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Abstract
Repetitive head trauma is a known cause of tau protein accumulation and the leading cause of
chronic traumatic encephalopathy (CTE). Currently, no robust method for in vivo detection of
CTE exists and definitive diagnosis can only be made post-mortem. This thesis aimed to address
two gaps in the literature surrounding head injury and tau accumulation. First, we sought to
evaluate the effects of concussion on adolescent brain structure using mathematical modeling
applied to diffusion tensor imaging (DTI). In our study, 12 adolescent athletes completed DTI in
the sub-acute phase of recovery from concussion. The primary outcome measures included
Complex Network Analysis metrics related to efficiency, nodal clustering, and fibre tract length.
These measures were applied to diffusivity output (FA, MD, and number of tracts) in
subnetworks of vulnerability, with specific focus on the Default Mode Network (DMN). Here we
found microstructural changes in the DMN of concussed athletes with increased clustering and
shorter path lengths, indicating increased local efficiency. A corresponding decrease in global
efficiency and alterations in core hubs may underlie the clinical profile, suggesting concussion
results in large-scale network disconnection. Longitudinal studies with network analysis may
serve as a marker of collective injury and provide early detection of pathological structural
organization. Second, we established the baseline measures of a novel positron emission
tomography (PET) radioligand, 11C-PBB3, which is specific for hyperphosphorylated tau
protein. We collected data on healthy, elderly individuals (n = 8), and tested the tracer in a
probable (n = 1) and severe (n = 1) case of Progressive Supranuclear Palsy (PSP), a known
tauopathy. We found that tracer circulated in the venous sinuses in our healthy controls with little
to no deposition in brain tissue. We also present preliminary findings of tracer accumulation in
the basal ganglia and thalamus in the PSP cases. These results suggest 11C-PBB3 is a viable
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tracer for use in other tauopathies, including CTE. Longitudinal studies with combined DTI and
PET are necessary to elucidate the potentially synergistic interactions between damage to white
matter tracts, tau accumulation, inflammation, and the initiation of processes leading to CTE and
other tauopathies.
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Chapter 1: Overview of Neurotrauma and Tau
1.1

General Introduction and Overview of Thesis

Mild traumatic brain injury (mTBI) remains one of the most highly prevalent neurological
conditions, being described as a silent epidemic (CDC, 2010). Concussion, which has become
synonymous with mTBI in the literature, is defined as ‘a complex pathophysiological process
affecting the brain, induced by biomechanical forces either by a direct or indirect blow resulting
in an impulsive force transmitted to the head’ (McCrory et al., 2013). Emerging evidence has
contradicted the widespread notion that mTBI is a minor, independently dismissive injury,
revealing profound deleterious long-term effects on brain function (Ling et al., 2015). By
acknowledging that trauma initiates a pathological cascade that may be more damaging in the
days and weeks following the immediate injury, the concept of mTBI has also shifted towards
one of a process rather than a static injury.

In recent years, media attention has put a spotlight on the progressive neurological conditions,
particularly Chronic Traumatic Encephalopathy (CTE), appearing in former professional
athletes, military personnel, and others who experience numerous head injuries (McKee et al.,
2009, Baugh et al., 2012, Kiernan et al., 2015). Repetitive neurotrauma in the form of concussive
and subconcussive insult has long been associated with increased incidence of depression,
progressive cognitive decline, and neuropsychiatric abnormalities (Parker, 1934, Courville,
1962). The resulting pathology may serve to predispose individuals to develop a pathologically
distinct form of early onset tauopathy-related dementia and underlie changes in mood and motor
function (Corsellis and Brierley, 1959). Despite serving as a significant risk factor for future
neurodegenerative disorders including mild cognitive impairment, Alzheimer’s disease (AD) and
Parkinson’s disease (PD), not all people who sustain mTBI go on to develop future long-term
sequelae. It is therefore imperative to better understand the brain’s response to mTBI, identify
key biological markers of injury and recovery, and to identify those at risk of long-term
consequences.
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Concussive impacts elicit a pathophysiologic cascade that includes temporary neural
dysfunction, disrupted connectivity, impaired axonal transport, and aberrant protein
phosphorylation. While transient, trauma-induced alterations in neurometabolic processes are
well characterized (Giza and Hovda, 2001), understanding the disruptions to white matter
integrity and abnormal protein phosphorylation, particularly of a microtubule associated protein
tau, are areas of active research. The overarching intent of this thesis is twofold:

1. To investigate the microstructural changes in white matter tracts following a single
sports-related concussion in adolescent athletes using diffusion tensor imaging (DTI).
2. To establish a baseline for tau deposition in healthy, elderly individuals using a novel tauspecific radioligand, phenyl/pyridinyl-butadienyl-benzothiazoles/benzothiazoliums
compound (11C-PBB3) in high resolution positron emission tomography (PET).
Collectively, these efforts provide the groundwork for subsequent study of CTE and other related
tauopathies, and provide insight into how a combination of imaging modalities and may serve as
potential diagnostic biomarkers of trauma-induced neurodegeneration.
“No head injury is too trivial to ignore” (Hippocrates, 460-370 BC)
1.2

History of CTE

Punch drunk syndrome, a condition prominent among prize fighters, was first described in 1928
by an American pathologist (Martland, 1928). Martland described the symptom onset as first
evident in the extremities and accompanied by intermittent periods of slight mental confusion.
The progressive nature of the disorder would evolve such that fighters would “develop a peculiar
tilting of the head, a marked dragging of one or both legs, a staggering, propulsive gait with the
facial characteristics of the Parkinsonian syndrome, or a backward swaying of the body, tremors,
vertigo, or deafness … [and] marked mental deterioration” (Martland, 1928). Originally thought
to be confined to boxers, the condition emerged among other professional athletes in high
contact sports and war veterans exposed to frequent head injury. In 1937, the term “dementia
pugilistica” was proposed to describe the devastating early onset of progressive cognitive
decline; however, the condition was subsequently redefined as Chronic Traumatic
2

Encephalopathy in 1957. Neuropathological studies have since identified that the characteristic
degeneration and neurobehavioural changes are associated with widespread and extensive
deposition of the hyperphosphorylated protein, tau.

1.3

Clinical Presentation of Concussion and CTE

Clinical diagnosis of a concussion is primarily based on subjective symptom reporting and
neuropsychological testing. A concussion is characterized as a mild TBI with an initial Glasgow
Coma Scale of 13 - 15, post-traumatic anterograde amnesia (less than 24 hours), any alteration in
mental state at the time of the accident, and may or may not be accompanied by a loss of
consciousness of approximately 30 minutes or less ((ACRM), 1993). The signs and symptoms of
concussion may be subtle and present hours or days after the initial injury. As a result, many
symptoms often go unreported. While the clinical presentation varies between patients,
commonly reported symptoms include headache, nausea, dizziness, difficulty concentrating, and
sensitivity to light or noise. More severe concussions may result in temporarily impaired balance,
visual and auditory disturbances, and emotional instability. Most symptoms resolve fully within
7 - 10 days; however, it is well documented that adolescents may experience delayed recovery
and a greater window of vulnerability to secondary injury (Virji-Babul et al., 2013, Borich et al.,
2015, Purcell et al., 2015). An initial 48 hours of cognitive and physical rest following injury is
recommended, as an early return to activity may exacerbate symptoms and underlying pathology.

In approximately 10% of cases symptoms may persist for weeks to months post-injury; here the
diagnosis transitions to ‘post-concussive syndrome’ (PCS) (Willer and Leddy, 2006).
Irrespective of the initial combination of symptoms, longer term manifestations of concussion
may result in disturbances in sleep or depression (Lynall et al., 2013, Noble and Hesdorffer,
2013). However, differentiating between prolonged PCS and the onset of a more devastating,
irreversible illness can be challenging. Concussions do not cause gross structural abnormalities
in brain tissue; hence conventional neuroimaging tests such as computed tomography (CT) or
MRI are insensitive to the microstructural damage underlying post-injury structural and
functional change.
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Clinical manifestation of CTE is often insidious, with initial changes in mood such as increased
feelings of anxiety, apathy, depression, and even suicidality; an increase in aggressive
tendencies; deficits in cognition including memory loss and executive dysfunction; and
occasionally motor disturbances in balance and gait. Initial presentation typically occurs around
ages 35 – 45 years old (range 24 - 65 years) (McKee et al., 2013) and the progression is often
slow, over decades. Characteristically, there is a long latent period (mean 8 years, range 0 – 37
years) between the last documented trauma and the onset or recognition of symptoms (McKee et
al., 2009, Maroon et al., 2015). A recent study of a large cohort of pathologically confirmed CTE
patients suggests clinical presentation may be divided into two distinct phenotypes, (i)
predominantly mood and behavioural symptoms in younger individuals in their third decade; and
(ii) predominantly cognitive impairment presenting in the fifth decade (Stern et al., 2013).
Despite the well characterized presentation, a definitive diagnosis of CTE can only be made
post-mortem, highlighting the need for reliable diagnostic biomarkers.

1.4

Pathophysiology of Concussion and Evolution of CTE

Concussion initiates a transient cascade of neurometabolic dysfunction, whereas repetitive and
more severe injury can perpetuate symptoms through diffuse axonal injury and the deposition of
aberrant tau protein. Early studies in subconcussive injury revealed that “permanent damage, in
the form of microscopic destructive foci, can be inflicted on the brain by what are regarded as
trivial head injuries” (Oppenheimer, 1968), thus reiterating that even subconcussive injury may
result in functional disturbance and axonal injury.

The pathology of CTE is defined by a distinctive pattern of progressive brain atrophy and
concomitant deposition of hyperphosphorylated tau. The formation of neurofibrillary and glial
tangles, appearance of 43kDa TAR DNA-binding protein (TDP-43) neuronal and glial
aggregates, microvascular pathology, neuroinflammation, and white matter degeneration are also
features associated with CTE (Daneshvar et al., 2015). The pathological processes are described
below.
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1.4.1

Post-Concussive Cascade of Neural Dysfunction

The characteristic elements of post-traumatic neural dysfunction include global depolarization,
excessive release of excitatory neurotransmitters, disturbances in ionic gradients, altered glucose
metabolism and cerebral blood flow (see Figure 1.1), and impaired axonal function and
transportation. These alterations are correlated with post-concussion vulnerability and
neurobehavioural abnormalities (Giza and Hovda, 2001, Langlois et al., 2006, Prins et al., 2013,
Giza and Hovda, 2014).

Figure 1.1 Time Course of Post-Concussive Neurometabolic Dysfunction
Concussions disrupt neural homeostasis. The immediate increases in glutamate and
potassium tend to resolve within a few hours, while elevated calcium levels persist
for several days. Decreases in cerebral blood flow and glucose metabolism may
persist for up to 10 days post-injury. Figure reproduced with permissions (Giza and
Hovda, 2014).
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Glutamate and Potassium Release: Immediately following concussive injury there is an abrupt
and widespread presynaptic release of glutamate. Activation of postsynaptic N-methyl-Daspartate (NMDA) receptors propagates neuronal depolarization, facilitating potassium (K+)
efflux and increased intracellular calcium (Ca2+) levels (Goldberg et al., 1987). Inward Ca2+
currents are enhanced by a swift recruitment of α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) receptors to excitatory synapses (Brorson et al., 1994).
Normally, AMPA receptors are Ca2+ impermeable; however, traumatic, hypoxic, or ischemic
conditions evoke a switch in the subunit composition, leading to Ca2+ permeable GluR2-lacking
receptors (Brorson et al., 1994). These ionic shifts incite acute changes in cellular physiology,
reinforcing a positive feedback cycle that stimulates excitotoxicity (Faden and Simon, 1988).
Hypermetabolism: Ionic perturbances are ordinarily rectified by sodium-potassium (Na+-K+
ATPase) pumps. However, the surge of intracellular Ca2+ following concussion overwhelms the
capacity of these pumps, escalating the energy demands of the cell. Attempts to increase the
production of adenosine triphosphate (ATP) trigger a dramatic rise in glucose metabolism,
forcing the cell into a hypermetabolic state. This occurs amidst decreased cerebral blood flow,
and the subsequent disparity between glucose supply and demand has been referred to as a
“cellular energy crisis” (Yoshino et al., 1991). This is postulated as one of the mechanisms
underlying post-concussive vulnerability, and may explain the diminished capacity for response
to subsequent injury and prolonged deficits (Guskiewicz et al., 2003, McCrea et al., 2009).
Vulnerability persists until glucose demand and blood flow return to pre-injury levels up to one
week later in mice, and two weeks later in humans (Zemper, 2003). The effects of a second
injury within this window are compounded, but the extent of irreparable damage remains
unknown (Zemper, 2003, Guskiewicz et al., 2005).
Lactate Accumulation: Hyperglycolysis results in excess lactate production. Impaired
mitochondrial function abolishes normal oxidative metabolism, further compounding lactate
accumulation. These elevated levels can disrupt the intracellular pH leading to acidosis, altered
blood brain barrier (BBB) permeability, membrane damage, and, ultimately, cerebral edema
(Kawamata et al., 1995, Giza and Hovda, 2001).
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Calcium Overload and Mitochondrial Dysfunction: Ca2+ build-up through both the NMDA and
GluR2-lacking AMPA receptors is evident within hours of experimental concussion, and may
persist for up to 10 days (Xiong et al., 1997). A drastic increase in Ca2+ influx during
sequestration impairs mitochondrial function, altering the inner membrane permeability,
uncoupling oxidative phosphorylation, and collapsing the electron transport chain with the end
result of organelle swelling (Xiong et al., 1997, Nicholls and Budd, 1998). As dysfunctional
mitochondria become the primary source of reactive oxygen species, oxidative stress ensues and
free radicals may prompt lipid peroxidation, collectively worsening the energy crisis
(Barkhoudarian et al., 2011). Unbridled calcium accumulation can trigger catabolic cascades,
activate apoptotic pathways and further disrupt neurofilaments and microtubules, impairing
connectivity (Giza and Hovda, 2001, Barkhoudarian et al., 2011).

Hypometabolism: Following hyperglycolysis, the brain enters a period of depressed metabolism.
Clinical studies using 18F-Fluorodeoxyglucose (18F-FDG) PET show persistent depressed
cerebral glucose utilization up to one month post-injury (Bergsneider et al., 2000). During the
prolonged metabolic depression, neurons show impaired metabolic response to peripheral
stimulation (Queen et al., 1997).

1.4.2

Diffuse Axonal Injury

Rapid linear or angular acceleration, deceleration or rotational forces cause momentary brain
deformation as a result of a coup-contrecoup injury whereby the brain first collides with the skull
at the site of impact and secondarily at the site directly opposite. As a result, delicate axons that
traverse long distances from the neuronal cell bodies are susceptible to stretching. This may
compromise structural integrity through excess shearing or tearing forces and lead to diffuse
axonal injury (DAI). This is the primary mechanism by which concussion and subconcussion
occur, and the underlying basis for persistent symptoms (Reeves et al., 2005, McKee et al.,
2014).
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Concussion-induced DAI tends to occur in regions of stiffer structural attachment between the
brain and the skull, and the extent of the axonal injury reflects the severity of the TBI. Glial cells
and microvasculature are also vulnerable to stretching as a result of concussive impact. Shearing
injuries result when the differing densities of grey and white matter, at varied distances from the
axis of rotation, slide over one another (Ng et al., 1994). Two-thirds of DAI lesions occur at
junctions between grey and white matter; tearing of these subcortical white matter fibres is
generally accompanied by a loss of consciousness (Hammoud and Wasserman, 2002).

Additionally, axonal stretching leads to transient alterations in membrane permeability,
triggering a secondary biochemical cascade that is responsible for significant damage and
cytoskeleton degradation in the days and weeks following injury. This microscopic destruction
continues long after most of the cognitive symptoms have subsided (Pettus and Povlishock,
1996, Giza and Hovda, 2001, Tang-Schomer et al., 2012, Johnson et al., 2013b).

The degree of axonal injury after traumatic impact may also vary with the direction of the head
impact rotation, as experimental studies in gyrencephalic piglets have found greater behavioral
abnormalities and more persistent axonal injury in piglets exposed to sagittal versus axial
rotational injury (Sullivan et al., 2013). It has been suggested that the rotational acceleration
such as blows to the head by hook punches in boxing are more likely to result in concussion than
the linear acceleration caused by straight head blows and head contacts such as in American
football (Ohhashi et al., 2002). However, injury mechanisms and thresholds continue to be a
source of vigorous debate.

Secondary Biochemical Cascade: Axonal stretching opens sodium channels in the axolemma,
propagates depolarization and the opening of voltage-gated Ca2+ channels in presynaptic
terminals, and sustains glutamate release. The enhanced Ca2+ current, both pre- and postsynaptically, initiates destruction of mitochondria and the cytoskeleton through degradation by
phospholipases and proteolytic enzymes, and the activation of secondary messengers (Hammoud
and Wasserman, 2002, McBride, 2012).
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Neuroinflammation and Microvascular Consequence: Microhemorrhage, loss of microvascular
integrity, and neuroinflammation may also occur after concussion. Neuroinflammation occurs
with the activation of microglia and astroglia which lead to the expression of pro-inflammatory
cytokines (such as Interleukin-1β and tumor necrosis factor alpha) and chemokines. The axonal
injury produced by mTBI is multifocal, with a tendency to be most severe in the corpus
callosum, fornix, parasagittal white matter and cerebellum, and within these areas, more
pronounced around small blood vessels (Tang-Schomer et al., 2012, McKee et al., 2014).
Pathological studies show that traumatically-induced vascular inflammation may facilitate
breach of the blood brain barrier and release of normally excluded systemic proteins, such as
perivascular hemosiderin, hematoidin-laden macrophages and pro-inflammatory cytokines
(Oppenheimer, 1968, Blumbergs et al., 1994, McKee et al., 2014). Astrocytosis is most severe in
the cerebral white matter and brainstem white matter tracts, and clusters of activated microglia
are most prominent in the white matter around small vessels.

Cytoskeletal Disruption and Impaired Axonal Transport: Under normal conditions, axons
exhibit mild elasticity; however, the rapid stretching forces of concussion may exceed their
tensile capacity. Integrins connecting the extracellular matrix and cytoskeleton are thought to
transmit the force of impact resulting in breaks or misalignment of actin filaments (Hemphill et
al., 2011). Of particular interest, tau protein interacts with tubulin at the distal end of axons to
stabilize microtubule structures, which may also have an elastic limit that is breached during
concussion as microtubules are known to become unfastened (Buki and Povlishock, 2006). This
compromise in the structural integrity of axons arrests intracellular transport at breaks in the
cytoskeleton, leading to a buildup of transport products. The disruption of information flow
contributes to local swelling, further weakening of actin networks, and eventual retraction into a
characteristic retraction bulb (Hammoud and Wasserman, 2002). Axon remnants distal to a break
undergo Wallerian degeneration, whereby the axolemma disintegrates, myelin breaks down and
phagocytic cells are recruited. The pathological manifestation of injury-induced secondary
axotomy, including deﬁcits in axonal conductance and neurofilament dephosphorylation, is still
evident 14 days after trauma; impaired retrograde transport can be visualized with Fluoro-Gold
(Creed et al., 2011). In addition, a single head injury may promote increased deposition and
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accumulation of amyloid-beta (Aβ), a protein aggregate linked to Alzheimer’s disease, that
further impedes axonal function (Washington et al., 2013). Collectively, these data suggest
disruptions to the axonal cytoskeleton persist long after the recovery of acute cognitive deficits.
A summary of acute and chronic neural dysfunction is provided in Figure 1.2. The long-term
consequences of this underlying impairment are areas of active research. The thesis intends to
explore cytoskeletal disruption through investigation of post-concussive white matter integrity.

