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Abstract

Concussion, a form of mild traumatic brain injury (mTBI), is often viewed as a transient event
with limited long-term impact. However, growing evidence suggests that concussions may carry
lasting neurobiological consequences, particularly in older adults. This dissertation explores the
long-term effects of concussion in adults over the age of fifty using a multimodal research
framework that includes a systematic review and meta-analysis, a cross-sectional observational
study, and a cognitive training intervention. Chapter two presents a comprehensive meta-analysis
examining whether a history of mTBI is associated with an increased risk of developing
dementia. The analysis included over 18,000 mTBI cases and revealed that individuals with prior
mTBI are nearly twice as likely to develop dementia compared to those without, supporting the
classification of concussion as a significant environmental risk factor for neurodegeneration.
Chapter three investigated cognitive performance, brain structure, and serum biomarkers in older
adults with and without a history of concussion. While traditional cognitive testing did not show
significant group-level differences, participants with concussion histories exhibited relationships
between levels of neurofilament light chain and decreased white matter integrity, suggesting
ongoing or residual neural vulnerability that may not yet be behaviorally apparent. Chapter four
evaluated whether a 12-week cognitive training intervention could support brain health and
plasticity in aging adults. The program led to a significant increase in brain-derived neurotrophic
factor, although cognitive and structural outcomes remained unchanged. These findings highlight
the potential for targeted neuroplasticity interventions in at-risk individuals. Together, these
studies provide converging evidence that having a history of concussion is associated with both

increased dementia risk and subtle, persistent changes in brain health. The results underscore the
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importance of early identification, ongoing monitoring, and the development of preventative

strategies to support cognitive aging in individuals with a history of concussion.
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Chapter 1

Introduction

1.1 Preface

This dissertation examines the relationship between mild traumatic brain injuries (mTBI) and
chronic pathophysiological responses related to neurodegeneration through three distinct but
interconnected studies. First, I investigated whether having a concussion, a type of mTBI,
increases the risk of dementia by conducting a systematic review and meta-analysis. This work,
titled Does Mild Traumatic Brain Injury Increase the Risk for Dementia? A Systematic Review
and Meta-Analysis, was published in Journal of Alzheimer’s Disease in 2020 and serves as the
foundation for building research to investigate the link between concussions and dementia.
Second, I present my research on multi-modal detection methods designed to differentiate
between adults with and without a history of concussion. It highlights how traditional, one-
dimensional approaches to long-term concussion assessment may not be sensitive enough to
detect subtle changes commonly associated with neurodegeneration. This study integrated
cognitive testing, magnetic resonance imaging and blood-based biomarker assessment and has
been prepared for submission to Journal of Neurotrauma.

Third, I shift the focus to prevention, examining three-dimensional multiple object tracking as
cognitive training to support adults with and without histories of concussion. This section
includes findings from a twelve-week intervention aimed at preserving cognitive function in
those at greater risk of neurodegeneration due to a history of concussion. This paper has also

been prepared for submission to Journal of Neurotrauma.



Together, these three papers contribute to a broader understanding of how concussions influence
long-term brain health, from risk assessment, to early detection, and ultimately prevention.

1.2 Traumatic brain injuries

A Traumatic Brain Injury (TBI) refers to an alternation in brain function or pathology, caused by
an external force,! and these injuries are classified into three discrete categories: mild, moderate
and severe.? In Canada, hospitalizations from TBIs occur at a rate greater than 21,000 per year,
equating to a new hospitalization every twenty-five minutes. Concussions are a type of mild
traumatic brain injury, and in a 2019 random sampling of nearly 20,000 Canadians over age
twelve, 1.6% reported sustaining at least one concussion that year, 0.2% of which were not
diagnosed. Extrapolated to the broader Canadian population, that equates to 75, 240 people who
suspect an injury, but did not seek treatment.> Moderate and severe TBISs are significant risk
factors for many health-related conditions including Parkinson’s disease, reduced quality of life,
and higher levels of anxiety and depression;*® however, the relationship between these ailments
and mTBI is more widely debated, likely due to the long-standing ideology suggesting these
injuries are harmless. Further, concussions are commonly portrayed in the media as an injury that
only happens in professional sports, like football and hockey. In reality, mTBIs account for up to
90% of the yearly 64 to 74 million new TBIs globally, and many of these are sustained outside of
sport.”® Researchers and professionals have been trying to develop a universal definition of
concussion, and for the purpose of this dissertation, the definition provided by the International
Collaboration on mTBI Prognosis was used. This definition of concussion is as follows: “an
acute brain injury resulting from mechanical energy to the head from external physical forces,
including loss of consciousness for 30 minutes or less, posttraumatic amnesia for less than 24

hours, and a Glasgow Coma Score of 13-15 after 30 minutes post injury or upon the first



presentation for healthcare”.? In 2023, a new definition of concussion was published that
includes six key criteria: mechanism of injury, clinical signs, acute symptoms, clinical
examination and laboratory findings, neuroimaging and that symptoms cannot be accounted for
by confounding factors.!?After an impact, the majority of concussion symptoms normally reside
after two to four weeks of recovery;!!!2 however a subset of patients experience concussion
symptoms for prolonged periods (i.e. three months and longer); a condition known as post-
concussion syndrome (PCS),'*!* or more recently coined Persisting Symptoms after Concussion
(PSaC).'® This dissertation explores long-term effects of these injuries. To avoid potential
comorbidities of PCS/PSaC, “long-term” is defined as a minimum of 1 year since the last
concussive event, with no ongoing presentation of the original injury symptoms. Further, this
dissertation includes both clinically diagnosed and suspected mild TBIs as explanatory variables
to better elucidate relationships between diagnosed versus total injuries.

1.3 Dementias and neurodegeneration

With improvements in health care and living conditions, the average age of our population has
been increasing slowly and steadily, and given that age is the largest risk factor for dementia it is
predicted that over 132 million adults will be living with dementia worldwide by 2050.!¢ In
Canada, there are over 6.8 million adults over age 65, having grown by almost 1 million in the
past four years.!” This aging trend is mirrored globally, where the proportion of the population
aged 65 and older is expected to double from 8.5% in 2015 to 17% by 2050.!® It is essential to
highlight that dementia is not a normal part of aging, nor is it an acceleration of the normal aging
process.!” Normal aging includes a natural decline in cognitive abilities ranging from memory,
executive functions, reasoning, spatial abilities, attention and language, while dementia involves

pathological processes including neurodegeneration, amyloid-beta accumulation, and tau protein



abnormalities.!® Dementia, also known as “major neurocognitive disorder” in the Diagnostic and
Statistical Manual of Mental Disorders, is a clinical syndrome defined by a set of predetermined
symptoms, including the impairment of independent living.?° Due to the progressive nature of
dementia, different stages of cognitive impairment have been explored. One stage is known as
Mild cognitive impairment (MCI), a clinical condition characterized by noticeable cognitive
deficits that exceed typical age-related changes, yet do not significantly interfere with daily
functioning. Although MCI is considered a transitional phase between healthy aging and
dementia, not all cases of MCI progress to dementia.'®! Understanding the clinical and pre-
stages of neurodegeneration is critical to identify populations most at risk.

1.4 Alzheimer’s Disease

Dementia is an umbrella term for the symptoms of several types of neurodegeneration.
Alzheimer’s disease (AD) is the most common form, accounting for between 60-80% of cases.??
Biologically, AD is characterized by two main pathological hallmarks, extracellular amyloid beta
plaques and intracellular neurofibrillary tangles composed of hyperphosphorylated tau protein.
These changes lead to synaptic dysfunction, neuronal loss, and widespread brain atrophy,
particularly in regions critical for memory and cognition such as the hippocampus and cortex.!®-!
AD is a multifactorial condition influenced by both modifiable and non-modifiable factors. Non-
modifiable factors include advancing age, which is the strongest predictor of Alzheimer's
disease, family history, which accounts for around 2% of cases, and genetic predisposition,
especially the presence of the APOE E4 allele, which is linked to increased amyloid beta
accumulation and reduced clearance.!*?* Modifiable risk factors reflect hazards associated with
everyday life, such as low physical activity, smoking and poor diet, all of which can contribute to

neuroinflammation and oxidative stress, exacerbating any existing neuronal damage and



neurodegeneration.?* Social isolation and low cognitive engagement have been linked to
decreased cognitive reserve, which refers to the brain's ability to compensate for damage and
maintain function. Lower cognitive reserve may accelerate neurodegeneration.?> Although these
are classified as “modifiable” risk factors, the term can be misleading. Many of these risks are
influenced by external circumstances, socioeconomic status and chance events, making them
only partially within an individual’s control. Therefore, it may be more appropriate to view
“modifiable” risk factors as potential intervention targets for reducing disease incidence, rather
than as solely the individual’s responsibly to modify their behaviour.

1.5 The relationship between brain injury and dementia

A lesser thought of modifiable risk is traumatic brain injury.?® Moderate-to-severe TBIs are a
well-known and significant risk factor for dementia later in life;>’”->° however, recent evidence
indicates that even sustaining a single mTBI may increase the risk of dementias.?*3! Chapter two
presents a comprehensive review and meta-analysis that critically examines the relationship
between mTBI and dementia, providing insight into mTBI and an increased likelihood of later
neurodegenerative conditions, further underscoring the importance of addressing this risk factor.
Although the precise neuropathological mechanisms underlying this association remain unclear,
several pathways have been suggested. One hypothesis is that mTBIs may exacerbate
neuroinflammation, and contribute to chronic disruptions in tau or amyloid-beta protein
dynamics, such as increased tau phosphorylation and accumulation, and impaired clearance or
overproduction of amyloid-beta.3? Another hypothesis is that an mTBI may interact with the
natural aging process and other risk factors, potentially accelerating the onset of
neurodegenerative changes. It is possible that individuals with histories of mTBI are more

vulnerable to these changes, leading to a higher incidence of dementia compared to those without



such histories. Further research into the biological pathways linking mTBI and dementia could
inform targeted interventions, and support proactive management of TBI at all levels of severity.
1.6 Cognitive assessments and neuroimaging for early identification of AD

Performance on cognitive tasks, such as neuropsychological evaluations of memory and
executive function, alongside structural brain measures like hippocampal volume, cortical
thickness, and diffusion tensor imaging (DTI) metrics (e.g. fractional anisotropy (FA) and mean
diffusivity (MD)) can highlight indicators of dementia progression.!” Some pathological aging
characteristics include worsened episodic memory, executive functions and attention,
specifically divided attention.!” When assessing cognitive function as a marker of pre-clinical
AD, decreased performance of episodic memory, executive functions and attention before the
age of 65 may be indicative of neuropathological aging.!” Neuropsychological assessments are
extremely beneficial, as the tests are standardized and can be scored relatively quickly. However,
cognitive tests also present challenges: changes in function can be very subtle; individual tests
often engage multiple overlapping cognitive domains; and studies show discrepancies between
cross-sectional and longitudinal cognitive data.’*-** Regardless, these assessments are extremely
useful for determining cognitive functions.

Age-related neurodegeneration includes the gradual loss of neurons and synaptic connections in
areas like the pre-frontal cortex, hippocampus and temporal lobes.!® This process is considered a
normal aspect of aging, and these changes can often be seen using neuroimaging. However, in
AD, neurodegeneration follows a more specific and accelerated pattern, particularly involving
grey matter loss in the dorsolateral and medial prefrontal cortex, as well as the parietal and
lateral temporal regions. These changes can begin as early as midlife in individuals carrying the

APOE E4 allele, who are at a higher genetic risk.? Interestingly, midlife AD-indicative



degeneration is often paired with increased grey matter in other regions of the brain, suggesting
there may be some compensatory mechanisms occurring.*

Pathological progression is also associated with white matter loss, commonly in the corpus
callosum, the superior longitudinal fasciculus, and the cingulum, a structure connecting the
hippocampus to the cingulate cortex.* In particular, loss of integrity in the posterior corpus
callosum (i.e. splenium) has been linked to cognitive decline in aging populations.?” Even
cognitively healthy APOE &4 carriers exhibit subtle white matter changes by midlife, for
example, lower FA and higher diffusivity in posterior callosal fibers compared to non-
carriers.?”-* Identifying such microstructural changes is important, as they may serve as early
neuroimaging markers of AD before clinical symptoms manifest.

Similarly, adults with a history of concussion can demonstrate long-term structural and
microstructural brain changes that mirror an accelerated aging or neurodegenerative process.
Advanced DTI analyses have revealed that previously concussed retired athletes show
widespread reductions in FA accompanied by increases in MD across multiple white matter
tracts, despite otherwise normal-appearing MRI scans.?® These differences were mainly observed
in fronto-parietal pathways and the anterior corpus callosum, and these differences were
significantly associated with declines in episodic memory performance.?® This suggests that
concussion-related diffuse axonal injury and demyelination can exacerbate age-related
neurodegenerative changes potentially heightening vulnerability to conditions like AD.
Consistent with this, a small study found middle-aged adults who sustained a concussion decades
earlier perform worse on relational memory tasks and have smaller hippocampal volumes than

their non-injured peers.*® Together, it is clear that abnormal neuroimaging findings, particularly



in white matter integrity, can be detected following concussion and prior to dementia onset,
offering a promising avenue for identifying people with higher risk.

1.7 Blood based biomarkers for chronic mTBI and early detection of neurodegeneration
Fluid-based biomarkers are increasingly investigated as markers of neurodegeneration, and show
promise for detection of disease and effectiveness of interventions. Classically, investigations of
have involved the collection of cerebral spinal fluid (CSF). While the use of spinal CSF has
benefits, mainly its continuity with brain CSF, the collection process is invasive and painful.
Peripheral blood markers are of increasing interest due to their accessibility and promising
results. For example, phosphorylated-tau217 (pTau-217) has been shown to differentiate between
stages of AD, and outperform plasma and spinal CSF amyloid beta (Ap) 42/AB40 in predicting
brain amyloid levels measured by positron emission tomography.*'*> While the AB42/AB40 ratio
has long been considered a key biomarker of amyloid pathology, this suggests that pTau-217
may offer greater accuracy and sensitivity. Neurofilament light (NfL), a general marker of
axonal degeneration, is another promising blood-based biomarker for early identification of AD.
In a longitudinal study of 1583 participants, researchers found increased NfL levels at baseline
could differentiate between those who developed MCI or AD and those who didn't.** Increased
plasma NfL was also associated with baseline CSF markers, decreased hippocampal volume,
cortical thickness, increased ventricle size, and decreased cognitive performance.*?

Biomarkers of glial activation and neuroinflammation, such as glial fibrillary acidic protein
(GFAP), interleukin-10 (IL-10) and Tumor Necrosis Factor Alpha (TNF-a), have further been
associated with the development of AD.**> GFAP is an intermediate filament protein
exclusively expressed by astrocytes in the central nervous system (CNS), and plasma levels of

GFAP have been found to predict amyloid-beta accumulation, and have discriminatory levels in



individuals with AD compared to cognitively healthy controls, such that those with AD have
increased levels.**’ IL-10, an anti-inflammatory cytokine that shows non-AD specific
fluctuations, but can be a useful tool to investigate intervention efficacy concerning CNS
inflammation.*® Further, higher IL-10 levels have also been observed in cognitively healthy older
adults with amyloid-positive PET scans, indicating a compensatory immune response that may
be detectable well before clinical symptoms emerge.* TNF-a is a pro-inflammatory cytokine
found to increase during the progression of AD.>® Elevated TNF-a is associated with both MCI
and early AD, supporting its role in chronic neuroinflammation and disease progression.*>->°
Notably, many of these biomarkers also show abnormal patterns in the months and years
following a concussion, even after clinical symptoms have resolved. For example, NfL can
remain elevated for over a year post-injury, particularly in individuals with more severe or
repeated concussions, and is linked to progressive white matter degeneration.’! GFAP, though
often elevated acutely, may persist at higher levels in the chronic phase after more severe
injuries.*? Chronic inflammation, marked by sustained TNF-a and other cytokine elevation, has
similarly been observed up to a year after mild traumatic brain injury.> While the trajectories
differ, with AD biomarkers rising slowly over years and concussion-related changes spiking and
then resolving or plateauing (Figure 1.1) the overlapping molecular profiles suggest that prior
concussions may lower the threshold for future neurodegenerative processes. Together these

molecules may serve as a panel to indirectly measure brain health in people at a heightened risk

of neurodegeneration following concussion.
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Figure 1.1. Cellular origins and timeline of neurobiological biomarkers relevant to chronic
concussion and neurodegeneration.
(A) Neurofilament light chain (NfL, pink) is released from damaged axons of neurons, serving as

a marker of axonal injury. Glial fibrillary acidic protein (GFAP, purple) is expressed by
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astrocytes, reflecting astroglial activation and injury response. Phosphorylated tau 217 (pTau-
217, red) accumulates in neurons during Alzheimer's disease-related neurofibrillary tangle
formation. Interleukin-10 (IL-10, yellow) and tumor necrosis factor-alpha (TNFa, yellow) are
cytokines predominantly produced by microglia, indicating anti- and pro-inflammatory activity,
respectively. Figure created using BioRender. (B) Relative biomarker trajectories following a
concussion over a 24-month period. GFAP peaks acutely within hours post-injury and decline
rapidly, with some people experiencing a transient increase months after injury. TNFa peaks
rapidly, and declines, but can have slight elevations years after injury. IL-10 rises quickly and
normalizes within weeks. NfL shows a delayed peak around 7—10 days post-injury and gradually
declines, remaining elevated for several months. All trajectories are illustrative and not to exact
scale. (C) Longitudinal changes in the years leading up to Alzheimer’s disease. GFAP and IL-10
begin to 10 to 15 years prior to diagnosis, followed by gradual increases in TNF-a and NfL,
which sharply increase in the years prior to diagnosis. pTau-217 begins a sharp rise up to 10

vears before AD. All trajectories are hand drawn for illustrative purposes and not to exact scale.

1.8 Early interventions for individuals at risk of dementia

There is no cure for dementia and there is a lack of interventions that have proven efficacy in
significantly slowing the progression of disease. Both pharmacological and non-pharmacological
interventions (NPIs) exist. NPIs are not disease specific, and typically target a wide array of
clinical characteristics of disease. One benefit of NPIs is that there are typically few adverse side
effects, and therefore can be employed at any disease stage. A large area of NPI research
includes identifying preventative, neuroprotective measures for dementia and MCI. Cognitive
training for individuals with dementia is an attractive NPI; however, study results have been

mixed, and meta-analysis have yielded mostly negative results.>*> It seems that targeting
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cognitive training to adults prior to AD diagnosis is a better route, with generally positive
results.>*>-58 Three-dimensional multiple object tracking (3D-MOT) may represent a promising
avenue for cognitive intervention in adults at risk for dementia, particularly those with a history
of concussion. This dynamic training paradigm engages a wide array of cognitive processes,
including sustained and divided attention, working memory, visual processing speed, and spatial
awareness, all of which are often vulnerable in individuals with TBI and in the early stages of
neurodegenerative decline. 3D-MOT has already shown efficacy in enhancing neuroplasticity
and cognitive performance in aging populations using a commercially available software called
NeuroTracker (Figure 1.2).5%°° Moving forward, determining strategies to reduce dementia risk,
including identifying risk factors and finding early intervention methods for individuals at risk is
necessary. Given that all TBI severities are known to drive neuropathological change associated

with dementia, establishing early detection and preventative measures for this population is

extremely important.

Figure 1.2. Depiction of the five stages of a NeuroTracker CORE mode trial.

