

to detect, however further investigation, with larger sample sizes for the subgroups is required.  

 

At 6M post-mTBI, there were no significant group differences between the LOC- and LOC+ 

subjects. However, it was demonstrated that there was lower FA and higher RD in both the body 

and whole CC in CT+ subgroup, compared to CT- subgroup. Given that there were no 

differences observed at 2W between the two subgroups, this potentially suggests that the CT+ 

subgroup’s imaging metrics are getting worse over time. In the individual subgroup comparisons 

against TC, the LOC- and CT- subgroups continued to exhibit lower FA and higher RD, in the 

splenium and whole CC. This indicates that similarly to the mTBI group, the DTI metrics are not 

normalizing as one would expect following the trajectory of mTBI. Interestingly, the CT+ 

subgroup demonstrated significant differences in FA and RD compared to TC in multiple ROIs 

within the CC, at 6M post-injury. Significantly lower FA and higher RD was observed in the 

CT+ group in the genu, body, splenium, and whole CC. This again indicates that the CT+ mTBI 

subjects structural imaging metrics, and therefore WM integrity, are potentially worsening over 

time.  

 

Similar to the mTBI group as a whole, none of the mTBI subgroups were different from controls, 

in regards to the MWF. This highlights the lack of sensitivity of MWI to mTBI in our 

population. 
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As part of the secondary exploratory analyses, we conducted a brief examination of the change in 

structural imaging metrics from the 2W to 6M timepoint, on the basis that there were still group 

differences between the mTBI subgroups and controls, 6M post-injury. Based on paired t-tests, 

there were trends and significant decreases in MWF in multiple ROIs within the LOC- and CT+ 

subgroups. This is interesting as there were no significant differences observed for any of the 

group comparisons for the MWI analyses. The MWF decreasing in the CT+ subgroup 

corroborates the theory from previous results, that CT+ mTBI subjects WM integrity may be 

decreasing over time. For the DTI metrics, there was a significant increase in RD and a trend of a 

decrease in FA in subjects with CT+ mTBI only. This may suggest that while DTI is more 

sensitive to structural alterations incurred by mTBI at specific timepoints, MWI may be more 

sensitive to the changes incurred over time. Collectively, the longitudinal investigations provide 

further evidence that following mTBI, structural imaging metrics may not recover, and 

potentially even worsen, over time, due to the biochemical mechanisms involved in mTBI, such 

as persistent neuroinflammation and secondary DAI (Helmy et al., 2011,  Su and Bell, 2016, Ng 

and Lee, 2019). Although there are no published studies that specifically evaluate structural 

imaging metrics in CT+ and LOC+ mTBI over time, these findings are consistent with recent 

literature with mTBI as a whole and may provide a potential explanation for prolonged symptom 

presentation and delayed recovery (Yin et al., 2019, Edlow et al, 2016, MacDonald et al., 2019).  
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5.2.2 Other Regions of Interest 

 

Results for the DTI-TBSS analyses of other ROIs included in the JHU-ICBM WM atlas, 

revealed widespread differences in DTI metrics in subjects with mTBI, compared to TC. 

Multiple integral WM structures, including the IC and CR, had significantly lower FA and higher 

RD in the mTBI group, indicating diffuse, non-specific damage following mTBI. This further 

demonstrates the heterogeneous nature of white matter injury following mTBI, which is 

dependent on variables such as mechanism of injury, injury location, and the magnitude and 

directionality of the impact. These findings are also congruent with current published literature, 

that indicate diffuse, widespread structural damage is present following mTBI, and is detectable 

with DTI (Rausa et al., 2020, Soni et al., 2021, Yin et al., 2019) 

 

The differences were observed at both the 2W and 6M timepoint in almost all of the ROIs 

impacted, with additional ROIs being identified at the 6M timepoint. This again indicates that 

mTBI might not be as structurally transient as previously estimated and may in part account for 

the persistence of symptoms or neurocognitive deficits in some patients, aligning with current 

literature (Yin et al., 2019). 

 

There were no differences observed between mTBI subjects and TC for any of the MWI 

comparisons, in any of the ROIs. Contrasted with the multiple ROIs and even whole brain 

differences in DTI metrics, this potentially highlights the lack of sensitivity of MWI to mTBI in 

cross-sectional analyses. However, there is a chance that the differences in significant results 

could be attributed to the fact that MWI and DTI are not directly measuring the same entities in 
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their collection and analyses, and therefore are not representing the same biological processes 

following mTBI.  

 

5.2.3 Neuropsychological Data 

 

The mTBI group and all mTBI subgroups had significantly different RPQ and fluid composite 

scores compared to TC (with the exception of the small CT+ mTBI group), at both 2W and 6M 

post-injury. It would be expected that the mTBI group and subgroups would have significantly 

higher RPQ scores than the TC at 2W, as it is a questionnaire about symptoms related to mTBI 

(Silverberg et al., 2013). However, it would be anticipated that by 6M, all or most symptoms 

would be resolved within the mTBI subjects. The persistent elevation in RPQ score in the mTBI 

subjects, in parallel with the findings in the imaging analyses, indicate that both imaging and NP 

deficits persist at 6M post-injury. The reduction in FCCS score in the mTBI subjects compared 

to TC indicates that there are potential neurocognitive deficits related to mTBI, at both 2W and 

6M. Differences could be attributed to pre-existing group differences, as there are no baseline 

cognitive data, however there were no group differences observed between the mTBI groups and 

TC in age, years of education, or other pertinent demographic variable. It is reasonable to assume 

the differences in cognitive function could also be a result of the damage incurred by mTBI. 