Figure 1.2 Acute and Chronic Phase Post-Concussive Neural Dysfunction
Figure reproduced and revised with permissions (Giza and Hovda, 2014).
1.4.3

Hyperphosphorylation of Tau

Acceleration–deceleration injuries also cause tau protein to become abnormally phosphorylated,
leading to neurotoxic tau peptide fragments (Khlistunova et al., 2006, Liliang et al., 2010).
When misfolded, this otherwise soluble protein forms extremely insoluble aggregates;
assembling first as paired helical filaments and later forming intraneuronal deposits known as
neurofibrillary tangles (NFTs).

Tau is a phosphoprotein with six known isoforms that result from the alternative splicing of
exons 2, 3, and 10 within a single microtubule-associated protein tau (MAPT) gene located on
chromosome 17. These isoforms are identified by the number and composition of their positively
charged, carboxy-terminal binding domains; three isoforms have three binding domains, the rest
have four binding domains. Tau proteins have up to 79 potential Serine and Threonine
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phosphorylation sites; however, under normal conditions only around 30 of these sites are
actively utilized (Billingsley and Kincaid, 1997). Phosphorylation is regulated by a number of
kinases with the most prominent being the serine/threonine kinase, PKN (Taniguchi et al., 2001).
Dysregulation of PKN can initiate abnormal and excessive phosphorylation of tau isoforms.

Following repetitive concussive injury, there is widespread deposition of all six abnormally
phosphorylated isoforms resulting in NFTs throughout the brain (McKee et al., 2009, McKee et
al., 2013). Although tau in CTE is composed of both 3- and 4- microtubule binding repeats, 4R
predominates with a pattern of neuronal and astrocytic tau pathology distinct from deposition in
normal aging and AD. Two additional features unique to tau in CTE are the perivascular
presentation and the irregular distribution deep within cortical sulci (McKee et al., 2014). Focal
perivascular accumulations of hyperphosphorylated tau (p-tau) and hyperphosphorylated TDP-43
(p-TDP43) occasionally occur after concussive injury. It has been suggested that dysregulation
of TDP-43 may influence tau isoform expression and the development of tau pathology (Morales
et al., 2009); however the potential synergistic link has been debated and requires further
investigation (Wils et al., 2010, Zhou et al., 2010, Strong and Yang, 2011). The
hyperphosphorylation of tau, and subsequently the development of intraneuronal NFTs constitute
the proposed mechanism by which acute and/or repetitive mTBI may incite neurodegenerative
processes associated with CTE.
1.4.4

Neuropathology of CTE

Neuropathological findings in CTE reveal a characteristic pattern of atrophy and concomitant
deposition of p-tau. First, the stereotypical pattern of degeneration will be discussed. The staging
patterns of abnormal tau accumulation in histological preparations will be described in the
following section.
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In the landmark study of 15 professional boxers, Corsellis proposed four major criteria for CTE
(Corsellis et al., 1973):
1. Abnormalities of the septum pellucidum;
2. Cerebellar scarring on the inferior surface of the lateral lobes (especially the tonsillar
regions);
3. Degeneration or pallor of the substantia nigra;
4. Widespread NFTs containing p-tau in the cerebral cortex and brainstem.
A characteristic sequence of atrophy has since been identified. First, diffuse atrophy of the
frontal and temporal cortices and the medial temporal lobe, with ventricular dilation of the lateral
ventricles and the third ventricle is evident. Unlike the early stages of AD, the hippocampus is
spared in early phases of CTE. Subsequent atrophy is noted in the anterior cavum septi pellucidi
and posterior fenestrations. As the disease progresses, the olfactory bulbs, thalamus, mammillary
bodies, brainstem, and cerebellum begin to degenerate and depigmentation of the substantia
nigra and locus coeruleus are notable. In its later stage, the hippocampus, entorhinal cortex, and
amygdala also degenerate (Baugh et al., 2012, McKee et al., 2013, Kiernan et al., 2015).
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1.4.5

Stages of CTE Defined by Tau Pathology

CTE has been described in four stages based upon the accumulation and distribution of p-tau
deposition (McKee et al., 2013, McKee et al., 2015). These stages are described below and
depicted in Figure 1.3.

Stage I: In Stage I CTE, tau is found in focal, perivascular clusters as NFTs and dystrophic
neurites, often at the sulcal depths of frontal, septal, or temporal cortex. The surrounding cortex
is typically unremarkable although rare NFTs may be found in the deep nuclei, such as the locus
coeruleus.

Stage II: In Stage II CTE, multiple discrete clusters of perivascular p-tau NFTs are found in the
sulcal depths, most commonly in frontal, temporal, parietal, insular, and septal cortices. NFTs
are also found in the superficial layers of adjacent cortex surrounding the epicenters. The nucleus
basalis of Meynert and locus coeruleus show NFTs as well. Rare NFTs may be found in
entorhinal cortex, amygdala, hippocampus, thalamus, substantia nigra, and dorsal and median
raphe nuclei of the midbrain.

Stage III: In Stage III CTE, the medial temporal lobe structures including the hippocampus,
entorhinal cortex, and amygdala show neurofibrillary degeneration, and there is widespread
involvement of the frontal, temporal parietal, insula, and septal cortices. Moderate densities of
NFTs are found in olfactory bulbs, hypothalamus, thalamus, mammillary bodies, substantia
nigra, and both dorsal and median raphe nuclei.

Stage IV: In Stage IV CTE, there are dense NFTs in widespread regions of the brain, with
prominent neuronal loss and gliosis of the neocortex and increasing p-tau in astrocytes. There is
prominent loss of CA1 neurons throughout the hippocampus and subiculum, cerebral cortices
and increasing myelinated fiber and axonal loss in the white matter. Severe p-tau pathology is
found in the cerebral cortex, diencephalon, basal ganglia, and brainstem, white matter tracts and
spinal cord. The primary visual cortex is spared.

13

Figure 1.3 Histological Staging of CTE
Marked atrophy and concomitant tau deposition are noticeable with disease
progression. In Stage I initial tau deposition is evident in sulcal depths within the
frontal and temporal cortices. By Stage III and IV tau deposition is widespread.
Figure reproduced with permissions (McKee et al., 2015).
Progression from multifocal in stage II to widespread disease in stage III suggests an exponential
increase in tau deposition, which may result from a prion-like mechanism of self-propagating
protein templating and other modes of interneuronal transmission (Morales et al., 2009, McKee
et al., 2014). Clinical studies suggest that this stage of the disease correlates with the onset of
intrusive neuropsychiatric symptoms such as depression and suicidality. Advancement to stage
IV is clinically characterized by overt dementia. Here extensive underlying TDP-43
immunoreactive intraneuronal and glial inclusions are observed in the cortex, white matter,
brainstem, diencephalon, and basal ganglia (McKee et al., 2013). Inevitably, the extent of tau
and TDP-43 deposition, neuronal loss, and cerebral deterioration increases with lifespan,
contributing to the unremitting progression of clinical symptoms (McKee et al., 2014).
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1.5

General Purpose and Design of Thesis

Neuroimaging-based studies have acknowledged that both functional and structural damage
persists for much longer than concussive symptoms are reported, and suggest that the return to
neural homeostasis takes in excess of one month. However, neuropathological evaluations reveal
that concussion-induced axonal damage may be evident for years after injury (Johnson et al.,
2013a).

In this thesis, I discuss the underlying changes within the microstructural environment that occur
with even mild concussion, and how damage is compounded with repetitive injury. I include the
evolution of CTE to provide context for my subsequent study. In Chapter 2, I describe the use of
DTI to evaluate microstructural changes that occur in white matter fibre tracts of concussed
athletes. To offer greater understanding of how the organization of neural networks may change
as a result of a single concussion, I utilize Complex Network Analysis to compare healthy
adolescent individuals to their concussed counterparts. In Chapters 3 and 4, I address potential
mechanisms that contribute to impaired neuronal function. I conducted PET with a newly
developed radioligand, 11C-PBB3, which specifically binds to hyperphosphorylated tau. The
inherent properties of intraneuronal NFTs likely contribute to impaired axonal transport and may
perpetuate or exacerbate dysfunction.

My investigations specifically evaluate baseline levels of abnormally phosphorylated tau in
healthy controls, and provide preliminary results after testing the tracer in patients with a
suspected and known tauopathy. This establishes the groundwork for subsequent comparison to
neurodegenerative populations including patients with sports-induced CTE and varying forms of
atypical Parkinsonism. The ultimate intent is to pursue tau-based imaging in a population of
professional athletes to evaluate tau deposition from an early age. Longitudinal studies will be
required to monitor changes in deposition as a function of time and exposure to injury, and
determine whether this tracer may serve as a viable biomarker for neurodegenerative disease.
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Chapter 2: Complex Network Analysis in Sports-Related Concussion
2.1

Introduction to Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) is a non-invasive magnetic resonance imaging (MRI) technique
that utilizes the diffusion properties of water molecules to reveal microscopic tissue architecture
in-vivo (Le Bihan et al., 1986). The standard MR pulse sequence is supplemented with diffusion
encoding gradients. Diffusion patterns reflect the interactions of water molecules within the
surrounding milieu and may distinguish healthy and pathological states (Besga et al., 2012,
Adamson et al., 2013), particularly of the white matter (WM). Collectively the tensor model
identifies the structural orientation of fibres and measures both the rate (mean diffusivity, MD)
and directionality of diffusion. The preferential direction of diffusion is expressed as a value of
fractional anisotropy (FA), which averages both the axial (longitudinal) and radial (transverse)
diffusivity measurements (Basser et al., 1994). DTI has emerged as a prominent imaging
modality in the study of neurodegenerative conditions and brain injury (Greicius and Kimmel,
2012, Meijer et al., 2013, Abhinav et al., 2014, Acosta-Cabronero and Nestor, 2014, Keightley et
al., 2014), for which the basic concepts and underlying principles of DTI have been
comprehensively described, refined, and reviewed in the literature (Basser and Pierpaoli, 1996,
Irimia et al., 2012, Fox et al., 2013, Hulkower et al., 2013, Shin et al., 2014, Khanna et al., 2015).
A summary of the DTI acquisition process is described below.

The DTI process first requires a reference scan (B0 image) in which no diffusion weighting is
applied. Next, the diffusion weighting of images is varied both in magnitude and orientation
gradients indicated by a b-value. The particular combination of diffusion encoding gradients is
provided in the b-matrix. Standard b-values are 1000 s/mm2 for adults, 700 - 800 s/mm2 for
children and adolescents, and 600 s/mm2 for infants (Hüppi and Dubois, 2006, Brown et al.,
2014) diffusion produces darker pixels as the signal attenuates. Application of a diffusion
weighted signal reveals that water molecules preferentially diffuse in parallel with the dominant
orientation of WM fibers; this results in anisotropic diffusion (FA ≥0.8). The less organized
microstructure of the gray matter and cerebral spinal fluid preferentially allow isotropic diffusion
(FA close to 0); that which is independent of the direction of the applied gradient. The diffusion
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weighted images (DWIs) are then compared to the reference scan. Tensor calculation relies on a
minimum of six directions or gradients and allows a colour-coded representation of anterior vs.
posterior, left vs. right, and superior vs. inferior orientations to be established as green, red, and
blue, respectively. The tensor is arranged as a symmetric 3 x 3 matrix and may be split into
diffusion directions defined as eigenvectors (e1, e2, e3) along the x, y, and z planes. Eigenvalues
(λ1, λ 2, λ3) represent the magnitude of diffusion and are used to establish which eigenvector
aligns with each of the aforementioned planes; larger eigenvalues indicate the primary direction
of diffusion along a fibre. The resulting ellipsoid-shaped tensors may be mathematically
combined in a process known as tractography (Gerig et al., 2004). Tractography discerns the
complexity of WM networks, allowing for both qualitative and quantitative evaluation of the
composite fibre tracts on a voxel-by-voxel basis.

2.2

Diffusion Tensor Imaging Applications in Sports-Related Concussion

Since the early 2000s the number of concussion-based research studies has increased
dramatically, with emphasis on varsity and professional athlete populations in high contact
sports. Current estimates suggest 1/10th of published mTBI studies incorporate neuroimaging
(Eierud et al., 2014). However, from a clinical perspective neuroimaging is impractical in the
routine diagnosis of concussion. Conventional modalities such as anatomical MRI and CT scans,
which are more frequently used in emergency departments to rule out more severe trauma, are
insensitive to the subtle pathology and structural changes of mTBI. In recent years, DTI-based
studies of concussive and subconcussive impact have provided a means to visualize the diffuse
nature of what had previously been described as an invisible injury by capturing persistent
microstructural alterations (Virji-Babul et al., 2013). Considerable efforts have been made to
evaluate post-traumatic WM integrity, as abnormalities are purported to reflect damage to axon
bundles and microtubule structures imposed by the violent shearing or stretching forces
associated with such abrupt deceleration and impact on the skull (Buki and Povlishock, 2006,
Blennow et al., 2012, McKee et al., 2014, Shin et al., 2014, Chong and Schwedt, 2015, Stemper
et al., 2015). Previous studies suggest that the diffusion properties are altered following
concussion; yet controversy remains over the directionality, anatomical localization, and timing
of such changes.
17

First, published post-concussive changes in FA values have been inconsistent, with studies
showing increases, decreases, or no detectable change at all (Henry et al., 2011, Lange et al.,
2012, Alhilali et al., 2014, Lange et al., 2015). Explanations for these discrepancies suggest
diffuse structural damage may impair the function of ion channels, leading to perturbances in
ionic gradients. These fluctuations alter intra- and extracellular water content and thereby the
acquired diffusion properties (Ito et al., 1996, Mayer et al., 2010). Additionally, constituents of
the inflammatory cascade and processes such as cytotoxic edema may restrict overall diffusion
or result in preferential directionality of the movement of water molecules during imaging
(Cubon et al., 2011, Len and Neary, 2011, Ling et al., 2012). Collectively, these influences have
sparked debate and challenged the correlations between neuropsychological evaluations and
anisotropic values (Lange et al., 2012, Veeramuthu et al., 2015). While decreased FA values tend
to follow more severe trauma (Ljungqvist et al., 2011), mounting evidence strongly supports an
increase in FA values in the acute phase of mTBI (Wilde et al., 2008, Henry et al., 2011). A
recent study found that adolescent athletes had a significant increase in whole brain FA values
and a decrease in MD values up to two months post-concussion when compared to their nonconcussed counterparts, and that these changes correlated with clinical measures on the Sports
Concussion Assessment Tool version 2 (Virji-Babul et al., 2013).

Next, published findings of regional WM changes are highly heterogeneous. A recent metaanalysis examined the literature for anatomical consistency in concussion-induced lesions
(Eierud et al., 2014). The authors reported a characteristic anterior-posterior gradient in which
anterior WM tracts were more susceptible to traumatic insult. Additionally, the frontal
association areas and dense crossing fibres of the commissural pathways including the anterior
corona radiata and genu of the corpus callosum have shown high vulnerability to microstructural
change post-concussion (Cubon et al., 2011, Virji-Babul et al., 2013). These findings substantiate
that anterior microstructural injury may contribute to cognitive and executive function deficits
frequently encountered in mTBI (McCrea et al., 2003), as these WM tracts are critical in higher
cognitive functions such as sustained attention, working memory, and organizational skills.
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Lastly, the timing of post-injury imaging and evaluations are known to influence the direction of
change in diffusion properties. As previously discussed, studies have shown both increases and
decreases in FA values in the acute phase of recovery; however, a shift toward decreased
diffusion properties in chronic recovery has emerged (Ljungqvist et al., 2011, Murugavel et al.,
2014). Differences in the time-course of imaging in concussion studies hinder comparisons in the
literature. Current protocols have focused on recovery in the first three-month window with a
distinct lack of long term follow up (Gardner et al., 2012). Longitudinal studies are needed to
better understand the time-course of recovery, and associated structural and functional changes.
Here we investigate structural changes in the sub-acute phase of recovery (up to two months
post-injury) in adolescent athletes.
2.2.1

Distinction between Adolescent and Adult Concussion

Age has been identified as an important influential factor in the concussion literature. Younger
populations experience increased risk for more severe injury, delayed recovery processes
(McCrory et al., 2013), and worse overall outcomes (Giza et al., 2005, Anderson et al., 2009).
Pediatric concussions warrant specific concern as the developing brain appears increasingly
susceptible to the effects of mTBI. This is likely due to differences in structural features such as
a lesser degree of myelination and brain-to-water volume ratios (Shrey et al., 2011). Children
and adolescents also tend to show increases in inflammatory responses and lesser BBB integrity
in response to trauma than adults (Falcone et al., 2015). Additionally, adolescents are particularly
vulnerable in the instances of hypoxic and ischemic events or traumatic axonal injury due to
ongoing brain development (Adelson and Kochanek, 1998, Kochanek, 2006). Damage in the
frontal and temporal lobes is correlated with executive dysfunction, behavioural disturbance, and
deficits in learning and working memory that may be more pronounced at a younger age (Di
Stefano et al., 2000). Next, the majority of adults report their concussion symptoms resolve
within 7 - 10 days, yet recovery times in children and adolescents are notably longer (McCrory
and Davis, 2005, Purcell et al., 2015). Young age has been suggested to extend recovery times
to average between two to four weeks; however, in a study of children as young as six-years-old,
14% reported concussive symptoms enduring beyond three months post-injury (Barlow et al.,
2010). Given the prevalence of pediatric concussion, this number is not insignificant. Lastly,
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following a concussion there is a distinct window of vulnerability in which children and
adolescents are at greater risk for a second injury than adults. An early return to sport or other
activity greatly increases the likelihood and severity of injury, as a second impact compounds the
damage and significantly delays recovery (Bazarian et al., 2014).
2.2.2

Post-Concussive Functional Connectivity and Insight into Structural Connectivity

Despite unchanged gross anatomy following concussion, such injury is known to disrupt both
functional and structural connectivity in the brain (Xiong et al., 1997, Langlois et al., 2006,
Johnson et al., 2012). Blood oxygenation level dependent imaging is a functional MRI (fMRI)
sequence that detects changes in neural blood flow and identifies areas of activity. fMRI
provides two distinct avenues for investigation of concussion by capturing brain activity while
engaged in task-based or resting-state paradigms. Task-based studies involve either passive or
active engagement in a cognitive or physical task while in the scanner. Conversely, in restingstate fMRI there is no explicit task. These protocols have reliably detected changes in functional
connectivity between healthy and concussed individuals, identified post-concussion functional
irregularities in various brain regions, helped elucidate the time course of recovery, and
identified regions of activity that may be further evaluated as structural correlates of postconcussive dysregulation (Abbas et al., 2015, Astafiev et al., 2015, Borich et al., 2015, Mayer et
al., 2015). The contributions of each fMRI modality to the concussion literature, and influence
on this study are described below.