(A) Eight yellow balls are presented in 3D space. (B) Four targets are presented in orange with
a white halo. (C) All balls go back to yellow and move in random directions for 8 sec. The goal
of the task is to track the original targets throughout the moving period. (D) Balls stop moving
and are numerically labeled. The participant identifies the original four targets using the mouse
or corresponding keys. Selected balls have an orange halo. (E) Feedback is provided. The

correct targets are identified in orange with an orange halo. The cycle then restarts and
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continues for the remaining trials. The speed of the balls is adjusted based on the success of the
previous trial. Completion of 20 trials completes one session. Figure and caption created by

Taylor Snowden-Richardson, published in Neurotrauma Reports, Snowden (2023).%°



Chapter 2

Published: Does Mild Traumatic Brain Injury Increase the Risk for

Dementia? A Systematic Review and Meta-Analysis.

2.1 Abstract

2.1.1 Background:

Mild traumatic brain injury (mTBI) is a putative risk factor for dementia; however, despite
having apparent face validity, the evidence supporting this hypothesis remains inconclusive.
Understanding the role of mTBI as a risk factor is becoming increasingly important given the
high prevalence of mTBI, and the increasing societal burden of dementia.

Our objective was to use the Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) format to determine if an association exists between mTBI and dementia
and related factors, and to quantify the degree of risk.

2.1.2 Methods:

In this format, two authors conducted independent database searches of PubMed, PsycInfo, and
CINAHL using three search blocks to find relevant papers published between 2000 and 2020.
Relevant studies were selected using pre-defined inclusion/exclusion criteria, and bias scoring
was performed independently by the two authors before a subset of studies was selected for
meta-analysis. Twenty-one studies met the inclusion criteria for this systematic review.

2.1.3 Results:

The meta-analysis yielded a pooled odds ratio of 1.96 (95% CI 1.698-2.263), meaning

individuals were 1.96 times more likely to be diagnosed with dementia if they had a prior mTBI.



Most studies examining neuropsychiatric and neuroimaging correlates of dementia found subtle,
persistent changes after mTBI.

2.1.4 Conclusion:

These results indicate that mTBI is a risk factor for the development of dementia and causes
subtle changes in performance on neuropsychiatric testing and brain structure in some patients.
2.2 Introduction

Despite the benign nature of the term, mild traumatic brain injury is a significant risk factor for
many serious conditions. An mTBI is defined as “an acute brain injury resulting from
mechanical energy to the head from external physical forces, including loss of consciousness for
30 minutes or less, post-traumatic amnesia for less than 24 hours, and a Glasgow Coma Score of
13—15 after 30 minutes post-injury or upon first presentation for healthcare” (1). Aside from the
immediate and short-term effects of an mTBI, there is an increasing body of evidence linking
mTBI to the development of long-term psychiatric and neurological conditions that include
depression, bipolar disorder, and neurodegenerative diseases (2). The constellation of
neurodegenerative diseases linked to mTBI includes chronic traumatic encephalopathy (CTE), a
tauopathy that has gained attention due to its prevalence in professional athletes from the
National Football League (3). The incidence of mTBI is also high in the general population, with
as many as 42 million people suffering an mTBI worldwide each year (4). Thus, there is growing
pressure to better understand the pathophysiology and long-term risks associated with mTBI to
help direct treatment and prevention strategies to alleviate a growing health care burden.
Understanding mTBI in an aging population presents additional challenges. Cognitive abilities,
including memory, processing speed, and reasoning, are thought to naturally decline with age

(5). The diagnosis of mild cognitive impairment (MCI) was introduced to identify individuals



who demonstrate greater cognitive decline than seen in typical aging but have not yet reached
dementia-level impairment (6). Unlike MCI, a diagnosis of dementia requires impairments in
daily-life functions in addition to cognitive difficulties (7). Five main cognitive domains may be
impaired during cognitive decline: learning and memory, language, visuospatial, executive, and
psychomotor (7). An MCI diagnosis typically requires one of these areas to be impaired, but
several must be impaired for a diagnosis of dementia (7). MClI is a risk factor for further
neurodegeneration; for example, a 2009 meta-analysis found a 9.6% annual conversion rate of
MCI to dementia in an adjusted clinical setting, and 4.9% in community studies (8). Dementia is
a term that encompasses several age-related neurodegenerative disorders that affect a large
portion of the population: up to 7.2% of Canadians over the age of 65 and nearly 20% of
Canadians over the age of 80 (9, 10). Of all the dementias, Alzheimer’s disease (AD) is the most
common, accounting for up to 80% of diagnoses (11). While our understanding of dementia
etiology remains limited, several dementia risk factors have been identified. The Alzheimer’s
Society of Canada describes many risk factors for AD and other dementias including modifiable
factors like high blood pressure and cholesterol, as well as non-modifiable factors such as sex
and genetics (12). Although risk factors are not causes of disease on their own, understanding
and managing risk factors is an important strategy to minimize susceptibility to disease. This is
especially important in the context of dementia, due to the lack of disease-modifying treatments.
Improving early diagnosis of dementia is important, as early detection has been found to have
health, social, and societal benefits (13). Currently, collecting a medical history and conducting a
mental status examination is standard practice for the diagnosis of both MCI and dementia.
Medical history is used to assess if the patient has impairment in daily functioning, while the

mental status examination is used to assess the level of cognitive impairment (7). Several



cognitive assessments exist for diagnosing cognitive impairments, such as the Montreal
Cognitive Assessment (MOCA), the Short Test of Mental Status (STMS), and the Mini-Mental
State Examination (MMSE). These assessments also serve as objective measures of global
cognitive functioning. There is a large interest in the early detection of MCI and dementia;
protein biomarkers and advanced imaging techniques have shown promising results, but more
research is needed (14, 15). Since current treatments for AD and other dementias mainly focus
on symptom control, strategies to reduce dementia risk involve controlling the known risk factors
(16) and early detection (17). Identification of these risk factors and early detection methods will
allow future researchers to target interventions toward people at high risk of developing
dementia.

Regarding traumatic brain injuries, it seems that a clear relationship exists between moderate and
severe brain injury and the development of dementia (18-21). However, it is notable that the
methodological rigor of studies that assess the association between TBI, dementia, and AD has
recently been questioned (22), and further the association between TBI, AD, and other
apolipoprotein E (APOE) specific neurodegeneration has been debated (21). A 2013 review of
neuroimaging studies suggests that moderate to severe TBIs cause reductions in total brain
volume, dynamic degeneration of white matter, and loss of connectivity, all of which could
predispose the brain to dementia later in life (23). However, the relationship between mTBI and
dementia is less understood and has become an extensive area of research largely in part to the
finding of CTE in NFL players (24). In 2004, the World Health Organization Collaborating
Centre Task Force on mTBI found inconclusive evidence around mTBI and dementia after
examining three studies carried out in the 1990s (25). More recently, a 2014 meta-analysis did

not demonstrate a relationship between mTBI and subsequent MCI/dementia (26), although, only



one study was included in the analysis. While a 2016 meta-analysis suggested a positive
correlation, only a small number of studies specifically examined mTBI and dementia, few of
these used recent criteria for defining mTBI, and most were published before 2005 (2). Due to
the widespread prevalence of mTBI and the high clinical burden of MCI and dementia,
identifying whether mTBI interacts with the development of these degenerative diseases is of
high importance.

Given the inconsistencies in the body of evidence around mTBI and dementia (2, 26), we aimed
to provide an update of the literature in this area with this systematic review. Our objectives were
to identify recent publications that examine remote mTBI (an injury sustained years in the past)
and dementia, to quantify any associated risk, and to identify gaps and methodological issues in
the literature to help direct future research. We also included MCI, and associated factors, in our
search strategy because of the strong association between MCI and the subsequent development
of dementia. Should strong evidence link mTBI to dementia, appropriate measures can be taken
to identify at-risk populations and implement prevention measures. Conversely, strong evidence
against mTBI as a risk factor for dementia may reduce the need for dementia risk management in
favor of treatments that target other mTBI complications.

2.3 Methods

The methodology for this review was based on the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis framework and is reported following the PRISMA 2009 checklist
(Supplementary Table 2.1); the review protocol was not registered (27). To identify primary,
peer-reviewed articles published between 2000 and 2020 that characterized the risk of
developing MCI and dementia after a remote history of mTBI, three blocks of search terms were

developed. The first block of search terms identified mTBI studies and included the following



terms: “concuss*”, “mild traumatic brain injur*”, “mTBI”, “mild head impact”, “mild head inj*.
The second concerned the development of MCI/dementia and included the following terms:

99«6 99 ¢ 2 ¢

“Mild cognitive impairment”, “neurocognitive impairment”, “cognitive decline”, “cognitive

9 ¢ 9% ¢

impairment”, “mild neurocognitive disorder”, “major neurocognitive disorder”, “delirium”,
“preclinical Alzheimer’s”, “neurodegenerative diseases”, “Alzheimer*”, “dementia*”. The third
search block was meant to exclude review articles, and contained the terms “review”, meta-
analysis”, “meta-review”, and “literature review”. The first block and second blocks were
separated by an “AND” modifier, while the third block was separated by a “NOT” modifier.
Using these search blocks, the co-first authors independently searched the databases PubMed,
CINAHL, and PsycInfo and exported results found between the years 2000 and 2020 to the
Mendeley© citation manager. Following the PRISMA flow diagram protocol, duplicates were
removed and all papers were screened using the inclusion/exclusion criteria (Table 2.1). The
authors also conducted forward and reverse searches of previous review articles to ensure all
relevant papers were included in this review. Papers selected in the screening process were read
in full and assessed for eligibility as defined by the search criteria. The remaining papers were
compared between authors and any discrepancies were discussed and resolved. A total of 21
papers were included in this review (Fig. 2.1). Studies were included if they were primary
research papers available in full text and published in English after 2000, included human
subjects, included a measure of assessing cognitive impairment, and included a clinical diagnosis
of mTBI. Conversely, studies were excluded if they violated any of the inclusion criteria, only
examined treatments, or examined only the acute effects of mTBI (rather than the long-term

effects of a remote injury). A list of relevant full-text articles was generated and read in full to

create a final list of papers for inclusion in this review. After the generation of the final list,



relevant information from the selected studies was extracted by the co-first authors. Relevant

information included outcome measures, findings related to dementia risk, and population

characteristics.

Table 2.1. Inclusion/Exclusion criteria

Inclusion Criteria

1. Primary, peer-reviewed studies

2. English

3. Human

4. 2000-present
5. Full text available

6. Used a screening tool used to diagnose MCI or
Dementia, such as the MMSE or MOCA or a clinical
diagnosis

7. Used a clinical diagnosis of mTBI according to the
WHO Collaborating Centre Task Force on Mild
Traumatic Brain Injury and the Centers for Disease

Control and Prevention or a similar definition

8. No clinical diagnosis of mTBI

Exclusion Criteria

1. Studies that only examined
treatments

2. Non-primary research papers
(reviews, posters, abstracts)

3. Published in a language other than
English

4. Non-human studies

5. No full-text available

6. Examines the acute effects of the

injury exclusively and not long-term

neurodegenerative changes

7. No use of a screening tool such as
the MMSE, MoCA or a clinical

diagnosis of MCI/Dementia
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Figure 2.1. Graphical depiction of the search process.

After duplicate removal, articles identified through database searching were screened using

their title and abstract for inclusion, generating a final list of 57 full text articles to screen for

inclusion in the systematic review.
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Bias scoring was performed independently by two authors using the Scottish Intercollegiate
Guidelines (28). The authors individually answered a checklist of questions regarding the
methodology of each study, and from that studies were classified as high quality, acceptable, or
unacceptable (Supplementary Table 2.2). Discrepancies between authors were resolved by
consensus.

A subset of studies was selected for inclusion in a meta-analysis. To be included in the meta-
analysis, studies had to include the risk of dementia after sustaining an mTBI as an outcome
measure and quantify this risk using an odds ratio. Also, the authors had to provide the raw data
needed to perform the meta-analysis (see Table 2.2 for narrow inclusion/exclusion criteria). Data
were pulled directly from the publications where possible; for four studies, the authors were
contacted directly to obtain data. Pooled odds ratios (ORs), 95% confidence intervals (Cls), and
tests for heterogeneity were performed using MedCalc Statistical Software (29). A random
effects model was chosen to account for any potential variations in effect size caused by
potential covariates in the selected participant populations. OR weights for each study were
assigned based on the inverse of their respective variances. The meta-analysis forest plot was
made using the ggplot2 package for Rstudio (30).

Table 2.2. Narrow inclusion/exclusion criteria for inclusion in the meta-analysis

Inclusion Criteria Exclusion Criteria

Provided an objective measure of dementia risk Data was not available and authors did not
using an odds ratio or equivalent measure provide data after being contacted

2.3 Results

2.3.1 Study selection

11



The co-first authors individually performed a literature search of the PubMed, CINAHL, and
PsycInfo databases to find a total of 1,011 studies for initial screening. After removing
duplicates, 699 studies remained and the abstracts were screened for relevance. Following the
screening, 57 full-text articles were assessed for eligibility, while 642 did not meet the
inclusion/exclusion criteria. From the full-text articles, 36 were excluded: six had the wrong
severity of injury, twelve had no confirmation of mTBI, two used animal models, while 16 did
not use a screening tool for MCI/dementia. A total of 21 studies were included in this review, six
of which were included in the quantitative analysis (see Fig. 2.1 for a stepwise breakdown of the
search process).

2.3.2 Objective risk of dementia after mTBI

The outcome measures of twelve studies concerned identifying the risk of cognitive impairment
(i.e. MCI, dementia, AD) following mTBI (31-42). Specifics about each study, including
population characteristics, definitions of mTBI and dementia used, outcome measures, time
between injury and diagnosis, main findings and bias scores can be found within Table 2.3.

Table 2.3. Objective risk of dementia following mTBI

Time
between Main
injury and effect of
Population mTBI Outcome dementia Bias remote
Paper Characteristics Definition Measures diagnosis Findings Score mTBI
Barnes et al.,  Veterans who had TBI A diagnosis of 3.6y (all After adjustment for HQ Increased
2018 (31) received a TBI evaluations  dementia as TBI age, medical risk of
diagnosis (n=178,779),  performed defined by ICD-9  severities) comorbidities, and dementia
and a propensity by trained codes psychiatric disorders,
matched sample professional the adjusted HR for
(n=178,779) recruited , recorded dementia diagnosis was
from the Veterans using ICD-9 2.36 (95% C1, 2.10,
Health Administration codes 2.66) for mild TBI

without LOC; 2.51
(95% CI, 2.29-2.76) for
mild TBI with LOC;
3.19 (95% CI, 3.05—
3.33) for mTBI with
LOC unknown

12



Paper

Helmes et
al., 2011
(32)

Leeetal.,
2013 (32)

Lietal.,
2016 (36)

Liao et al.,
2020 (37)

McMillan et
al., 2014
(38)

Nordstrom
&Nordstrom,
2018 (39)

Population
Characteristics

A subset of Canadian
adults recruited from
the CHSA-T and
CHSA-II (n=2,431)
who scored below cut-
oft on a global
cognitive screening
tool. Reassessment
occurred 5y after initial
intake.

A general population of
Taiwanese adults who
had sustained an mTBI
(n=28,551), and
controls who had not
sustained an mTBI
(692,382). Data was
obtained from the NHI
database

Adults aged 55-90 who
had sustained a TBI
(N=79; mTBI=71), and
a non-TBI control
group (n=1197). Data
was obtained from
ADNI database

A general population of
Taiwanese adults aged
65+with a history of
LOAD (n=4,600) and a
matched control group
(n=4,600). Data was
obtained from both the
NHIRD or CIC
databases.

A general population of
patients from a
Glasgow hospital
identified as having
mTBI (n=2,428), a
matched non-head
related injury control
group (n=2,428), and a
matched control group
(n=2,428).

A general population of
Swedish adults with
data available in the
Swedish National
Patient Register. The
first cohort was

mTBI Outcome

Definition Measures

Self-report A diagnosis of

confirmed dementia (DSM-

by III-R)

informant,

TBI with

LOC 0-

30min

ICD-9 Presence of

codes were dementia or AD

used to

identify

mTBI

Self- Age of Onset of

reported MCI or AD

concussion

history

corroborate

d by

informants

at ADNI

clinical site

1ICD-9 Identification of

codes were factors associated

used to with LOAD

identify

mTBI

GCS score Identification of

between death rates and

13-15 comorbidities 15y
post injury

ICD-10 Diagnosis of

codes were  dementia using

used to ICD 8-10 codes

identify

mTBI

Time
between
injury and
dementia
diagnosis
27.8y
(SD=22.6)
(all TBI
severities)

1.0y (95%
C10.77-
1.23)

Age at
injury=35.4
(SD=24.8)

Not
reported

Not
reported

15.3y for
total cohort

Bias
Findings Score
Having a history of A

mTBI did not improve
the predictive ability of
dementia diagnosis.
Age remained the most
related factor.

In adults aged 65+, the ~ HQ
adjusted HR was 3.27
(95% CI, 2.67-4.00).

Adults with mTBI A
history have earlier

ages of onset of MCI

than controls by about

4y (p=0.016)

Incidence of concussion A
up to 4y prior to LOAD
diagnosis has

significant positive

effects on incidence

(total effects; 0.050)

In adults aged under 65 U
at baseline, 15y later
dementia rates in the

mTBI group were
0.37/1000/y, while the
control group had a rate

0f 0.14/1,000/y

Risk of dementia after HQ
mTBI has a dose

dependent relationship,

with mild TBIs having

less associated risk than
severe or multiple TBIs.

Main
effect of
remote
mTBI

No change
in risk of
dementia

Increased
risk of
dementia

Earlier age
of onset of
MCI

Increased
risk of
LOAD

Increased
risk of
dementia*
*No
statistical
tests
conducted

Increased
risk of
dementia

13



Time

between Main
injury and effect of

Population mTBI Outcome dementia Bias remote
Paper Characteristics Definition Measures diagnosis Findings Score mTBI

prospectively followed The adjusted OR for

after mTBI mTBI and dementia

(n=491,252), the was 1.63 (95% CI 1.57—

second cohort consisted 1.70), 1.49 (95% CI

of siblings with 1.23-1.80) and 1.59

discordant TBI status (95% CI 1.54-1.65) in

(n=93,940) and the cohorts 1, 2 and 3,

third cohort was a respectively

retrospective case-

control cohort

(n=404,877).
Plassman et World War II Veterans ~ mTBI Cognitive Not The mTBI group A No change
al., 2000 who has sustained a categorized  assessments, reported showed no significant in risk of
(40) TBI (n=1,422), using a neuropsychologic risk of dementia or AD AD

pneumonia (n=1,740), scale al

or a non-head related described tests, APOE genot

injury (n=2,282). by ype, diagnosis of

Participants were Frankowski ~AD

recruited from the etal., 1985

pension database for (78)

Veteran Affairs.
Redelmeier General population of ICD-9 Presence of 39yforall Patients notreceivinga HQ Increased
etal., 2019 adults aged 66+with a codes were  dementia patients statin had a dementia risk of
(41) diagnosis of used to according to ICD- incidence of 43 cases developme

concussion, and who identify 9 codes from per 1,000 patients nt of

were prescribed a statin - mTBI OHIP database, annually, which is dementia

(n=17,058), and who with diagnosis on greater than 2x the

were not prescribed a 2 separate dates to population norm

statin (n=21,757), and avoid false

a non-head related positives

injury control group

prescribed a statin

(n=177,898), and not

prescribed a statin

(n=229,992). Data was

obtained from the

OHIP database.
Sercy et al., General population of ICD-9 Mortality, causes Sy OR of patients with a A Increased
2020 (42) adults who sought codes were  of death and history of mTBI risk of

treatment for mTBI used to comorbidities developing a developing

(n=964) or another identify after mTBI neurodegenerative a

injury (n=5,567), mTBI disease was found to be neurogener

recruited from six level 1.62 (95% C1 0.88— ative

1 trauma centers across 2.98) disease

the US. Medical

information was

obtained from the

USCDC NDI database.
Sundstrom et  Dementia patients Self-reports ~ Risk of dementia More than APOE positive status U Increases
al., 2007 (n=181) and controls corroborate  and APOEe4 Sy before increased the risk of risk only
(33) (n=362) data obtained dby genotyping diagnosis developing dementia in APOE4+

from Betula prospective medical with head injury patients

longitudinal study of record in
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Time

between Main
injury and effect of
Population mTBI Outcome dementia Bias remote
Paper Characteristics Definition Measures diagnosis Findings Score mTBI
memory, health and some
aging. patients;
ability of
patient to
perform
cognitive
tests taken
as
indicative
of mild
injury
Yang et al., General Taiwanese ICD-9 Incidence of Not A standardized HQ Increased
2019 (34) population with codes were  dementia in reported incidence ratio for risk of
craniofacial trauma and  used to patients with mTBI and dementia developme
mTBI (n=399,057), identify various types of was found to be 1.78 nt of
facial bone fracture mTBI head injuries (95% CI; 1.73-184) dementia
(n=23,890), or following
moderate to severe TBI mTBI

(n=149,475). Data was
obtained from the
NHIRD database.