Again, the persistence of the decreased FCCS at 6M post-injury may infer that there in a lag in 

recovery of cognitive function following mTBI. These findings are consistent with some studies 

the literature indicating that recovery is often incomplete (Machamer et al., 2022, McInnes et al., 

2017, Rabinowitz et al. 2015, Quinn et al., 2018). According to a study conducted by Machamer 

et al., which tracked patients with mTBI from 2W to 12 months (12M) post-injury, more than 



 74 

50% of the patients with mTBI continued to endorse 3 or more symptoms on the RPQ 12M post-

injury and endorsed more than twice the symptom burden compared to TC. A scoping review by 

McInnes et al. revealed that across several studies, approximately half of individuals experienced 

long-term cognitive impairment after MTBI (McInnes et al., 2017).  

 

The correlational results for the imaging metrics and NP data both confirmed and disproved our 

hypothesis. At 2W post-injury, there was a positive trend between RD and the FCCS, and a 

negative trend between FA and FCCS, both in the splenium and whole CC. This was 

counterintuitive, as it suggests that as imaging metrics worsened (FA decreasing and RD 

increasing), the FCCS score improved. The unexpected correlation also occurred at 6M post-

injury, however at the chronic timepoint the correlation was only present in the body of the CC. 

A minority of prior studies also reported an inverse correlation between FA and cognitive 

outcomes post trauma (Zhu et al., 2019). Typically this occurs in the acute phase post-mTBI and 

is variably attributed to cytotoxic edema or gliosis, which could cause an increase in FA yet 

negatively affect cognition. Although this is possible explanation for these findings, given that 

our mTBI subjects had lower FA compared to TC, e find it is unlikely. 

  

In contrast, there was a trend for a negative correlation between MWF and RPQ score in the 

splenium of CC, 2W post-injury, and a significant correlation between MWF and RPQ score in 

the splenium, 6M post-injury. The directionality of this relationship was as expected, suggesting 

that as the RPQ scores increase (or symptoms get worse), the MWF values decrease.  There have 

been no previous findings of MWF correlating with cognitive measures in mTBI (Russell-

Schultz et al., 2015), however there have been several studies indicating a relationship between 
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DTI and cognition in mTBI (Gonzalez et al., 2021, Zhu et al, 2019). Our findings should be 

considered preliminary, with further detailed investigation being required. As MWF is known to 

be correlated with age (Faizy et al., 2020) and years of education (Flynn et al., 2003), one 

argument for our findings would be that the correlations of the MWF with cognition could be 

attributed to those two factors.  The MWI and DTI analyses were controlled for both age and 

years of education to account for this, however there are several other factors that correlate to 

myelination including neurodevelopment differences, nutrition, body mass index, and 

environmental factors, such as stress (Deoni et al., 2018 Dong et al., 2021, and Forbes and Gallo, 

2017), which were not measured. There is a reasonable possibility that the significant 

correlations might be due to pre-existing group differences. The fact that the correlation is only 

observed at 6M post-injury could also indicate that there is some other unique, unaccounted for 

factor that the mTBI group is experiencing, for example an augmented cortisol response as a 

result of prolonged symptoms, that might be leading to longer term differences in myelination.  

 

There were no significant cross-sectional or correlational results for the neurocognitive metric of 

PCPST from the NIHTB-CB. This could infer that the processing speed test is not sensitive to 

the pathologic process of mTBI, however this would need to be confirmed in other mTBI 

populations. 

 

5.3 Limitations 

 

There are several important limitations to this study that warrant consideration when interpreting 

the results. For example, the current study does not rule out pre-existing individualized patterns 
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of white matter differences in the mTBI population, as there were no baseline pre-injury imaging 

metrics. Secondly, given the heterogeneity of mTBI, alterations in structural imaging parameters 

in mTBI have been linked to numerous possible pathophysiological mechanisms, such as 

inflammation and cytotoxic edema, demyelination, and axonal disruption or axonal degeneration. 

This can lead to the overestimation of some metrics, while underestimating others, which could 

explain the determinate findings in DTI and null findings in the MWI. Additionally, our scope 

was limited to the two timepoints of 2W and 6M post-injury. Although most imaging changes 

are expected to generally occur within these timepoints, further research is required to better 

characterize the temporal complexity of mTBI, and to determine the exact pathophysiological 

mechanisms underlying the abnormalities in imaging metrics. As previously noted, the non-

significant findings in the LOC+ and CT+ mTBI subgroups may be explained by the lower 

statistical power of these analyses due to the small sample sizes. Related findings should be 

considered preliminary, and they require extensive further validation. Finally, as we were 

conducting multiple independent investigations within the same cohort, there is the possibility 

that the multitude of significant findings within our analyses could be inflated as a result of false 

discovery rates with multiple comparisons. However, the TBSS fully corrects for multiple 

comparisons across space with a family wise error correction (Smith et al., 2006).  
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Chapter 6: Conclusion 

 
The primary objective of this thesis was to investigate the sensitivities of structural MRI 

modalities (DTI and MWI) to the subtle alterations in WM architecture incurred as a result of 

mTBI, at both the acute (2W) and chronic (6M) timepoints post-injury. It was determined that at 

2W post injury DTI was a sensitive imaging modality to mTBI, with the mTBI group exhibiting 

significantly lower FA and higher RD, compared to TC in both the splenium of CC and whole 

CC. These differences persisted to the 6M timepoint, again indicating the sensitivity of DTI to 

mTBI, but also potentially suggesting that there is a delay in the recovery of imaging metrics 

post mTBI. This was corroborated by the longitudinal analyses, which indicated there were no 

significant changes (and therefore recovery) in the DTI metrics from 2W to 6M in the mTBI 

group. There were no differences identified between the mTBI group and TC at either timepoint 

for the MWI metric of MWF, indicating that the imaging modality may not be as sensitive to 

mTBI as previously reported, and requires further exploration and validation in its application to 

mTBI. 