Mounting evidence in adults suggests functional alterations may be detected for months after
symptomatic relief (Shumskaya et al., 2012, Dettwiler et al., 2014). Interhemispheric
connectivity in the dorsolateral prefrontal cortex (DLPFC), hippocampus, and primary visual
cortex have been reduced in concussed adults who were asymptomatic at the time of imaging
(Cao and Slobounov, 2010). Reduced functional connectivity has similarly been found in parietal
and posterior cingulate cortices (PCC), and correlations identified between resting state measures
and decreased neurocognitive performance (Johnson et al., 2012, Tang et al., 2012). A recent rsfMRI pilot study in nine concussed collegiate football players reported functional connectivity
within the Default Mode Network (DMN) was significantly reduced in the acute recovery phase
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(Days 1 to 7) compared to control athletes, with partial recovery over the first month (Zhu et al.,
2015). These functional changes were evident despite clinical improvement; however, the
authors did not identify any structural changes in the DMN. Additionally, fMRI investigations of
individuals who suffer persistent TBI symptoms have detected changes in localization and levels
of activity in the brain despite scoring within normal limits on neurocognitive evaluations (Chen
et al., 2008; Gosselin et al., 2011; Lovell et al., 2007).

A comprehensive review of the literature has incited our exploratory efforts to evaluate
subnetworks for persistent structural change based on regions commonly identified as showing
alterations in functional connectivity following a concussion. As discussed, functional studies
using both resting state and task-based MRI have shown particular alterations in executive
function, attention, and Default Mode Networks. A previous DTI study by Virji-Babul et al.
(2013) suggests that subtle, diffuse structural changes are evident up to two months post-injury
in concussed adolescent athletes between the ages of 14 - 17 years old. We sought to evaluate the
corresponding structural components of each of the aforementioned functional networks in
adolescent athletes in the sub-acute phases of recovery following a concussion. We propose a
new methodology for understanding the changes in diffusion-based measures by evaluating
topological network properties using a mathematical model of Complex Network Analysis. The
findings of our subnetwork analysis may serve as a means to detect areas of prolonged structural
change that underlie protracted symptoms.
2.3
2.3.1

Graph Theory Modeling of Structural Change
Introduction to Graph Theory and Complex Network Analysis

Graph Theoretical Analysis has been used to model relationships and interactions amongst a
plethora of complex systems. While the original algorithms have been adapted for use in vast
physical and social networks for the purposes of city-wide transportation planning (Quintero et
al., 2013) or analytics of emerging trends on the World Wide Web (Otte and Rousseau, 2002),
recent efforts to understand biologically relevant interactions have been fruitful (Ma’ayan, 2011).
The complexity of neural networks may be distilled into structural pathways based on WM
tracts. The efficiency with which the brain relays information, both within and between various
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regions, is contingent upon the organization and integrity of these WM connections (Filley,
2005, Schmahmann et al., 2008). Complex Network Analysis (CNA), a derivative of Graph
Theory, is a set of mathematical tools that has recently been used to quantify topologies and
describe neural networks with respect to their organizational arrangements (Bullmore and
Sporns, 2009, Brown et al., 2014, De Vico Fallani et al., 2014, Papo et al., 2014). CNA evaluates
associations between entities in terms of symmetry or asymmetry, and structural integration and
segregation (Bullmore and Sporns, 2009). By characterizing general and localized patterns of
anatomical circuitry in both mTBI subjects and controls, the composite CNA measures provide a
means to assess and track potential structural changes following traumatic insult.

In healthy individuals, brain connectivity structure has been described as analogous to a “smallworld” network (Sporns and Honey, 2006, Rubinov and Sporns, 2010) and more recently, as a
small-world network with hierarchical modularity (Kaiser and Hilgetag, 2010, Hilgetag and
Goulas, 2015). The WM facilitates the flow of information within and between various brain
regions, thereby offering local specialization and global integration in unison. However, studies
of various neurodegenerative conditions have demonstrated focal atrophy yields widespread
consequences for WM brain networks at both the local and global levels (Acosta-Cabronero et
al., 2010, Zhang et al., 2013, Caso et al., 2015). Network measures are helpful in identifying
changes pertaining to the clustering of activity, and density and length of connections; which
likely reflect overall neural plasticity (Castellanos et al., 2011). However, more research is
needed to elucidate whether injury-induced reorganizational responses are part of a dynamic
compensatory process, or in fact contribute to the degenerative dysfunction by increasing
energetic demands in certain regions as the efficiency and organization of the existing structures
falter (Irimia et al., 2012).

Current efforts to identify subtle network changes often rely on regional atlases that parcellate
the brain into anatomical regions in each hemisphere (McKenna et al., 2015). In terms of WM
brain networks, each region represents a ‘node’, while the pathways between regions delineate
‘edges’. This network represents the microstructural integrity between regions. CNA measures
analyze the efficiency and organizational structure of this network to reveal topological
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properties at both the whole brain (global) and subnetworks (local) levels. These measures can
include quantities of degree and density; clustering, core, and community structures; path
lengths; centrality; and motifs (Bullmore and Sporns, 2009).
The application of Graph Theory to measures of structural connectivity is a new avenue in DTI,
and mTBI studies are in their infancy. A shift towards hemispheric asymmetries and suboptimal
module organization and efficiency were reported in studies of concussed military personnel
(Han et al., 2014, Yeh et al., 2014); however, currently there is no comparable study in younger
individuals. In order to evaluate post-concussive structural brain connectivity, anatomical WM
tracts between regions of previously described vulnerability to mTBI should be evaluated. Here
we described the applications of CNA to subnetworks of structures associated with cognitive
deficits and resting state changes in concussed adolescent athletes.

2.3.2

Global and Local Metrics

Complex Network Analysis offers an extensive list of measures, many of which have been
adapted for use in brain-based investigations. Scripts for the CNA metrics relevant to structural
connectivity networks, and yielding neurobiologically meaningful output, were extracted from
the Brain Connectivity Toolbox (Rubinov and Sporns, 2010). A comprehensive overview of
network metrics is provided in Appendix A, while descriptions of common network terminology
and the primary global and local metrics included in our analysis are provided below.

Common Network Descriptors
•

Robustness: describes network fragmentation following the loss of critical nodes or
edges. This represents a phase transition from a more highly ordered structure to a
disordered one in which components of a network become smaller, disconnected clusters.
Robust networks will continue to function despite damage.
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•

Modules: modules are subnetworks in which the composite nodes are more strongly
linked to each other than to nodes outside of the network. Modules represent regions of
specialized function and are highly relevant to neural networks.

•

Small World Topology: a network structure in which most nodes are not neighbours, but
any given node may be reached following a small number of connections. This is true of
the anatomical connections comprising neural circuitry. Small-worldness facilitates both
global integration and local segregation; a key to lean wiring within complex systems,
especially the brain (Watts and Strogatz, 1998).

Network Measures
•

Clustering Coefficient: is a measure of segregated network structure. It identifies the
extent to which nodes of interest tend to cluster together in a given network, and may be
global or locally derived with values ranging between 0 and 1 (see Figure 2.1).
Calculations identify the fraction of triangle motifs around a node (i.e. triplets where
three vertices are fully connected by intervening edges). In the application to
subnetworks, clustering coefficients measure ‘local connectivity’, where higher values
are associated with network resilience to damage (i.e. robustness).

•

Transitivity: evaluates the likelihood that, for a given node with connections to two
different nodes, there will also be a connection between the two outlying nodes thus
creating an enclosed triangle. Transitivity relies on the formation of subgraphs of three
nodes called triplets. This measure is related to clustering coefficient, with values
between 0 and 1. Higher values indicate greater likelihood that a node will form a triplet.

•

Characteristic Path Length: paths are series of edges that connect nodes, but never visit
any given node more than once. Characteristic Path Length is calculated as the average
shortest path length between every pair of nodes in a network. Short path lengths are
indicative of global and local integration. See Figure 2.1.
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•

Efficiency: describes how information flows within a network. This measure is inversely
proportional to the characteristic path length of the same network. It may be computed as
global efficiency for the whole brain, or local efficiency for a subnetwork or region of
interest.

Figure 2.1 Connectome Properties of Neural Networks
Here both local segregation and global integration of small-world networks are
facilitated by shorter path lengths (Low L) than regular networks, and higher
clustering coefficients (High C) than random networks. Figure reproduced and
revised with permissions (Watts and Strogatz, 1998). L = path length, C = clustering
coefficient.
2.4

Statement of Purpose

This investigation sought to evaluate the microstructural changes in WM tracts in the sub-acute
phase of recovery from a single sports-related concussion in adolescent athletes using DTI. The
application of Complex Network Analysis to the study of subnetworks of interest enables the
characterization and quantification of structural changes.
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2.4.1

Hypothesis

We hypothesize that concussed individuals will show distinct microstructural changes in WM
integrity when compared to controls. Specifically, network properties will reflect decreases in
global integration and increases in local connectivity in each of the four subnetworks (attention,
executive function, DMN, and frontal association areas) in concussed individuals. Based on our
previous functional connectivity work, we predict the greatest changes in connectivity profiles
will occur in the DMN.
2.5
2.5.1

Methodology
Participants

Twelve adolescent athletes who suffered a recent (within two months) sports-related concussion
were recruited from local baseball, ice hockey, and rugby teams in the Greater Vancouver Area.
At the time of imaging, all concussed athletes remained symptomatic. An additional ten healthy,
physically active age-matched adolescents with no previous history of concussion or head injury
were enrolled as controls. Participants were excluded if they had a pre-existing neurological or
psychiatric condition. Parents signed an informed consent, and player assent was obtained prior
to participation. This study was approved by the Clinical Research Ethics Board at the University
of British Columbia.
2.5.2

Magnetic Resonance Imaging Protocol

Whole-brain, high-angular resolution diffusion MR scans were performed on a 3.0 Tesla Philips
Achieva whole-body MRI scanner (Philips Healthcare, Andover, MD) at the University of
British Columbia Magnetic Resonance Imaging Research Centre. Scans used an eight-channel
sensitivity encoding head coil. Participants first underwent a high resolution anatomical scan
(repetition time (TR) = 12.4 ms, echo time (TE) = 5.4 ms, flip angle = 8°, field of view (FOV) =
256 mm, 170 slices, 1 mm thickness). Next, two diffusion-weighted scans were performed with a
single-shot echo planar imaging sequence (TR = 7465, TE = 75 ms, FOV = 212 x 212 mm, 60
slices, voxel dimension = 2.2 mm3, scan time = 7 minutes). Diffusion weighting was performed
across 60 different non-collinear orientations (b = 700 s/mm2), with an acquisition of 10
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minimally weighted diffusion images (b = 0). The total scanning time for each participant
averaged 45 minutes.
2.5.3

Image Pre-Processing

Pre-processing and analysis of diffusion imaging data was conducted using ExploreDTI software
version 4.8.4 (Leemans A., 2009) run through Matlab (version 2013b). First, the acquired
DICOM files were converted to Neuroimaging Informatics Technology Initiative (NIfTI) format
and structurally concatenated into a 4D file. To ensure images were imported correctly, a visual
inspection was conducted in which raw images were sequentially run through a viewing window
enabling the three orthogonal planes to be examined simultaneously. This allowed for the
identification of missing slices, motion artifacts, and image distortions. Images were corrected
for eddy-current induced geometric distortions and subject motion using affine registration to the
corresponding b0 image (Leemans et al., 2009). A visual examination of the resulting tensor
orientations was also conducted. Additional Quality Control measures included individual
review of the average residuals per DWI after fitting tensors via the “assess data quality
summary’ feature in Explore DTI and inspection of outlier profiles. The anterior and posterior
corpus callosum were inspected to ensure the corresponding gradient tables were appropriately
aligned (i.e. left-to-right crossing fibres appeared red). High anisotropy around the perimeter
would indicate misregistration. All files were batch processed to ensure consistent analytic
parameters. Lastly, summary measures from quantitative parametric maps (FA, MD, and the
number of tracts passing through each region) were extracted for the whole brain and specific
regions of interest.
2.5.4

Fibre Tractography

Each participant’s DTI was first registered in Standard Space then whole brain tractography was
conducted using a deterministic streamline approach as previously described in Leeman et al.
(2009). The fractional anisotropy threshold for initiating fibre tracking was set at 0.2 with a tract
turning angle threshold of 30 degrees. Tractography delineates the 3D trajectories of white
matter fibre tracts, both within and between different brain regions. Next, the Automatic
Anatomical Labeling (AAL) Atlas was applied through ExploreDTI. This template delineates 45
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different brain regions in each hemisphere (Tzourio-Mazoyer, 2002; Leemans, 2015). Here we
focus on evaluating the structural integrity between brain regions directly connected by a fibre
bundle. By examining fibre tracts between each pair of atlas regions, 90 x 90 Connectivity
Matrices (CM) were generated for each subject. In particular, CMs were constructed which
measured mean FA, mean MD, and the number of tracts for bundles between each region pair.
2.5.5

Connectivity Matrices

In the CM, each brain region is representative of one node in the subsequent network analysis
(total 90 nodes/participant). Graph Theory metrics were applied to the CM output and thus the
structural features of neural networks. Here we applied CNA to characterize network features by
the following measures: clustering coefficient, transitivity, global and local efficiency,
characteristic path length, density, modularity, mean authority/hub value and assortativity.
Network measures were selected from the Brain Connectivity Toolbox and extracted using a
custom Matlab script written by Colin J. Brown at Simon Fraser University. Our aim was to
understand the way in which nodes were structurally embedded in their local or global networks,
and identify whether CNA would be sensitive to characterizing the microstructural changes in
regions of vulnerability. An illustration of the pre-processing and imaging pipeline is provided in
Figure 2.2.

Figure 2.2 ExploreDTI Pre-Processing Pipeline
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2.5.6

Subnetwork Analysis

To evaluate both global and local metrics, a whole brain network and four subnetworks
(attention, executive function, DMN, and frontal association areas) of interest were established.
Subnetworks were extracted individually following AAL template parcellation. Networks were
selected a priori based on regions that had previously shown to be vulnerable to injury and areas
responsible for cognitive functions commonly known to be impacted by concussions. Published
data by Virji-Babul et al. (2013) show functional changes between control and concussed
patients in the DMN, anterior commissural pathways, and the genu of the corpus callosum. We
sought to evaluate the WM integrity in these same regions by constructing subnetworks of nodes
representing the corresponding region in the AAL template (see Appendix B for a summary of
each network based on the AAL template). The composite regions are listed below, and both left
and right hemispheres were included for each subnetwork:

1. Attention Networks: inferior frontal gyrus (opercular, triangular, and orbital parts),
anterior cingulate and paracingulate gyri, and the angular gyrus.

2. Executive Function Network: superior frontal gyrus (dorsolateral and medial parts).

3. Default Mode Network: superior frontal gyrus (medial and medial orbital parts),
posterior cingulate gyrus, superior parietal gyrus, angular gyrus, precuneus, and middle
temporal gyrus.

4. Frontal Association Area Network: superior frontal gyrus (dorsolateral, orbital, medial,
and medial orbital parts), middle frontal gyrus (including the orbital part), inferior frontal
gyrus (opercular, triangular, and orbital parts).

2.5.7

Statistics

The microstructural integrity of WM tracts was quantified using mean FA and MD values, and
the number of tracts at both the global and local network levels. Group averages were obtained
for each measure and differences between concussed and control groups examined using an
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independent samples t-test (two-tailed significance uncorrected p < 0.05). To correct for multiple
comparisons, a more conservative threshold (p < 0.01) was included. Due to the differing
number of nodes, comparisons between different subnetworks could not be made and only group
differences within subnetworks evaluated.

2.6
2.6.1

Results
Demographics

A total of twelve concussed athletes completed imaging (mean age 15.5 ± 1.2 years) within two
months of their injury (mean days since concussion 35.7 ± 15.0 days). Ten controls completed
imaging (mean age 15.7 ± 0.94 years). One control subject was excluded due to excessive head
motion. Subject demographics are described in Table 2.1. All participants were right handed.

Table 2.1 Demographics for Adolescent Athletes
Participant ID
Control Participants
HC003
HC004
HC008
HC009
HC010
HC107
HC109
HC110
HC113
HC406
Concussed Participants
PC001
PC002
PC004
PC007
PC011
PC108
PC316
PC411
PC501
PC610
PC614
PC617

Gender

Age

M
M
M
F
M
M
M
M
M
M

15
17
14
16
16
15
16
15
16
17

M
M
M
M
M
M
F
M
F
M
M
M

14
15
16
14
14
15
17
16
17
16
17
15

Concussions

Days Post- Concussion

*

1
3
2
4
1
1
3
3
3
1
2
2

18
30
31
56
30
30
17
29
50
52
24
61

M = Male, F = Female, * = removed from analysis due to excessive head motion
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2.6.2

Whole Brain Diffusivity Metrics

The average whole brain values for FA and MD for each group are described by Virji-Babul et
al. (2013). Diffusivity metrics were assessed using an independent-samples t-test (two-tailed
significance, p < 0.05). The concussed participants show significantly increased FA (p = 0.01)
and decreased MD (p = 0.04) compared to controls (Figure 2.3). FA values are indicative of
preferential flow of water molecules along fibre tracks, while MD represents the overall amount
of diffusion taking place.

Figure 2.3 Whole Brain Diffusivity Metrics
Concussed participants show persistent increases in FA and decreases in MD metrics
up to two months post-injury. Error bars represent the standard error of the mean
(SEM). Stars denote significance at p < 0.01.

2.6.3

Complex Network Analysis

We subsequently extracted FA, MD, and the number of tracts from our four subnetworks of
interest from the ExploreDTI output. We then applied Complex Network Analysis through our
customized script from the Brain Connectivity Toolbox in Matlab to whole brain and local
regions. Results showing network composition across each diffusivity metric are provided in the
following sections.
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2.6.3.1

Fractional Anisotropy

No significant differences were found for network measures in the whole brain, attention,
executive function, or frontal association subnetworks. However, network organization in the
DMN shows distinct alterations following concussion. Using a more conservative threshold, a
significant increase in transitivity (p = 0.009), and significant decrease in the characteristic path
length (p = 0.006) were detected. Here a trend towards increases in clustering coefficient (p =
0.045), and local efficiency (p = 0.038) were shown in the concussed adolescents. These metrics
are indicative of increases in local segregation (Figure 2.4).

Figure 2.4 Changes in Structural Connectivity within the DMN using FA Values
Group averages reveal increases in metrics pertaining to local community structure
and reflect changes in structural connectivity within the DMN of concussed
individuals. Error bars represent SEM. Stars denote significance at p < 0.01.
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2.6.3.2

Mean Diffusivity

There were no significant differences in network properties of the whole brain, executive
function, attention or frontal association subnetworks using our conservative threshold (p < 0.01)
to assess MD values. However, when using a more liberal threshold (p < 0.05) the structural
properties of the attention subnetwork showed a weak trend towards increased local efficiency
(p = 0.06), while the executive function network showed a significant decreased path length
(p = 0.03) for concussed athletes. The greatest structural changes were evident in the DMN and
parallel the FA findings. Here a significant increase in transitivity (p = 0.016) and decrease in
characteristic path length (p = 0.006) are evident in athletes post-concussion. Lastly, a liberal
trend towards increased local efficiency (p = 0.06) and increased clustering coefficient
(p = 0.07) in the DMN of concussed players was also noted (see Figure 2.5).