Acronyms are separated by column. Population Characteristics: CHSA, Canadian Study of
Health and Aging; mTBI, mild traumatic brain injury; NHI, National Health Index; TBI,
traumatic brain injury; ADNI, Alzheimer’s Disease Neuroimaging Initiative; NHIRD, National
Health Insurance Research Database; CIC, Catastrophic Illness Certificate; OHIP, Ontario
Health Insurance Program; USCDC, United States Centre for Disease Control; NDI, National
Death Index. mTBI Definition: ICD-9, International Classification of Disease - 9th edition; LOC,
loss of consciousness; GCS, Glasgow Coma Scale. Outcome Measures: DSM, Diagnostic and
Statistical Manual for Mental Disorders —Third Edition; MCI, mild cognitive impairment; AD,
Alzheimer’s disease, LOAD, late onset Alzheimer’s disease; APOE, Apolipoprotein E. Time
Between Injury and Dementia Diagnosis: y, year; SD, standard deviation; CI, confidence
interval. Findings: HR, hazard ratio; OR, odds ratio. Bias Score: HQ, high quality, A,

acceptable, U, unacceptable.

Three retrospective studies considered the effects of mTBI on the development and/or onset of
later-life dementias (including AD) (31, 34). Two studies found an increased proportion of people

diagnosed with dementia had a history of at least one mTBI (31, 34), while the third found no
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change in the number of people diagnosed with dementia (32). Barnes et al. (2018) (31) examined
the relationship between TBI severity, loss of consciousness (LOC), and dementia diagnosis in
357,558 Veterans. The researchers found an adjusted hazard ratio for dementia diagnosis of 2.36
(95% CI, 2.10, 2.66) for mTBI without LOC; 2.51 (95% CI, 2.29-2.76) for mTBI with LOC; and
3.19 (95% (I, 3.05-3.33) for mTBI with LOC unknown (31). Yang et al. (2019) (34) assessed
dementia risk following craniofacial trauma in 501,889 patients. Researchers found that patients
with past mTBI were more likely to be diagnosed as having dementia later in life than matched
controls (2.75% versus 1.28%; p<0.01), further, the same team found a standardized incidence
ratio of 1.78 (1.73—1.84) for mTBI and dementia. Helmes et al. (2001) (32) investigated the
development of dementia in adults with a history of mTBI using samples from two separate waves
of the community-based Canadian Study of Health and Aging. Participants who identified as
having a TBI before the first wave were followed up within the second wave to assess cognitive
status five years later. The researchers found that having a history of mTBI was not associated
with a dementia diagnosis.

Six prospective studies considered the effects of mTBI on the development of later-life dementias
(including AD) (33, 40—42). Five of the six papers found increased rates of dementia diagnosis in
at least one subset of individuals (33, 42); however, one of these papers did not use statistical
assessments to verify this conclusion (38). The objective of Lee et al. (2013) (35) was to identify
the incidence of dementia in Taiwanese patients aged 18+ with and without histories of concussion.
A total of 720,933 adults were followed for 8 years post-injury. In all participants, researchers
found the adjusted hazard ratio to be 3.26 (95% CI, 2.69—-3.94), and in adults 65+ the hazard ratio
was 3.27 (95% CI, 2.67-4.00) for the diagnosis of dementia following remote mTBI. McMillan et

al. (2014) (38) explored mortality rates and associated comorbidities 15 years after mTBI in a
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sample of 7,284 adults in Glasgow. At admission, after mTBI the mean age was 39 (range 14-98),
and 15 years later the dementia rate in those with mTBI was 0.37/1000/year versus case controls
(0.14/1000/year). However, no statistical assessments were done due to low power. Redelmeier et
al. (2019) (41) tested whether statin use is associated with a change in risk of dementia in older
adults after a concussion; for this review, we are only reporting on the group that did not receive a
statin. It was found that mTBI control patients accounted for 3,677 dementia cases over 85,339
patient-years (mean, 3.9 years), equal to an incidence of 43/1,000 patients annually, greater than
twice the normal population. Sercy et al. (2020) (42) explored the mortality rate and causes of
death in mTBI patients five-years post-injury, and found an odds ratio of 1.62 (95% CI, 0.88-2.98)
for the development of a neurodegenerative disease, although this was not specific to dementia.
Sundstrom et al. (2007) (33) examined 181 subjects with dementia and 362 controls and assessed
the prevalence of mTBI using a case definition provided by the authors. They found that mTBI
conferred an increased risk of dementia in only carriers of APOE €4 genotype. In contrast,
Plassman et al. (2000) (40) investigated the association between mTBI and dementia in a military
population. The researchers found no effect of mTBI on the development of later-life dementia
(hazard ratio: 2.56, 95% CI: 0.68 to 9.67), no difference in age of onset of dementia, and no
interaction effect between mTBI and APOE &4 genotype on the risk of dementia.

Two studies retrospectively examined if a history of mTBI influences the age of onset in adults
with a clinical diagnosis of MCI and/or dementias (36, 37). Liao et al. (2020) (37) examined how
prior conditions, including mTBI, are associated with the development of late-onset AD in a
general Taiwanese population. In this sample of 9,200 adults aged 65+, mTBI within 9 years was
positively associated with late onset AD diagnosis. Li et al. (2016) (36) assessed if a history of

TBI and severity are associated with the age of onset of MCI and dementia. Researchers found
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that mTBI is related to an earlier age of onset than adults with no history of mTBI (68.5+1.1 years;
95% CI 66.3-70.7 versus 70.9+0.2 years; 95% CI 70.5-71.4).

One study included both prospective and retrospective analyses (39). Nordstrom & Nordstrom
(2018) assessed all inhabitants of Sweden aged 50 years and over. In the first cohort, 164,334
individuals with TBI were age and sex-matched to two individuals between 1964 and 2012, and
the National Patient Register (NPR) was prospectively searched for diagnosis of dementia. In
patients with mTBI, the adjusted odds ratio of developing dementia in the 48 years follow up was
1.63 (95% CI, 1.57-1.70). The second cohort involved siblings in the NPR who had different
diagnoses of TBI (i.e., no TBI versus TBI), to control for familial factors. Researchers found a
slight increase in dementia rates in the second cohort with an adjusted odds ratio of 1.49 (95% CI,
1.23—1.80). The third cohort was a prospective analysis of individuals diagnosed with dementia in
the NPR. Researchers found a small increase in having a history of mTBI in adults diagnosed with
dementia (aOR, 1.59; 95% CI, 1.54—1.65). In all cohorts, mTBI had the weakest association with
dementia when compared with severe TBI and repeated TBIs.

2.3.3 Meta-analysis of quantitative studies

Six studies met the narrow criteria (Table 2.2) and were included in the meta-analysis (31, 39—41).
Using a random-effects OR model, prior mTBI was found to be associated with the later
development of dementia (OR 1.96, 95% CI 1.698-2.263, p<0.001) (Fig. 2.2, Table 2.4). The
studies exhibited a high degree of heterogeneity (I’=97.30%).

Table 2.4. Pooled Odds Ratio for developing dementia after remote mTBI
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Study
Barnes et al., 2018
(31)

Lee etal., 2013 (35)

Nordstrom
&Nordstrom, 2018

(39)

Redelmeier et al.,

2019 (41)

Yang et al., 2019 (34)

Total (random

effects)

Intervention Controls

3,972/91,888  4,698/174,081

127/28,424 944/691,438

5,846/108,463  7,314/216,077

3,677/21,757 19,717/229,992

4,451/394,607  2,497/394,607

18,073/645,139 35,170/170,6195

Odds

Ratio

1.629

3.283

1.626

2.169

1.791

1.972

95% CI1

1.560 to

1.701

2.727 to

3.952

1.570 to

1.684

2.087 to

2.254

1.705 to

1.882

1.705 to

2.281

Weight (%)

Random

21.01

15.87

21.14

21.09

20.89

100
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Figure 2.2. Forest plot of individual and pooled ORs for studies included in the meta-analysis.
2.3.4 Structural and neuropsychiatric changes after mTBI

We identified nine studies that examined structural and/or neuropsychiatric outcomes associated
with MCI/dementia after remote mTBI (Table 2.5). For inclusion of this section, studies had to
use a global cognitive screening tool, such as the MMSE or MOCA, to delineate cognitive
function. Specifics about each study, including population characteristics, the definition of mTBI
and measures of global cognitive functions used, outcome measures, time between injury and
diagnosis, main findings and bias scores can be found within (Table 2.5).

Table 2.5 Structural and neuropsychiatric changes after mTBI

20



Paper

Esopenko
etal., 2017
(4%)

Hart et al.,
2013 (44)

Montenigro
etal., 2017
(49)

Ozen et al.,

2015 (51)

Strain et al.,

2015 (43)

Population

Characteristics

Former pro hockey
players recruited
through NHL
Alumni
Association (n=33)
with age matched
controls from the

community (n=18)

Retired NFL
players with mTBI
history (n=32), and
without (n=2)
recruited from NFL
Players Association
meeting and
healthy, matched

controls (n=85)

n=93 former
football players,
High school n=17,
College n=76,
Participants were
subset of ongoing
longitudinal study
(LEGEND)

Elderly patients
with remote TBI
history;

mTBI n=35,
Control n=15,
recruited from
Waterloo Research
in Aging Pool
Former NFL
athletes with no
memory
impairment
(n=20), NFL
athletes with MCI
(n=8), Cognitively

mTBI Definition

A blow to the head
followed by clinical

symptoms

AAN Practice Parameter
Guidelines for grading

concussion (1997).

CDC definition of

concussion

American Congress of
Rehabilitation Medicine
definition (1993)

AAN Practice Parameter
Guidelines for grading

concussion (1997)

Outcome

Measures

Performance on
neuropsych tests,
cognitive tests,

and APOE4 status

Performance on
neuropsych tests,
neurological
assessment,
neuroimaging,
dementia or MCI

diagnosis

Performance on
cognitive

neuropsych tests

Performance on
neuropsych tests,
self-report scales,
open-ended

interviews

Performance on
neuropsych tests,
hippocampal

volume assessment

Findings

Alumni tested significantly
worse on executive
function tests but not
cognitive tests. No
association

between APOE4 status and
cognitive test performance.
Two alumni were excluded

due to low MOCA score.

No correlation between
neuropsychiatric measured
and concussions. Total
white matter lesion
volumes significantly
different in mTBI with
cognitive impairment
group. Lower incidence of
dementia in retired players,

higher incidence of MCL

Cumulative Head Impact
Index predicts risk of
cognitive impairment later

in life

No difference between
mTBi, mod/severe TBI on
any measure, but no
statistics were performed to
assess effects of TBI

severity on performance

Former NFL athletes
without cognitive
impairment performed
worse than healthy
controls. Athletes with

concussion had lower

Bias

Score

Main effect
of remote

mTBI

Decreased
neuropsych

performance

Increased risk
of MCI, white
matter

reduction

Increased risk
of later life
cognitive

impairment

No effect was

detected

Decreased
neuropsych.
performance
and
hippocampal

volume
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Paper

Tremblay
etal., 2013
(46)

Tremblay
etal. 2019
(45)

Wammes et
al., 2017
(50)

Yang et al.,
2015 (47)

Population

Characteristics mTBI Definition

healthy controls
(n=21), controls
with MCI (n=6)
recruited from NFL
Players

Association.

mTBI group 2009 Consensus Statement

(n=15), control on Concussion in Sports
group (n=15), all

participants were

university athletes

between age of 51

and 75 recruited

with the help of

university athletics

organization

Remote mTBI 2009 Consensus Statement

(n=15) patients on Concussion in Sports
recruited from
university athletics
associations with
matched controls
(n=15) recruited
from community,
recent mTBI
(n=19) recruited
from ER with
matched controls

(n=25).

Young healthy Any closed head injury that

(n=22) and young resulted from the head
mTBI (n=17) being hit, the head striking
recruited from an object, or any
university, older acceleration/deceleration
healthy (n=22) and

older mTBI (n=21)

force that resulted in LOC
(1min to 6h) or PTA (1 min

recruited from to 7 days)
Waterloo Research

in Aging Pool

mTBI+MCI/D CDC definition of
(n=6), mTBI concussion
without MCI/D

Outcome

Measures

Performance on
neuropsych
tests, APOEe4
genotyping,

neuroimaging

MMSE and

neuroimaging

Performance on
neuropsych tests
and
Autobiographical

interview

Performance on
cognitive

tests, APOEe4

Bias
Findings Score
hippocampal volumes at all
age ranges.
Reduced performance on HQ

most neuropsych tests and
diminished cortical
thickness and enlarged
ventricle size in mTBI
group, which are
considered a marker for

MCI development

Total brain volume did not A
differ between mTBI to

control, but diffusivity was
increased in remote mTBI

group only in the corpus
callosum and frontal white
matter; no difference on

MMSE

Remote mTBI had little A
effect on neuropsych

testing, semantic priming,

or autobiographical

interview content

No statistics performed on A
cognitive tests, but loss of

consciousness was

Main effect
of remote

mTBI

Decreased
neuropsych
performance,
and imaging
changes
analogous to

MCI

White matter

reduction

Little to no
effect of

remote mTBI

Increased
dementia risk

with LOC, no
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Main effect

Population Outcome Bias of remote
Paper Characteristics mTBI Definition Measures Findings Score mTBI

(n=21), healthy genotyping, identified as a risk factor changes in

controls (n=10) all Neuroimaging for dementia. Allele amyloid

recruited from the frequency of APOE4 was levels

Taiwan National significantly higher in

Health Insurance mTBI+D group than

database controls; Amyloid

accumulation was higher in
mTBI+D but no difference
between mTBI - D and HC
group

NHL, National Hockey League, NFL, National Football League; AAN, American Academy of

Neurology; MCI, mild cognitive impairment; LEGEND, Longitudinal Examination to Gather
Evidence of Neurodegenerative Disease; CDC, Center for Disease Control and Prevention; TBI,
traumatic brain injury; MMSE, Mini-Mental Status Examination; LOC, loss of consciousness;

PTA, post-traumatic amnesia; ADHD, attention deficit hyperactivity disorder.

The following four studies all used MRI imaging to assess brain volume changes in addition to
neuropsychiatric testing. Strain et al. (2015) assessed 28 retired NFL athletes in Texas with an
mTBI history by using tests of verbal episodic memory and neuroimaging (43). They found that
verbal episodic memory was reduced in athletes compared to controls. Furthermore,
hippocampal volume was significantly diminished compared to healthy controls at all age groups
in athletes with at least 1 mTBI, but not in athletes without an mTBI history; this difference
appeared more pronounced at increasing ages. In another study examining professional athletes,
Hart et al. (2013) (44) assessed retired NFL athletes who had an mTBI history using
neurocognitive assessments and neuroimaging. They found significant group differences in tests
of naming, word-finding and visual and verbal episodic memory in cognitively impaired NFL
players compared to controls, but no correlations between the number of mTBIs and years

played in the NFL (44). Neuroimaging studies using diffusion tensor imaging revealed increased
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diffusivity in regions of white matter in impaired NFL players, particularly in the frontal,
parietal, and temporal regions and corpus callosum, and changes in blood flow between impaired
players and healthy controls. These findings were similar to those of Tremblay et al. (2019) (45),
who examined mTBI patients with different ages at mTBI onset using diffusion-weighted
imaging. Remote mTBI patients had increased white matter abnormalities in the frontal region
and anterior corpus callosum compared to controls, whereas recent mTBI patients had no
significant differences in these parameters compared to controls (45). Finally, Tremblay et al.
(2013) (46) recruited former university-level athletes with and without an mTBI history and
evaluated them using neuropsychiatric testing and MRI of anomalies in neurometabolites and
structure. The mTBI group had reduced episodic and semantic memory, abnormal
neurometabolites in the medial temporal region and prefrontal cortex, increased ventricle size,
and reduced cortical thickness relative to controls (46).

One study primarily examined amyloid accumulation using positron emission tomography. Yang
et al. (2015) (47) identified remote mTBI patients and controls and found that cognitive
performance and mean amyloid accumulation scores were not significantly different between
normal mTBI and control groups, but were different in mTBI patients with dementia. Four
studies used neuropsychiatric testing as an outcome measure, but not neuroimaging or risk of
dementia (47). Esopenko et al. (2017) (48) assessed National Hockey League (NHL) alumni with
a concussion history compared to healthy controls, and found that the NHL group performed
significantly lower on tests of executive and intellectual function. They also found that executive
and intellectual function was associated with the number of concussions within the NHL group.
However, the NHL group performed similarly to controls on objective tests of cognition, and

APOE ¢4 status was not associated with neuropsychological impairment in this study (48).
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Montenigro et al. (2017) (49) assessed repetitive head impacts using a cumulative head impact
index (CHII) in 93 former amateur football players and found that the risk of mood, behavioral
and cognitive impairment increased with CHII score in a dose-dependent manner. Those with the
highest CHII exposure were 9-times more likely to develop objective cognitive impairment, as
assessed by the Brief Test of Adult Cognition by Telephone, later in life (49). Wammes et al.
(2017) (50) assessed young and old participants with and without remote mTBI to assess the
effect of remote mTBI on lingering memory issues. They found significant effects of mTBI on
word recall in elderly remote mTBI patients, but most neuropsychological testing revealed no
significant differences compared to age-matched controls (50). Finally, Ozen et al. (2015) (51)
assessed older adults with and without a TBI history, but only five adults in the TBI group had a
mild injury. Though neuropsychological test performance appeared reduced in the mTBI group
compared to non-TBI controls, the study included only a small number of participants with
mTBI, and no statistical analysis was performed on the mTBI data (51).

2.3 Discussion

This review and meta-analyses of studies published between January 2000 and March 2020
revealed an increase in the risk of dementia following a history of diagnosed mTBI, with a
pooled odds ratio of 1.96 (95% CI 1.698-2.263, p<0.001) and subtle evidence of persistent
changes in neuropsychiatric test performance and imaging. Previous reviews on this topic have
yielded mixed conclusions; Godbolt et al. (2014) (26) reported that mTBI does not increase the
risk dementia development, while Perry et al. (2016) (2) reported that mTBI does increase risk of
dementia. While we believe that this review provides a compelling argument that a history of
diagnosed mTBI increases the risk of dementia, we also acknowledge that a risk factor is simply

an increased chance of developing a disease, rather than a definitive cause. This review has been
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split into two main components: identifying the risk of dementia after mTBI and identifying
dementia-related factors after mTBI, such as structural and cognitive abnormalities. This
differentiation was made to create a comprehensive review that provides both quantitative and
qualitative evidence about the risk of dementia after mTBI. It is important to identify risk factors
for dementia, as they serve as a starting place for clinicians and researchers to identify
interventions for at-risk individuals.