Secondary exploratory analyses were conducted to assess the effects of the DOI characteristics 

of LOC and abnormal CT findings on imaging metrics, investigate how the imaging metrics 

were changing within each group from 2W to 6M, assess the effect of mTBI on imaging metrics 

in other ROIs in the brain, and to correlate the imaging metrics to NP measures. First, it was 

determined that at 2W post injury LOC and DOI abnormalities on CT scans in mTBI had no 

statistical effect on the imaging metrics, as group differences were only found in the LOC- and 

CT- mTBI subgroups. We observed that the groups exhibited lower FA and higher RD compared 

to TC in the splenium and whole CC. Lack of positive findings was likely due to a low of 

statistical power in the positive subgroups, as the absolute differences were larger in the positive 
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subgroups. At 6M post-injury, the LOC- and CT- subgroups continued to exhibit lower FA and 

higher RD compared to TC, but interestingly group differences were also seen between TC and 

the CT+ mTBI subjects. This indicates that the CT+ subgroups imaging metrics may have 

worsened over time. There were no group differences observed between the LOC+ and CT+ 

subjects and their LOC- and CT- counterparts, with the exception of a significant difference 

observed between the CT+ and CT- subjects at 6M post-injury in the splenium of CC. This again 

indicates that the CT+ groups imaging metrics may be worsening over time and highlights the 

sensitivity of the splenium to mTBI. This was confirmed with the longitudinal comparison of the 

MRI-based measures between 2W to 6M. The CT+ group had a trending decrease in FA and a 

significant increase in RD from 2W to 6M in the splenium. While there were no cross-sectional 

group differences observed for any of the subgroup comparisons for MWF, there were several 

trends observed for change occurring from the 2W to 6M, post-mTBI. This suggests that MWI 

might be more sensitive to data where there is two timepoints and is better and assessing the 

subtle changes over time in the pathophysiology of mTBI. Thirdly, other WM ROIs were 

investigated to assess the whole brain effects on imaging metric of mTBI. Whole brain FA and 

RD was demonstrated to be significantly different in the mTBI group, compared to TC. Other 

integral WM structures such as the IC, CR, and CP also revealed significant differences in FA 

and RD in the mTBI group. Again, there were no differences observed in the MWF in any of the 

ROIs for any of the comparison, highlighting the insensitivity of MWI to cross-sectional analysis 

of mTBI, in our sample. Lastly, we investigated the group differences in NP measurements and 

correlated the metrics to imaging metrics. Group differences were observed in the mTBI group in 

the metrics of the RPQ score and FCCS, compared to TC at both 2W and 6M. This corroborates 

the imaging analyses suggesting that there is potentially a delay in structure and function 
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following mTBI, which was the opposite of our hypotheses, and may provide an explanation for 

the phenomena of PCS. The NP metric of the FCCS only correlated to the DTI metrics at 2W 

post-injury, notably only in the body of the CC. The MWF correlated to the NP measurements of 

both RPQ and FCCS score, at 2W and 6M post-injury, potentially suggesting that MWF is more 

highly related to functional outcome following mTBI.  

 

Overall, this thesis highlighted the validity of DTI’s sensitivity to mTBI, while indicating that 

MWI requires further investigation to enable its application to accurately diagnose mTBI. The 

secondary analyses highlighted that the recovery from mTBI is incredibly complicated, and that 

both imaging and NP metrics may experience a significant delay in recovery and that certain 

groups within the mTBI population may be worsening over time. These interesting findings 

render further investigation. This thesis provided data that can be utilized in improving diagnosis 

of mTBI, therefore hopefully leading to improved treatment and management.  
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Appendix: Tables 
 
Table A.1 Sample Demographics 
 

Variable MTBI Controls P-value Cohen's Effect Size 
M SD M SD 

Age (years) 33.7 11.4 32.7 8.57 0.670 0.097 
Education (years) 15.3 2.95 15.8 2.95 0.580 0.130 
Days tested postinjury 2W 19.5 12.4 26.7 21.1 0.057 -0.450 
Days tested postinjury 6M 191.6 17.7 199.0 72.9 0.490 0.181 
Lowest GCS 14.8 0.540 - - - - 
       

Variable n % n % P-value Cohen's Effect Size 
Gender 

Men 27 52.9 21 70.0 0.131 0.273 
Women 24 47.1 9 30.0 

Ethnicity 
Caucasian 27 52.9 19 63.3 0.362 0.172 

Asian/East-Indian/Other 24 47.1 11 36.7 
Mechanism of Injury 

MVA 7 13.7 0 0.00 0.194 0.242 
Fall  18 35.3 8 26.7 

Sports 10 19.6 14 46.7 
Impact/Blow 8 15.7 5 16.7 

Bicycle 8 15.7 3 10.0 
History of TBI 

Yes 19 27.5 16 53.3 0.158 -0.262 
No 32 72.5 14 46.7 

History of Substance Abuse 
Yes 19 27.5 16 53.3 0.939 -0.015 
No 32 72.5 14 46.7 

History of Psychiatric Illness 
Yes 14 27.5 8 26.7 0.262 0.207 
No 37 72.5 22 73.3 

Pre-injury Alcohol 
Low-moderate 45 88.2 24 80.0 0.314 0.198 

Heavy 6 11.8 6 20.0 
Loss of Consciousness  

None (LOC-) 36 70.6 - - - - 
1 to 30 Minutes (LOC+) 15 29.4 - - 

Day of Injury Computed Tomography Scan  
Normal (CT-) 43 84.3 - - - - 

Abnormal (CT+) 8 15.7 - - 
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Table A.2 Primary Acute MTBI Imaging Differences Results 
 