Figure 2.5 Changes in Structural Connectivity within the DMN using MD Values
Connectivity Analysis using MD metrics show a similar pattern of structural change as
detected by FA values. Error bars represent SEM. Stars denote significance at p < 0.01.
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2.6.3.3

Number of Tracts

No significant differences in graph theory measures were found for the whole brain, attention,
and frontal association subnetworks. Characteristic path lengths were significantly shorter in the
concussed group (p = 0.007) in the executive function network, but no other measures reached
significance. The greatest structural differences between groups were evident in the DMN. Here
concussed athletes showed shorter characteristic path lengths (p = 0.006), with trends towards
decreased global efficiency (p = 0.031), and decreased density (p = 0.024) when compared to
controls. A liberal trend in mean authority was also evident showing an increase in the concussed
athletes (p = 0.059). These measures show trends toward decreased global integration, and are
summarized in Figure 2.6.

Figure 2.6 Changes in Structural Connectivity within the DMN using the
Number of Tracts
Connectivity profiles within the DMN show trends towards decreased global integration
across composite nodes. Error bars represent SEM. Stars denote significance at p < 0.01.
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2.7

Discussion

Whole brain diffusivity metrics reflect WM integrity. As previously discussed, acute changes in
diffusivity have been inconsistent in the literature showing both increases and decreases postmTBI (Henry et al., 2011, Lange et al., 2012, Alhilali et al., 2014, Lange et al., 2015). It has been
argued that compromised WM integrity results in decreased FA values and likely shows a
corresponding increase in MD. This is common in moderate to severe TBI, whereby decreased
FA values are thought to result from pathological disruption to the cytoskeletal organization,
axotomy, Wallerian degeneration (axonal degradation and progressive demyelination), as well as
neuronal loss (Cubon et al., 2011, Len and Neary, 2011, Ling et al., 2012). Neuronal loss may
contribute to decreased FA by facilitating a comparative increase in the interstitial space between
cells. Additionally, cytotoxic edema may occur in the acute phase of recovery in moderate to
severe TBI. Here decreased FA may result from altered membrane integrity which increases
intracellular fluid retention and consequently promotes cellular swelling. However, studies
specific to mTBI tend to show the opposite response in diffusivity metrics. A report in young
athletes (mean age 22.0 years, SD = 1.7 years) has shown increased FA in both the acute and
chronic phases of recovery (6 months) from mTBI (Henry et al., 2011). Our results support this
emerging trend toward a global increase in directionality accompanied by a decrease in overall
diffusivity in the sub-acute and chronic stages of recovery from mTBI (Ljungqvist et al., 2011,
Murugavel et al., 2014). Increased FA values in concussed athletes may reflect an inflammatory
response that restricts diffusion or subtle vasogenic (extracellular) edema. Here an increase in
extracellular pressure may temporary deform or constrict axonal processes, leading to an
increase in the directional follow of water molecules during imaging. Elevated FA values in the
chronic phases of recovery may suggest that neuroinflammation persists long after the initial
injury. Additionally, regional increases in post-concussive FA values have been reported in the
corticospinal tract and corpus callosum (Henry et al., 2011); further suggesting that a compressed
intracellular space promotes directionality. Overall, our results support the notion that damage to
axonal networks is detectable up to two months after concussive injury; however, the severity of
injury and important of time-course cannot be underestimated as FA values are expected to
normalize over the course of recovery. The nature of the underlying pathology warrants a more
comprehensive evaluation.
35

To further investigate underlying anatomical changes in subnetworks of regions commonly
affected by concussive and subconcussive forces, we applied principles of Graph Theory to our
diffusivity metrics. To our knowledge, this was the first study to apply Complex Network
Analysis to structurally derived subnetworks of interest in adolescent mTBI. Connectivity
analysis using FA revealed significant structural alterations in the DMN of concussed athletes.
Here an increase in clustering coefficient, transitivity, and local efficiency was accompanied by a
decrease in the characteristic path length of fibre tracts. These results suggest that persistent
axonal damage along certain fibre tracts in regions of the DMN may subsequently promote
branching and development of new, shorter connections in certain neighbourhoods. New
pathways in concentrated areas would explain a decrease in path length with a corresponding
increase in local information flow (efficiency), clustering, and ultimately the likelihood of
triangular motifs (transitivity). The CNA of MD values mirror that of the aforementioned FA
findings. The decrease in overall mean diffusivity may similarly reflect a weakening of WM
integrity and structural connections between certain modules, and a concurrent increased reliance
on new or undamaged fibre bundles. Together these structural changes in the DMN suggest
greater local segregation. However, we are currently limited in our ability to determine whether
these changes occur across the entire DMN or only in specific regions.

Next, we applied CNA to the overall number of fibre tracts connecting various regions of
interest. This approach revealed that concussed athletes show significantly shorter characteristic
path lengths and decreased global efficiency across the DMN. Erosion of a highly organized
neural network leads to decreased integration and a simultaneous increase in the likelihood of
random connections. We suspect that damage to longer projections, as a result of diffuse axonal
injury within the DMN, promotes growth of shorter connections between adjacent regions,
increasing the local efficiency but decreasing the overall ease with which information is
transferred across the entirety of the network. These results complement the connectivity profiles
of our aforementioned diffusivity metrics, and support the notion that longer fibre tracts are most
susceptible to injury (Buckner RL, 2008). Similar decreases in global efficiency and weaker
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overall integration have been reported in patients with moderate to severe TBI (Caeyenberghs et
al., 2012, Caeyenberghs et al., 2014). It remains unclear if such a response reflects a dynamic
compensatory mechanism in which rewiring and reorganization of new connections serve to
counteract functional deficits.

Characteristic small world networks exhibit dense connectivity within, and few long range
projections between, hubs (Watts and Strogatz, 1998). Mounting evidence suggests TBI shifts
structural organization away from this highly efficient information processing architecture
(Pandit et al., 2013, Sharp et al., 2014). First, fragmented patterns of reduced structural
connectivity in the frontal, parieto-premotor, and temporal cortices (fundamental to the DMN)
have been reported in adults and children with brain injury (Caeyenberghs et al., 2012). Second,
previous Graph Theory Analyses of healthy and pathological brain states have revealed a high
concentration of hubs within the DMN and attention networks (Guye et al., 2010). Selective
damage has been described in DMN hubs, particularly in the PCC, following moderate to severe
TBI (Pandit et al., 2013). These injuries resulted in the reorganization of the spatial distribution
of hubs and were accompanied by an increased reliance on certain hubs within the DMN (Pandit
et al., 2013, Stam, 2014). This situation increases the risk of ‘hub failure’; a collapse within a
region of the network that deflates its’ ability to efficiently and reliably transfer information. Our
results suggest redistribution and reorganization of DMN hubs occurs even in mild TBI. This
proposition is further supported by our trend in the increased importance of certain nodes (mean
authority) with an overall decreased density evident in the concussed athletes. These results are
of particular interest as the DMN requires 60 - 80% of the brain’s basal metabolism to maintain
resting state function (Raichle and Mintun, 2006, Guye et al., 2010). An increase in localized
activity within DMN hubs is inextricably linked to an increase in regional energy demands;
which is of paradoxical importance given the network is active predominantly while the brain is
‘at rest’(Raichle et al., 2001). This is supported by research employing 18F-Fluorodeoxyglucose
PET to evaluate post-injury changes in metabolic activity within the DMN (Kato et al., 2007,
Garcia-Panach et al., 2011). These studies further substantiate that dynamic irregularities in
patterns of activity correlate with changes in performance on tasks of executive function and
attention. Additional exploration is warranted as alterations in regional activity in the resting
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state due to underlying structural change may create a period of vulnerability; detract from
recovery, repair, or processes such as memory consolidation; and contribute to the post-injury
cognitive symptom profile.

Currently, there is emerging evidence that structural disconnection within the DMN may lead to
abnormalities in cognitive control and attention deficits (Bonnelle et al., 2011). A correlation
between the extent of damage to cingulum bundle fibres, a tract that connects the PCC and
ventromedial PFC, and decreased attention span has been shown both at structural and functional
levels (Greicius et al., 2009, Bonnelle et al., 2011). This adds to evidence of structural alterations
in the DMN manifesting with functional, and in turn, cognitive consequences. Additionally,
effective modulation of DMN activity is influenced by the structural integrity of reciprocal
network connections with the saliency network (Bonnelle et al., 2012). The extent of WM
damage in the saliency network tracts joining the right anterior insula to the dorsal ACC and presupplementary motor areas has been shown to predict DMN dysfunction. Ineffective regulation
has resulted in cognitive deficits. Collectively, disruption to the WM projection fibres likely
explains how seemingly minor ultrastructural damage may have widespread consequence.

While the DMN has been a focus of many structural and functional studies, disruptions outside
the DMN may similarly underlie common mTBI symptoms such as distractibility, impaired short
term and working memory, and contribute to cognitive fatigue and headache (Kinnunen et al.,
2011, Fagerholm et al., 2015). Damage to hubs that join spatially or functionally different
networks is clinically significant as it may be the origin of disrupted higher level cognitive
functioning that relies on the integration of information. Thus, it is plausible that diffuse axonal
injury is the primary mechanism underlying TBI-induced cognitive impairments, driving largescale network disconnection. An understanding of how information is processed and integrated
within hubs between structurally and functionally connected networks, such as those between the
DMN and its counterpart the saliency network, will be fundamental to advance our clinical
approaches to concussion management strategies and treatment (Sharp et al., 2014).
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Exposing the relationship between structure and function is the focus of many multimodal MR
sequence studies. Regions strongly connected by WM tracts are more likely to bear similar
functional properties. This is certainly true of the DMN, as regions with synchronous baseline
activity that correspond to the DMN feature both direct and indirect anatomical connections
(Greicius et al., 2003, Greicius et al., 2009). Surprisingly, no significant structural changes were
detected in the executive function or attention-based networks in our study. This may be a result
of the limited number of nodes included in the analysis or the parcellation mask (AAL template)
which may over or underrepresent the regions corresponding to these networks based on the
selection of composite nodes. Our future analysis will include a node-by-node evaluation and
additional scrutiny by hemisphere which may be more sensitive to the subtle structural changes
we believe underlie alterations in functional connectivity and electrical output, as informed by
our previous work. Based on the aforementioned principles we have made three predictions:
First, we hypothesize that the increase in clustering coefficient in certain DMN neighbourhoods
aligns with findings from our functional connectivity study in the same patients in which
probabilistic independent component analysis (ICA) of rs-fMRI data showed increased
functional connectivity in the PCC (Borich et al., 2015). Borich et al. also report reduced
connectivity in the parietal regions and the medial prefrontal areas, which we suspect will
correspond to a decrease in clustering coefficient in these regions that would have been
overshadowed in our current analysis. Second, we suspect underlying changes are in fact present
in the executive function and attention networks based on our previous rs-fMRI data in these
same participants. We have previously shown increased functional connectivity in both the
executive function (right frontal pole) and ventral attention (left frontal operculum) networks
(Borich et al., 2015). Third, we believe independent evaluation of nodes in these regions is likely
to reveal structural anomalies in the white matter in adolescents recovering from concussion. We
have applied Graph Theory principles to resting state activity in an electroencephalography
(EEG) study of adolescents with concussion (Virji-Babul et al., 2014). Here each electrode
served as a node. Increased local metrics related to the number of shortest paths between two
nodes (betweenness) and the number of connections to a given node (degree) were reported in
regions of the DLPFC and right inferior frontal regions.
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In conclusion, our findings suggest that CNA is useful in detecting altered topology and neural
reorganization following concussion. Here CNA measures showed that disruptions to the
structural underpinnings of the DMN of concussed adolescent athletes were easily distinguished
from that of normal controls up to two months after the initial injury. These results add to the
growing body of knowledge surrounding connectivity profiles and the structural reorganization
that takes place following concussive and sub-concussive injury. These changes in structural
connectivity may be the foundation of functional disturbances, though the structure-function link
between the two is still being elucidated.
2.7.1

Limitations

The application of Graph Theory and CNA to the study of adolescent concussion is subject to
inherent limitations in methodology and study population. First, the current script analyzes the
nodes of the each subnetwork as one structural identity, and may dilute regional changes that
may be occurring in different directions. This is particularly relevant in the DMN given the
integration across several distinct brain areas, and our previous findings of regional changes in
functional connectivity in opposing directions. This was our first investigation using CNA in
DTI and will inform future investigations to identify the direction of change occurring within
each composite node. Next, the application of the AAL template to appreciate anatomical
connectivity is a widely accepted methodology; however, other parcellation tools and templates
are available. Slight differences in thresholding exist between various programs, and may result
in the connectivity profiles that vary in both the number and degree of composite nodes, thus
influencing network measures. The utility of various parcellation platforms and overall patterns
of structural change following TBI will continue to be an area of active research. Additionally,
while DTI has advanced our understanding WM integrity, the diffusivity metrics may be
influenced by factors such as the extent of myelination, axonal packing density, and neuronal
cytoarchitecture (Alexander et al., 2007). Further study is needed to understand the contributions
of each factor in influencing the FA and MD output. Lastly, CNA relies heavily on multiple
comparisons. To correct for this, we used a more conservative approach (p < 0.01); however, we
additionally acknowledged findings under a more liberal statistics thresholds common across
other connectivity studies. Future endeavours may look for additional statistical approaches to
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evaluate structurally significant alterations in WM integrity and connectivity.

Second, despite the limited small sample size, the study of adolescents’ reveals that even at a
young age athletes may have sustained numerous concussions. The influences of the type of
sport that resulted in concussive injury, fluctuations between the time of injury and imaging, and
varying number of concussions between participants cannot be overlooked. The representative
sports played and number of injuries seen in our study are common across many larger scale
studies of sports-related concussion. A recent study of adolescent hockey players found the
likelihood of having sustained a previous concussion increased as a function of age (SmithForrester, 2015). Here 22% of participants between the ages of 13 - 14 years old reported a
history of concussion; this dramatically increased to 42% of participants between the ages
15 - 17 years old. Within these populations, over 10% of athletes had sustained more than one
previous concussion. Additionally, there is a discrepancy between behavioural recoveries and
resolution of underlying pathophysiological processes which makes it difficult to know whether
those who had previously suffered a head injury had fully recovered. Given that concussion is a
dynamic injury, having only collected data across a single time point further limits our
interpretation. There is no baseline data for each participant, thus we are unable to tell the extent
of structural damage and/or recovery. This gives merit to future longitudinal studies that
rigorously track adolescent athletes from acute injury (between 24 – 72 hours) through chronic
phases of recovery (1, 3, 6, and 12 months post-injury), and that monitor the influences of
repetitive concussion and subsequent developmental responses. Lastly, our control group was
matched for age, handedness, and athletic ability (team mates of concussed individuals);
however, there is no means to account for the influence of injury type (concussion versus nonhead injury). Future studies may look at including an additional study group to account for the
psychosomatic influence of injury on overall network structure.
2.7.2

Application of Complex Network Analysis to the Study of CTE

CNA may serve as a useful tool in identifying early changes in the structural (re-)organization of
WM tracts. CNA enhances our understanding of the dynamic response to injury, beyond what
has been previously described by FA and MD metrics. In particular, CNA characterizes the
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microstructural correlates of how information is processed within a damaged or recovering
system. Changes in characteristic path lengths, and identifying core hubs and ‘community
structures’ provides information on network efficiency and resilience to damage. Head injury
provokes a shift away from the optimal neural network architecture; lean wiring that facilitates
both local specialization and global integration of information. Correlating CNA metrics with
functional connectivity and behavioural outcomes may provide a critical link between structure
and function that underlies clinical presentation.

We provide evidence of structural changes in neural networks, specifically the DMN, that persist
for up to two months and likely longer, following a single concussive injury. In light of this we
suggest the applications of CNA may yield great benefit in characterizing structural changes
following repetitive head injury; and in turn advance our understanding of the causal
mechanisms linking frequent trauma to conditions such as CTE.

First, we suggest that adolescent athletes at the beginning of their sporting careers serve as
valuable study subjects. The opportunity to perform longitudinal studies that track individuals
through their first concussion and recovery, as well as after repeated injury will further our
understanding of the extent and time course of injury-induced structural changes, offer
opportunities to correlate structural changes with behavioural and cognitive recovery, and clarify
the roles of age-related plasticity on recovery. Training often begins from a very young age, and
while it is known that repetitive injury in early life serves as a risk factor for CTE, the
independent contributions of a frequency and severity have yet to be determined. Additionally,
training and competition expose players to hundreds and even thousands of subconcussive and
concussive injuries (Beckwith et al., 2007, Greenwald et al., 2008) over the course of their
careers. CNA may help quantify the cumulative damage, and characterize patterns of change in
structural networks prior to the onset of clinical symptoms.

Second, considerable efforts have been made to evaluate post-traumatic WM integrity, as
abnormalities are purported to reflect damage to axon bundles and microtubule structures (Buki
and Povlishock, 2006, Blennow et al., 2012, McKee et al., 2014, Shin et al., 2014, Chong and
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Schwedt, 2015, Stemper et al., 2015). Tau protein serves to stabilize microtubules; however,
injury-induced disruption to cytoskeletal structure, such as becoming uncoupled from tubulin,
may trigger protein dysfunction, abnormal phosphorylation, and misfolding. Interestingly,
hyperphosphorylation of tau provokes prion-like self-assembly. Converging evidence from the
study of other tauopathies (frontotemporal lobe dementia and AD) suggest that tau propagation
occurs along anatomical connections such as WM fibre tracts. We believe that intraneuronal tau
in the form of PHFs and NFTs would disrupt diffusivity metrics, producing noticeable alterations
in FA and MD values. We suspect that the applications of CNA to CTE would easily distinguish
connectivity profiles between healthy individuals and affected subjects. Knowing that tau
deposition is first noted in frontal and temporal cortices of patients, with late stages of disease
showing widespread intraneuronal deposition, white-matter imaging may serve a prominent role
in tracking pathological progression (Ahmed et al., 2014, Boluda et al., 2015). Future
longitudinal studies will be necessary to look at whether changes in network properties may be
predictive of, or associated with, future regions of tau accumulation.

Lastly, DTI is more cost-effective and accessible means of detecting pathological CTE processes
than PET-based tau-imaging. CNA offers an unparalleled framework to amalgamate anatomical
and functional connectivity-based MRI data, providing a more comprehensive clinical picture.
Collectively, early detection and monitoring of structural changes may help identify individuals
that are pre-disposed, or at an increased risk of subsequent (earlier onset) neurodegenerative
diseases and may one day serve as a diagnostic aid (Guye et al., 2010).
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Chapter 3: Tau Imaging with 11C-PBB3 in Healthy Controls
3.1

Introduction to Positron Emission Tomography

Positron Emission Tomography (PET) permits high resolution functional imaging of biological
processes at tissue and cellular levels by utilizing a scanner capable of detecting traces of
radiation (Phelps et al., 1975). Since the technology was first established in the 1950s the longstanding applications of PET to the study of brain function in health and disease have improved
diagnostics and broadened our understanding of both disease mechanisms and progression
(Ravina et al., 2005, Nandhagopal et al., 2008, Mitsis et al., 2014, Stoessl, 2014, Blennow et al.,
2015). While the process has been refined and the resolution improved over generations, a
summary of current details surrounding the radiotracer production and delivery, the scanner, and
image reconstruction, especially those most pertinent to PET at UBC, are described below.