2.3.1 Objective risk of dementia after mTBI

We included twelve studies that aimed to identify the risk of dementia years after mTBI (31-42).
Of the twelve studies included, eight found an increased risk of dementia after mTBI in at least
one subset of the examined population (31-35, 38—42), and two studies found that a history of
mTBI affects the onset of dementia (36, 37). Overall it appears that prior mTBI increases the risk
of developing later dementia. This is in contrast to the review conducted by Godbolt et al. (2014)
(26); however, the current review was able to capture information from eleven studies deemed
“High Quality” or “Acceptable”, while Godbolt et al. (2014) only captured one (26). These
discrepancies may stem from differences between inclusion criteria for the respective review; for
example, in the current review, included studies must have used physician-diagnosed
concussions, have had the head injury confirmed by an informant, and/or read a strictly defined
definition of concussion to participants to assist in their assessment of injuries. We made this a
criterion to exclude studies where participants who are potentially at risk of dementia and may
have a history of mTBI are asked to remember mTBI events throughout their life. Due to the
memory problems associated with mTBI and dementia, this raises the potential of study bias; this
was not an inclusion criterion in the other reviews. In their review, Godbolt et al. (2014) (26)

recommended that future researches ensure they produce studies with appropriate methodology
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and enough power to draw conclusions from. Eight studies included in this review, all of which
were deemed to have appropriate power and low risk of bias, have been published since the
Godbolt et al. (2014) (26) review, and so we applaud the researchers for acknowledging the
paucity of research in the area and designing studies to address these gaps.

It is worth noting that a majority of the studies in this section searched health databases to
investigate any associations between mTBI and dementia. While this is an excellent method to
ensure accurate diagnoses, it opens a discussion regarding universal health coverage. Data
collected in this manner may be most generalizable when coming from countries that provide
universal health coverage, and comparisons between countries with different types of healthcare
systems should be taken with caution (52). Notably, studies based in Taiwan used data from the
National Health Insurance program which provides universal health insurance and enrolls up to
99% of the population (34, 37). In countries where universal health care is unavailable, people
may be less likely to see a physician for a multitude of reasons, including financial barriers and
limited resources, which may affect the results of database searches. Another challenge exists in
retrospectively searching databases, regardless of universal healthcare, in that historically, fewer
people may have seen a physician for diagnosis of mTBI due to the previous misconception of
concussions and mTBI as an insignificant event. A Canadian study found that concussion rates
were stable between 1994/1995-2005/2006 (53). However, by 2014 an increase in reporting by
up to 250% was observed without any indication of a plateau. This trend was observed in both
sexes, young and older populations, and sport and non-sport related injuries, and likely
represents increased awareness of concussion and mTBI (53).

2.3.2 Meta-analysis of quantitative studies
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This meta-analysis supports an association be-tween remote mTBI and a later diagnosis of de-
mentia, including AD. For this meta-analysis, only studies that explicitly reported mTBI and
dementia rates were included. If this information was not provided in the paper, we contacted the
authors to gain this information. In one case, we were not able to contact the authors, and so the
data was not included in the present analysis. We also only included studies that were rated as
high quality or acceptable to reduce bias in our results. Because we only included studies that
assessed the occurrence of mTBI prior to one-year before dementia diagnosis, we feel confident
in the directionality of this association.

TBI is the strongest environmental risk factor for the later development of dementia (54). It
seems that the severity of impact plays a role in the risk of dementia such that more severe
impacts have more associated risk (2, 39), but the role of repetitive injuries is still under
investigation (2). To compare the current finding to non-brain injury-related risk factors, vascular
risk factors (e.g., diabetes, hypertension, and obesity) have ORs ranging from 2.0-2.3 (55).
Further, an OR between 1.80-9.05 has been observed between the APOE ¢4 allele and the
development of AD (56). While these risk factors may not be directly comparable, it is
noteworthy that we have identified an odds ratio similar to these classically associated risk
factors.

The current meta-analysis only includes data from six studies. While it provides evidence that
there is an association between remote mTBI and later development of dementia, more research
is needed in this area to better determine the strength of association.

2.3.3 Neuropsychiatric changes after mTBI

We included four studies that used neuropsychiatric test performance as the primary outcome

measure. Overall, mTBI seems to result in mildly reduced performance on several
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neuropsychiatric tests, though some studies did not detect an effect. Most studies that examined
subjective measures of cognitive function after mTBI found persistent deficits in domains such
as executive function and visual, verbal and episodic memory, and one study found a dose-
dependent increase in risk for a variety of cognitive impairments after mTBI. However, three
papers found little changes in neuropsychiatric testing between control and mTBI groups. Taken
together, these results are consistent with other systematic reviews conducted in the field that
report subtle changes in cognition in some patients following mTBI, especially after repeated
injuries (57, 58). This is well illustrated by a systematic review of eleven meta-analyses, which
reported that despite an overall good prognosis for the vast majority of mTBI patients, a subset
of patients suffered from persistent cognitive deficits (58). Furthermore, patients with repeated
head injury were at a larger risk for reduced cognitive performance (59). Despite these findings,
it is important to emphasize that some reviews report essentially complete recovery after mTBI
and that the majority of patients with an mTBI recover (60). Overall though, the large body of
evidence suggests that a small subset of mTBI patients, especially those with repeated injuries,
have persistent, subtle cognitive impairment. This impairment could be associated with dementia
through persistent damage and a reduction in cognitive reserve (61), through association with a
long-term neurodegenerative process such as tau deposition or amyloid aggregation or could be
an independent deficit unrelated to dementia.

2.3.4 Neuroimaging changes after mTBI

We included five studies that used neuroimaging changes as the primary outcome measure.
Neuro-imaging mainly revealed changes in white matter volume, particularly in the medial

temporal and frontal regions. The vulnerability of these regions to white matter abnormalities
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after TBI has been reported elsewhere, and they are considered susceptible to impact due to their
mobility and proximity to bony structures (62).

All the neuroimaging studies included in this review found at least some significant differences
in patients with a history of mTBI, most of whom were professional athletes. These included
alterations in white matter tracts and brain volume in areas associated with memory, such as the
hippocampus. One study found similar changes in white matter tracts in patients with post-
concussive syndrome (63), and similar trends were identified in a recent systematic review (64).
While residual, long-term structural changes similar to those found in post-concussive syndrome
are concerning enough, some evidence exists that white matter abnormalities seen in mTBI have
similarities with those seen in AD (65). These abnormalities include changes in the corpus
callosum and temporal regions (such as the parahippocampal gyrus), both of which were affected
by mTBI (66, 67).

In summary, the neuroimaging and neuropsychiatric studies presented provide potential
explanations for the increased risk of dementia seen in mTBI patients. Firstly, it is possible that
following mTBI, persistent injury to the hippocampus, white matter tracts and other regions
causes affected individuals to be more vulnerable to the age-related brain changes associated
with dementia that affect similar regions. Alternatively, mTBI could trigger a long-term
neurodegenerative process that becomes clinically apparent only with age, analogous to the tau-
related changes seen in patients with CTE (68). These changes may be associated with altered
levels of neurometabolites, which has already been demonstrated in symptomatic CTE patients
retired from the NFL (69).

2.3.5 Risk of bias and limitations
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The intent of rating the bias within studies is to better identify the validity of results concerning
the current review, and is not done to discredit any research conducted in this area. Out of 21
studies, six were rated as high quality, twelve as acceptable, and three as unacceptable using the
Scottish Intercollegiate Guidelines (20). High quality studies had to meet most items on the bias
scoring checklist, have a high enough sample size, and have no major methodological issues.
Acceptable studies also met most of the guidelines but had some methodological issues. The
most common issues involved a combination of the following: low statistical power, nonstandard
definitions of mTBI, poor controls, selective reporting of data, and conducting neuropsychiatric
tests without a trained professional. A 2007 study by Sundstrom et al. (33) was rated as
unacceptable because of their definition of mTBI. Although the authors used structured
interviews and medical records to examine head impact history, their justification of mild
severity was inappropriate. The authors stated that participants had only sustained mild injuries,
and this statement was based on an assumption that any participant who had sustained a TBI and
was able to carry out a test battery had a mild injury. Given that most patients who survive
moderate to severe TBI can function without assistance (70), we felt that this definition of mTBI
was unable to accurately distinguish TBI severity. Due to the high probability of participants in
the mTBI group having sustained a more severe injury, we were unable to draw strong
conclusions from this paper. Although the studies by Ozen et al. (2015) (51) and McMillan et al.
(2014) (38) were well done in terms of methodology, for our purposes, they were considered
unacceptable, as no statistical analyses were performed on the specific results of interest (i.e., the
association between remote mTBI and later development of dementia or related indicators).
Because no statistical analyses were performed, results due to chance cannot be ruled out, and

firm conclusions cannot be drawn.
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One limitation of our review is that we did not analyze the effect of the number of mTBIs; some
of the differences between studies are likely mediated by different exposure levels. Most of the
studies included in this review did not include information on the number of injuries, so we were
not able to examine this important variable. While evidence suggests that a single TBI may cause
amyloid and tau pathology, the effect of a single mTBI is unclear (71). Conversely, repetitive
injuries have been studied as a risk factor for neurodegenerative disorders such as CTE (72), and
pathological changes such as alterations in cerebral blood flow (73). Presumably, patients with
more mTBI exposure are more susceptible to developing dementia, and those with fewer injuries
may have a much lower risk. Another potential limitation is that we only included studies that
used a clinical diagnostic tool such as the MMSE/MoCA as a screening measure or outcome, and
that a clinical definition of mTBI had to be met. Although these criteria were intended to help
capture only relevant, high quality studies, it is possible that they led us to exclude relevant
papers. Furthermore, we were unable to include one study in the present meta-analysis because
we were unable to acquire the relevant numbers after contacting the authors. The exclusion of
this study may have resulted in a slight overestimate of the risk of dementia using our pooled
OR. Finally, we did not measure the risk of bias across studies, so our conclusions may have
been affected by factors such as publication bias.

2.3.6 Future directions

This review highlights a putative association between dementia and mTBI, and discusses long-
term neuroimaging and neuropsychiatric changes after mTBI. Future epidemiological studies
should compare the effect of multiple versus single mTBIs to determine what level of mTBI
exposure causes a significant increase in dementia risk. To better understand the mechanism of

this risk, further longitudinal studies investigating tau and amyloid accumulation in mTBI
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patients should be conducted. In addition, this review provides a starting point for clinicians and
researchers to develop prevention strategies for individuals at risk of developing dementia due to
a history of mTBI. From this review, it is apparent that people with a history of mTBI show
alterations in tracts, reduced brain volume in areas associated with memory, and slight decreases
in cognitive performance, all of which may be risk factors for later development of dementia.
While there is currently no cure for dementia, much research has focused on preventative
mechanisms including exercise-based, cognitive training, and mindfulness techniques. Erickson
et al. (2011) demonstrated that aerobic exercise training leads to increased hippocampal volume
and associated improvements in spatial memory in healthy older adults (74). Furthermore,
Musteata et al. (2019) demonstrated improvements in cognitive performance in healthy older
adults, while Spaner et al. (2019) demonstrated cognitive improvements in adults with subjective
memory complaints following cognitive training programs (75, 76). Another intervention under
investigation is mindfulness training, a type of meditation. Holzel et al. (2011) found that 8-
weeks of mindfulness training increased grey matter volume in region specific areas, including
the left hippocampus (77). Pharmacological treatments, such as cholesterol management via
statins, are a further area of interest in reducing dementia risk post-concussion. One study
included in this review also included a patient group prescribed statins post-injury and found that
patients who took statins following mTBI had a 13% decreased risk of dementia development
(41). Future researchers should investigate if these types of intervention programs have benefits
to individuals at risk of dementia due to remote mTBI.

2.4 Conclusions

Remote mild traumatic brain injury confers an increased risk of dementia, with a pooled odds

ratio of 1.96 (95% CI 1.698-2.263). In addition, neuropsychiatric and neuroimaging tests reveal
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long-term deficits and changes in brain structure after mTBI, that are associated with MCI and

dementia. Future research should continue to examine mechanistic links between mTBI and

dementia, and aim to identify risk management strategies in mTBI patients susceptible to

dementia.
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Chapter 3

Detection: Using multi-modal assessments to distinguish between adults

with and without histories of concussion

3.1 Abstract

3.1.1 Background:

Concussions are a form of mild traumatic brain injury that are being increasingly recognized as a
risk factor for dementia, particularly in aging adults. However, the subtle nature of these injuries
and the limitations of single-modality assessments may obscure important concussion-related
outcomes. This study aimed to investigate the long-term consequences of concussions in aging
adults using a multimodal approach, including neuropsychological assessment, diffusion tensor
imaging and blood-based biomarker analysis.

3.1.2 Methods:

Seventy-one community-dwelling adults aged 50—81 were enrolled, and asked to complete
neuropsychological testing, diffusion tensor imaging, and blood collection. Participants were
grouped based on history of diagnosed or self-reported concussion, contact sport exposure, and
number of past injuries. Cognitive assessments included measures of attention, memory and
processing speed. Serum biomarkers included neurofilament light chain (NfL), glial fibrillary
acidic protein, phosphorylated tau (pTau-217), brain derived neurotrophic factor, interleukin-10
(IL-10) and tumor necrosis factor alpha. White matter integrity was assessed using tract-based
spatial statistics to evaluate fractional anisotropy (FA) and mean diffusivity (MD).

3.1.3 Results:
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Participants with a history of concussion exhibited lower serum NfL levels compared to controls
(FDR-adjusted p < 0.05). However, higher NfL levels within the concussion group were
associated with poorer verbal fluency and widespread decreases in FA and increases in MD.
Participants with multiple concussions showed elevated IL-10, while those with contact sport
experience showed higher pTau-217 levels. ROC analysis revealed that a combined biomarker
model most effectively classified concussion exposure (AUC = 0.82 for multiple concussions).
3.1.4 Conclusions:

This study highlights potential long-term effects following concussion that may not be detectable
with traditional assessments alone. Multimodal assessment offers a more nuanced understanding

of concussion sequelae in aging and may help identify those at greatest risk for cognitive decline.
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3.2 Introduction

Mild traumatic brain injuries (mTBIs), often referred to as concussions, are an extremely
prevalent neurological condition, with an estimated global burden of 42 million cases yearly.!-?
Aging adults are unique, as they are particularly vulnerable to concussions, with adults over age
65 accounting for over 80,000 TBI-related emergency room visits each year, and adults over 75
having the highest rate of TBI-associated complications and mortality.® Although these numbers
are alarming, they are likely a vast underrepresentation of the true burden of injury, especially
when considering long-term effects. Epidemiological studies suggest that the number of yearly
concussions is rising, however, this may be due to better diagnostic criteria, and better
understanding of the injury.* Falls are the leading cause of TBI in older adults, and the
combination of age-related fragility and under-recognition of injury highlights the need for
further attention to concussion-effects in this population.

The acute symptoms of concussion are typically transient, with 80% of people recovering within
a few weeks.>”” However, there is growing evidence of long-term consequences of injury,
especially in aging populations.®!° A recent meta-analysis found that even a single diagnosed
mild-TBI is associated with a nearly two-fold increase in the odds of developing dementia,
compared to adults who had never experienced an mTBI.!° Beyond diagnoses of dementia,
subtle but persistent changes have been observed in neuroimaging studies of adults with histories
of concussion. For example, findings from the Baltimore Longitudinal Study of Aging show
increased white-matter atrophy and microstructural degradation in frontal and temporal lobes in
adults with histories of concussions compared to non-injured adults.® Importantly, these changes
were observed in the absence of cognitive deficits, highlighting the need for sensitive measures

in this population.®
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Characterizing the long-term effects of concussions likely requires an approach that spans
multiple domains including function and structure. A majority of post-concussion outcomes
examine one modality (for example, only cognitive performance, or neuroimaging metrics), and
often in small sample sizes.!! Having a one-dimensional focus may lead to false negatives, as it
could fail to detect the full spectrum of concussion-related changes, especially subtle differences
in the presence of compensatory mechanisms. Alternatively, multimodal evaluation can provide
a more sensitive and holistic understanding of concussion sequalae in aging adults. Advanced
neuroimaging techniques like diffusion tensor imaging (DTI) are capable of detecting
microstructural white matter abnormalities that may result from past mTBIs, even when
conventional neuroimaging approaches appear normal.!? Neuropsychological testing offers
quantitative assessment of cognitive domains including memory, executive functions and
processing speed, that could be affected by prior mTBIs.!* Blood-based biomarkers can provide
insight into molecular and physiological signatures of neural injury and neurodegeneration that
may persist long after the initial injury.!* By capturing structural, cognitive, and biological
factors, multimodal assessment may detect concussion-related abnormalities that might be
missed by any single measure alone.

The present study uses a multidisciplinary approach to investigate long-term differences between
adults with and without histories of concussion, and concussion-based metrics. We studied 71
community-dwelling adults over the age of 50 with and without histories of concussion and
experience in contact sport. To focus on potential enduring-effects, we excluded participants who
had a concussion within the past year. Given our population, we defined concussion history
group broadly to include individuals with any lifetime history of concussion, whether formally

diagnosed or strongly suspected based on self-report of characteristic injury events and
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symptoms. This definition was chosen to account for the high rate of undiagnosed injuries and to
ensure we captured the full spectrum of concussion exposure. Analyses were completed based on
diagnosed concussions, total reported concussions, and years in contact sport to account for the
effects of potential repeated subconcussive exposures. All participants underwent MRI scans to
assess white matter integrity, a partial battery of neuropsychological testing, and a panel of blood
biomarkers. We hypothesized that traditional single-modality comparisons might reveal minimal
between group differences, but that by combining these measures we would uncover clearer
group differences that may provide insight into the long-term effects of concussions.

3.3 Methods

3.3.1 Ethical considerations

This study was approved by the University of Victoria Human Research Ethics Board (protocol
21-0591). All participants provided informed written consent prior to starting the study, and
verbal consent at each appointment.

3.3.2 Study population

Participants were recruited to the present study between May 2022 and March 2025 using
community posters, word-of-mouth and REACH BC. Participants that expressed interest were
sent the study eligibility information, and those who met the criteria were able to book an intake
appointment. Participants were eligible if they were between 50 and 90 years old, had normal or
corrected vision, and had no diagnosis of a neurodegenerative disease (e.g., dementia, subjective
cognitive decline), and were able to come to the University of Victoria for blood collection and
West Coast Medical Imaging for their MRI. For those with a history of concussion, the injury
must have occurred more than one year prior, and they must not be experiencing any persistent

concussion symptoms. Exclusion criteria for the MRI component included certain medical
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implants (e.g., pacemakers, cochlear implants, metal implants from surgery), metallic foreign
bodies (e.g., shrapnel, bullet fragments), specific dental work (e.g., magnet-held prosthetics,
extensive metal dental work), and some tattoos or non-removable metal jewelry. Individuals
meeting these exclusion criteria were allowed to participate in the study, but did not receive an
MRI.