Region of 
Interest 

Imaging 
Metric 

MTBI Trauma Controls 

P-value 

Cohen's 
Effect 
Size M SD M SD 

Whole 
Corpus 

Callosum 

MWF 0.090 0.016 0.088 0.015 0.649 0.105 

RD 0.368 0.022 0.356 0.028 0.053 0.452 

FA 0.731 0.016 0.739 0.020 0.050 0.458 

Genu 

MWF 0.078 0.016 0.074 0.015 0.277 0.252 

RD 0.421 0.033 0.407 0.043 0.113 0.368 

FA 0.691 0.024 0.701 0.031 0.125 0.357 

Body 

MWF 0.0823 0.0172 0.0801 0.0159 0.567 0.132 

RD 0.39 0.0368 0.384 0.0357 0.487 0.161 

FA 0.707 0.0267 0.712 0.0251 0.377 0.205 

Splenium 

MWF 0.110 0.019 0.111 0.019 0.809 0.056 

RD 0.292 0.020 0.278 0.021 0.003 0.694 

FA 0.795 0.015 0.804 0.014 0.006 0.646 
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Table A.3 Primary Chronic MTBI Imaging Differences Results 
 

Region 
of 

Interest 
Imaging 
Metric 

MTBI Trauma Controls 

P-value 

Cohen's 
Effect 
Size M SD M SD 

Whole 
Corpus 

Callosum 

MWF 0.089 0.017 0.087 0.015 0.637 0.121 

RD 0.370 0.024 0.354 0.029 0.015 0.636 

FA 0.728 0.017 0.74 0.020 0.009 0.682 

Genu 

MWF 0.076 0.015 0.072 0.016 0.302 0.265 

RD 0.424 0.029 0.403 0.041 0.020 0.610 

FA 0.688 0.021 0.703 0.030 0.024 0.591 

Body 

MWF 0.081 0.019 0.079 0.016 0.713 0.094 

RD 0.397 0.041 0.382 0.037 0.156 0.366 

FA 0.702 0.028 0.713 0.030 0.118 0.405 

Splenium 

MWF 0.109 0.020 0.109 0.020 0.961 0.013 

RD 0.291 0.025 0.276 0.025 0.023 0.592 

FA 0.794 0.017 0.806 0.015 0.010 0.674 
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Table A.4 Primary Longitudinal MTBI Analyses Results 
 

ROI 
  

MWF 
  

RD 
 

FA 
 

2W  6M  
Change  p  d  

2W 6M 
Change p d 

2W 6M 
Change p d 

M SD M SD M SD M SD M SD M SD 
Whole 
CC 0.090 0.016 0.089 0.017 -0.001 0.114 0.106 0.368 0.022 0.370 0.024 0.002 0.316 0.032 0.731 0.016 0.728 0.017 -0.003 0.407 0.016 

Genu 0.078 0.016 0.076 0.015 -0.001 0.084 0.153 0.421 0.033 0.424 0.029 0.003 0.156 0.086 0.690 0.024 0.688 0.020 -0.002 0.211 0.057 

Body 0.082 0.017 0.081 0.019 -0.001 0.074 0.145 0.390 0.037 0.397 0.040 0.007 0.172 0.048 0.707 0.027 0.702 0.028 -0.005 0.215 0.035 

Splenium 0.110 0.019 0.109 0.020 -0.001 0.403 0.021 0.292 0.020 0.291 0.025 -0.001 0.299 0.066 0.795 0.015 0.794 0.017 -0.001 0.403 0.029 
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Table A.5 Secondary Acute MTBI Subgroup Imaging Differences Results 
 

ROI 
Imaging 
Metric 

1. LOC+ MTBI 2 LOC- MTBI 3. CT+ MTBI 4. CT- MTBI 5. Trauma Controls 1. versus 5. 2. versus 5. 1. versus 2. 3. versus 5. 4. versus 5. 3. versus 4. 

M SD M SD M SD M SD M SD p d p d p d p d p d p d 

Whole CC 

MWF 0.084 0.016 0.092 0.016 0.088 0.018 0.090 0.016 0.088 0.015 0.383 0.300 0.312 0.252 0.123 0.525 0.983 0.008 0.595 0.022 0.74 0.129 

RD 0.373 0.019 0.367 0.022 0.370 0.032 0.367 0.020 0.356 0.028 0.085 0.432 0.073 0.640 0.454 0.015 0.258 0.458 0.063 0.449 0.771 0.112 

FA 0.726 0.013 0.731 0.016 0.732 0.020 0.731 0.015 0.739 0.020 0.088 0.428 0.036 0.752 0.277 0.370 0.397 0.341 0.047 0.48 0.819 0.089 

Genu 

MWF 0.074 0.014 0.079 0.016 0.074 0.018 0.078 0.015 0.074 0.015 0.970 0.013 0.152 0.358 0.236 0.369 0.916 0.042 0.218 0.295 0.533 0.242 

RD 0.427 0.043 0.419 0.027 0.424 0.035 0.420 0.032 0.407 0.043 0.150 0.460 0.216 0.309 0.381 0.272 0.306 0.413 0.150 0.346 0.735 0.131 

FA 0.687 0.030 0.693 0.021 0.691 0.024 0.691 0.024 0.701 0.031 0.173 0.438 0.224 0.304 0.453 0.232 0.454 0.301 0.139 0.356 0.946 0.026 

Body 

MWF 0.075 0.015 0.085 0.017 0.082 0.019 0.082 0.017 0.080 0.016 0.347 0.301 0.222 0.305 0.063 0.585 0.793 0.105 0.563 0.138 0.933 0.033 