Tracer: PET imaging requires an exogenous tracer; a radioisotope linked to a biologically
relevant carrier molecule that will bind to a target of interest. For our purposes, the tracer will
bind to hyperphosphorylated tau protein. Commonly utilized positron-emitting isotopes include
11

C (t1/2= 20.3 minutes) and 18F (t1/2 = 109.7 minutes). The production of these unstable isotopes

relies on a cyclotron for particle acceleration. Due to the short half-lives of the aforementioned
particles the imaging centre must be in close proximity to a cyclotron; as is the case between the
Nuclear Medicine Department at the UBC Hospital and TRIUMF. Here an underground delivery
system facilitates transportation between the two locations in under two minutes. Upon delivery,
the tracer is injected through an intravenous bolus and circulates in the bloodstream. The level of
radioactivity in brain tissue is monitored as the isotope decays throughout the scan.

Scanner: The crux of PET resides in coincidence detection. As the radiolabeled isotope decays a
β+ particle (a positron) is ejected, and upon losing its kinetic energy interacts with an electron.
This results in the complete annihilation of both particles and produces two gamma rays
(photons). Linear Conservation of Momentum implies that the emitted photons will each have an
energy level of 511keV and travel in equal but opposite directions. When gamma photons from
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β+ nuclear decay processes occur within the scanner’s field of view, the coincident arrival of two
photons separated by nearly 180° is recorded and stored by the scanner.

A PET scanner superficially resembles a CT scanner in that a patient is supine on a gurney and
positioned in the gantry by an imaging technician. Behind the plastic exterior, imaging is enabled
when the patient’s head is placed inside the cylindrical configuration of numerous detector rings
comprised of eight flat panels, each housing 117 block detectors (936 detectors total). The
detector block is made of LSO/LYSO crystals which act as a scintillator (de Jong et al., 2007).
Scintillators convert the energy of the emitted photons into visible light. Additionally, each block
of crystals is coupled to photomultiplier tubes that detect the intensity of light and in turn
calculate the location in which the photon entered the detector. A temporal window of 10 – 15
nanoseconds is used to establish the arrival of photon pairs; events registered outside this
window are ignored. By following the line between the two activated detectors (the line of
response, LOR), the origin of the emission may be determined. The configuration of detector
rings enables detailed 3D mapping of these decay events; however, the increased sensitivity to
detect events across different detector rings results in some degradation of resolution. Data
acquired throughout the scan are exported to external hard drives and subsequently used to
reconstruct the images for analysis.

Image Reconstruction: The information collected by the ring receivers (the coordinates of the
two detectors indicating the LOR for each event) is assembled into a sinogram; a twodimensional histogram of the LOR coordinates in a particular plane. The overall number of
sinograms depends on the acquisition mode of the scanner (2D or 3D); however, the resulting
sinograms are trimmed into matrices of 128 angular x 96 radial elements. 2D acquisition results
in decreased sensitivity as only LORs from nearby rings are considered while oblique LORs are
rejected. 3D acquisition takes into account all events but significantly increases reconstruction
times. A further distinction in image reconstruction depends on whether scans were conducted as
static or dynamic. Static scans synthesize all sinograms into a single frame that runs the full
duration of data acquisition. Alternatively, dynamic scanning uses multiple frames of varying
lengths to allow for the analysis of tracer kinetics. For our phenyl/pyridinylbutadienyl45

benzothiazole/benzothiazolium compound (11C-PBB3) PET scans, dynamic imaging with 17
frames was used. Lastly, irrespective of acquisition mode, co-registration of PET data with
anatomical (T1) MRI improves spatial accuracy for interpretation. Once reconstructed by
computer analysis, images show the tissues in which the tracer has become concentrated using a
colour-coded ‘heat map’ on a voxel-by-voxel basis.
3.2

Applications of PET Imaging to Neurotrauma

The application and utility of PET imaging to brain injury relies heavily on tracer selection. In
the past, PET studies have looked at changes in cerebral blood flow and glucose metabolism in
TBI using 15O-H2O and 18F-Fluorodeoxyglucose (18F-FDG), respectively, whereas more recent
efforts have concentrated on tracers targeting specific proteins of interest such as Aβ and tau.
The contributions of each to the study of neurotrauma are discussed below.
Initial 18F-FDG PET studies of TBI date back to the late 1980s (Humayun et al., 1989). While
investigations of glucose uptake and metabolism have varied in their post-injury time-course and
discussions over global versus local changes have waged on, the trend toward decreased tracer
uptake (hypometabolism) in populations of athletes and war veterans with repetitive concussive
and subconcussive injury compared to healthy controls is evident (Peskind et al., 2011, Nariai et
al., 2013). Interestingly, an 18F-FDG study of 105 patients evaluating neurotrauma-induced
changes in metabolism suggested the vermis/cerebellum ratio may be a predictor of future
recovery (Lupi et al., 2014). The authors reported hypermetabolism of the vermis (ratio >1)
correlated with scores on the Disability Rating Scale and inverse associations were noted with
initial Glasgow Outcome Scores and Levels of Cognitive Function over the first year of
recovery. While the heterogeneity of TBI populations complicate cross-study comparisons, a
distinct pattern of hypometabolism in the frontal regions, PCC, and cerebellum was reported in
study of 19 boxers suspected of CTE (Provenzano et al., 2010). The diagnostic utility of 18FFDG PET in TBI remains controversial; however, it has proven a valuable tool for detecting
pathological processes that may contribute to the overall clinical picture (Byrnes et al., 2013).
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Further advances in neuroimaging targeting the pathophysiological mechanisms of head injury
are helping to define the relationship between trauma and neurodegeneration (Sundman et al.,
2014). The development of tracers for amyloid imaging has contributed to our understanding of
the long term sequelae. A study employing both 18F-FDG and Pittsburg Compound B (PiB) PET
looked at the influence of prior head injury on amyloid deposition in cognitively normal
participants and those with a history of Mild Cognitive Impairment (MCI) (Mielke et al., 2014).
PiB revealed that a history of TBI was associated with an 18% higher deposition of amyloid in
individual’s with MCI. Interestingly, no associations between prior head injury and 18F-FDG
were reported in either the normal or MCI group. While increases in post-traumatic PiB uptake
have been replicated, a definitive link to subsequent decline in cognitive or motor function has
not been clearly established (Hong et al., 2014, Malkki, 2014). To date, no neuroimaging studies
have used PiB to investigate CTE.

Most recently tau imaging has become a focal point in the study of head injury and CTE. As a
new field of exploration, case studies using various tau-specific ligands have been published
though further validation by the scientific community is needed. For example, a study of five
retired NFL players using 18F-FDDNP revealed increased tracer accumulation in subcortical
regions and the amygdala compared to controls (Small et al., 2013). Similarly, a case study of a
retired athlete with suspected CTE employed 18F-Florbetapir (for amyloid imaging) and a novel
tau tracer, 18F-T807. 18F-Florbetapir imaging was negative, thereby excluding a diagnosis of AD,
while 18F-T807 tracer concentrated in striatal and nigral regions, consistent with the presentation
of an underlying tauopathy (Mitsis et al., 2014). While these studies are hindered by small
sample sizes, a distinct lack of longitudinal follow-up, and no autopsy to provide a definitive
CTE diagnosis, they suggest that tau imaging may be useful in improving in vivo diagnostic
capacities and serve as objective biomarkers for treatment efficacy and/or monitoring of the
associated progressive neuropathology (Sundman et al., 2014). Undoubtedly, addressing these
shortcomings will be areas of active and future study. A summary of the recently developed tau
tracers is provided in the next section.
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3.3

Review of Tau Tracers

The recent interest in tau imaging has resulted in numerous ligands with varying degrees of
utility. In creating a new tau ligand, scientists seek an agent with high binding selectivity and
specificity for the intended target, desirable pharmacokinetic properties such as rapid uptake
(permeability to the BBB) and clearance, high specific activity, and minimal radiolabeled
metabolites which complicate the interpretation of reconstructed images. A comprehensive
review article summarizes additional barriers unique to tau tracer production including the
necessity to bind the six isoforms irrespective of post-translational modifications, the need to
cross the extra membrane to label intraneuronal deposits, and properties that enable detection of
tau aggregates in white matter (Shah and Catafau, 2014).

To date, the greatest shortcoming is concurrent binding of Aβ; however, current efforts are
committed to improving the specificity for aberrant tau protein. In light of these challenges, rapid
progress in tracer development may be attributed to advances in tangential technologies that
facilitate large-scale screening of molecular precursors as well as iterative learning for
refinement of structural modifications. The application of liquid chromatography coupled to
mass spectrometry to aid radiotracer identification and performance enhancement is one such
instance (Barth and Need, 2014).
18

F-FDDNP was the first tracer described to knowingly bind tau. This tracer predominates in the

Alzheimer’s-related literature as it binds to the secondary structures (β-pleated sheets) strongly
associated with amyloid deposition (Shoghi-Jadid et al., 2002, Shin et al., 2011, Small et al.,
2012); however, it’s utility in binding tau aggregates in non-AD tauopathies such as Progressive
Supranuclear Palsy (PSP) has been demonstrated (Kepe et al., 2013). A recent study of 14
National Football League (NFL) players with a suspected CTE diagnosis revealed 18F-FDDNP
uptake in brainstem white matter and subcortical regions in a pattern consistent with models of
repetitive concussion (Barrio et al., 2015). This likely reflects the compounded and cumulative
damage to white matter tracts. Though minimal, the non-specific binding of concurrent αsynuclein and Aβ must be acknowledged (Collins-Praino et al., 2014). The study of CTE would
benefit from a more selective tracer.
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A series of arylquinoline tracers have been introduced beginning with 18F-6-(2-fluoroethoxy)-2(4-aminophenyl)-quinolone (18F-THK5223) (Fodero-Tavoletti et al., 2011, Villemagne et al.,
2014), and following compound optimization, it’s higher affinity derivatives 18F-THK5105 and
18

F-THK5117 (Harada et al., 2013, Okamura et al., 2013, Okamura et al., 2014). When tested in

non-AD tauopathies 18F-THK5223 failed to label tau aggregates and lesions (Fodero-Tavoletti et
al., 2014), thereby eliminating it’s utility in the study of CTE and questioning that of it’s
successors.
Another series of tracers called 18F-T807 and 18F-T808 have entered clinical trials, demonstrating
27 times greater affinity for p-tau than amyloid plaques and low retention in white matter (Chien
et al., 2013, Mitsis et al., 2014), though studies have not yet been published in non-AD
populations.
To date, only one 11C-tracer has entered clinical trials (Maruyama et al., 2013, Wood, 2013);
while several others such as 11C-N-methyl lansoprazole are in the pre-clinical trials pipeline
(Shao et al., 2012, Tago et al., 2014). Pre-clinical trials with 11C-PBB3 show promise in binding
p-tau in non-AD tauopathies such as corticobasal degeneration (CBD), suggesting the ability to
detect various protein isoforms. It remains to be seen which of the aforementioned tracers will
predominate in the tau literature. A summary of the tracer properties, as well as the most
prominent advantages and limitations of the contending tau ligands, are provided in Table 3.1.
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Table 3.1 Summary of Newly Developed Tau Radioligands
Tracer
18

F-FDDNP

Small et al. (2012)
Kepe et al. (2013)

18

F-T807

Chien et al. (2013)
Mitsis et al. (2014)

18

F-T808

Chien et al. (2013)
Mitsis et al. (2014)

18

F-THK523

Villemagne et al.
(2014)
Fodero-Tavoletti et
al. (2014)

Properties

• 320 MBq (8.4 mCi)
• 120 min scan

• 370 MBq (10 mCi)
• 100 min scan
• Kd = 14.6

• 370MBq (10 mCi)
• 100 min scan
• Kd = 22

st

• 1 gen.
arylquinoline
• 200 MBq (5.4 mCi)
• 90 min scan
• Kd1= 2.0, Kd2= 50.7

Advantages
•
•
•

•
•
•
•
•
•

First 18F-labeled tracer aimed at tau imaging
Well characterized in AD, MCI and now mTBI
FDDNP-PET binding differentiates diagnostic groups better than
metabolism on FDG-PET or volume on MRI
High midbrain and subthalamic binding was distinctive for PSP
patients compared to PD and controls
25x more selective for tau than Aβ
Favourable kinetics in brain uptake, clearance from WM
Low non-specific binding in WM and cortical gray matter in
controls
MCI and AD patients show retention consistent with Braak staging
Case Report: nigral and striatal retention in retired NFL player
revealed subcortical tauopathy: identified as a novel form of CTE

Limitations

• Concurrent binding to Aβ
and α-synuclein

• Limited data on suitability
in non-AD tauopathies
• May bind non-tau TDP-43
and C9orf72 expansions

• 27x more selective for tau than Aβ
• Faster kinetics and washout than T807, rapid distribution suggests
possible imaging as early as 30 min after injection
• Good signal-to-noise ratio, rapid clearance from cerebellum,
minimal non-specific binding
• Binding correlated with dementia severity and distribution follows
Braak staging
• Immunostaining (with AT 100 Ab) of post-mortem AD sections
show the frontal, temporal and parietal lobes and the hippocampus
agreed with the regions lit up by the PET ligand

• Intense bone uptake in the
skull due to defluorination
• High binding in the
striatum, a region without
tau deposits in AD

• 15x more selective for tau than Aβ
• Half-life = 110 min, does not require onsite cyclotron, offering
wider distribution (true of all 18F-labeled tracers)
• Radioactivity peaked 3 - 6 min post-injection with rapid clearance
• Selectively binds to PHF tau in AD, patients retained 40% more
THK523 than semantic dementia and controls
• Retention follows Braak staging and hippocampal retention
correlates with cognitive parameters

• High non-specific retention
in WM may obscure
cortical uptake and
precludes simple visual
inspection of images
• Failure to label tau lesions
in non-AD tauopathies or to
α-synuclein in PD brains
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Tracer
18

Properties
•

F-THK5105

Okamura et al.
(2014)

•
•

nd

2 gen.
arylquinoline
Enantiomer of
THK5107
Kd1=1.45, Kd2=7.40

Advantages
•
•
•
•

Limitations

25x more selective for tau than Aβ in vitro (high affinity and
selectivity for recombinant tau)
Tracer binds to corticobasal lesions
Significantly higher retention in the parietal, posterior cingulate,
frontal and mesial temporal cortices of AD
Retention correlated with cognitive parameters

•

Insensitive to Pick
bodies and the tangles
in PSP

18

18

nd

F-THK5117

Okamura et al.
(2014)
Harada et al. (2014)

11

C-PBB3

Maruyama et al.
(2013)
Wood (2013)

• 2 gen.
arylquinoline
• Enantiomer of
THK5015
• Kd= 10.5

• Benzothiazole
derivative
• 370 MBq (10 mCi)
• 70 min scan
• Kd1= 2.5
• Kd2= 100

• Faster kinetics and higher signal-to-background ratio than FTHK5105
• Labels certain forms of tau in non-AD tauopathies (sections including
3 and 4 repeat tau lesions)
• In CBD sections, THK5117 intensely labeled argyrophilic threads and
coiled bodies containing 4 repeat tau
• Retention follows Braak staging and hippocampal retention correlates
with cognitive parameters

• Insensitive to Pick
bodies and tau tangles
in PSP
• Failed to label inclusion
bodies in FTLD, senile
plaques, Lewy bodies,
and TDP-43 deposits.

•
•
•
•

• Photo-isomerization
caused by ultraviolet
light (10 - 380nm)
• 11C half-life is 20 min,
requiring on site
cyclotron
• Tracer metabolite
crosses BBB and may
also bind tau

40-50x more selective for tau than Aβ
Retention correlates with clinical symptoms
Rapidly uptake, unbound tracer promptly washed out
Label tau-containing lesions in non-AD tauopathies, suggests ability to
recognize multiple isoforms
• Limited WM background signal and minimal Aβ detection compared to
11
C-PiB
• Retention follows Braak staging and hippocampal retention correlates
with cognitive parameters

Tau Tracers in Pre-Clinical Trials
11

C-N-Methyl
Lansoprazole
Shao et al. (2012)
11

C-THK-951

Tago et al. (2014)

•

11

C-labeled version
of lansoprazole

• Hydroxylated 2arylquinoline
derivative

• Exceptionally high affinity for tau in rodent and primate microPET
• Autoradiography conducted in post-mortem PSP tissue

• No human data have
been published yet

• High binding affinity for tau pathology (NFTs) in an AD brain section
and K18Δ280K fibrils (Ki = 20.7 nM)
• Excellent kinetics in normal mouse brain

• No human data have
been published yet
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3.4

Selection of 11C-PBB3

Following comprehensive evaluation of the utility of recently described tau ligands we have
pursued imaging with the novel 11C-PBB3 for its selectivity, preferable dosimetry, and capacity
to perform multi-tracer studies (Hashimoto et al., 2014). First, the 11C-PBB3 tracer exhibits low
non-specific binding to white matter whilst selectively binding abnormally phosphorylated tau
independent of Aβ deposition. 11C-PBB3 demonstrates a 40 - 50 times greater selectivity for tau
than Aβ, and importantly binds to areas of pathology in non-AD related tauopathies including
PSP and CBD. Next, 11C-PBB3 has been synthesized with high radiochemical purity and specific
activity, and sufficient brain uptake has been demonstrated (approximately 2% of the injected
dose at 1 minute). Most notably, in vivo characteristics allow for a reference tissue input function
thereby avoiding the cumbersome requirement for an arterial line and metabolite determination.