3.3.3 Intake interview

After participants expressed interest an intake interview was scheduled. These could be
performed using an online platform like ZOOM, by phone, or in person, depending on the
participants’ preferences. After consent was obtained, the research assistant collected general
demographics and information related to history of concussion, sporting history and education.
3.3.4 Neuropsychological assessment

Standardized neuropsychological assessments were administered by students in the
Neuropsychology stream of clinical psychology at the University of Victoria.
Neuropsychological assessments were conducted via ZOOM for all participants. If participants
did not have access to a computer and webcam at home, they were able to come to the laboratory
to use our equipment, however, the assessments were still conducted virtually. The assessments
included measures of verbal fluency (FAS test), verbal learning and memory (California Verbal
Learning Test, CVLT-2), working memory and processing speed (Symbol Digit Modalities Test,
SDMT; Digit Span, DS), executive function (Trail Making Test, TMT A/B) and global cognitive
function (Mini Mental State Exam, MMSE). Participants were provided with verbal instructions
prior to each test, and allowed to take breaks as needed. Appointments took approximately one
hour to complete. Data were collected on paper and stored in password-protected digital files for

analysis.
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3.3.5 Serum collection

Venous blood samples were collected by team members with certificates in phlebotomy.

Blood draws were performed using a serum separator tube vacutainer system with a 21- or 23-
gauge butterfly needle, prioritizing the median cubital vein, followed by the cephalic or basilic
veins if necessary. After cleaning the puncture site with a 70% alcohol wipe, up to 60mL of
blood was collected into vacutainer tubes, which were inverted 10 times to ensure proper mixing.
Samples were allowed to clot for 30 minutes before centrifugation at 1500g for 10 minutes. The
resulting serum aliquots were processed in a biosafety level 2 laboratory and stored at -80°C for
future analysis.

3.3.6 Serum analysis

Serum analyses were conducted using the Single Molecular Array (SIMOA) HD-X platform.
The Neurology 2-Plex assay measured neurofilament light chain (NfL) and glial fibrillary acidic
protein (GFAP), with a coefficient of variation (CV) of 2.4% and between-plate variability of
16.7% for GFAP, and a CV of 4.1% with between-plate variability of 8.6% for NfL. Single-plex
plates were used to assess phosphorylated tau217 (pTau-217), brain derived neurotrophic factor
(BDNF), interleukin-10 (IL-10), and tumor necrosis factor-alpha (TNF-a). All samples were
measured in duplicate, yielding an average CV of 6.8% and between-plate variability of 29.1%
for IL-10. For pTau-217, the within-sample CV was 11.0%, with a between-plate CV of 31.07%.
BDNF had a within-sample CV of 3.6% and between-plate variability of 10.7%. TNF-a showed
a within-sample CV of 8.7% and a between-plate CV of 17.4%.

3.3.7 Imaging data acquisition

DTI data were collected by a trained MRI technician alongside a study team member at West

Coast Medical Imaging. Imaging parameters included a repetition time (TR) of 8000 ms, echo
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time (TE) of 101 ms, a 90° flip angle, 52 slices, and a voxel size of 1.4 x 1.4 x 2.0 mm. Each
scan acquired 48 images, comprising 45 diffusion-weighted images (b = 1000 s/mm?) and 3 non-
diffusion-weighted images (b = 0 s/mm?). The total acquisition time for the DTI images was
approximately 6 minutes, and the entire scans were approximately 30 minutes in length.

3.3.8 Data analysis

The cohort included in this study was split into four binary variables of interest related to
concussion metrics based on self-reported data collected at the intake interview. The first split
was based on adults with a history of diagnosed concussions, the second was based on history of
suspected (but not necessarily diagnosed) concussions, third was based on those who had
multiple suspected concussions, and fourth based on who reported playing contact sports. All
statistical analyses were completed in R Studio V 4.4.3 and FSL (FMRIB Software Library) for
neuroimaging data. Between-group comparisons of continuous demographic and outcome
variables (e.g., serum biomarker levels, cognitive scores) were performed using independent
samples t-tests. Categorical variables (e.g., sex) were compared using chi-squared tests. For
multiple comparisons within each modality (e.g., across serum biomarkers or neuropsychological
tests), p-values were corrected using False Discovery Rate (FDR).

Serum biomarker values were natural log-transformed to correct for non-normal distributions
prior to analysis. Linear regression models were used to examine associations between
biomarker levels and variables such as age, sex, years of contact sport, number of diagnosed
concussions, and time since injury. Interaction terms were included in some models to test
moderation effects to examine whether relationships between blood-based biomarkers and

cognitive performance differed by concussion history.
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Neuroimaging data were analyzed using tract-based spatial statistics (TBSS). Preprocessing
included eddy current and motion correction, brain extraction, and tensor fitting to generate
fractional anisotropy (FA) and mean diffusivity (MD) maps. FA images were nonlinearly
registered to standard space, skeletonized, and subjected to voxel-wise statistical comparisons.
Group differences in DTI metrics and associations between biomarkers and white matter
integrity were tested using general linear models in FSL’s randomise tool with threshold-free
cluster enhancement, controlling for multiple comparisons at p < 0.05 (family-wise error
corrected).

Receiver operating characteristic (ROC) curves were generated to assess the discriminative
ability of individual and combined serum biomarkers in classifying concussion history (e.g.,
diagnosed concussion, contact sport participation, multiple concussions). Area under the curve
(AUC) values were calculated to evaluate model performance.

3.4 Results

3.4.1 Participant demographics

A total of 71 participants completed at least one component (neuropsychological, biological,
structural) of the study. Participants had an average age of 65.23 (+ 8.85), and had 16 years of
education on average (£2.4). Table 3.1 summarizes the participant demographic information,
split by variable of interest. With the exception of years of education between those with and
without a suspected concussion, there were no statistical differences between groups. A subset of
51 participants completed the MRI component of this study.

Table 3.1. Participant demographic information.

Information in brackets refers to those without the variable of interest. *; p < 0.05
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Reported Diagnosed Multiple Contact Sports
Concussions Concussions Concussions
N+(n-) 51 (20) 41 (30) 36 (35) 30 (41)
Age - years 64.8 + 8.60 63.6+8.56 (67.4 63.9+7.75(67.6 63.7 £9.33
(68.85 +8.37) + 8.74) +9.24) (66.1 +38.5)
Sex M=20,F=21 M=17,F=24 M=16,F=20 M=15F=13
M=6,F=14) M=9,F=21) M=10,F=25) M=11,F=32)
Education - 15.52 £2.46 15.8+2.43 15.72 £2.28 15.67 +2.82
years (17.2 £ 1.79)* (16.3,2.37) (16.28 £2.51) (16.2 +£2.08)
Time Since 16.36 + 18.25 13.30 +16.44 12.81 £ 15.72 18.39 +19.70

Injury - years (13.89 +£16.41)

3.4.2 Group differences in individual biomarkers

3.4.2.1 Biological markers

3.4.2.1.1 Neurofilament light chain is elevated in people without any history of concussion
We split our participant pool based on differing concussion metrics, including a diagnosed
history of concussion and a self-reported (but not necessarily diagnosed) concussion. Regardless
of classification, those with history of concussion had lower levels of NfL compared to the
uninjured control groups (Figures 2.1 and 2.2, diagnosed: t(69)= 3.13, p = 0.0028, FDR adjusted

p =0.0166); reported: t(69) = 2.194, p = 0.032, FDR adjusted p = 0.0366).
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Figure 3.1. Boxplots showing serum biomarker levels in adults with and without a history of
diagnosed concussion.

Biomarkers include pTau-217 (4), GFAP (B), NfL (C), BDNF (D), IL-10 (E), and TNF-a (F).
Each boxplot represents the median, interquartile range, and individual data points, with
outliers indicated by "+" symbols. The x-axis represents individuals with (Yes) and without (No)

a history of diagnosed concussion. Statistical significance was determined using independent t-
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tests, with non-significant results labeled as "NS". NfL showed a significant difference (p <

0.05), while all other biomarkers did not reach statistical significance.
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Figure 3.2. Boxplots showing serum biomarker levels in adults with and without a history of

reported concussion.
Biomarkers include pTau-217 (4), GFAP (B), NfL (C), BDNF (D), IL-10 (E), and TNF-a (F).

Each boxplot represents the median, interquartile range, and individual data points, with
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outliers indicated by "+" symbols. The x-axis represents individuals with (Yes) and without (No)
a history of reported concussion. Statistical significance was determined using independent t-
tests, with non-significant results labeled as "NS". NfL showed a significant difference (p <
0.05), while all other biomarkers did not reach statistical significance.

3.4.2.1.2 IL-10 levels are elevated in people with repeated concussion exposures

We also saw lower NfL in those with multiple reported concussion exposures, compared to
people without any or only one concussion (Figure 3.3, t(69) = 2.424, p = 0.0184), however, this
was not statistically significant when controlling for multiple comparisons (FDR adjusted p =
0.111). Adults with histories of multiple concussions had elevated levels of IL-10 ((69) = -2.66,
p =0.0099, FDR adjusted p-value = 0.0497), and TNF-a, but values were not statistically

significant after correction for TNF-a (t(69) = -2.08, p = 0.041, FDR adjusted p = 0.165).
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Figure 3.3. Boxplots showing serum biomarker levels in adults with and without a history of
multiple reported concussions.

Biomarkers include pTau-217 (4), GFAP (B), NfL (C), BDNF (D), IL-10 (E), and TNF-o. (F).
Each boxplot represents the median, interquartile range, and individual data points, with
outliers indicated by "+" symbols. The x-axis represents individuals with (Yes) and without (No)

a history of multiple concussion. Statistical significance was determined using independent t-
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tests, with non-significant results labeled as "NS". NfL was decreased in adults with histories of
multiple concussions compared to those without (p < 0.05). IL-10 and TNF-o. levels were
elevated in adults with histories of multiple concussions, compared to those without.

3.4.2.1.3 pTau-217 is elevated in people who have experience in contact sports

When separating the group by history of contact sport exposure, adults who had played contact
sports had elevated levels of pTau-217 compared to their non-contact sporting counterparts
(Figure 3.4, t(69) = -3.53, p = 0.00081, FDR adjusted p = 0.016). There were no other biomarker

differences between groups.
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Figure 3.4. Boxplots showing serum biomarker levels in adults with and without a history of
contact sport exposure.

Biomarkers include pTau-217 (4), GFAP (B), NfL (C), BDNF (D), IL-10 (E), and TNF-a (F).
Each boxplot represents the median, interquartile range, and individual data points, with
outliers indicated by "+" symbols. The x-axis represents individuals with (Yes) and without (No)

a history of contact sport exposure. Statistical significance was determined using independent t-
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tests, with non-significant results labeled as "NS". pTau-217 levels were elevated in those with a
history of contact sport exposure, compared to adults without.

3.4.2.1.4 Association between serum biomarkers, years of contact sport, time since injury
and number of total concussions

We used a series of linear regressions to examine the relationships between years of contact sport
participation, time since most recent injury, number of diagnosed concussions, age, and sex with
natural log-transformed biomarker concentrations. Age was the strongest predictor associated
with NfL (B = 0.0258, p < 0.001), but not with other biomarkers (p > 0.05). Years of sport
participation was significantly associated with pTau-217 (B = 0.0273, p = 0.00965), but not with
other biomarkers. The number of diagnosed concussions was significantly associated with IL-10
(B=0.0566, p=0.00071) and GFAP (B =-0.0903, p = 0.025), suggesting potential inflammatory
responses. Sex was a significant predictor only for IL-10 (B =-0.2337, p = 0.0456), with males
showing lower levels. The models explained 9.0% to 31.3% of the variance in biomarker levels,
with the strongest model being for NfL (R? = 0.3132, p = 0.0010). Full models are shown in
Table 3.2.

Table 3.2. Linear regression results to predict biomarker levels based on history of concussion

metrics. (B, p value).

Biomarker Yearsof  Time Number of Age Sex R? Model
Contact Since Total p-value
Sport Recent Reported
Injury Concussions
NfL (-0.0049,  (-0.0009,  (0.0038, (0.0258, (-0.16, 0.3132 0.001
0.41) 0.765) 0.812) 4.6e-05) 0.178)
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pTau-217  (0.0273, (-0.0055, (0.0101, (0.0144, (0.0408, 0.213  0.02296

0.00965)  0.303) 0.718) 0.159)  0.841)
IL-10 (-

(-0.0056,  (-4e-05,  (0.0566, (0.0055, 0.2337,

0.335) 0.989) 0.00071) 0.336)  0.0456) 0.2453 0.0091
TNF-a (-0.0027,  (-0.0052,  (0.0385, (0.0014,  (0.0387,

0.717) 0.185) 0.0642) 0.853)  0.794)  0.0901 0.3989
GFAP (0.0048,  (0.0036,  (-0.0903, (0.019,  (0.1491,

0.737) 0.632) 0.025) 0.186)  0.602) 0.1708 0.0697
BDNF (-0.0062,  (-0.0044,  (0.0054, (0.0005, (0.0737,

0.377) 0.223) 0.777) 0.947)  0.595)  0.0396 0.8209

3.4.2.2 Diffusion Tensor Imaging

3.4.2.2.1 Adults with diagnosed concussions show regionally specific increased fractional
anisotropy compared to adults without

Comparison of factional anisotropy and mean diffusivity values between groups revealed a small
region of increased FA in the diagnosed group (p < 0.05, controlled for multiple comparisons),
however, no differences in MD values. These differences were noted in the left cerebral white
matter (MNI152 Coordinates: -16.32, 1.52, 49.79), and along the right fronto-occipital fasciculus

(MNI152 Coordinates: 40.72, -33.4, -6.8) (Figure 3.5).
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Sagittal View Coronal View Axial View

Figure 3.5. Comparison of fractional anisotropy between adults with and without diagnosed
CONCUSSIONS.

Standardized FRIB5S skeletonized white matter tracts (green) are overlaid on the standardized
FMIB58 FA image. Small regions of increased FA in the diagnosed group (red) were identified
in the left cerebral white matter (top, MNI152 Coordinates: -16.32, 1.52, 49.79) and along the
right fronto-occipital fasciculus (bottom, MNI152 Coordinates: 40.72, -33.4, -6.8). No
significant group differences were observed in MD values. Panel labels correspond to different
views. (A, D) Sagittal, (B, E) Coronal, and (C, F) Axial.

3.4.2.2.2 History of concussion metrics are not linearly related to FA and MD
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A general linear model was applied to assess voxel wise associations across the white matter
skeleton. After correcting for multiple comparisons, there were no statistically significant
correlations between FA or MD and the history of concussion-based variables.

3.4.2.3 Neuropsychological Testing

3.4.2.3.1 Few differences in cognitive performance across history of concussion metrics
Adults with and without histories of diagnosed concussions performed remarkably similar across
the panel of cognitive assessments (Table 3.3). The only group difference observed was on the
Verbal Fluency (Animals) Z-score, in which adults with a history of concussion performed worse
than the no-injury group (t(69) = 3.37, p = 0.001, FDR adjusted p = 0.029, cohen’s d = 0.81),
there were no statistically significant differences between groups when correcting for multiple
comparisons using a false discovery rate correction (Table 3).

Table 3.3. Statistical analysis results for cognitive measures, split between HoC metric.

* indicates statistically significant values after correcting for multiple comparisons.

Variable HoC t statistic p value Cohen's D p value
Metric (FDR)
SDM Oral 0.61 0.54 0.15 0.76
SDM Oral Z 0.65 0.52 0.16 0.76
Trails A " -2.42 0.02 -0.58 0.11
Trails A Z -g 2.62 0.01 0.63 0.11
Trails B g -0.06 0.96 -0.01 0.99
Trails B Z % 0.24 0.81 0.06 0.97
MMSE g{) 0.34 0.74 0.08 0.93
Verbal Fluency (F) g 0.45 0.65 0.11 0.87
Verbal Fluency (A) 2.18 0.03 0.52 0.16
Verbal Fluency (S) 0.11 0.92 0.03 0.99
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Verbal Fluency Repeats -0.16 0.76

VF Animals

Verbal Fluency Animal Z

Digit Span Forward Raw

Digit Span Backward

-0.11 0.92 -0.03 0.99
Raw

Digit Span Sequencing

0.99 0.33 0.24 0.60
Raw

Digit Span Scaled Score

SDM Oral Z

Trails A Z

Trails BZ

Verbal Fluency (F)
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Verbal Fluency (S) -0.35 0.87

Verbal Fluency Repeats

Verbal Fluency (Animals)

Verbal Fluency Animal Z

Digit Span Forward Raw

Digit Span Backward
0.67 0.50 0.18 0.87
Raw

Digit Span Sequencing
0.93 0.36 0.25 0.99
Raw

Digit Span Scaled Score

SDM Oral Z

Trails A Z

Trails BZ
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Verbal Fluency (F) -0.01 0.99
Verbal Fluency (S) -0.42 0.87
Verbal Fluency Repeats -0.17 0.87

Verbal Fluency (Animals)

Verbal Fluency Animal Z

Digit Span Forward Raw

Digit Span Backward

-1.09 0.28 -0.26 0.87
Raw

Digit Span Sequencing

0.33 0.74 0.08 0.99
Raw

Digit Span Scaled Score

SDM Oral Z

Trails A Z
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Trails B

Trails B Z

MMSE

Verbal Fluency (F)
Verbal Fluency (A)
Verbal Fluency (S)
Verbal Fluency (FAS)
Verbal Fluency Repeats
Verbal Fluency FAS Z
Verbal Fluency (Animals)
Verbal Fluency (Animal
Repeats)

Verbal Fluency Animal Z
Longest Digit Span
Forward

Digit Span Forward Raw
Longest Digit Span
Backward

Digit Span Backward
Raw

Longest Digit Span
Sequencing

Digit Span Sequencing
Raw

Digit Span Total Raw

Digit Span Scaled Score

0.06

0.36

-1.42

0.26

0.83

0.21

0.49

-0.80

0.73

0.88

0.14

1.00

-1.08

-0.36

0.32

0.20

1.03

0.38

0.97

0.96

0.72

0.16

0.79

0.41

0.83

0.62

0.43

0.47

0.38

0.89

0.32

0.28

0.72

0.75

0.84

0.27

0.31

0.71

0.34

0.01

0.09

-0.34

0.06

0.20

0.05

0.12

-0.19

0.17

0.21

0.03

0.24

-0.26

-0.09

0.08

0.05

0.27

0.25

0.09

0.23

0.96

0.92

0.92

0.92

0.92

0.92

0.92

0.92

0.92

0.92

0.93

0.92

0.92

0.92

0.92

0.92

0.92

0.92

0.92

0.92

3.4.3 Multi-modal approach to examine history of concussion metrics
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3.4.3.1 Relationship between blood-based biomarkers, neuroimaging and history of
concussion

To examine the relationship between DTI and serum biomarkers, we applied a series of general
linear models while controlling for the number of total concussions. Results revealed significant
negative relationships in FA between pTau-217 throughout the brain, including along the right
fronto-occipital fasciculus (MNI58 Coordinates: 36.7, -17.5, -6.63, Figure 3.6), bi-lateral inferior
longitudinal fasciculi (MNI58 Coordinates: -20.5/22.1, -58.2, 30.58, Figure 3.6), and the right
cingulum (MNI58 Coordinates: 23.01, -43.8, 0.56, Figure 3.6). After controlling for multiple

comparisons there was no relationship between pTau-217 and MD.

Sagittal View Coronal View Axial View

Figure 3.6. Relationship between pTau-217 and FA in white matter.
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The standardized white matter skeleton (green) is overlaid on the mean FA image, with regions
of significant negative associations between pTau-217 and FA, controlled for number of
concussions highlighted in blue (p < 0.05). Significant clusters were observed along the right
fronto-occipital fasciculus (MNI58 Coordinates: 36.7, -17.5, -6.63), bilateral inferior
longitudinal fasciculi (MNI58 Coordinates: -20.5/22.1, -58.2, 30.58), and the right cingulum
(MNI58 Coordinates: 23.01, -43.8, 0.56). No significant associations were found between pTau-
217 and mean diffusivity (MD) after correction for multiple comparisons. Panel labels
correspond to different views: (4, D) Sagittal, (B, E) Coronal, and (C, F) Axial.