RD 0.392 0.032 0.388 0.039 0.393 0.055 0.389 0.033 0.384 0.036 0.417 0.259 0.626 0.121 0.701 0.119 0.572 0.227 0.522 0.153 0.788 0.105 

FA 0.703 0.025 0.709 0.027 0.706 0.039 0.707 0.024 0.712 0.025 0.228 0.387 0.592 0.133 0.453 0.233 0.599 0.211 0.377 0.212 0.942 0.028 

 
MWF 0.104 0.022 0.112 0.018 0.108 0.019 0.110 0.020 0.111 0.019 0.314 0.322 0.802 0.062 0.208 0.392 0.716 0.146 0.870 0.039 0.790 0.103 

Splenium 
RD 0.285 0.017 0.295 0.02 0.292 0.024 0.292 0.019 0.278 0.021 0.290 0.339 0.001 0.833 0.089 0.533 0.122 0.630 0.004 0.708 0.941 0.029 

 
FA 0.800 0.013 0.793 0.015 0.799 0.016 0.794 0.148 0.804 0.014 0.377 0.307 0.002 0.793 0.109 0.501 0.331 0.392 0.004 0.701 0.438 0.301 

 

 
  



 102 

 
 
Table A.6 Secondary Chronic MTBI Subgroup Imaging Differences Results 
 

ROI 
Imaging 
Metric 

1. LOC+ MTBI 2 LOC- MTBI 3. CT+ MTBI 4. CT- MTBI 5. Trauma Controls 1. versus 5. 2. versus 5. 1. versus 2. 3. versus 5. 4. versus 5. 3. versus 4. 

M SD M SD M SD M SD M SD p d p d p d p d p d p d 

Whole CC 

MWF 0.084 0.016 0.091 0.018 0.085 0.022 0.090 0.016 0.087 0.015 0.573 0.200 0.362 0.253 0.223 0.428 0.764 0.138 0.516 0.172 0.513 0.293 

RD 0.371 0.021 0.370 0.026 0.389 0.029 0.367 0.022 0.354 0.029 0.075 0.650 0.034 0.598 0.911 0.003 0.011 1.23 0.051 0.526 0.035 0.966 

FA 0.727 0.013 0.729 0.018 0.717 0.018 0.730 0.016 0.740 0.020 0.042 0.743 0.030 0.616 0.764 0.104 0.016 1.16 0.030 0.585 0.086 0.779 

Genu 

MWF 0.073 0.015 0.078 0.015 0.072 0.019 0.077 0.015 0.072 0.016 0.944 0.025 0.192 0.364 0.318 0.349 0.960 0.023 0.226 0.323 0.442 0.344 

RD 0.431 0.036 0.421 0.025 0.441 0.018 0.421 0.019 0.403 0.041 0.054 0.700 0.060 0.528 0.322 0.346 0.035 1.01 0.059 0.507 0.105 0.736 

FA 0.683 0.023 0.690 0.020 0.680 0.015 0.689 0.022 0.703 0.030 0.060 0.683 0.073 0.503 0.371 0.312 0.093 0.791 0.053 0.521 0.344 0.425 

Body 

MWF 0.074 0.016 0.084 0.019 0.076 0.025 0.082 0.018 0.079 0.016 0.336 0.342 0.337 0.267 0.111 0.563 0.672 0.194 0.567 0.152 0.468 0.325 

RD 0.401 0.034 0.395 0.044 0.423 0.050 0.392 0.038 0.382 0.037 0.149 0.518 0.268 0.308 0.663 0.152 0.033 1.02 0.326 0.261 0.087 0.777 

FA 0.696 0.021 0.704 0.0303 0.684 0.032 0.705 0.026 0.713 0.03 0.074 0.647 0.267 0.309 0.445 0.266 0.032 1.02 0.255 0.303 0.097 0.754 

 
MWF 0.105 0.020 0.111 0.020 0.109 0.025 0.110 0.020 0.109 0.020 0.554 0.210 0.697 0.108 0.371 0.312 0.749 0.147 0.872 0.043 0.670 0.190 

Splenium 
RD 0.282 0.021 0.295 0.027 0.305 0.042 0.289 0.021 0.276 0.025 0.496 0.241 0.010 0.734 0.135 0.527 0.036 0.997 0.042 0.549 0.161 0.634 

 
FA 0.800 0.014 0.792 0.018 0.787 0.027 0.796 0.015 0.806 0.0154 0.347 0.335 0.004 0.819 0.143 0.516 0.034 1.01 0.016 0.651 0.277 0.488 
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Table A.7 Secondary Longitudinal MTBI Subgroup Analyses Results 
 

 

MTBI 
Subgroup  

MWF 
  

RD 
 

FA 
 

ROI 
 2W  6M  

Change  p  d  
2W 6M 

Change p d 
2W 6M 

Change p d  
M SD M SD M SD M SD M SD M SD 

Whole 
CC 

LOC + 0.084 0.016 0.084 0.016 0.000 0.485 0.006 0.373 0.019 0.371 0.021 -0.002 0.303 0.074 0.726 0.013 0.727 0.013 0.001 0.313 0.085 

LOC- 0.092 0.016 0.091 0.018 -0.001 0.079 0.154 0.367 0.022 0.370 0.026 0.003 0.412 0.017 0.731 0.0162 0.729 0.018 -0.002 0.469 0.006 

CT+ 0.088 0.018 0.085 0.022 -0.003 0.086 0.367 0.370 0.032 0.389 0.029 0.019 0.031 0.261 0.732 0.022 0.717 0.018 -0.015 0.065 0.328 

CT- 0.090 0.016 0.090 0.016 0.000 0.300 0.047 0.367 0.020 0.367 0.022 0.000 0.104 0.098 0.731 0.015 0.73 0.016 -0.001 0.151 0.076 