Furthermore, the compound has undergone rigorous pre-clinical evaluation and it’s safety
demonstrated in human subjects by the research team at the National Institute for Radiological
Science (NIRS) in Chiba, Japan (Maruyama et al., 2013). At the time of publication, no known
side effects for 11C-PBB3 exposure have been documented. In following the Canadian Nuclear
Safety Commission guidelines for research involving radiation exposure, the recommended
maximum exposure limit for participants is 50 millisieverts (mSv) per year or 100 mSv over five
years. The PPRC adheres to more conservative guidelines in which critical organ (gonads, blood
forming organs, and lens of the eye) limits of 30 mSv per study are imposed. All tracer doses
were well within these guidelines and a breakdown of the relevant organ doses based on a
maximum 20 mCi injection are provided in Table 3.2.
Table 3.2 Maximum 11C-PBB3 Radiation Exposure Doses by Organ for 20 mCi Injection
Organ
Dose (mSv)
Kidney
15.02
Ovary
1.6
Testes
0.74
Red Marrow
2.7
Lungs
25.1*
*Indicates the critical organ for this tracer
(Maruyama et al., 2013, Hashimoto et al., 2014).
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Lastly, the PPRC is among the first research groups worldwide with access to this tracer. The
accessibility of TRIUMF and an on-site cyclotron ensures that the PPRC is well poised to
capitalize on the 11C-isotopes capacity for multi-tracer studies as a result of the short half-life
(t1/2 = 20 minutes). Collectively, these characteristics suggest 11C-PBB3 has the most favourable
characteristics of currently available tau tracers and is thus desirable for pursuing tau-based
imaging in head injury, CTE, and other related tauopathies. Our early access to this tracer is
instrumental in performing these studies.
3.5

Statement of Purpose

The overarching purpose of this study was to assess the potential utility of a new radioligand,
11

C-PBB3, as an in vivo marker of abnormally phosphorylated tau deposition. The significance

of this tracer is multifactorial as it holds promise both in the study of trauma-induced
degeneration and disease progression, and also advances the PPRC’s objectives to better
understand the potential basis for cognitive impairment prevalent in atypical Parkinsonism (PSP,
MSA, and CBD). We investigated the presence and extent of tau deposition across a range of
healthy, elderly individuals to test tracer validity. Establishing baseline values in healthy aging
provides the foundation for future studies to assess the interplay between tau deposition,
neuroinflammation, and dopamine denervation. This work is widely applicable to the study of
many neurodegenerative tauopathies.
3.5.1

Hypothesis

We hypothesize that in healthy, elderly individuals there will be no substantial deposition of
abnormally phosphorylated tau, and thus minimal to no uptake and retention of the 11C-PBB3
tracer in brain tissue.
3.6
3.6.1

Methodology
Study Design

The UBC Clinical Research Ethics Board approved the investigation and issued the Certificate of
Approval under the “Tau Imaging with PBB3 in Healthy Controls” (H14-02375) protocol.
Participants were invited to complete one 11C-PBB3 PET scan and one anatomical MRI. All
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participants completed examinations of mood (BECK Depression Inventory, BDI), cognitive
function (Montreal Cognitive Assessment, MoCA), and motor function (the Movement Disorder
Society-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale, MDS-UPDRS III),
on their first study visit. Subjects whose scores were indicative of active depression or mild
cognitive impairment were excluded from the study.
3.6.2

Study Subjects

Healthy control subjects (males between the ages of 19 – 85 years old, and females between ages
30 – 85 years old) were recruited through advertisements in the Metro News in Vancouver, BC.
Additional recruitment strategies included approaching healthy spouses of patients attending the
Movement Disorders Clinic at the PPRC and healthy individuals who had previously taken part
in PET-based imaging studies with the research group. Informed consent was obtained for each
participant prior to all study procedures and re-obtained before the PET scan. Subjects were
excluded if they met any of the following criteria:

1. Outside the desired age bracket;
2. Have a personal history or presence of a neurological or psychiatric condition;
3. Have a family history (first degree blood relative) with a movement disorder or dementia;
4. Have a history of head injury, including a concussion with or without loss of
consciousness, or stroke;
5. Have a history of major episodes of drug or alcohol abuse;
6. Female participants that may be pregnant or breastfeeding;
7. Have a body mass index greater than 35;
8. Have a history of radiation therapy treatment;
9. Have recurring metastasis;
10. Meet exclusion criteria for MRI Scanning:
a. Subjects who have been/are metal workers or machinists;
b. Subjects who have had an injury where a piece of metal lodged in their eye;
c. Subjects who have pierced body parts (other than earrings) or recent tattoos;
d. Subjects who have had an injection into any joint in the previous 4 weeks.
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Additionally, there could be no instance of any of the following present in the subject's body:
1. Cardiac pacemakers, wires, or defibrillator;
2. Artificial heart valve;
3. Brain aneurysm clip;
4. Electrical stimulator for nerves or bones;
5. Deep brain stimulator;
6. Implanted drug infusion pump;
7. Coil, catheter, or filter in any blood vessel;
8. Orthopedic hardware (artificial joint, plate, screws);
9. Harrington rod for scoliosis;
10. Other metallic prosthesis;
11. Shrapnel, bullets, or other metal fragments;
12. Dentures, braces, or retainer.

The MR technician reviewed each patient’s record prior to scanning, and surgical reports were
acquired as necessary.

3.6.3

PET Image Acquisition

PET tracer production, image acquisition procedure, and analytic techniques were established by
our collaborators at the NIRS in Chiba, Japan (Maruyama et al., 2013), and modified by the
chemists and technicians at TRIUMF in Vancouver, BC. PET imaging was conducted in the
Nuclear Medicine Department at the UBC Hospital on the Siemens High Resolution Research
Tomograph (HRRT). The HRRT captures 207 planes with a plane thickness of 1.21875 mm.
Data were acquired over 17 frames obtained over 70 minutes. Scan lengths (in seconds) for the
17 frames were: 20, 20, 20, 40, 40, 40, 60, 180, 180, 360, 360, 360, 360, 360, 600, 600, and 600.
In preparation for scanning, participants were positioned using external lasers such that the
inferior orbital-external metal line was parallel to the scanner gantry, following a wellestablished protocol. A thermoplastic mask was molded to each individual and attached to the
headrest of the scanner to reduce head movement. A motion detector was also positioned on a
thin cap to monitor and later correct for changes in the position of the subject's head during the
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scan. Prior to tracer injection, a 6 - 10 minute transmission scan was performed for attenuation
correction using 137Cs rods. Following the pre-scan, the 11C-PBB3 tracer was administered
through intravenous bolus and the emission data collection process initiated. Approximately 740
MBq (20 mCi) of tracer with a maximum effective dose of 5.4 mSv was administered per scan.
Due to the photosensitivity of the tracer, each scan was performed under low lighting conditions
with special amber syringes and tubing for transport and injection.

3.6.4

PET Image Analysis

11

C-PBB3 data were analyzed using standardized uptake value ratios (SUVRs) with the

cerebellum as the reference region (Maruyama et al., 2013). As this is a novel tracer, more
sophisticated analysis will be adopted as the research supporting these methodologies becomes
available.

For image reconstruction, the participant’s MRI files were first converted to Neuroimaging
Informatics Technology Initiative (NIfTI). The patient’s T1 image was resized to the PET scan
pixel sizes (1.21875 for x, y, and z) in MedX to improve co-registration to PET. Frame-to-frame
realigned HRRT PET images were converted to NIfTI, and a mean image created from the
dynamic images across the 70 minutes (frames 0 – 17). The MRI was reoriented along the
Anterior Commissure to Posterior Commissure line, and subsequently co-registered to the PET
images. The T1 MRI image was then segmented to calculate the inverse transform from MNI
space back to the patient’s own MRI space. The inverse transform was applied to the atlas based
regions of interest (ROIs), using the normalize function in SPM. PET images were smoothed by
3 mm to reduce noise. Next, a mean image was created from the last 40 minutes of dynamic PET
imaging and the average value of the last half hour of tracer uptake in the cerebellum extracted
independently. Every pixel of the image was divided by the cerebellar average to establish a
SUVR image. The average of each ROI region was calculated against the SUVR image using
the MarsBar tool in SPM, and subsequently written to a text file. These are the final SUVR
values used for each patient.
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3.6.5

Clinical Measures of Motor and Non-Motor Function

To ensure a subject met all designated inclusion criteria, and as the current protocol is intended
for a future comparison to individuals with atypical Parkinsonism, standard evaluations of mood
(BDI), cognition (MoCA), and motor function (MDS-UPDRS III) were performed. Examples of
each clinical measure of motor and non-motor function are provided in Appendices C - E.

3.6.6

MR Imaging

Participants completed a 7 minute 59 second anatomical T1-weighted MR scans, and a 6 minute
34 second resting state functional MRI (rs-fMRI) scan at the UBC MRI Research Centre. All
scans were performed on a Philips Achieva 3.0 Tesla scanner. An MR technician reviewed the
MRI Screening Form with each participant prior to participation. T1 images were necessary for
PET re-alignment, whereas rs-fMRI data are not included in this thesis but may be used in future
analysis by the research team at the PPRC.

3.7
3.7.1

Results
Subject Demographics and Clinical Assessments

A total of eight participants between the ages of 45 to 76 years old (five females, three males)
completed tau imaging. At the time of manuscript preparation, seven had completed the
associated MRI scans; however, one was incomplete due to the participant’s feeling of anxiety in
the scanner. Demographics and individual scores for the clinical assessments of mood, cognition,
and motor function are provided in Table 3.3. Depression scores were low (4.3 ± 5.1), with the
exception of one individual who scored in the mild range (14). All participants scored within the
normal range (26 or greater) on cognitive testing (average = 27.9 ± 1.0). While all but one
participant had non-zero MDS-UPDRS III motor scores (average 4.8 ± 3.6), this is within
acceptable limits and expected with normal aging. Additionally, one participant reported mild
arthritis that increased motor scores.
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Table 3.3 Demographics and Clinical Assessments for Healthy Controls
PET Scan
Number

Age at
PET

Gender

Clinical Assessments
BDI

MDS - UPDRS III
Total Right Left Common H&Y
H1042
45
M
0
29
10
4
3
3
0
H1035
55
M
14
26
3
2
1
0
0
H1034
59
F
4
28
5
2
3
0
0
H1069
66
F
9
27
7
2
3
2
0
H1038
67
F
6
28
2
0
2
0
0
H1040
68
F
0
29
0
0
0
0
0
H1074
72
M
0
28
2
2
0
0
0
H1036
76
F
1
28
9
2
5
2
0
F = Female; M = Male; BDI = Beck Inventory Depression; MoCA = Montreal Cognitive
Assessment; H&Y = Hoehn & Yahr Rating Scale; MDS - UPDRS III = Movement
Disorder Society - Unified Parkinson's Disease Rating Scale

3.7.2

11

MoCA

C-PBB3 Image Analysis in Healthy Controls

All participants that received the radiotracer completed the 70 minute PET scan and no adverse
events were reported. The mean injected dose of radioactivity was 510.3 MBq (13.8 mCi) ± 68.4
MBq (1.8 mCi). The 11C-PBB3 images from a representative healthy control (H1040) are
presented in Figure 3.1 as SUVRs that have been averaged over the last 40 minutes of the scan.
Here axial slices 64 - 159 (of 207) are presented. The sum of nine images corresponding to the
basal ganglia have been collapsed into three slices and are provided in Figure 3.2. Images
pertaining to the cerebellum and placement of the reference ROI are presented in Chapter 4 with
the clinical cases. There is no tracer uptake in the basal ganglia or cerebellum of our controls.
Increased signal in the aforementioned scans seems to align with venous sinuses rather than brain
tissue. To facilitate anatomical interpretation, an MR overlay is also provided across the three
orthogonal planes in Figure 3.3. Visual inspection of the coronal image suggests that the tracer is
predominately in the venous sinuses, with little to no deposition in brain tissue. This is further
supported by the coronal and sagittal views, in which tracer uptake appears concentrated in the
cavernous sinus, bilaterally. Lastly, minimal tracer activity in the superior sagittal sinus appears
both dorsally and posteriorly. Uptake in the torcula (confluence of the sinuses) is evident in the
sagittal section.
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Figure 3.1 11C-PBB3 Scan in a Healthy Control
11

C-PBB3 images from a representative healthy control (H1040) are depicted for slices 64-159 (of 207). Images represent
the SUVRs and were averaged over the last 40 minutes of the scan. Regions that show uptake similar to that in the
cerebellar reference region appear green, with an SUVR near 1. Cooler colours indicate minimal or absent tracer
accumulation, whereas warmer colours reflect increased radioactivity. Hot colours in the image sequences 64 - 77 likely
pertain to the circulation through ethmoid and maxillary sinuses, and are not reflective of tau deposition in brain tissue.
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Figure 3.2 Enlargement of Axial Slices Corresponding to the Basal Ganglia
Representative 11C-PBB3 scans in the basal ganglia of a healthy control show limited
tracer retention in brain tissue. The sum of nine images corresponding to the basal
ganglia have been collapsed into three axial slices. The warmer colours clustered in
the middle of each image and the signal around the perimeter of the brain suggest the
tracer remains in the vasculature.

Figure 3.3

11

C-PBB3 Scan in a Healthy Control with MR Overlay

Visual interpretation across representative coronal (left), sagittal (middle), and axial
(right) perspectives is enhanced with the MR overlay. Images reflect the mean tracer
uptake averaged over the last 40 minutes of the scan. The coronal image confirms the
tracer is predominately in the venous sinuses, with little to no deposition in brain
tissue. The coronal and sagittal views show uptake in the cavernous sinus, bilaterally.
Additional activity in the superior sagittal sinus both dorsally and posteriorly, and in
the torcula (confluence of the sinuses), is evident in the sagittal section.
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Time Activity Curves (TACs) for the dynamic images (from 0 to 70 minutes) were generated for
each participant who successfully completed both PET and MRI (n = 6). TACs were generated
for a total of 21 ROIs including the reference region (cerebellum). Group averages for each
region are displayed by left (Figure 3.4) and right (Figure 3.5) hemisphere. Rapid and complete
tracer distribution is evident throughout the brain, with peak activity occurring between two to
three minutes post-injection. Participants showed similar clearance rates across all ROIs. Here
peak activity ranges between 5,000 – 6,200 Bq/ml, with retained activity leveling off at
approximately 2,500 Bq/ml after 30 minutes. Similar patterns of activity are seen in both left and
right hemispheres. TAC kinetics were corrected to account for differences in the injected dose of
tracer and individual body weight.
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Figure 3.4 Time Activity Curves for 11C-PBB3 Across Left Regions of Interest
TACs were generated for 21 ROIs and averaged across all participants who had
completed 11C-PBB3 PET and a corresponding anatomical MRI (n = 6).
Radioactivity levels peak within minutes of injection and are followed by a steady
decay for approximately 30 minutes. Retained activity levels of between 2,000 –
3,000 Bq/ml are evident for the remainder of the scan. Plotted values were corrected
for injected dose and weight. Red squares denote the TAC for the reference region
(cerebellum).
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11C-PBB3

Time Activity Curve in Healthy Controls
(Right Hemisphere)
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Figure 3.5 Time Activity Curves for 11C-PBB3 Across Right Regions of Interest
TACs were generated for 21 ROIs and averaged across all participants who had
completed 11C-PBB3 PET and a corresponding anatomical MRI (n = 6).
Radioactivity levels peak within minutes of injection and are followed by a steady
decay for approximately 30 minutes. Retained activity levels of between 2,000 –
3,000 Bq/ml are evident for the remainder of the scan. Plotted values were corrected
for injected dose and weight. Red squares denote the TAC for the reference region
(cerebellum).
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Lastly, as 11C-PBB3 is a distributed tracer, Standard Uptake Values (SUVs) for each ROI were
generated. Ratios were established by dividing each pixel in a given region by the mean of the
cerebellum for the last 40 minutes. The ratio of the SUV for each ROI compared to the
cerebellum approaches 1:1 for all regions. On average, the lowest ratios were reported in the
pons (0.83) and the right pedunculopontine nucleus (0.87), with the highest ratios in the right
ventral striatum (1.18) and putamen (1.14). A summary of the SUVRs is depicted in Figure 3.6.

Figure 3.6 Standard Uptake Value Ratios Across Regions of Interest
SUVs for each ROI were averaged across participants (n = 6). The tracer uptake in
each region was divided by the uptake in the reference region (cerebellum) over the
same time frame to generate the SUVR. Here all regions show uptake and clearance
at similar rates as the cerebellum, thus ratios are close to one. Error bars represent
SEM.
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3.8

Discussion

This was the first study using 11C-PBB3 at the PPRC. We successfully completed tau imaging in
eight participants. Demographics and clinical assessments reflect anticipated variability within
the healthy, elderly population. Depression scores were low (4.3 ± 5.1), with the exception of one
individual who scored in the mild range (14). This was attributed to recent and unforeseen
circumstances; however, this individual did not report having a previous history of depression.
Additionally, the tracer kinetics in the eldest participant (F, 76 years old) show much higher
uptake and retained activity in the cerebellum compared to all other subjects. Anecdotally, the
participant reported having taken a Cafergot tablet in the morning (at least 5 hours prior to the
scan) to prevent the onset of a vascular headache. Cafergot is a combination of caffeine and
ergotamine, both of which are vasoconstrictors. Therapeutic benefit may additionally result from
circulating metabolites; the half-life for the parent drug is approximately 2.7 hours while the
half-life of the metabolites is significantly longer, in excess of 21 hours (Diener et al., 2002). The
influence of such compounds may have constricted vasculature within the brain thus slowing
both uptake and clearance of the tracer, resulting in elevated values; however, this would
presumably occur to a similar extent throughout the entire brain and thus maintain a ratio of
close to 1 when comparing the SUVs for ROIs to the cerebellum. This was not the case as all
other ROI values for this participant fell within the normal and expected ranges. Lastly, visual
inspection of this participant’s images show increased signal in the areas corresponding to the
venous sinuses. This raises the question of whether the tracer might persist in the vasculature
and thereby introduce artificially elevated values in adjacent brain tissue, especially in the
cerebellum. This finding was not replicated in our other participants. Collectively, our results fit
in the context of the emerging literature and replicate the findings of the developers of the 11CPBB3 tracer in Chiba, Japan (Maruyama et al., 2013).
The 11C-PBB3 images in Figures 3.1 - 3.2 represent SUVRs averaged over the last 40 minutes of
the each scan. This is a common practice to assess areas of tracer retention. Our current
interpretations remain limited; however, kinetic analyses of TACs show rapid uptake and
widespread distribution. Peak radioactivity levels were achieved between two to three minutes
post-injection. Our results show limited to no retention of the 11C-PBB3 tracer, suggesting that
there is no substantial deposition of abnormally phosphorylated tau protein in physically and
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cognitively healthy, elderly individuals. This is similarly supported by the average ratios of each
SUV to the cerebellar reference region, which approaches 1:1 for all assessed ROIs. This
suggests clearance from each region is comparable to that of the reference region, and that no
significant regional tracer accumulation is evident. These results appear to support our
hypothesis; however, testing the tracer in a known tauopathy would serve as a methodological
control to assess whether the tracer is capable of detecting and binding various tau isoforms.
Preliminary results to help address this question are presented in Chapter 4.
In conclusion, this study has successfully added 11C-PBB3 into the PPRC’s neuroimaging
repertoire. The visual interpretations of 11C-PBB3 images and ROI-analysis of both TACs and
SUVRs suggest that no significant tau deposition was evident in our healthy, aging population.
The compilation of this data will serve as our baseline metrics, and subsequent investigations
will build on this newly established framework. Specifically, future research will look to
incorporate tau imaging into longitudinal multi-tracer studies across numerous
neurodegenerative disease profiles.
3.8.1

Limitations

The study is not without inherent limitations pertaining to tracer production and recruitment.
First, following an extensive period in research and development, logistical challenges were
introduced with the photosensitivity of the tracer. Amber tubing and syringes were used to
minimize light exposure during injection in the PET Suite, and participants were scanned under
low light conditions. However, despite these methodological considerations the tracer may still
experience more rapid decay. Further challenges were introduced as tracer production and
delivery were consistently lower than anticipated throughout the study. Our average injected
dose was 510 MBq rather than our intended 740 MBq. The impact of such a reduced dose may
be elucidated with further study and learned experience with the tracer. Lastly, the varying
specific activity of the tracer across participants introduces additional confounds. Here injection
with a lower specific activity could ultimately decrease the radioactive retention and therefore
signal as a greater percentage of hyperphosphorylated tau binds to ‘cold’ unlabeled tracer. To
account for this, the production of larger volumes and higher specific activities may warrant
further discussion.
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Second, the sample population was recruited through advertisements in a local newspaper and
follow-up with previous participants in PET-based studies. While screening procedures ensure
participant’s mood, cognitive, and motor functions do no introduce unwarranted variability, the
use of radiation inevitably deters a significant number of eligible participants. This is a frequent
challenge in PET-based studies, and one that is not easily overcome. Finally, our comprehensive
screening practices specifically filter out participants with predispositions to increased tau levels,
such as a family history of Alzheimer’s disease or participants who have experienced a previous
concussion or head injury. Despite our efforts, emerging evidence strongly suggests that
subconcussive injury may also increase neuronal dysfunction and contribute to tau misfolding
and deposition (Gavett et al., 2011, Baugh et al., 2012). Controlling for these incidences is more
difficult as many individuals may overlook this type of injury, or be unable to recall the
frequency and severity. This is common among individuals with a history of amateur or
competitive sport.