Significant negative correlations between NfL and FA were observed throughout the brain when
controlling for the number of total concussions someone has sustained. Regions of significant
association include the anterior thalamic radiation bilaterally (MNI58 Coordinates: -19.63/20.2,
48.6, 8.47, Figure 3.7), the right cingulum (MNI58 Coordinates: 21.1, -35.8, -8.12, Figure 3.7),
and the left longitudinal fasciculus (MNI58 Coordinates: -38.9, -3.19, 23.5, Figure 3.7). A
statistically significant positive correlation was observed between MD and NfL along the right

posterior corona radiata (MNIS8 Coordinates: 29.0, -36.4, 19.65, Figure 3.7).
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Sagittal View Coronal View Axial View

Figure 3.7. Relationship between NfL and DTI metrics controlled for number of concussions.
The top row (A—C) displays the standardized white matter skeleton (green) overlaid on the mean
FA image, with regions showing significant associations between NfL and FA highlighted in
pink. The bottom row (D—F) shows the same results for mean diffusivity (MD), with the white
matter skeleton in red and significant associations also highlighted in pink. Significant negative
correlations between NfL and FA were observed throughout the brain, including the anterior
thalamic radiation bilaterally (MNI58 Coordinates: -19.63/20.2, 48.6, 8.47), the right cingulum
(MNI58 Coordinates: 21.1, -35.8, -8.12), and the left longitudinal fasciculus (MNI58

Coordinates: -38.9, -3.19, 23.5). A statistically significant positive correlation between MD and
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NfL was identified along the right posterior corona radiata (MNI58 Coordinates: 29.0, -36.4,
19.65).

A positive relationship between serum IL-10 and FA was observed when controlling for total
number of concussions. Regions of association include the right anterior thalamic radiation, and
the forceps minor (MNIS58 Coordinates: 19.6, 30.6, 19.3, Figure 3.8). While a negative
relationship was observed along the right posterior corona radiata between IL-10 and MD

(MNI58 Coordinates: 28.53, -36.9, 20.44, Figure 3.8).

Sagittal View Coronal View Axial View

o o

D E

Figure 3.8. Relationship between serum IL-10 and DTI metrics controlled for number of

CONCUSSIONS.
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The top row (A—C) displays the standardized white matter skeleton (green) overlaid on the mean
FA image, with significant positive associations between IL-10 and FA highlighted in gold.
Significant clusters were observed in the right anterior thalamic radiation and the forceps minor
(MNI58 Coordinates: 19.6, 30.6, 19.3). The bottom row (D—F) displays the mean diffusivity
(MD) results, with the white matter skeleton in red and regions showing a significant negative
relationship between IL-10 and MD highlighted in gold, specifically along the right posterior
corona radiata (MNI58 Coordinates: 28.53, -36.9, 20.44).

3.4.3.2 Serum-based biomarkers can predict history of concussion metrics

ROC curves were used to assess the ability of individual and combined biomarkers to predict
history of concussion metrics. In all comparisons, the combined model outperformed individual
biomarkers, suggesting that a multi-marker approach provides the most robust classification of
concussion-related histories. The AUC values were observed in the model to predict a history of
multiple concussions (AUC = 0.817), followed by diagnosed concussion (AUC = 0.740), contact

sport history (AUC = 0.707), and total reported concussion (AUC = 0.694) (Figure 3.9).
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Figure 3.9. ROC curves for predicting history of concussion metrics using individual serum
biomarkers and a combined model.

(A) History of diagnosed concussion (AUC = 0.74), (B) History of reported concussion (AUC =
0.694), (C) History of multiple concussions (AUC = 0.817), and (D) History of contact sport
participation (AUC = 0.707). The combined model (black line) consistently outperforms
individual biomarkers, including pTau-217 (blue), GFAP (green), NfL (pink), BDNF (purple),
IL-10 (orange), and TNFo. (turquoise).

3.4.3.3 NfL levels are associated with cognitive performance and history of concussion

metrics
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We used linear regression to examine the relationship between plasma biomarkers and cognitive
performance while controlling for age. We found NfL levels were associated with verbal fluency
performance, and that these relationships differed according to history of concussion (Figure
3.10). When examining how diagnosed concussion history may moderate this relationship a
linear regression model controlling for age revealed a significant interaction between log-
transformed NfL and concussion history (5 =—-20.80, p = 0.008). Among participants without a
history of diagnosed concussion, higher NfL was associated with better verbal fluency
performance (f = 15.15, p = 0.028), while the opposite was observed in those with a diagnosed
concussion (Figure 10, panel A). This relationship was also observed for total reported
concussions (p = 0.012, panel B), and repeated injuries (p = 0.007, panel C), but not for history

of contact sport (p = 0.514, panel D).
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Figure 3.10. Interaction between serum NfL, (natural log-transformed) and history of
concussion metrics in predicting verbal fluency (FAS raw scores).

Each panel shows a linear regression model controlling for age and examining the interaction
between NfL and a history of concussion metric. (A) Diagnosed concussion history (p = 0.008),
(B) Total reported concussions (p = 0.012), (C) Repeated concussions (p = 0.007), and (D)
History of contact sport (p = 0.514). The significant interaction in panels A, B and C indicate

that NfL is positively associated with verbal fluency in the control groupings (light pink) but
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negatively associated in the concussion metric groupings (dark pink). No interaction was
observed for contact sport history.

3.5 Discussion

This study investigated the long-term effects of concussion in aging adults using a multimodal
approach, including neuroimaging, cognitive testing, and blood-based biomarkers. While
traditional single-modality analyses revealed few significant group differences, several
interrelated findings emerged when examining the interactions between modalities, providing
novel insight into the subtle, lingering effects of concussion in later life.

3.5.1 Unexpected and emerging serum biomarker patterns for long-term concussion effects
One of the most striking and initially counterintuitive findings was that NfL levels were elevated
in participants without any history of concussion, across both diagnosed and self-reported
metrics. Given that NfL is a well-established marker of axonal injury,'” this pattern contradicts
the expectation that NfL would be higher in individuals with a history of concussions, and
patterns that have been seen in more severe injuries.!® In contrast to NfL, elevated pTau-217
levels were observed in participants with a history of contact sport, aligning with previous work
suggesting a link between repeated head impacts and Alzheimer’s-related tau pathology.!” This
finding was also reflected in linear regression models, where years of contact sport predicted
pTau-217 levels, independent of age. Interestingly, pTau-217 levels showed a negative
correlation with FA in key white matter tracts, including the right fronto-occipital fasciculus and
bilateral inferior longitudinal fasciculi, suggesting a potential pathway by which tau-related
pathology might translate into subtle microstructural changes. These results suggest that contact
sport exposure may prime a cascade involving tau dysregulation and white matter degradation,

even in the absence of overt cognitive symptoms.
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The finding that IL-10 was elevated in participants with repeated concussions suggests a possible
compensatory anti-inflammatory response. Notably, higher serum IL-10 levels were associated
with increased FA and decreased MD in specific tracts, including the anterior thalamic radiation
and forceps minor. These results mirror associations between inflammatory markers and white
matter integrity that have been noted in other neurological conditions including depression and
schizophrenia.!®!” These results may indicate that anti-inflammatory cytokines like IL-10 could
play a neuroprotective or modulatory role, possibly mitigating some of the structural
consequences of repeated head trauma. However, given IL-10's context-dependent effects,
further work is needed to determine whether this reflects resilience or ongoing immune
dysregulation.

3.5.2 Linking microstructural alterations to serum biomarkers of injury

While no widespread group differences in DTI metrics were found, adults with a diagnosed
concussion history exhibited small, localized increases in FA. Although increased FA is
traditionally interpreted as indicating better white matter integrity, in post-injury contexts it may
instead reflect glial scarring, remyelination, or restricted extracellular space due to axonal
compaction.? A recent meta-analysis of four studies exploring long-term white matter changes
after concussion identified multiple regions of increased FA in months and years following
concussions, however, this meta-analysis focussed on sport related injury, and a majority of
studies focussed on young adults.?! In the present study, the regions showing increased FA,
specifically the left cerebral white matter and right fronto-occipital fasciculus, partially
overlapped with regions showing negative associations between FA and both pTau-217 and NfL,

suggesting a spatial convergence between biochemical and structural signals of injury. This
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raises the possibility that increased FA in this context may mark areas of long-term
neurobiological reorganization following concussion.

3.5.3 Opposing NfL-cognition associations in individuals with and without concussion
history

Cognitive performance showed few between-group differences, apart from verbal fluency
standardized scores in the animals subcategory. However, differences were revealed when
examining biomarker interactions. Specifically, NfL was positively associated with verbal
fluency in controls, but negatively associated with performance in individuals with concussion
history. This interaction, consistent across several concussion metrics (diagnosed, total,
repeated), suggests that NfL may serve as a marker of neurodegeneration in the context of prior
brain injury, further, these findings are consistent with other studies examining the association
between NfL and cognition.??2?

3.5.4 Neurofilament light may connect multimodal metrics

The unexpected finding that adults with concussions have lower serum NfL compared to controls
could reflect long-term neuroprotective adaptations or “preconditioning” effects triggered by the
past injury. One hypothesis is that a mild brain injury engages compensatory mechanisms that
confer resilience against ongoing age-related axonal degeneration. This idea parallels the
phenomenon of ischemic preconditioning, where brief events such as transient ischemic attacks
can induce tolerance to subsequent strokes.?* Over time, the injured brain may undergo
remodeling, pruning the most vulnerable axons and reinforcing more resilient neural pathways,
potentially accompanied by a chronic downregulation of neuroinflammatory activity. Similar to
how a mild inflammatory challenge (e.g. low-dose lipopolysaccharide) can dampen later

neuroinflammatory responses, a prior concussion might recalibrate the brain’s environment,
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reducing baseline axonal turnover and NfL release.?*?* Such altered axonal vulnerability due to
long-term remodeling could explain why NfL levels were lower, in people with histories of one
concussion (diagnosed or suspected), but not in those with multiple concussions. Conversely,
within the concussion subgroupings those with higher NfL appear to be individuals in whom
these potentially protective adaptations are incomplete or failing. Higher serum NfL levels in the
concussion groupings were linked to worse cognitive performance, specifically poorer verbal
fluency, and to white matter abnormalities (decreased FA and increased MD in multiple tracts).
This pattern aligns with current literature showing that elevated NfL generally signifies ongoing
neuroaxonal damage that correlates with cognitive deficits and loss of white matter integrity in
aging and neurodegeneration.?¢-2® In other words, concussion survivors who have not achieved
the proposed compensatory remodeling exhibit a biomarker profile (i.e. higher serum NfL)
indicative of continued axonal breakdown, which manifests as poorer cognition and
microstructural degeneration on DTI. Taken together, these observations support a model in
which a remote concussion can set in motion dual outcomes: in some older individuals it induces
a lasting neuroprotective state (evidenced by low NfL and preserved function), while in others it
leaves a legacy of heightened vulnerability (evidenced by high NfL, white matter damage, and
poorer cognitive performance). This could be viewed as a balance between compensatory
neuroplastic changes and chronic neuropathological processes. Future studies could explore
whether the “preconditioned” low-NfL state reflects reduced neuroinflammatory signaling or
other protective modifications, and why certain concussion survivors escape long-term axonal
injury whereas others progress to deficits.

3.5.5 Clinical implications for multimodal research
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Together, these findings support the utility of a multimodal approach in uncovering subtle, long-
term effects of concussion that may not be evident in any one domain. The convergence between
serum biomarkers like pTau-217, NfL and I1-10 and white matter degradation and the interaction
between NfL and cognitive outcomes, point toward a network of compensatory and degenerative
processes that are partially modulated by injury history. Importantly, these relationships may
only be detectable through integrated analyses that span biological, structural, and functional
domains. These results have potential clinical relevance for monitoring aging adults with past
concussion and contact sport exposure. While overt cognitive decline may not yet be present,
subclinical biomarker and white matter changes may foreshadow future vulnerability, warranting
early preventive or neuroprotective interventions.

3.6 Limitations and future directions

While this study supports the notion of long-term effects of concussions, it has several
limitations. The sample size is small with only 71 adults taking part. Based on these numbers, at
present we are only able to detect large effect sizes which increases the risk for Type II errors,
meaning that subtle differences may have been missed. The exploratory nature of the study led to
a grouping strategy based on four different metrics of concussion history. While this approach
allowed exploration of risk factors, it created overlapping groups. This design means someone
with a real but undiagnosed concussion could be classified as a 'control’ in some analyses (e.g., in
the 'diagnosed concussion' group), potentially confounding the between-group effects. Future
research with larger cohorts is needed to power comparisons between more discrete groups, such
as a 'no injury' group versus 'suspected injury' and 'diagnosed injury' groups. Further, while we
included sex and time since injury as predictors in the regression analysis, several confounding

variables were unexplored. These include genetic predispositions, such as APOE status, which is
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a known risk factor for both dementia and potentially worse outcomes after TBI. Further,
detailed lifestyle factors such as diet, exercise, smoking, and alcohol use were not accounted for
and could act as significant confounders. Another consideration is that the primary exposure, a
history of concussion, was assessed via self-report during an intake interview. This method is
subject to recall bias, as participants were asked to remember injuries that may have occurred
decades prior. Despite these challenges, this study provides the first steps in the right direction
for analysing long term effects of concussions.

3.7 Conclusions

This study demonstrates how a multimodal approach can provide insight into the subtle, long-
term effects of concussion in aging adults. While traditional single-modality comparisons
revealed few between-group differences, integrated analyses across blood-based biomarkers,
neuroimaging, and cognition revealed distinct signatures associated with concussion history.
Patterns of altered NfL, pTau-217, and white matter microstructure suggest that concussion may
trigger long-lasting changes in neural integrity, and that these may not be uniformly pathological.
This paper highlights the need for individualized, longitudinal monitoring in older adults with
past concussions. Future work should explore whether these biomarker and imaging profiles can

predict cognitive trajectories or serve as early indicators of neurodegenerative risk.
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Chapter 4

Prevention: Three-Dimensional Multiple Object Tracking to Improve

Brain Health in Adults over age 50

4.1 Abstract

4.1.1 Background:

Computerized cognitive training, such as three-dimensional multiple object tracking (3D-MOT),
using NeuroTracker, has shown promise in enhancing cognitive performance in aging
populations. However, the neurobiological mechanisms supporting these effects, particularly in
relation to cognitive and structural outcomes, remain underexplored.

4.1.2 Methods:

Forty-four older adults were randomized to a 12-week 3D-MOT training group or a waitlist
control group. Training involved twice-weekly sessions using the NeuroTracker CORE protocol.
Pre- and post-intervention assessments included standardized neuropsychological assessments,
diffusion tensor imaging and serum analysis of biomarkers. Data were analyzed using repeated-
measures ANOVA, voxel-wise paired t-tests, estimation statistics, and exploratory linear
modeling.

4.1.3 Results:

Participants in the intervention group exhibited high adherence and improved in-task
performance throughout NeuroTracker training. A significant increase in serum BDNF was
observed in the intervention group (mean difference = 9540 pg/mL (95% confidence interval:

3,670, 15,400)), while the control group showed no change. No significant improvements in
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neuropsychological performance or DTI metrics were detected in the intervention group
compared to controls. Exploratory analysis revealed a significant reduction in repetition errors on
verbal fluency tasks among participants with a history of concussion following training.

4.1.4 Conclusions:

3D-MOT training may enhance neurotrophic support in older adults, as evidenced by increased
BDNF, even in the absence of measurable cognitive or structural brain changes. Exploratory
findings suggest potential benefits for individuals with a history of concussion. Future research
should explore optimal training doses, include active control conditions, and investigate long-
term and subgroup-specific outcomes.

Keywords:

NeuroTracker, 3D-MOT, aging, BDNF, cognitive training, concussion, diffusion tensor imaging,

white matter, neuroplasticity
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4.2 Introduction

As the global population ages, preserving cognitive function and preventing neurodegenerative
decline have become pressing public health goals.! Cognitive functions naturally decline as we
age, with some functions declining as early as late twenties and early thirties.>* Early
interventions that strengthen cognitive reserve are especially important for adults over 50, when
subtle age-related cognitive changes can become more noticeable. Various approaches to
enhance cognition, from puzzle games and music therapy to healthy lifestyle changes, have been
explored, but their real-world benefits tend to be modest and context-dependent.*>

In recent years, computerized cognitive training has gained traction as an accessible strategy for
promoting brain health in aging. One promising tool is three-dimensional multiple object
tracking (3D-MOT), which engages users in tracking several moving targets in a dynamic 3D
space. This task requires the integration of multiple cognitive domains including attention,
working memory, and processing speed.® The high attentional load and multitasking nature of
3D-MOT create a rich environment that may translate to improved everyday cognitive function.
Prior studies suggests that 3D-MOT training can yield cognitive benefits for older adults. For
example, after training on a 3D-MOT task, older adults improved their in-task performance to
the point that their in-task learning rate matched that of younger adults.” Such findings indicate
that age-related cognitive slowing can be mitigated through intensive perceptual-cognitive
exercise. Beyond improvements on the training task itself, transfer to standard cognitive
measures has been reported. For example, one study in healthy older individuals found that an 8-
week 3D-MOT training regimen led to significantly better performance in selective attention,
cognitive flexibility, and psychomotor speed compared to a no-training control group.® Similarly,

Musteata et al. (2019) reported that older adults with subjective cognitive decline showed notable
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gains in memory and executive function after 14 sessions of NeuroTracker training, relative to
controls.” In that study, the training group improved on tests of verbal memory and a set-shifting
task, suggesting enhancement of both memory and cognitive flexibility. Although further
validation is needed, these early findings position 3D-MOT as a compelling tool to support
cognitive resilience in aging populations.

A key advantage of 3D-MOT training is its scalability and accessibility, which make it suitable
as an early intervention. Recently it has been demonstrated that NeuroTracker training can be
effectively delivered in a home setting to older adults.® In a feasibility study, participants over 60
years old used an at-home 3D-MOT setup (with simple 3D glasses and a laptop) twice weekly
for five weeks. The at-home trainees exhibited high adherence (~90% session completion) and
significant improvements in tracking performance across sessions, comparable to those of an in-
lab training group.® This convergence of at-home and laboratory results suggests that 3D-MOT is
not only efficacious but also logistically feasible for widespread use. The ability to engage in
NeuroTracker training at home, without specialized equipment means that older adults can
access this cognitive exercise early and regularly. By lowering barriers to participation,
interventions can reach broader segments of the aging population, including those who have
mobility limitations or live in remote areas.!”

Previous studies on 3D-MOT have mainly used neuropsychological tests, task-specific

7911 At this point, no studies have

performance and electroencephalograms as outcome measures.
examined structural or biological changes that may be induced following a period of 3D-MOT
training. Diffusion tensor imaging (DTI) metrics, specifically fractional anisotropy (FA) and

mean diffusivity (MD), can be used as indicators of white matter microstructural integrity.'?