Genu 

LOC + 0.074 0.015 0.073 0.015 -0.0009 0.301 0.100 0.427 0.043 0.431 0.036 0.004 0.353 0.059 0.687 0.030 0.683 0.023 -0.004 0.399 0.040 

LOC- 0.079 0.016 0.078 0.015 -0.0012 0.104 0.175 0.419 0.027 0.421 0.025 0.002 0.159 0.104 0.693 0.021 0.690 0.020 -0.003 0.191 0.067 

CT+ 0.074 0.018 0.072 0.019 -0.0024 0.015 0.525 0.424 0.034 0.441 0.018 0.017 0.290 0.156 0.691 0.024 0.680 0.015 -0.011 0.222 0.132 

CT- 0.078 0.015 0.077 0.015 -0.0009 0.262 0.078 0.420 0.032 0.421 0.029 0.001 0.103 0.117 0.691 0.024 0.689 0.022 -0.002 0.150 0.081 

Body 

LOC + 0.075 0.015 0.074 0.016 -0.0016 0.447 0.029 0.392 0.032 0.401 0.034 0.009 0.374 0.046 0.703 0.025 0.696 0.021 -0.007 0.353 0.048 

LOC- 0.085 0.017 0.084 0.019 -0.0011 0.050 0.197 0.388 0.039 0.395 0.044 0.007 0.172 0.048 0.709 0.027 0.704 0.030 -0.005 0.095 0.059 

CT+ 0.082 0.019 0.076 0.025 -0.0061 0.153 0.367 0.393 0.055 0.423 0.050 0.030 0.016 0.194 0.706 0.039 0.684 0.032 -0.022 0.060 0.192 

CT- 0.082 0.017 0.082 0.018 -0.0004 0.170 0.091 0.389 0.033 0.392 0.038 0.003 0.400 0.015 0.707 0.024 0.705 0.026 -0.002 0.477 0.003 

Splenium 

LOC + 0.104 0.022 0.105 0.02 0.001 0.280 0.094 0.285 0.017 0.282 0.021 -0.003 0.245 0.186 0.800 0.013 0.800 0.014 0.000 0.342 0.094 

LOC- 0.112 0.018 0.111 0.02 -0.001 0.225 0.078 0.295 0.020 0.295 0.027 0.000 0.434 0.031 0.793 0.015 0.792 0.018 -0.001 0.487 0.005 

CT+ 0.108 0.019 0.109 0.025 0.001 0.195 0.221 0.292 0.024 0.305 0.042 0.013 0.210 0.237 0.799 0.016 0.787 0.027 -0.012 0.148 0.316 

CT- 0.110 0.020 0.110 0.020 0.000 0.404 0.022 0.292 0.019 0.289 0.021 -0.003 0.131 0.161 0.794 0.148 0.796 0.015 0.002 0.168 0.121 
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Table A.8 Secondary Other Regions of Interest Acute MTBI Imaging Differences Results 
 
 

 
 
 
 
 
 
 
 
 
 
 