3.8.2

Applications of Tau Imaging to the Study of CTE

Establishing the current baseline tracer kinetics and retention patterns (or lack thereof) is an
essential step in investigating subsequent tauopathies. Here we propose three areas of future
interest that capitalize on tau imaging to advance our understanding of CTE.
First, 11C-PBB3 likely offers great benefit to translational research in the study of CTE. Benchbased investigations of the underlying and instigative pathophysiological processes may employ
11

C-PBB3 as a non-invasive means of tracking tau deposition. In turn, this has potential clinical

applications as earlier, definitive diagnosis in vivo may facilitate increased educational
awareness for both the patient and their families. This may enable earlier interventions and/or
coping strategies to help mitigate risk for negative psychological symptoms such as depression,
aggression, and suicidal tendencies. However, widespread application of this is unlikely due to
the limited access and high cost of tau imaging.
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Next, given the emerging evidence on the role of inflammation in obstructing recovery and
perpetuating cytotoxic environments (Fitch and Silver, 2008), multi-tracer studies with 11CPBB3 and 11C-PBR28, a tracer that is known to bind to peripheral benzodiazepine receptors on
activated microglia (Fujita et al., 2008), would be advantageous in understanding the confluence
of inflammation and tau deposition. Furthermore, CTE is often described as having an insidious
onset and ambiguous presentation. Concurrent investigations of neuroinflammation and
dopamine denervation are necessary to understand the initial mechanisms and potential
biomarkers the relationship between trauma and the onset of potential sequelae.

Lastly, longitudinal tracking with the tracer will need to evaluate the contributions of frequency
and severity of trauma on tau deposition. This will broaden our understanding of how injury
serves as a risk factor of earlier onset and increased likelihood of disease. As described in
Chapter 1, the stereotypical pattern of tau deposition begins in the cerebral cortices, in close
proximity to cerebral vasculature in the sulcal folds (Courville, 1962, Morales et al., 2009,
McKee et al., 2014). Early detection of tau in these areas offers further opportunity to monitor
cognitive decline as a function of progressive tau deposition, and, in the future, a way to monitor
treatment efficacy. While currently there is no therapy to slow, stop, and/or reverse tau
deposition, efforts are underway in each of these domains (Jin et al., 2014, Lei et al., 2015).
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Chapter 4: Preliminary Investigation with 11C-PBB3 in Clinical Tauopathies
4.1

Introduction to Progressive Supranuclear Palsy

Progressive Supranuclear Palsy (PSP) is a tauopathy that was first described by two Canadian
neurologists and a neuropathologist in 1964; and at the time, recognized as Steele-RichardsonOlszewski Syndrome (Steele et al., 1964). The condition is generally of unknown etiology,
affecting 1.4 - 4.0 per100, 000 individuals with an average age of onset in the mid-sixties (Nath
et al., 2001). However, the true prevalence is likely masked by misdiagnosis. PSP mimics a
Parkinsonian presentation but is characterized by the insidious onset of postural instability,
deficits in eye movements, and impaired cognitive function. The cardinal manifestations include
severe disruptions of balance or gait ataxia resulting in recurrent backwards falls, bradykinesia,
and supranuclear vertical gaze palsy; though dizziness, depression, apathy, fatigue, axial rigidity,
and neck dystonia are also prominent. Although the initial presentation may appear similar to
Parkinson’s disease, distinguishing features include a more rapid progression and poor response
to Levodopa treatment (Mitra et al., 2003). Survival averages seven years from diagnosis, with
later stages of disease showing impaired autonomic processes such as breathing and swallowing,
dysarthria, bradyphrenia, and frequently, retrocollis posturing (Higginson et al., 2012).
Currently, no laboratory or neuroimaging tests provide a definitive diagnosis thus decisions are
exclusively clinically derived, highlighting the need for early detection. Treatment options for
symptom alleviation may include use of dopamine agonists or tricyclic antidepressants,
Botulinum toxin injections, eye drops for dry eyes or prisms for vision correction, and at end
stages, use of a feeding tube (Long et al., 2015, Stamelou and Bhatia, 2015). These may
temporarily improve quality of life; however, there is currently no cure or means to slow or stop
the course of disease.

Abnormal tau protein is implicated in the pathogenesis. The underlying pathology indicates that
PSP is characterized by significant and progressive deposition of NFTs and gliosis (Williams et
al., 2007). Tau deposition appears to be primarily 4-repeat tau filaments, though further
investigation of the representatives isoforms is warranted (Yokoyama et al., 2015). These
entanglements generally occur in the absence of senile plaque formation. Interestingly, tau
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oligomers, not NFTs, are purported to be the most detrimental; seeding and facilitating
pathological tau transmission (Gerson et al., 2014). This finding is generalizable amongst
neurodegenerative tauopathies, inclusive of PSP and CTE. Histological preparations indicate
gliosis and marked deposition of hyperphosphorylated tau in both primary motor regions and
subcortical nuclei (Yokoyama et al., 2015). Pathophysiologically, this enigmatic disease presents
with atrophy throughout the brainstem (medulla, pons, and midbrain), basal ganglia (substantia
nigra, globus pallidus, and subthalamic nucleus), and cerebellum (Yagishita and Oda, 1996).
Later stages of the disease present with a distinguishing pattern of atrophy in the midbrain,
revealing a ‘hummingbird’ sign on MR imaging (Shukla et al., 2009). Concurrent enlargement of
the third ventricle and wasting of the superior cerebellar peduncles are also noted.

4.2

Statement of Purpose

In this preliminary report, we sought to further validate our 11C-PBB3 tracer by scanning two
patients with probable and known tauopathies. These scans serve the critical purpose of
evaluating whether the tracer will detect and specifically bind to abnormally phosphorylated tau,
and to what extent. Identification of selective tau markers may aid in early identification of
individuals who are at increased risk or predisposition to tau-related disease such as CTE, and
may eventually assist with prognosis and distinguishing disease trajectory.

4.3

Hypothesis

We hypothesize that patients with suspected and known tauopathies will differ in the degree and
distribution of abnormal tau deposition both from each other, and from the healthy, elderly
population. Specifically, we expect patterns of activity to reflect known pathophysiology such
that tracer binding occurs in the cerebral cortex, basal ganglia (putamen), brainstem (midbrain),
and cerebellum. We expect more significant and widespread tracer binding in the advanced
stages of PSP than in our probable PSP-P participant.
4.4

Methodology

The UBC Clinical Research Ethics Board approved this investigation and issued the Certificate
of Approval under the “Tau and Neuroinflammation Imaging in Parkinson’s Disease and Related
Disorders” protocol (certificate number: H14-03268). Eligible participants (males and females
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over the age of 19 years old) were recruited from the Movement Disorders Clinic at the PPRC.
Neurologists pre-screened patients who were diagnosed with atypical Parkinsonism. All
participants had a MoCA of greater than 18. The methodology for this study mirrors that
described in Chapter 3 for the study of tau imaging in the healthy, elderly controls. Next, a
summary of each participant’s clinical presentation is provided.

4.4.1

Case 1: Progressive Supranuclear Palsy - Parkinsonism

A 72-year-old woman’s queries into neurological dysfunction began seven years ago, whereby
initial presentation included uncoordinated movement followed by difficulties in writing, and
later ambulating which led to recurrent falls. A diagnosis of probable Progressive Supranuclear
Palsy - Parkinsonism (PSP-P) was made within the last six months following a poor response to
Levodopa and increasing oculomotor deficits. She has mild, symmetric bradykinesia and
progressive deficits in gait initiation and freezing (right > left), and significant postural instability
now requiring the aid of a walker. Additional clinical features include hoarse voice, slight
hypomimia, and mild hypophonia. There are no symptoms of tremor, rapid eye movement sleep
behaviour disorder, sleep apnea, orthostatic hypotension, or bowel complaints; though slight loss
of bladder control was noted.

The patient’s daily medication regimens include eight tablets of Sinemet IR 100/25 mg, antidepressants (Paroxetine, 20 mg), iron supplements (Ferrous gluconate, 300 mg), and vitamins
(B12, 1000 μg; D, 1000 units). She reports improved mood with Paroxetine but no appreciable
benefit from Sinemet.

Clinical examinations of blood pressure, cognition and mood are normal. No perseveration is
detected in the Luria sequence, palmomental signs are present, and the applause sign is positive.
Cranial nerve examination revealed significant olfactory and oculomotor deficits. Square wave
jerks are present in the primary position with impairments in vertical saccades (decreased
amplitude and velocity) in the upward direction. Horizontal saccades are equally slow. Visual
fields and pupillary light responses are normal. Mild, symmetric rigidity is noted in the neck and
extremities.
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4.4.2

Case 2: Moderate to Severe Progressive Supranuclear Palsy

A 68-year-old wheelchair bound woman presents with moderate to severe PSP of five years
duration. Her history is notable for increased frequency of backward falls, significant
bradykinesia, and no tremor. She has significant postural instability and is unable to transition
from her wheelchair unassisted. Additional presentation includes profound dysarthria associated
with palilalia, severe hypophonia, and mild hypomimia. Fine motor movements of the upper
limbs are moderately impaired. She reports significant lower back pain, worse on the left side
with no radiation to lower extremities. There are minimal cognitive issues, and no problems with
mood, anxiety, or hallucinations. While quantity of sleep is decreased, she retains a regular
pattern with no symptoms of rapid eye movement sleep behaviour disorder. Urinary urgency and
incontinence are present, as is minimal dysphagia.

Her daily medication regimen includes Sinemet IR 100/25 bid, an anti-depressant (Mirtazapine,
15 mg qhs), Co-enzyme Q10 (100 mg) and the non-steroidal anti-inflammatory, Naproxen.
Treatment for co-morbid hypothyroidism (L-thyroxine, 50 mcg) and elevated cholesterol
(atorvastatin, 10 mg qhs) are noted.

Clinical examination reveals slightly elevated blood pressure upon standing and elevated pulse
(91 beats per minute). Cranial nerves and extraocular eye movements are normal. There is mild
restriction of upward gaze, broken pursuit, and slow, hypometric saccades with delayed
initiation. Optokinetic nystagmus is present but impaired vertically. Mild to moderate symmetric
rigidity is noted in the neck and extremities.

4.5
4.5.1

Results
Subject Demographics and Clinical Assessments

In this preliminary report two female participants, ages 68 and 72 years old, completed tau
imaging and the associated MRI scans. Participants did not stop their medications prior to
scanning and no side effects or complications were reported throughout the study.
Demographics and individual scores for the clinical assessments of mood, cognition, and motor
function are provided in Table 4.1.
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In the PSP-P case, mood (BDI = 10) and cognition (MoCA = 28/30) were normal. In the severe
PSP case, mood was normal (BDI = 8) and only minimal cognitive decline was noted, scoring
24/28 on a modified MoCA. Here the two-points for language repetition were excluded. There
were, however, no deficits in word finding or comprehension. Two points were lost for
visuospatial testing and two points for delayed recall. There were marked differences in the
mobility between cases as noted by the total motor scores on the MDS – UPDRS III (PSP-P = 38
versus severe = 73). As the woman with severe PSP was wheelchair bound, we were unable to
assess the freezing of gait and accordingly no score was reported for this section.

Table 4.1 Demographics and Clinical Assessments for PSP Cases
Clinical
Diagnosis

PSP-P
Severe PSP

Age at
PET

72
68

Gender

F
F

Clinical Assessments
BDI

MoCA

10
8

28/30
24/28*

MDS - UPDRS III
Total Right Left Common
38
9
10
15
73
21
20
27†

H&Y
4
5

F = Female; M = Male; BDI = Beck Inventory Depression; MoCA = Montreal
Cognitive Assessment; H&Y = Hoehn & Yahr Rating Scale; MDS - UPDRS III =
Movement Disorder Society - Unified Parkinson's Disease Rating Scale
* MoCA scaled to 28, language repetition not included
†
No score for freezing of gait reported
4.5.2

11

C-PBB3 Image Analysis in PSP

Participants underwent a 70 minute 11C-PBB3 scan with injected doses of 550.3 MBq (PSP-P)
and 557.5 MBq (severe PSP). 11C-PBB3 PET images are presented as SUVRs using the
individual’s own cerebellum as their reference region. The signal was averaged across the last 40
minutes of the each scan. Visual assessments of realigned images show selective regional 11CPBB3 retention in the basal ganglia and thalamus, suggesting the tracer was effective in
detecting tau deposition in an expected distribution in both PSP-P (Figure 4.1) and severe PSP
cases (Figure 4.2). Images were produced using the same SUVR scale to facilitate comparison
within and between healthy controls and the tauopathies.
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Figure 4.1 11C-PBB3 Scan in Probable Progressive Supranuclear Palsy – Parkinsonism
Slices 32 - 127 (of 207) are presented for the PSP-P case. Images reflect the SUVRs and were averaged over the last 40
minutes of the scan. Areas that appear green show similar uptake to the cerebellar reference region. Cool colours
indicate minimal or absent tracer accumulation, whereas warmer colours reflect increased radioactivity and would
suggest deposits of abnormally phosphorylated tau. Here tau deposition is noted in the regions corresponding to the
basal ganglia (slices 83 - 88), and the transverse sinus (slices 48 - 55). Warmer colours in the anterior part of slices 40 –
60 likely pertain to the circulation through ethmoid and maxillary sinuses, and are not reflective of tau deposition in
brain tissue.
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Figure 4.2 11C-PBB3 Scan in Severe Progressive Supranuclear Palsy
Slices 48 – 143 (of 207) are presented for the severe PSP-P case. Images reflect the SUVRs and were averaged over the
last 40 minutes of the scan. Areas that appear green show similar uptake to the cerebellar reference region. Cool colours
indicate minimal or absent tracer accumulation, whereas warmer colours reflect increased radioactivity and would
suggest deposits of abnormally phosphorylated tau. Here tau deposition is noted in the regions corresponding to the
basal ganglia and thalamus (slices 86 - 95), and the transverse sinuses (slices 53 - 63). Warmer colours in the anterior
part of slices 48 - 63 likely pertain to the circulation through ethmoid and maxillary sinuses, and are not reflective of tau
deposition in brain tissue.
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Further investigation was completed by summing nine 11C-PBB3 images in the regions
corresponding to the basal ganglia and collapsing these across three axial slices for healthy and
disease states (Figure 4.3). For comparison, images from an age and gender-matched healthy
control (H1040, 68 year old female) were selected. Enhanced tracer uptake is suggestive of mild
tau deposition in the basal ganglia of the PSP-P case. Greater retention patterns as indicated by
an SUVR of greater than 1.5 are indicated in the basal ganglia and thalamus of the severe PSP
case. In the healthy controls no retention in brain tissue is evident, but rather signal appears
scattered in the venous system and near the perimeter of the brain suggesting continued
circulation in the vasculature.

Figure 4.3 Comparison of 11C-PBB3 Uptake in the Basal Ganglia by Tauopathy
A total of nine 11C-PBB3 images corresponding to the basal ganglia were collapsed
into three axial slices for each individual. Tracer uptake in the basal ganglia is
suggested in the PSP-P case, whereas uptake in the basal ganglia and thalamus is
seen in the severe PSP case.
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To establish the placement of the cerebellar ROIs, a total of six images were summed and
collapsed into a single axial slice for each individual (Figure 4.4). The anterior portion of each
axial slice shows tracer uptake and is reflected by hot colours. This pattern of activity likely
reflects uptake in the ethmoid and maxillary sinuses and is not reflective of tau deposition in
brain tissue. Additionally, the control shows signal near the perimeter of the brain suggesting
continued retention in the vasculature. Hot spots are evident in the right transverse sinus in the
PSP-P case, and in the torcula of the severe PSP case.

Figure 4.4 Comparison of 11C-PBB3 Uptake and Cerebellar ROI Placement by
Tauopathy
A total of six 11C-PBB3 images in the region of the cerebellum were summed and
collapsed into a single axial slice for each individual. Hot spots encroaching on the
cerebellar ROIs likely reflect tracer uptake in the venous sinuses in both the PSP-P
and severe PSP cases. In all scans, the hot colours in the anterior portion of each slice
suggest tracer uptake in the sinuses and does not reflect tau deposition in brain tissue.
Delineation of the cerebellar ROI is denoted by the magenta ellipse; the border is
enhanced for visual purposes.

Orthogonal images help facilitate visual assessment. In Figure 4.5 the distinction between
healthy and diseased states is evident. In comparing the coronal sections between individuals,
uptake in the healthy control is concentrated in the cavernous sinuses bilaterally whereas
diseased states show regionalized uptake in the basal ganglia and thalamus. Lastly, sagittal
sections reveal the common uptake in the nasal sinuses. Healthy controls retained activity in the
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vasculature, as indicated by the hot signal in the superior sagittal sinus, both dorsally, and
posteriorly to the torcula (see Figure 3.3 for interpretation with MR overlay).

Figure 4.5 Comparison of 11C-PBB3 Uptake in Orthogonal Views by Tauopathy
Orthogonal representations of 11C-PBB3 images distinguish healthy and diseased
states. Healthy controls retained activity in the vasculature, denoted in the sagittal
view. Coronal sections show regional retention in the basal ganglia and thalamus in
diseased states. Sagittal sections reveal the common uptake in the nasal sinuses.
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Lastly, the TACs for the reference region (cerebellum) in diseased states show slightly enhanced
tracer uptake and retention compared to controls (Figure 4.6); however, there is large variability
within the control group. Peak activity is similarly achieved within 2 - 3 minutes of injection, and
is followed by approximately 30 minutes of decay. The PSP-P case shows the greatest uptake
achieving a maximum activity level of 8,000 Bq/ml and retained activity of approximately 3,800
Bq/ml throughout the latter half of the scan. However, some of this activity may reflect
contamination from activity in the transverse sinus (see Figures 4.1 and 4.4). Comparative uptake
values for the severe PSP case may change when overall brain atrophy is considered.