These measures are sensitive to age-related neural changes and plasticity,'? and there is evidence
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that intensive cognitive training can slow white matter degradation in older adults over a one
year period.'? Further, shorter-term interventions have shown transient improvements in white
matter metrics. One study observed a decrease in hippocampal MD after a 4-month spatial
navigation training,'* while another found increased FA in the corpus callosum following just a
month of intensive reasoning practice.!®> Although these initial changes faded after training
stopped,'* they demonstrate that the aged brain retains a degree of white matter plasticity. Blood-
based biomarkers can provide a minimally invasive route to investigate biological mechanisms
associated with cognitive and structural changes. The process of learning is thought to be
underpinned by the processes of neuroplasticity.!¢ Brain Derived Neurotrophic Factor (BDNF) is
a neuron-growth factor that supports neuroplasticity by promoting synaptic growth, neuronal
survival, and modulating cortical thickness.!” Previous studies have found the BDNF levels
modulate the cognitive effects seen in cognitive training,'® however, this has yet to be tested
specifically in 3D-MOT.

Concussions, a type of mild traumatic brain injury (mTBI), are characterized by transient
alterations in neurological function following biomechanical force to the head, typically without
overt structural damage detectable on conventional imaging.!® Despite the typically transient
symptoms, a substantial body of evidence indicates that concussions can have persistent long-
term effects.??-22 Recent findings using NeuroTracker demonstrate that 3D-MOT performance
can be impaired long after a concussion, especially in older adults.?* Given these findings, an
exploratory aim of this study is to examine the role of prior concussions in modulating the
efficacy of 3D-MOT in middle and older-aged adults.

4.3 Methods

4.3.1 Ethical considerations
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The study received ethical approval from the University of Victoria Human Research Ethics
Board (protocol #21-0591). Written informed consent was obtained from all participants prior to
enrollment, with verbal consent reaffirmed at each appointment.

4.3.2 Study population

Participants were recruited between May 2022 and March 2025 through community posters,
word-of-mouth referrals, and the REACH BC platform. Individuals who expressed interest were
provided with study eligibility details, and those meeting inclusion criteria were invited to
schedule an intake appointment. Eligibility criteria included being between 50 and 90 years of
age, having normal or corrected-to-normal vision, no diagnosis of a neurodegenerative condition
(e.g., dementia, subjective cognitive decline), and the ability to attend appointments at the
University of Victoria for blood collection and at West Coast Medical Imaging for MRI
scanning. For participants with a history of concussion, eligibility required that the injury
occurred more than one year prior to enrollment to allow assessment of long-term effects.
Exclusion criteria for the MRI component included the presence of certain medical implants
(e.g., pacemakers, cochlear implants, surgically implanted metal hardware), metallic foreign
bodies (e.g., shrapnel, bullet fragments), specific dental materials (e.g., magnet-retained
prostheses, extensive metal dental work), and some tattoos or piercings. Individuals who did not
meet the MRI eligibility criteria were still allowed to participate in the broader study but were
not scanned.

4.3.3 Study design

This study was conducted as a pilot randomized controlled trial. Following the provision of
informed consent, eligible participants were randomly assigned in a 1:1 ratio to either the 12-

week 3D-MOT intervention group or the waitlist control group. Randomization was performed
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using a simple, computer-generated sequence that was created prior to participant enrollment. To
prevent selection bias, allocation concealment was maintained throughout the recruitment
process; the research staff responsible for enrolling participants were unaware of the upcoming
group assignments in the sequence.

4.3.4 Intake interview

Interested participants were scheduled for an intake interview, which could be conducted via an
online platform (e.g., Zoom), by phone, or in person, according to their preference. After
consenting to the study, a research assistant collected general demographic information, as well
as details regarding concussion history, sports participation, and educational background.

4.3.5 Neuropsychological assessment

Neuropsychological assessments were administered remotely via Zoom for all participants. For
individuals without access to a computer and webcam at home, in-lab accommodations were
provided using university equipment; however, all assessments remained virtual. Assessments
were conducted by graduate students in the Neuropsychology stream of the Clinical Psychology
program at the University of Victoria. The standardized battery included tests of verbal fluency
(FAS and Animals), verbal learning and memory (California Verbal Learning Test—Second
Edition; CVLT-II), working memory and processing speed (Digit Span; Symbol Digit Modalities
Test, SDMT), executive function (Trail Making Test Parts A and B), and global cognitive
function (Mini-Mental State Examination, MMSE). Verbal instructions were given before each
task, and participants were permitted to take breaks as needed. Each session lasted approximately
one hour. Data were recorded on paper and digitized into password-protected files for analysis.

4.3.6 Serum collection
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Venous blood samples were collected by trained team members certified in phlebotomy. Blood
was collected using a serum separator tube vacutainer system and a 21- or 23-gauge butterfly
needle. Team members prioritized the median cubital vein, with the cephalic or basilic veins
used as alternatives when necessary. The puncture site was disinfected with a 70% isopropyl
alcohol wipe prior to collection. Up to 60 mL of blood was drawn into vacutainer tubes, which
were inverted 10 times and left to clot at room temperature for 30 minutes before centrifugation
at 1500 x g for 10 minutes. Serum aliquots were processed in a biosafety level 2 laboratory and
stored at —80°C for analysis.

4.3.7 Serum analysis

Serum biomarker analysis was performed using the Single Molecule Array (Simoa) HD-X
platform. The Neurology 2-Plex assay was used to quantify neurofilament light chain (NfL) and
glial fibrillary acidic protein (GFAP), yielding coefficients of variation (CV) of 4.1% (between-
plate CV: 8.6%) for NfL and 2.4% (between-plate CV: 16.7%) for GFAP. Additional biomarkers
including phosphorylated tau 217 (pTau-217), brain-derived neurotrophic factor (BDNF),
interleukin-10 (IL-10), and tumor necrosis factor-alpha (TNF-a)) were assessed in duplicate using
single-plex assays. For IL-10, the average within-sample CV was 6.8%, with between-plate
variability of 29.1%. The pTau-217 assay exhibited a within-sample CV of 11.0% and a
between-plate CV of 31.1%. BDNF showed a within-sample CV of 3.6% and between-plate
variability of 10.7%, while TNF-a had a within-sample CV of 8.7% and a between-plate CV of
17.4%.

4.3.8 Imaging data acquisition

DTI data were acquired at West Coast Medical Imaging by a certified MRI technician in

coordination with a member of the research team. Scanning parameters included a repetition time
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(TR) of 8000 ms, echo time (TE) of 101 ms, a 90° flip angle, 52 axial slices, and a voxel
resolution of 1.4 x 1.4 x 2.0 mm. Each scan consisted of 48 images: 45 diffusion-weighted
volumes (b = 1000 s/mm?) and 3 non-diffusion-weighted (b = 0 s/mm?) baseline images. DTI
acquisition lasted approximately 6 minutes, with the full MRI session totaling around 30
minutes.

4.3.9 Intervention and waitlist control

Participants in the intervention group completed at-home cognitive training using the
NeuroTracker CORE program over a 12-week period. Training was conducted twice per week,
for a total of 24 training days. This protocol was adapted from Snowden et al. (2023), who
demonstrated the feasibility of remote 3D-MOT training in older adults.® Participants accessed
the NeuroTracker software using personal computers or laptops and red-blue anaglyph glasses
provided by the research team. Participants were allowed to borrow equipment from the research
team if they did not have access to a computer or 20-24” monitor. Each CORE session lasted
approximately seven minutes and involved tracking multiple moving spheres in a 3D virtual
space while seated in a distraction-free environment. Participants were instructed to complete
three CORE sessions per training day, equating to about 21 minutes of training. The program
uses a staircase method to adjust task difficulty in real time by increasing or decreasing the speed
of object motion based on participant performance. Prior to beginning the training schedule, all
participants completed a familiarization session to ensure comfort with the software interface and
testing protocol. Progress was monitored remotely through the NeuroTracker platform, and
participants received weekly check-ins from the research team to support adherence, address

technical issues, and encourage continued engagement.
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Participants randomly assigned to the waitlist control group were told to continue activities as
normal. Participants were asked to refrain from starting any new physical and cognitive
programs during this period. The researchers sent weekly check-ins to waitlist control
participants to ensure the same amount of team interaction. At the end of their participation, the
waitlist control group was provided the NeuroTracker equipment if requested.

4.3.10 12-week follow up

Follow-up assessments were conducted approximately 12 weeks after baseline to evaluate
changes following the intervention. Procedures mirrored those at intake, including
neuropsychological testing, blood collection, and MRI scanning, with all measures administered
by the same trained personnel where possible. To minimize practice effects, the alternate form of
CVLT-II was used at follow-up. All other assessments and protocols remained consistent with
baseline procedures to ensure comparability across time points.

4.3.11 Statistical analysis

All statistical analyses were conducted using R Studio V 4.4.3, and FSL (FMRIB Software
Library) for neuroimaging data. Descriptive statistics were used to summarize participant
demographics, and independent samples #-tests and chi-square tests were used to compare
baseline characteristics between the intervention and control groups.

For neuropsychological outcomes, repeated-measures ANOV As were used to evaluate the main
effects of time and group, as well as the group-time interaction. Data were inspected for
normality using Q-Q plots and Shapiro-Wilk tests. The results of the Shapiro-Wilk tests
indicated that the residuals for the primary neuropsychological outcomes did not significantly
deviate from a normal distribution (all p > .05). This was further supported by visual inspection

of the Q-Q plots. Since the assumptions of normality and homogeneity of variances were met,
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the use of parametric tests, including repeated-measures ANOVA, was considered appropriate
for analyzing the cognitive data. To explore whether intervention effects varied based on
concussion history, linear models were fit with three-way interactions (group- time-concussion
history) for each outcome.

For neuroimaging data, tract-based spatial statistics were used to perform voxel-wise paired #-
tests on FA and MD. Group-level comparisons were conducted to assess changes from pre- to
post-intervention and waitlist control periods. Threshold-Free Cluster Enhancement (TFCE) was
applied to correct for multiple comparisons, and significance was set at p < 0.05 (corrected).
Pre-to-post changes in blood-based biomarkers were assessed using estimation statistics with
5,000 bootstrap resamples and bias-corrected and accelerated confidence intervals. Estimation
statistics were selected over traditional hypothesis testing to emphasize the magnitude and
precision of effects, rather than relying solely on p-values. This approach offers a more nuanced
interpretation of group differences and was particularly appropriate given the small sample size
and exploratory nature of the biomarker analysis. Paired mean differences were calculated
separately for each group using the dabestr package in R studio.

Lastly, an exploratory Pearson correlation analysis was conducted on a subset of 10 participants
to assess associations between changes in NT performance and blood biomarker levels. Change
scores were calculated as post-intervention minus pre-intervention values, and results were
visualized using a heatmap of the correlation matrix.

4.4 Results

4.4.1 Participant demographics

A total of 44 participants completed at least one component (neuropsychological, biological,

structural) of the study. Participants had an average age of 66.2 years (+ 8.93), and had 17.7
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years of education on average (+2.9). A total of 24 participants had sustained a self-reported
concussion prior to beginning the study, with an average time since injury of 7.41 (+5.21) years.
Table 4.1 summarizes the participant demographic information, split by intervention and control
groups. There were no statistical differences between groups. A subset of 23 participants
completed the MRI, and 16 had blood biomarkers completed before and after intervention.
Table 4.1. Participant demographic information.

* indicates p < 0.05

Intervention Control
N 23 21
Age - years 65.6 £ 8.25 66.9 +£9.92
Sex M=9,F=14 M=10,F=11
Education - years 17.9+2.44 17.3+3.46
History of Concussion No =10, Yes=13 No =10, Yes=11

4.4.2 NeuroTracker training improvements over 12 weeks

Of the 23 people who participated in the intervention, 100% participated for 12 weeks.
Adherence to the intervention was very good, with 16 completing every session, and only one
person completing less than 80% of sessions. Of 72 total sessions, the average number of

sessions completed was 67.4 + 8.48.
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All participants improved their NeuroTracker scores over the intervention, indicating they got
better at the task (t(22) = 7.84, p < 0.001). There was no statistical difference in improvement
from their first sessions to their final sessions between adults with and without histories of
concussion (Table 4.2, Figure 2.1).

Table 4.2. NeuroTracker metrics divided by history of concussion status.

History of Concussion No History of Concussion
N 13 10
Average First Session Score  0.670 + 0.257 0.744 £ 0.584
Average Final Session Score  1.28 +£0.390 1.30 + 0.623
Average % Improvement 106 + 64.5 132+ 103
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Figure 4.1. NeuroTracker improvement across the intervention period.

Each session represents the average of three CORE trials completed on the same training day.
Individual trajectories are shown as semi-transparent lines, with bold smoothed trend lines
depicting average performance over time for participants with a history of concussion (red) and
those without (blue).

4.4.3 No effects of intervention on neuropsychological measures

Repeated-measures ANOVA revealed several main effects of time across the neuropsychological
measures (Table 4.3). No significant main effects of group were observed after correction for

multiple comparisons, except for the MMSE, which showed a mean difference of one point
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between the control and intervention group. Further, no significant group x time interactions
were observed for any measures, suggesting that both groups demonstrated similar patterns of
change over time.

Table 4.3. Results from repeated measures ANOVA, to examine the effects of group and time,
and the group x time interaction on cognitive performance.

There were no significant interactions between group and time. Statistically significant p values

are indicated using *.

Variable Effect F statistic P value Generalized

eta squared

SDM Oral Raw  Group 0.044 0.835 0.001
Time 3.136 0.084 0.014
Group:Time 0.732 0.397 0.003
TrailsA Raw Group 0.062 0.805 0.001
Time 1.630 0.209 0.005
Group:Time 0.139 0.711 0.000
TrailsB Raw Group 0.225 0.637 0.005
Time 0.058 0.812 0.000
Group:Time 1.869 0.179 0.006
MMSE Group 9.535 0.004* 0.129
Time 0.729 0.398 0.006
Group:Time 0.461 0.501 0.004
VF F raw Group 0.263 0.611 0.005
Time 1.077 0.305 0.007
Group:Time 0.716 0.402 0.005
VF A Raw Group 0.001 0.981 0.000
Time 6.480 0.015* 0.026
Group:Time 0.266 0.609 0.001
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VF S Raw Group 1.729 0.196 0.033
Time 1.592 0.214 0.007
Group:Time 3.544 0.067 0.014
VF FAS Raw Group 0.770 0.385 0.016
Time 2.682 0.109 0.009
Group:Time 2.365 0.132 0.008
FASR Group 0.000 0.983 0.000
Time 1.554 0.219 0.011
Group:Time 1.034 0.315 0.008
VF Animals Group 0.217 0.644 0.004
Time 0.342 0.562 0.001
Group:Time 0.577 0.452 0.002
Animals R Group 0.302 0.586 0.004
Time 0.582 0.450 0.006
Group:Time 0.165 0.686 0.002
LDSF Group 1.999 0.165 0.034
Time 3.896 0.055* 0.024
Group:Time 0.025 0.875 0.000
DS Fwd Raw Group 1.307 0.259 0.024
Time 1.091 0.302 0.005
Group:Time 0.236 0.630 0.001
LDSB Group 0.708 0.405 0.012
Time 1.542 0.221 0.010
Group:Time 1.106 0.299 0.007
DS Back Raw Group 1.094 0.302 0.020
Time 1.621 0.210 0.008
Group:Time 0.812 0.373 0.004
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LDSS Group 1.066 0.308 0.018
Time 5.202 0.028* 0.032
Group:Time 0.016 0.901 0.000
DS Seq Group 0.802 0.376 0.014
Time 7.117 0.011* 0.041
Group:Time 0.682 0.414 0.004
DS Total Raw Group 1.558 0.219 0.030
Time 5.466 0.024* 0.022
Group:Time 0.071 0.792 0.000
TrialsAll Group 1.322 0.257 0.024
Time 9.199 0.004* 0.046
Group:Time 0.977 0.329 0.005
SDFR Group 0.130 0.721 0.003
Time 4.503 0.040 0.018
Group:Time 0.050 0.824 0.000
SDCR Group 0.989 0.326 0.018
Time 6.978 0.012* 0.032
Group:Time 1.065 0.308 0.005
LDFR Group 0.751 0.391 0.014
Time 4.558 0.039* 0.020
Group:Time 0.096 0.759 0.000
LDCR Group 0.457 0.503 0.009
Time 7.848 0.008* 0.035
Group:Time 0.257 0.615 0.001
Total Learning Group 1.172 0.285 0.018
Time 5.110 0.029* 0.040
Group:Time 0.360 0.552 0.003
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Proactive Group 1.157 0.288 0.015

Time 0.029 0.866 0.000
Group:Time 0.520 0.475 0.006
Total Rep Group 0.436 0.513 0.008
Time 4.580 0.038* 0.021
Group:Time 0.022 0.883 0.000
Total Int Group 0.482 0.492 0.009
Time 0.019 0.891 0.000
Group:Time 0.019 0.891 0.000

Abbreviations: SDM; Symbol Digit Modality. SDM Oral Raw; Symbol Digit Modalities Test —
Oral version, TrailsA/B Raw; Trail Making Test Part A/B, MMSE; Mini-Mental State
Examination, VF F/A/S Raw; Verbal Fluency for letters F, A, and S, VF FAS Raw; Verbal
Fluency total across F, A, and S, FAS R; FAS repetition errors, VF Animals; Verbal Fluency —
Animal naming, Animals R; Animal Fluency repetition errors, LDSF/LDSB/LDSS; Longest
Digit Span Forward/Backward/Sequencing, DS Fwd/Back/Seq Raw; Digit Span
Forward/Backward/Sequencing total correct, DS Total Raw; Digit Span total score, TrialsAll;
Combined Trail Making score, SDFR/SDCR; Short Delay Free/Cued Recall, LDFR/LDCR;
Long Delay Free/Cued Recall, Total Learning; Total learning across trials, Proactive; Proactive
interference errors, Total Rep; Total repetition errors, Total Int; Total intrusion errors.

4.4.4 NeuroTracker training may uniquely benefit adults with histories of concussion

To examine whether the intervention effect on neuropsychological outcomes differed by
concussion history, linear models were fit for each measure including a three-way interaction
between group, time, and concussion status. A significant three-way interaction was observed for
total repetitions on verbal fluency (f =-2.26, SE = 1.06, p = .036), indicating that participants in

the intervention group with a concussion history showed greater reductions in repetition errors
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from pre- to post-intervention compared to those without concussion. A similar trend was
observed for repetitions in the animals subset of verbal fluency (f =—-2.04, SE = 0.56, p = .041).
Together these results suggest that NeuroTracker training may uniquely benefit adults with a
history of concussion.

4.4.5 NeuroTracker intervention does not change neuroimaging markers

Voxel wise paired t-tests were conducted to compare FA and MD values before and after the
intervention (n =14) or waitlist control (n = 9) period to assess if 3D-MOT was associated with
neurostructural changes. No significant differences were observed between pre- and post-
intervention or waitlist timepoints for either metric at any voxel across the white matter skeleton
(TFCE-corrected p > 0.05).

4.4.6 NeuroTracker intervention may support production of BDNF

The intervention group showed an increase of serum BDNF levels from pre- to post-intervention,
with a paired mean difference of 9,540 pg/mL (95% CI: 3,670, 15,400). In contrast, the control
group exhibited a small decrease of -1,650 pg/mL (95% CI: -10,900, 9,130) (Figure 2.2). No

other statistically significant biomarker changes were observed (Table 4.4).
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Figure 2.2. Paired pre-post changes in BDNF levels for the control and intervention groups.
The upper panels show individual participant trajectories between Session I (pre-) and Session 2
(post-intervention), with yellow lines representing the control group and blue lines representing
the intervention group. Lower panels display the bootstrap distributions of paired mean
differences with 95% bias-corrected and accelerated confidence intervals. Only the intervention
group showed a statistically meaningful increase in BDNF (mean difference = 9,540 pg/mL,
95% CI (3,670, 15,400)).

Table 4.4. Paired mean differences and 95% confidence intervals for pre- to post-intervention
changes in blood-based biomarkers, estimated using 5,000 bootstrap resamples.