ROI 
  MWF RD FA 

Number Name p d p d p d 
All ROIs 0.611 0.118 0.014 0.576 0.010 -0.604 
ROI1 Middle cerebellar peduncle 0.644 0.113 0.029 0.511 0.165 -0.322 
ROI2 Pontine crossing tract  0.192 0.313 0.914 0.025 0.933 -0.019 
ROI3 Genu of corpus callosum 0.277 0.252 0.113 0.368 0.117 -0.365 
ROI4 Body of corpus callosum 0.567 0.132 0.487 0.161 0.360 -0.212 
ROI5 Splenium of corpus callosum 0.809 -0.056 0.003 0.694 0.005 -0.665 
ROI6 Fornix  0.620 -0.115 0.454 0.173 0.406 -0.192 
ROI7 Corticospinal tract R 0.970 0.009 0.532 0.145 0.738 -0.077 
ROI8 Corticospinal tract L 0.744 0.078 0.947 -0.015 0.714 0.085 
ROI9 Medial lemniscus R 0.278 0.269 0.753 0.073 0.687 -0.093 
ROI10 Medial lemniscus L 0.346 0.230 0.320 0.230 0.290 -0.245 
ROI11 Inferior cerebellar peduncle R   0.186 0.322 0.694 0.091 0.705 0.088 
ROI12 Inferior cerebellar peduncle L 0.742 -0.084 0.233 0.277 0.505 -0.154 
ROI13 Superior cerebellar peduncle R 0.942 -0.017 0.942 0.017 0.956 -0.013 
ROI14 Superior cerebellar peduncle L 0.792 0.062 0.381 0.203 0.322 -0.229 
ROI15 Cerebral peduncle R 0.573 -0.130 0.018 0.557 0.020 -0.545 
ROI16 Cerebral peduncle L 0.123 -0.359 0.018 0.558 0.012 -0.592 
ROI17 Anterior limb of internal capsule R 0.533 0.144 0.410 0.190 0.186 -0.307 
ROI18 Anterior limb of internal capsule L 0.421 0.186 0.431 0.182 0.425 -0.185 
ROI19 Posterior limb of internal capsule R 0.937 -0.018 0.110 0.371 0.061 -0.437 
ROI20 Posterior limb of internal capsule L 0.526 0.146 0.133 0.349 0.119 -0.363 
ROI21 Retrolenticular part of internal capsule R 0.423 0.185 0.222 0.283 0.158 -0.328 
ROI22 Retrolenticular part of internal capsule L 0.609 -0.118 0.098 0.385 0.044 -0.470 
ROI23 Anterior corona radiata R 0.701 0.089 0.031 0.505 0.026 -0.521 
ROI24 Anterior corona radiata L 0.589 0.125 0.178 0.313 0.329 -0.226 
ROI25 Superior corona radiata R 0.726 0.081 0.096 0.388 0.074 -0.416 
ROI26 Superior corona radiata L 0.943 -0.017 0.072 0.420 0.038 -0.487 
ROI27 Posterior corona radiata R 0.723 0.082 0.195 0.300 0.219 -0.285 
ROI28 Posterior corona radiata L 0.532 0.145 0.266 0.258 0.278 -0.252 
ROI29 Posterior thalamic radiation R 0.722 -0.082 0.120 0.361 0.063 -0.434 
ROI30 Posterior thalamic radiation L 0.777 -0.065 0.254 0.264 0.094 -0.390 
ROI31 Sagittal stratum R 0.815 0.054 0.251 0.266 0.209 -0.291 
ROI32 Sagittal stratum L 0.563 -0.134 0.572 0.130 0.444 -0.177 
ROI33 External capsule R 0.673 0.097 0.126 0.356 0.130 -0.352 
ROI34 External capsule L 0.314 0.233 0.138 0.345 0.131 -0.351 
ROI35 Cingulum (cingulate gyrus) R 0.843 -0.046 0.089 0.397 0.076 -0.413 
ROI36 Cingulum (cingulate gyrus) L 0.310 0.235 0.081 0.406 0.042 -0.475 
ROI37 Cingulum (hippocampus) R 0.510 -0.152 0.735 -0.078 0.966 0.010 
ROI38 Cingulum (hippocampus) L 0.327 -0.227 0.395 -0.197 0.941 -0.017 
ROI39 Fornix/Stria terminalis R 0.625 0.113 0.806 0.057 0.920 0.023 
ROI40 Fornix/ Stria terminalis L 0.145 -0.339 0.541 0.141 0.341 -0.220 
ROI41 Superior longitudinal fasciculus R 0.641 0.108 0.086 0.400 0.090 -0.395 
ROI42 Superior longitudinal fasciculus L 0.582 0.127 0.018 0.557 0.014 -0.581 
ROI43 Superior fronto-occipital fasciculus R 0.792 0.061 0.059 0.441 0.089 -0.396 
ROI44 Superior fronto-occipital fasciculus L 0.477 0.164 0.140 0.343 0.147 -0.337 
ROI45 Uncinate fasciculus R 0.748 0.074 0.917 0.024 0.561 -0.134 
ROI46 Uncinate fasciculus L 0.730 -0.080 0.346 0.218 0.297 -0.242 
ROI47 Tapetum R 0.414 -0.189 0.749 0.074 0.614 -0.116 
ROI48 Tapetum L 0.495 -0.158 0.633 0.110 0.757 -0.071 
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Table A.9 Secondary Other Regions of Interest Chronic MTBI Imaging Differences Results 

 
 

ROI 
  MWF RD FA 

Number Name p d p d p d 
All ROIs 0.539  0.157 0.016 0.630 0.007 -0.712 
ROI1 Middle cerebellar peduncle 0.290 0.290 0.104 0.421 0.126 -0.396 
ROI2 Pontine crossing tract  0.537 0.162 0.585 -0.140 0.762 0.078 
ROI3 Genu of corpus callosum 0.302 0.265 0.020 0.610 0.024 -0.591 
ROI4 Body of corpus callosum 0.713 0.094 0.156 0.366 0.118 -0.405 
ROI5 Splenium of corpus callosum 0.961 0.013 0.023 0.592 0.010 -0.674 
ROI6 Fornix  0.697 -0.099 0.116 0.406 0.097 -0.430 
ROI7 Corticospinal tract R 0.828 0.057 0.130 0.391 0.412 -0.210 
ROI8 Corticospinal tract L 0.464 0.193 0.610 0.131 0.738 -0.086 
ROI9 Medial lemniscus R 0.686 -0.113 0.904 -0.031 0.966 0.011 
ROI10 Medial lemniscus L 0.921 -0.028 0.912 -0.028 0.794 0.067 
ROI11 Inferior cerebellar peduncle R   0.399 0.237 0.472 0.185 0.962 -0.012 
ROI12 Inferior cerebellar peduncle L 0.281 -0.307 0.447 0.195 0.774 -0.074 
ROI13 Superior cerebellar peduncle R 0.500 -0.173 0.963 0.012 0.852 0.048 
ROI14 Superior cerebellar peduncle L 0.615 0.132 0.962 0.012 0.886 -0.037 
ROI15 Cerebral peduncle R 0.383 -0.224 0.031 0.561 0.079 -0.456 
ROI16 Cerebral peduncle L 0.265 -0.286 0.256 0.292 0.173 -0.352 
ROI17 Anterior limb of internal capsule R 0.506 0.170 0.127 0.394 0.298 -0.267 
ROI18 Anterior limb of internal capsule L 0.100 0.425 0.797 0.066 0.999 0.000 
ROI19 Posterior limb of internal capsule R 0.456 0.191 0.034 0.551 0.043 -0.526 
ROI20 Posterior limb of internal capsule L 0.311 0.260 0.601 0.134 0.434 -0.201 
ROI21 Retrolenticular part of internal capsule R 0.379 0.226 0.130 0.391 0.108 -0.416 
ROI22 Retrolenticular part of internal capsule L 0.980 -0.006 0.528 0.162 0.084 -0.447 
ROI23 Anterior corona radiata R 0.526 0.162 0.010 0.674 0.020 -0.609 
ROI24 Anterior corona radiata L 0.357 0.236 0.043 0.525 0.082 -0.450 
ROI25 Superior corona radiata R 0.800 -0.065 0.004 0.753 0.009 -0.686 
ROI26 Superior corona radiata L 0.900 0.032 0.090 0.439 0.027 -0.577 
ROI27 Posterior corona radiata R 0.788 -0.069 0.092 0.436 0.108 -0.416 
ROI28 Posterior corona radiata L 0.363 0.233 0.524 0.164 0.338 -0.246 
ROI29 Posterior thalamic radiation R 0.784 0.070 0.037 0.542 0.026 -0.582 
ROI30 Posterior thalamic radiation L 0.952 -0.015 0.217 0.318 0.086 -0.445 
ROI31 Sagittal stratum R 0.350 0.240 0.080 0.453 0.210 -0.323 
ROI32 Sagittal stratum L 0.856 -0.046 0.872 0.041 0.230 -0.309 
ROI33 External capsule R 0.262 0.289 0.047 0.517 0.169 -0.355 
ROI34 External capsule L 0.245 0.300 0.472 0.184 0.147 -0.374 
ROI35 Cingulum (cingulate gyrus) R 0.675 0.107 0.009 0.691 0.035 -0.551 
ROI36 Cingulum (cingulate gyrus) L 0.270 0.282 0.140 0.381 0.029 -0.568 
ROI37 Cingulum (hippocampus) R 0.721 0.091 0.899 0.033 0.746 -0.083 
ROI38 Cingulum (hippocampus) L 0.602 -0.134 0.119 -0.403 0.503 0.172 
ROI39 Fornix/Stria terminalis R 0.326 0.252 0.262 0.288 0.884 0.037 
ROI40 Fornix/ Stria terminalis L 0.800 -0.065 0.136 -0.385 0.471 0.185 
ROI41 Superior longitudinal fasciculus R 0.560 0.149 0.021 0.603 0.029 -0.569 
ROI42 Superior longitudinal fasciculus L 0.669 0.109 0.084 0.447 0.021 -0.605 
ROI43 Superior fronto-occipital fasciculus R 0.560 -0.150 0.004 0.763 0.075 -0.461 
ROI44 Superior fronto-occipital fasciculus L 0.685 0.104 0.101 0.424 0.082 -0.451 
ROI45 Uncinate fasciculus R 0.181 0.342 0.220 0.316 0.239 -0.303 
ROI46 Uncinate fasciculus L 0.398 0.216 0.308 0.262 0.144 -0.377 
ROI47 Tapetum R 0.608 -0.131 0.104 0.420 0.127 -0.394 
ROI48 Tapetum L 0.360 -0.235 0.755 0.080 0.866 -0.043 
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Table A.10 Secondary Acute MTBI and MTBI Subgroup Neuropsychological Differences Results 
 