11C-PBB3

9000

Time Activity Curve in PSP Cases
(Cerebellum)
PSP-P

8000

Severe PSP

7000

Control

Activity (Bq/ml)

6000
5000
4000
3000
2000
1000
0
0

10

20

30
40
Time (minutes)

50

60

70

Figure 4.6 Cerebellar Time Activity Curve for 11C-PBB3 in Healthy Controls
and Tauopathies
Cerebellar TACs obtained for the PSP-P (n = 1) and severe PSP (n = 1) cases show
both increased tracer uptake and retention throughout the scan when compared to the
average uptake in the control group (n = 6). There is rapid uptake in each group,
followed by a characteristic pattern of decay for 30 minutes. Error bars represent
standard deviation.
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4.6

Discussion

We are among the first groups to conduct tau imaging in PSP using the 11C-PBB3 radioligand. In
this preliminary report, we successfully scanned two elderly women, each with a clinically
diagnosed tauopathy. Visual assessment of tracer binding distinguishes our healthy controls from
our PSP-P and severe PSP cases. In both tauopathies, our images show an increase in signal
retention throughout the basal ganglia and thalamus, patterns consistent with the known
pathophysiology of tau deposition. Collectively, these findings support our hypothesis that the
degree and distribution of abnormal tau would differ between our clinical and control cases.

Currently, our comparison between controls and our clinical tauopathies is limited to the
cerebellar TAC. Although there was no obvious increase in cerebellar uptake in the PSP cases
(other than that potentially arising from contamination from the transverse sinus) this is a
potentially problematic area to use as a reference region, as the dentate nucleus may be affected
in PSP. There is also moderate variability within our control population that warrants
acknowledgement. We suggest the differences in uptake and retention may reflect the spectrum
of aging, as there was more than 30 years difference between our youngest and oldest control
participants. Further study is needed to draw conclusions on the comparative differences of tracer
uptake between groups. Additional ROI analysis will be conducted across our 20 previously
described ROIs (see Figure 3.4 and Figure 3.5). Comparison of regional TACs and SUVs may
identify significant changes in structures that are not visible in the current gross images.
The cerebellum is often selected as a reference region in instances where it is known to remain
unaffected in the condition of interest. Investigating tau deposition poses unique challenge here.
While cognitively normal, healthy individuals show minimal uptake within the cerebellum, PSP
and other tauopathies result in diffuse tau deposition as well as concomitant atrophy in the
cerebellum with disease progression. This is significant for two reasons. First, increased tau
deposition within the cerebellum would result in increased 11C-PBB3 retention, and consequently
a larger SUV. In this situation, an elevated cerebellar SUV may skew the overall interpretation of
SUVRs for all remaining ROIs, producing artificially low ratios. Second, in the instance of
marked brain atrophy, there is comparatively less brain volume available for tracer uptake. Here
one would expect comparatively lower cerebellar SUVs, and in turn, elevated SUVRs across all
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ROIs. The potential interaction between tau deposition and atrophy in the cerebellum
complicates interpretations, and the possible direction of influence remains elusive. Further study
may seek clarification in whether tau incites or accelerates localized atrophy, or vice versa,
whereby atrophy promotes or accelerates abnormal tau deposition. A final caveat is that
cerebellar ROIs may also be influenced by the specific placement methodology, either hand
drawn or automated delineation. Previous studies have shown that the inclusion or exclusion of
specific composite regions within the cerebellum such as deep cerebellar nuclei (dentate nucleus)
are influential and must be carefully considered. Collectively, this suggests analysis of 11C-PBB3
data should be interpreted with caution, and future analysis may look at alternative reference
regions or ROI-based approaches.
In conclusion, our results fit with the emerging tau imaging literature. Similar findings have
recently been presented in PSP cases using 18F-AV1451, whereby voxel-wise contrasts and ROI
analysis show increases in tau deposition in the subthalamic nucleus, dentate nucleus, pallidum,
putamen, and frontal white matter (Ashall S., 2015). Other centres have also demonstrated the
utility of 11C-PBB3 in the study of other tauopathies including AD and CBD (Maruyama et al.,
2013) . Our preliminary results suggest that 11C-PBB3 appears superior to tau tracers such as 18FTHK523, which identified PHFs in AD but failed to bind tau inclusion in PSP and other non-AD
tauopathies (Fodero-Tavoletti et al., 2014).

4.6.1

Limitations

Our preliminary results are limited first and foremost by our small sample size (n = 2). More
work is necessary to validate our findings and provide statistical significance; however, the
differences in gross images provided here suggest that 11C-PBB3 is a valuable tau imaging tool,
with potentially widespread applications. The limitations previously discussed in Chapter 3 in
regards to 11C-PBB3 tracer production are also applicable here. A better understanding of tracer
kinetics as well as the influences of the injected doses and specific activity, both in healthy and
disease states, will requires further study. Lastly, the challenge of pursuing imaging in a rapidly
progressive disease warrants acknowledgment. The physical manifestation of disease restricts
eligibility and prevents many participants from completing PET scans. This may be due to
cognitive decline (a minimum MoCA of 18 was required), or common symptoms of PSP such as
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prominent neck dystonia and retrocollis posturing. The average disease duration is seven years
from time of diagnosis, which further limits the ability to perform longitudinal imaging studies.
Pronounced immobility and onset of autonomic symptoms and distress often prevent the study of
more advanced stages of the disease.

4.6.2

Future Directions

Diseases characterized by the presence of pathologic tau, such as dementias, movement
disorders, TBI, and CTE, could potentially benefit from tau PET imaging (Shah and Catafau,
2014). Future investigations at the PPRC will look to incorporate 11C-PBB3 PET imaging into a
number of current and upcoming studies across a spectrum of neurodegenerative conditions; one
such study is described below.

Future studies will examine susceptibility to neurodegeneration following trauma. Previous
efforts to study post-concussive tau deposition and neuroinflammation in professional athletes
may be renewed following successful application of 11C-PBB3 in our PSP cases. This
investigation would compare middle aged athletes with a history of prior head trauma to PD
patients with and without a prior history of head trauma. We hypothesize that athletes with early
tau deposition and/or neuroinflammation following trauma will show imaging and clinical
profiles suggestive of PD or other neurodegenerative conditions. Clinical and cognitive
assessments would be complimented by PET measures of tau deposition, and cholinergic and
dopaminergic dysfunction. This future study would also help establish whether correlations
between in vivo imaging and cognitive status are present.
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Chapter 5: Conclusions
5.1

Advancing the Study of CTE and Other Tauopathies

First, this thesis described the impact of a single sports-related concussion on the organizational
structure of subnetworks previously identified as vulnerable to injury (Chapter 2). We applied
the mathematical modeling construct of Complex Network Analysis to the study of adolescent
athletes in the sub-acute phase of recovery. We selected brain regions associated with persistent
deficits in attention, cognitive fatigue, distractibility, short term and working memory, and higher
level executive functions. We demonstrated significant structural alterations in the Default Mode
Network were evident up to two months post-injury in concussed athletes. This approach extends
our knowledge of diffusivity metrics (FA and MD) to understand how information is processed
in networks that are damaged or recovering. Previous studies have shown structural alterations in
the DMN following more severe injury; however, we suggest even seemingly minor injuries can
introduce persistent network damage. CNA offers the opportunity to combine powerful MRbased sequences (DTI and fMRI) of structure and function, providing a more comprehensive
clinical picture. We propose broader applications of CNA may provide a more accessible option
to study the effects of repetitive brain injury and characterization of in vivo structural
dysfunction that may predispose individuals to CTE. The influence of intraneuronal tau deposits
on DTI metrics, and consequently on CNA measures, offers an exciting new avenue of study.
Next, this thesis introduced a new tau-specific radioligand, 11C-PBB3, to the Pacific Parkinson’s
Research Centre’s investigative repertoire (Chapter 3). The focus of this investigation was
establishing baseline scans for abnormally phosphorylated tau deposition in healthy aging. We
successfully completed eight baseline scans and established that there was minimal to no
retention of 11C-PBB3 in our participants. While this suggests an absence of aberrant tau protein
deposition, we sought preliminary results in which the tracer was employed in patients with
clinically suspected and diagnosed tauopathies (Chapter 4). To determine whether 11C-PBB3
would show a distinct pattern of activity and more significant uptake we conducted one scan in a
suspected case of Progressive Supranuclear Palsy – Parkinsonism, and a second in a known
severe case of PSP. 11C-PBB3 data was analyzed using standardized uptake value ratios with the
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cerebellum as the reference region (Maruyama et al., 2013). Visual interpretations of our results
show tracer uptake and retention in the basal ganglia and thalamus, patterns consistent with
known tau pathophysiology. As this is a newly developed tracer, more sophisticated methods of
analysis will be employed as the research supporting these methods becomes available. Current
interpretations remain limited, and further study in both PSP and other tauopathies is essential.
We offer cautious optimism that 11C-PBB3 may hold promise as a novel approach to study the
progression of CTE, and in the future, a means to assess treatment efficacy.

In summary, this thesis builds a case for the utility of neuroimaging modalities as potential
tracking progression in CTE. Here DTI-based approaches evaluated the structural integrity of
neural networks which may be predictive of future dysfunction, whereas tau imaging serves as a
concrete marker of current disease states. Longitudinal study with either modality would be
beneficial, though the combination of both CNA and tau-imaging is likely most telling.
Collectively, this work offers new directions to compare the effects of frequency and severity of
head injury on long term sequelae. Knowing these studies will effectively take decades to
complete, there is no time like the present to get started!
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Appendices
Appendix A Summary of Complex Network Analysis Measures
Graph Theory Network Measures from the Brain Connectivity Toolbox
Centrality: identifies the most important constituent nodes and edges within a network.
Centrality encompasses both the number of connections to a node (degree centrality) as well as
physical proximity of other nodes (closeness centrality). Betweenness centrality represents the
fraction of all ‘shortest paths’ that contain a particular node of interest. This is of particular
interest when discussing subnetworks. If the node participates in numerous short paths, the
betweenness centrality value will be large.
Modularity: Modularity is calculated from eigenvalues and eigenvectors of the connectivity
matrices. Larger values indicate that the network contains tight connections within modules, and
the modules are independent of one another.
Density: the fraction of connections to node or group of nodes present to all possible
connections.
Degree: the number of edges connected to a particular node. This is one of the most important
network measures as it identifies hubs, nodes with a large number of associated edges.
Clustering Coefficient: is a measure of segregated network structure. It identifies the extent to
which nodes of interest tend to cluster together in a given network, and may be global or locally
derived. CC values range between 0 and 1. It is calculated as the fraction of triangle (triplets
where three vertices are fully connected by intervening edges) motifs around a node. In the
applications to subnetworks, clustering coefficients measure ‘local connectivity’, where higher
values are associated with network resilience to damage (robustness).
Transitivity: may be used in place of clustering coefficient. The ratio of triangles to triplets in
the network.
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Characteristic Path Length: paths are series of edges that connect nodes, but never return to a
node (never visit more than once). The average shortest path length in a network. Path lengths
are indicative of global and local integration.
Hub Value/Authority: is related to the structure of a node’s neighbours. Larger values indicate
that important nodes (hubs) are connected to the node of interest.
Assortativity: a correlation coefficient between the degree of all nodes on opposite ends of an
edge. Positive values represent the two nodes in question share a similar degree value (i.e. High
degree nodes connect with other high degree nodes).
Efficiency: the average inverse shortest path length in a network. This measure is inversely
proportional to the characteristic path length of the same network. It may be computed as global
efficiency for the whole brain, or local efficiency for subnetworks of interest. This describes how
information flows within a network.
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Appendix B Automated Anatomical Labeling Regions for Subnetworks of Interest
Region
#
11
12
13
14
15
16
31
32
65
66
Region
#
3
4
23
24
Region
#
23
24
25
26
35
36
59
60
65
66
67
68
85
86

Attention Network
AAL Label

Brain Structure

1 Frontal Inf Oper L
Inferior Frontal Gyrus, Opercular Part
1 Frontal Inf Oper R
1 Frontal Inf Tri L
Inferior Frontal Gyrus, Triangular Part
1 Frontal Inf Tri R
1 Frontal Inf Orb L
Inferior Frontal Gyrus, Orbital Part
1 Frontal Inf Orb R
1 Cingulum Ant L
1 Cingulum Ant R
Anterior Cingulate and Paracingulate Gyri
1 Angular L
Angular Gyrus
1 Angular R
Executive Function Network
AAL Label

Brain Structure

1 Frontal Sup L
Superior Frontal Gyrus, Dorsolateral
1 Frontal Sup R
1 Frontal Sup Medial L
Superior Frontal Gyrus, Medial
1 Frontal Sup Medial R
Default Mode Network
AAL Label
1 Frontal Sup Medial L
1 Frontal Sup Medial R
1 Frontal Med Orb L
1 Frontal Med Orb R
1 Cingulum Post L
1 Cingulum Post R
1 Parietal Sup L
1 Parietal Sup R
1 Angular L
1 Angular R
1 Precuneus L
1 Precuneus R
1 Temporal Mid L
1 Temporal Mid R

Brain Structure
Superior Frontal Gyrus, Medial
Superior Frontal Gyrus, Medial Orbital
Posterior Cingulate Gyrus
Superior Parietal Gyrus
Angular Gyrus
Precuneus
Middle Temporal Gyrus
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Region
#
3
4
5
6
7
8
9
10
11
12
13
14
15
16
23
24
25
26

Frontal Association Network
AAL Label
1 Frontal Sup L
1 Frontal Sup R
1 Frontal Sup Orb L
1 Frontal Sup Orb R
1 Frontal Mid L
1 Frontal Mid R
1 Frontal Mid Orb L
1 Frontal Mid Orb R
1 Frontal Inf Oper L
1 Frontal Inf Oper R
1 Frontal Inf Tri L
1 Frontal Inf Tri R
1 Frontal Inf Orb L
1 Frontal Inf Orb R
1 Frontal Sup Medial L
1 Frontal Sup Medial R
1 Frontal Med Orb L
1 Frontal Med Orb R

Brain Structure
Superior Frontal Gyrus, Dorsolateral
Superior Frontal Gyrus, Orbital Part
Middle Frontal Gyrus
Middle Frontal Gyrus, Orbital Part
Inferior Frontal Gyrus, Opercular Part
Inferior Frontal Gyrus, Triangular Part
Inferior Frontal Gyrus, Orbital Part
Superior Frontal Gyrus, Medial
Superior Frontal Gyrus, Medial Orbital

106

Appendix C Beck Depression Inventory

Beck Depression Inventory - II
Subject ID: _______________________________ Date/Time: ____________________
This questionnaire consists of 21 groups of statements. Please read each group of statements
carefully, and then pick out the one statement in each group that best describes the way you have
been feeling during the past two weeks, including today. Circle the number beside the statement
you have picked. If several statements in the group seem to apply equally well, circle the highest
number for that group. Be sure that you do not choose more than one statement for any group.

1.
0
1
2
3

Sadness
I do not feel sad.
I feel sad much of the time.
I am sad all the time.
I am so sad or unhappy that I can’t stand it.

2.
0
1
2
3

Pessimism
I am not discouraged about my future.
I feel more discouraged about my future than I used to be.
I do not expect things to work out for me.
I feel my future is hopeless and will only get worse.

3.
0
1
2
3

Past Failure
I do not feel like a failure.
I have failed more than I should have.
As I look back, I see a lot of failures.
I feel I am a total failure as a person.

4.
0
1
2
3

Loss of pleasure
I get as much pleasure as I ever did from the things I enjoy.
I don’t enjoy things as much as I used to.
I get very little pleasure from the things I used to enjoy.
I can’t get any pleasure from the things I sued to enjoy.

5.
0
1
2
3

Guilty Feelings
I don’t feel particularly guilty.
I don’t feel guilty over many things I have done or should have done.
I feel quite guilty most of the time.
I feel guilty all of the time.
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6.
0
1
2
3

Punishment Feelings
I don’t feel I am being punished.
I feel I may be punished.
I expect to be punished.
I feel I am being punished.

7.
0
1
2
3

Self-Dislike
I feel the same about myself as ever.
I have lost confidence in myself.
I am disappointed in myself.
I dislike myself.

8.
0
1
2
3

Self-Criticalness
I don’t criticize or blame myself more than usual.
I am more critical of myself than I used to be.
I criticize myself for all my faults.
I blame myself for everything ad that happens.

9.
0
1
2
3

Suicidal Thoughts or Wishes
I don’t have any thoughts of killing myself.
I have thoughts of killing myself, but I would not carry them out.
I would like to kill myself.
I would kill myself if I had the chance.

10. Crying
0 I don’t cry any more than I used to.
1 I cry more than I used to.
2 I cry over every little thing.
3 I feel like crying, but I can’t.
11. Agitation
0 I am not more restless or wound up than usual.
1 I feel more restless or wound up than usual.
2 I am so restless or agitated that it’s hard to stay still.
3 I am so restless or agitated that I have to keep moving or doing something.
12. Loss of Interest
0 I have not lost interest in other people or activities.
1 I am less interested in other people or things than before.
2 I have lost most of my interest in other people or things.
3 It’s hard to get interested in anything.
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13. Indecisiveness
0 I make decisions as well as ever.
1 I find it more difficult to make decision than usual.
2 I have much greater difficulty in making decisions than I used to.
3 I have trouble making any decisions.
14. Worthlessness
0 I do not feel I am worthless.
1 I don’t consider myself as worthwhile and useful as I used to do.
2 I feel more worthless as compared to other people.
3 I feel utterly worthless.
15. Loss of Energy
0 I have as much energy as ever.
1 I have less energy than I used to have.
2 I don’t have enough energy to do very much.
3 I don’t have enough energy to do anything.
16. Changes in Sleeping Pattern
0 I have not experienced any change in my sleeping pattern.
1 I sleep somewhat more/less than usual.
2 I sleep a lot more/less than usual.
3 I sleep most of the day.
OR
I wake up 1-2 hours early and can’t get back to
sleep.
17. Irritability
0 I am no more irritable than usual.
1 I am more irritable than usual.
2 I am much more irritable than usual.
3 I am irritable all the time.
18. Changes in Appetite
0 I have not experienced any change in my appetite.
1 My appetite is somewhat less/greater than usual.
2 My appetite is much less/greater than usual.
3 I have no appetite at all.
OR
I crave food all the time.
19. Concentration Difficulty
0 I can concentrate as well as ever.
1 I can’t concentrate as well as usual.
2 It’s hard to keep my mind on anything for very long.
3 I find I can’t concentrate on anything.
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20. Tiredness or Fatigue
0 I am no more tired or fatigued than usual.
1 I get more tired or fatigued more easily than usual.
2 I am too tried or fatigued to do a lot of the things I used to do.
3 I am too tired or fatigued to do most of the things I used to do.
21. Loss of Interest in Sex
0 I have not noticed any recent change in my interest in sex.
1 I am less interested in sex than I sued to be.
2 I am much less interested in sex now.
3 I have lost interest in sex completely.
Total: ____
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Appendix D Montreal Cognitive Assessment
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Appendix E MDS-UPDRS III
Subject ID:
Date:

Time:
Session:

Is the patient on medication for treating the symptoms of PD?

No

Yes

If the patient is receiving medication for treating the symptoms of PD, mark the patient’s
clinical state using the following definitions:
On: On is the typical functional state when patients are receiving medication and
have a good response
OFF: Off is the typical functional state when patients have a poor response in spite
of taking medications
Is the patient on levodopa?
No
Yes
If yes, minutes since last levodopa dose: _______________________________
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