Results are reported separately for the control and intervention groups. Confidence intervals are
bias-corrected and accelerated. Results in bold indicate comparisons for which the 95% CI did

not include zero, suggesting a potentially meaningful intervention-related change.
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Biomarker Group Paired Mean 95% Confidence

Difference (pg/mL) Interval

Intervention 9540 (3,670, 15,400)

Intervention -2.29 (-63, 54.5)

Intervention 0.0187 (-0.0871, 0.123)

Intervention 1.24 (-3.26, 6.33)

Intervention -0.102 (-0.444, 0.217)
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TNF-a Control 0.255 (-0.236, 0.969)

Intervention -0.116 (-0.704, 0.45)

4.4.7 Exploratory associations between biomarker and NeuroTracker changes

To determine if change in NT scores were associated with the increase in BDNF levels, we
conducted a correlation analysis to assess the relationships between changes in blood-based
biomarkers and changes in NT scores following the intervention in a sample of 10 participants
(Figure 2.3). Among the associations with change in NeuroTracker scores (A NT), the strongest
observed relationship was a moderate negative correlation with A IL-10 (» =—-0.42). Positive
weak correlations between A NT and A BDNF (»=0.27), A pTau-217 (r = 0.19), and A GFAP (r
=0.17) were also observed. Several biomarkers were strongly correlated with each other. For
example, A NfL and A GFAP showed a strong positive correlation (» = 0.85), and A pTau-217

was strongly correlated with both A GFAP (»=0.75) and A IL-10 (r = 0.72).
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Figure 4.3. A heatmap showing Pearson correlations between changes in blood-based

biomarkers and NT performance (4 NT) following intervention.

The strongest correlation between A NT was a moderate negative correlation with A IL-10 (r = -

0.42).

4.5 Discussion

This study investigated the impact of 12 weeks of 3D-MOT with NeuroTracker training on

cognitive functions, white matter microstructure and blood-based biomarkers in adults over age

50. While significant increases in brain-derived neurotrophic BDNF were observed after the

intervention, it did not result in significant improvements in neuropsychological performance or
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DTI metrics. Importantly, exploratory analyses suggested that participants with a history of
concussion may derive unique benefits from this training.

4.5.1 Participant adherence and task learning

Adherence to the 12-week 3D-MOT training was excellent, with participants completing an
average of over 93% of assigned sessions. All participants improved on the 3D-MOT task itself,
demonstrating learning and engagement. This supports prior findings that older adults retain the
capacity to improve on perceptually demanding tasks and exhibit substantial neural plasticity
when provided with consistent training opportunities.?* Importantly, there was no difference in
the degree of task improvement between individuals with and without a history of concussion,
suggesting that despite any prior brain injury, adults can successfully engage in and benefit from
perceptual-cognitive training in terms of performance on the trained task.

4.5.2 NeuroTracker training may support BDNF production in the absence of
neurostructural and cognitive changes

A key finding in this study was that participants who completed 12 weeks of 3D-MOT training
showed a robust increase in serum BDNF, whereas the waitlist control group showed no change.
BDNF is a neurotrophin that supports neuroplasticity through synaptic growth.!” These findings
align with emerging evidence that cognitively stimulating activities can favorably influence
neurotrophic factors in older adults. Notably, Ledreux et al. (2019) observed that five weeks of
intensive computerized cognitive training induced a 10% rise in serum BDNF levels in older
adults, a significant change that was not observed with equal-duration physical exercise or
mindfulness training.?> In the present study, the BDNF increase in the intervention group (about
80% improvement on average) was greater in magnitude, potentially reflecting the longer

training period and high cognitive load demanded by 3D-MOT.
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It is well established that aerobic exercise can elevate BDNF, both acutely and with sustained
training, and this neurotrophic response is thought to underlie some of exercise’s cognitive
benefits.!”-?® For instance, a single moderate-intensity exercise session produced a substantially
larger immediate surge in serum BDNF in older adults than a similar session of cognitive
training or meditation.!” Over longer timepoints exercise interventions in older adults yield
moderate increases in resting BDNF levels.?® Our results suggest that cognitive training can
likewise enhance BDNF, potentially tapping into overlapping neuroplasticity pathways with
physical exercise. The increase in BDNF after 3D-MOT indicates that even without physical
exertion, engaging in effortful cognitive training may stimulate biological processes associated
with brain health and plasticity.

Our findings contribute to a growing body of literature on 3D-MOT training in older adults,
which has reported mixed outcomes on cognitive performance. Some prior studies have
documented significant cognitive gains following similar training, while others found minimal or
no transfer effects.?’ Findings from previous 3D-MOT studies with older adults generally
support the idea that 3D-MOT can bolster cognitive domains that are vulnerable to aging,
possibly by strengthening distributed attention networks or improving information processing
speed.” %28 The contrasting cognitive results observed in the present study could be due to
differences in the population, as our sample consisted of generally healthy, high-functioning
adults over 50, as opposed to those with self-reported cognitive complaints, and perhaps slightly
older cohorts in other studies, or differences in the training dose and outcome measures.

On the neuroimaging side, we found no significant changes in white matter FA or MD associated
with the 3D-MOT training. However, this null result is not entirely surprising. Detecting

structural brain changes over a 3-month period in healthy adults is challenging, especially with a
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limited sample. While neuroplasticity is possible at microstructural levels, it likely requires either
longer interventions or occurs in subtler forms (e.g. synaptic or dendritic changes) that do not
manifest as bulk changes in DTI metrics so quickly. Even aerobic exercise interventions, which
have more often been associated with structural brain changes, usually span 6-12 months before
effects like increased hippocampal volume or white matter integrity improvements are
detectable.? It is possible that any microstructural modifications, such as increased myelination
or connectivity in attention-related tracts, were too diffuse or slight to be captured by voxelwise
DTT analysis after just 12 weeks in this small cohort. Future studies should use complementary
neuroimaging methods, such as functional MRI or connectivity analyses, which could reveal
training-induced neural reorganization, even in the absence of structural change.

4.5.3 Potential mechanisms involved in 3D-MOT training

The finding of increased BDNF in the absence of cognitive change invites discussion of
underlying mechanisms. One hypothesis is that BDNF could be part of an early cascade of
neuroadaptive responses. Increased BDNF availability may facilitate synaptic modifications that
lay the groundwork for future cognitive benefits, even if those benefits did not emerge within the
12-week window in this study. In other words, the brain may have been “primed” by the training
at a molecular level, but translating that to better cognition might require either additional
training or the occurrence of some external challenge where the reserve can be observed. This
idea is supported by a study of combined physical and cognitive training in older adults that
found that only the group receiving cognitive stimulation showed an increase in BDNF, and that
the degree of BDNF increase mediated their gains in cognitive speed.!® Results from the
exploratory analysis suggest a weak positive correlation between the magnitude of 3D-MOT

improvement and the increase in serum BDNF levels. This highlights that participants who
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improved most in task performance tended to show greater neurotrophic response. Although
preliminary, this aligns with the idea that BDNF upregulation reflects the brain’s plastic response
to training. It is also possible that 3D-MOT training strengthened existing neural connections
rather than creating entirely new ones, resulting in a boost of BDNF, but no change in cognitive
performance or structural signatures.

3.5.4 Exploratory benefits in participants with concussion history

Although the intervention did not significantly affect cognitive outcomes in the full sample, an
exploratory analysis revealed a potential benefit for participants with a history of concussion.
Specifically, adults in the intervention group who had prior mTBI showed greater reductions in
repetition errors on verbal fluency tasks compared to those without concussion, and compared to
individuals with history of concussion in the control group. Repetition errors on fluency tests
(i.e. saying the same word more than once when generating words after a category or letter cue)
can be interpreted as a lapse in executive control or self-monitoring.?° The fact that these errors
decreased more in the concussed subgroup suggests that 3D-MOT training may have selectively
helped those with residual executive dysfunction, a trait that has been associated with having
multiple concussions.?! The present results hint that the heavy demands on attention and working
memory from 3D-MOT may have acted as a form of targeted rehabilitation for those latent
deficits.

It is important to note that this concussion subgroup analysis was exploratory and based on a
three-way interaction in our models. The number of participants with a concussion history was
relatively small, and we did not originally stratify the randomization by concussion status.

However, it opens an intriguing avenue that 3D-MOT interventions might be useful as a
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cognitive support tool for older adults with a history of brain injury, potentially helping to
address specific executive function challenges that may persist years after the injury.

4.5.5 Limitations

While this study provides valuable insights, several limitations must be acknowledged. The trial
included a relatively small number of participants, which limits statistical power. Small effects
on cognition or brain structure may have gone undetected. Moreover, our sample consisted of
generally healthy, well-educated older adults, which may not generalize to more cognitively
diverse populations. The high baseline cognitive performance in our sample could have led to
ceiling effects on some tests, masking potential gains. Further, our control group was a waitlist
control. This means the intervention group had a substantial engagement and novelty factor that
the control group did not. Although this design helps isolate the effect of doing the training
versus doing nothing, it does not rule out placebo effects or general engagement effects. An
active control group (e.g. doing another type of computer activity, or a 2D visual search task, for
instance) would strengthen conclusions about the specificity of 3D-MOT training. Additionally,
there are threats to internal validity that should be considered. This study design did not account
for confounding lifestyle variables, such as physical activity. Since exercise is known to increase
serum BDNF, it is possible that the observed increase was partially influenced by unmeasured
changes in participants' activity levels rather than the cognitive training alone. The study was
also not powered to assess for potential effect measure modification by sex, meaning the
intervention's true effect on outcomes like BDNF may differ between men and women.

4.6 Conclusion

In conclusion, this study demonstrates that 3D-MOT training is an accessible and engaging

intervention for older adults that can induce significant neurotrophic effects, in the absence of
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overt cognitive and structural changes. Exploratory results suggest that individuals with prior
concussions might particularly benefit, highlighting the need to tailor and target cognitive
interventions. Overall, the present study contributes to the understanding of how intense

perceptual-cognitive exercise can impact the aging brain.
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5.1 Dissertation summary

Chapter 5

Conclusions

This dissertation explored the long-term effects of mild traumatic brain injury in adults over the

age of 50 through a multimodal framework of risk assessment, early detection and prevention.

Collectively the findings provide evidence that a history of mTBI increases the risk of later-life

neurodegenerative conditions, including dementia, and offer promising insights into potential

pathways for early identification (Figure 5.1).
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Figure 5.1. Summary of key findings within this dissertation.
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(A) The first study, presented in chapter 2, presents a systematic review and meta-analysis

highlighting that adults with a diagnosed concussion are nearly 2x more likely to be diagnosed

with dementia later in life, compared to adults without. (B). The second study highlights how

using a combination of measures to assess brain health may create a unique set of biomarkers,
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specifically tailored for adults with a history of concussion. (C). The third study presents a small
intervention study, in which 12 weeks of 3D-MOT training was associated with increased levels
of BDNF, a measure of neuroplasticity.

5.2 Summary of key findings

Chapter two, a systematic review and meta-analysis, found evidence that having a history of a
diagnosed mTBI is a risk for developing dementia later in life. A pooled odds ratio of 1.96
indicated that individuals with a history of mTBI were nearly twice as likely to be diagnosed
with dementia compared to those without. Neuroimaging and neuropsychiatric findings included
studies that further supported this association by revealing subtle yet persistent alterations in
brain structure and function. While the review affirmed a significant association between mTBI
and dementia, it also highlighted heterogeneity in study quality, methods of mTBI classification,
and the role of repetitive injury.

Chapter three extended the prior findings by comparing cognitive, neuroimaging, and biomarker
profiles in older adults with and without a history of concussion, and other concussion-related
metrics. While traditional neuropsychological comparisons showed few group-level cognitive
differences, advanced biomarker and neuroimaging analyses uncovered subtle yet meaningful
biological signatures of past injury. Specifically, individuals with a history of concussion
exhibited lower levels of NfL compared to non-injured groupings, however, higher levels within
the concussion groupings correlated with poorer verbal fluency and decreased white matter
integrity on diffusion tensor imaging DTI. These findings suggest that even in the absence of
overt cognitive decline, biological and microstructural changes may signal latent damage or
diminished neural reserve. This study underscores the value of multimodal methodologies for

detecting concussion sequelae that would be missed using behavioral assessments alone.
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Chapter four addressed the critical issue of prevention by implementing a cognitive training
intervention that may uniquely benefit adults with a history of concussion. While participants in
the intervention group did not exhibit significant improvements in measures of cognition
compared to controls, there was preliminary evidence of increased BDNF levels post-
intervention, aligning with previous findings that aerobic exercise and cognitive engagement can
promote neurotrophic support. However, structural MRI outcomes did not reveal significant
changes following the intervention, possibly due to the relatively short duration or limited
sample size. These findings contribute to the growing literature suggesting that while cognitive
training may modulate neurobiological factors, translating these changes into measurable
structural or cognitive outcomes remains a challenge.

5.3 Integrated summary of results

Taken together, these studies paint a complex picture of concussion as a chronic, multifaceted
condition with effects that may persist below the threshold of clinical diagnosis. While the
second chapter suggests that concussion is a long-term risk factor for dementia, the third and
fourth chapters reveal how these risks may manifest biologically before becoming behaviorally
apparent. The lack of group-level cognitive deficits in chapter 2 highlight the importance of
looking beyond standard cognitive tests to identify at-risk individuals. The convergent findings
of elevated NfL and pTau-217 with decreased measures of white matter integrity when
controlling for the number of concussions that someone has sustained, support a model in which
concussion leads to persistent neurobiological disruption that may accelerate age-related
degeneration. Importantly, this dissertation also underscores the potential for intervention.
Although the 3D-MOT intervention in chapter four did not yield generalized cognitive

improvements, the rise in BDNF and selective executive function benefits in participants with
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prior concussion suggest that the aging brain retains plasticity, and that this plasticity may be
especially malleable in individuals with injury-related vulnerabilities. Figure 5.2 provides a

walkthrough of key results in a generalized format, designed for study participants.
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Chapter 2

Great news! However, there are many things that
can influence your risk for dementia. Some things
that can increase your risk include genetic
predisposition, obesity, and social isolation.

(

Start here!

|

Have you been diagnosed with a
concussion?

|

No Yes

It turns out that having a history of diagnosed
concussion may increase your risk for dementia
nearly 2x.

]

Chapter 3 l

Have you played
contact sports?

S

No Yes

—

Great news! When
considering head hits as
arisk factor for
dementia, your risk is
low. You likely have
typical cognitive
performance,
neuroimaging markers
and levels of blood-

based biomarkers.
pTau217

p<0.05

You may have increased
levels of pTau-217, a
protein linked to
Alzheimer’'s pathology, even
if you've never had a

|

Do you think that you've had a
concussion, even if it wasn't diagnosed?

o—

No Yes

!

Have you experienced
multiple concussions?

No Yes
J

—

You may have lower levels of NfL, which on
it's own might sound like a good thing, but
within this group, individuals with higher
NfL tended to perform worse on cognitive
tasks and had reduced white matter
integrity (pink areas) throughout the brain.

Based on the levels of
blood biomarkers you
have, we can fairly
acurately predict that you
have sustained multiple
concussions!

° IL-10
Ne v diagnosed concussion. peoss Having multiple concussions was
© o associated with elevated IL-10, which
b r may reflect a chronic immune
\ y, b4 response in the brain.
No Yes
Chapter 4

Were you asssigned to the 3D-MOT

That's ok! Being a part of the
waitlist control group is a very
important job. By continuing your

intervention group?

1
I\Jlo J' Yes

regular daily routine, we can
compare differences in results to
the intervention group.

(

Have you experienced a
concussion?

I

No

Yes

3D-MOT training led to a
significant increase in BDNF, a
growth factor that supports brain
repair and learning.

20000
10000

BONF (pg/mL)

20000
10000
o
-10000
£ -20000

Paired
ean difference

In task performance improved by an I
average of 118%, regardless of if

you have had a concussion or not!

Average Score

3D-MOT training was associated
with less errors on a verbal memory,
and might be a good intervention
choice for people with a history of
concussion.



Figure 5.2. Decision-tree style infographic summarizing key findings from Chapters 2, 3, and 4
from the participant’s perspective.

The flow chart is designed to walk study participants through a generalized map of what we have
learned in this study so far. The infographic is designed to communicate individual-level
implications of study findings in an accessible, visually guided format.

5.4 Limitations

While this dissertation advances our understanding of the long-term effects of concussion in
older adults, several limitations should be considered when interpreting the findings. One
confounding factor in this study is that the accepted definition of concussion changed during the
middle of the study period.!° For the purpose of continuity, we did not update the definition of
concussion and continued working with the 2014 International Collaboration on mTBI Prognosis
definition. The 2023 concussion definition differs from previous versions by establishing a
structured, operationalized framework that requires specific combinations of clinical signs,
symptoms, and objective findings like biomarkers for a more precise diagnosis. This change in
definition is timely, but adds complexity to on-going studies. We are hopeful that the new
definition provides clarity for physicians, allowing mTBI survivors to get a proper diagnosis.
Although the multimodal approach is a clear strength of this work, the sample sizes in both
chapters three and four were relatively small. This limits the ability to detect subtle effects and to
perform subgroup analyses that might reveal individual differences in vulnerability or
responsiveness. For instance, it remains unknown whether sex, age at injury, or time since

injury may have moderated the observed outcomes. A larger cohort would have permitted a more
nuanced exploration of these interactions. In chapter four, while the increase in serum BDNF

following cognitive training is encouraging, the intervention lacks an active control condition.
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This limits our ability to disentangle the effects of cognitive engagement from nonspecific
factors such as expectancy, task novelty, or social interaction. Furthermore, while BDNF is a
widely studied neuroplasticity marker, it is influenced by numerous factors including circadian
rhythms, stress, and physical activity levels. The interpretation of BDNF changes in isolation,
without parallel neuroimaging or functional data, warrants caution.

Together, these limitations do not diminish the value of the findings, but rather emphasize the
need for future research to move beyond isolated methodologies toward larger, prospective, and
multimodal investigations that can capture the complex and heterogeneous nature of brain injury
and aging.

5.5 Future directions

This dissertation lays the groundwork for a deeper understanding of the long-term effects of
concussion on brain health in older adults. Importantly, the work presented in chapters three and
four is part of a broader, ongoing longitudinal study funded through 2027. This extended support
will enable the recruitment of a significantly larger and more diverse sample, allowing for more
robust statistical modeling and finer-grained analysis of individual differences in injury history,
biomarker profiles, and intervention response. This larger study includes an a-priori power
analysis, to ensure it is adequately powered to detect small to medium effect sizes. The increased
sample size will enhance the power to detect subtle associations and permit more comprehensive
subgroup analyses, including the effects of age at injury, time since last concussion and sex.
Moreover, the ongoing study’s longitudinal design will allow for tracking of biomarker,
structural, and cognitive changes over eighteen months. This is a critical next step in establishing
whether the subtle differences observed in this dissertation serve as early predictors of cognitive

decline or markers of resilience. Repeated measures of blood biomarkers and MRI, paired with
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cognitive assessments, will help us better understand aging pathways in adults with histories of
concussion. Further, we plan to use linear mixed effects models to analyze trajectories of change
over time. This approach is ideal as it can handle missing data from participant drop-out and
allows us to model individual differences in the rate of change for our key biomarker and
cognitive outcomes. The larger sample size will permit testing for potential interactions, for
instance, "concussion history x sex" in our models. This will allow us to investigate whether the
pathways linking concussion to long-term outcomes differ between men and women, a question
this dissertation was not powered to answer. By incorporating these analytic considerations, our
future work will be able to build upon these foundational findings with greater statistical power

and methodological rigor.
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