 

Neuropsychological 
Metric 

MTBI 
Trauma 
Controls 

P-value 

Cohen's 
Effect 
Size M SD M SD 

RPQ 20 13.5 7 7.80 2.23E-06 0.965 

FCCS 46 10.9 55 12.0 0.001 1.22 

PCPST 54 16.7 60 17.3 0.145 0.797 
 
 
 

Table A.11 Secondary Chronic MTBI and MTBI Subgroup Neuropsychological Differences Results 
 
 

Neuropsychological 
Metric 

MTBI 
Trauma 
Controls 

P-value 

Cohen's 
Effect 
Size M SD M SD 

RPQ 12 10.1 5 6.31 0.002 1.06 

FCCS 53 8.46 60 12.1 0.012 1.06 

PCPST 58 9.07 60 11.8 0.458 0.652 
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Table A.12 Secondary Acute MTBI Neuropsychological and Imaging Metrics Correlation Results 
 
 
 

Neuropsychological 
Metric 

MWF RD FA 

Genu Body Splenium 
Whole 

CC Genu Body Splenium 
Whole 

CC Genu Body Splenium 
Whole 

CC 

RPQ 
r -0.101 -0.223 -0.269 -0.216 0.032 -0.091 0.203 0.026 0.000 0.035 -0.115 -0.016 
p 0.481 0.116 0.057 0.128 0.825 0.527 0.153 0.859 0.999 0.807 0.421 0.911 

FCCS 
r 0 0.035 -0.031 0.001 0.19 0.477 -0.059 0.294 -0.233 -0.494 0.001 -0.341 
p 0.998 0.807 0.832 0.996 0.182 0.0004 0.681 0.037 0.100 0.0002 0.993 0.014 

PCPST 
r 0.07 0.06 0.039 0.059 -0.005 0.196 -0.177 0.045 -0.035 -0.248 0.031 -0.132 
p 0.624 0.674 0.788 0.679 0.972 0.167 0.213 0.754 0.805 0.080 0.831 0.351 

 
 

Table A.13 Secondary Chronic MTBI Neuropsychological and Imaging Metrics Correlation Results 
 
 

Neuropsychological 
Metric 

MWF RD FA 

Genu Body Splenium 
Whole 

CC Genu Body Splenium 
Whole 

CC Genu Body Splenium 
Whole 

CC 

RPQ 
r -0.192 -0.257 -0.370 -0.294 -0.131 -0.114 -0.154 -0.170 0.138 0.098 0.149 0.166 
p 0.235 0.110 0.019 0.066 0.422 0.483 0.344 0.293 0.395 0.549 0.358 0.305 

FCCS 
r -0.305 -0.219 -0.247 -0.264 0.210 0.374 -0.062 0.258 -0.170 -0.333 0.064 -0.170 
p 0.056 0.175 0.125 0.099 0.194 0.018 0.703 0.108 0.293 0.036 0.693 0.162 

PCPST 
r -0.140 -0.124 -0.149 -0.144 -0.070 -0.090 -0.118 -0.125 0.100 0.224 0.133 0.211 
p 0.388 0.447 0.359 0.377 0.672 0.582 0.467 0.442 0.539 0.166 0.414 0.191 

 

 
 
 
 
 


